
J. gen. Microbiol. (1967), 48, 161-169 
Printed in Great Britain

161

Enum eration o f Cellulolytic Cocci in Sheep Rum en by 
Using a  Fluorescent Antibody Technique

By B. D. W. JA R V IS, V. J. W IL LIA M S a n d  E. F. A N N ISO N  
School o f Rural Science, University o f New England,

Armidale, N.S.W., Australia

(.Accepted for publication 28 February 1967)

SUMMARY

Strains of Ruminococcus albus were isolated from sheep fed lucerne chaff 
once daily. Antisera to these bacteria were prepared in rabbits and labelled 
with fluorescein isothiocyanate. A specific labelling reagent was produced 
from these conjugates by chromatography on Sephadex G-25 and two 
absorptions with mouse liver powder. The Breed smear technique was adapted 
for counting fluorescent cocci. Background fluorescence in rumen fluid 
samples was controlled by making suitable dilutions. A sample taken 10 hr 
after feeding had a mean value of 5-76 (s .e . 1T6)x 106 cocci/ml. Samples 
taken from different parts of the rumen at the same time showed random but 
significant variation in the number of fluorescent cocci/ml. The natural 
fluorescence of some particles of digesta was bright enough to obscure the 
specific fluorescence and attempts were made to release fluorescent cocci by 
homogenization; this was partially successful, and the average ratio of un
treated to homogenized counts was l : 1T7. Diurnal variations in the number 
of cellulolytic cocci were followed over a 4-day period. Minimum numbers 
were recorded 6 hr after feeding and maximum numbers 18 hr later. There 
was a measurable day-to-day variation.

IN TRO D U C TIO N

Several cultural methods have been described for the enumeration of cellulolytic 
cocci in the rumen (Hungate, 1950; Kistner, 1960). These methods usually depend on 
the use of ball-milled cellulose as the sole substrate in a habitat-simulating medium. 
After incubation cellulolytic colonies are detected by cleared zones in the opaque 
medium. Cellulolytic bacteria have also been recovered from high dilutions of rumen 
liquor by picking colonies from a non-selective medium and observing whether they 
hydrolyse cellulose in liquid culture (Bryant & Burkey, 1953).

Serological studies of ruminococci (Jarvis, 1967) demonstrated immunological rela
tionships among strains of both Ruminococcus albus and R. flavifaciens and serologi
cally related strains persisted in the rumen. It was concluded that the fluorescent 
antibody technique could be adapted to permit direct microscopic examination of 
rumen contents for cellulolytic cocci. This paper describes the development and use 
of a simple counting method for R. albus, based on the direct fluorescent antibody 
technique.
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METHODS

Sheep. Two fistulated merino sheep, C6 and C 18, were housed indoors, in separate 
pens on a slatted floor and fed rations which would maintain them at roughly constant 
body weight. Each sheep received 800 g. chaffed lucerne hay at 9.00 a.m. daily and 
had free access to water. Both sheep had been established on their diets more than 
6 months before bacterial isolations were made.

Bacterial strains. Ruminococcus albus strains l y 3 and l y 4 were isolated f r o m  sheep 
C6 using a modification of the anaerobic culture technique described by Hungate 
(1950). The characteristics of these strains were described by Jarvis & Annison (1967). 
Escherichia coli and Staphylococcus aureus were obtained from stock cultures in a 
collection maintained at the School of Rural Science.

Production o f antiserum. Antisera to l y 3 and l y 4 were produced in rabbits using 
the methods described by Jarvis (1967).

Preparation o f fluorescein-labelled antiserum
Labelled antiserum was prepared by the method of Marshall, Eveland & Smith 

(1958) as described by Hobson, Mann & Smith (1962) with the exception that the 
proportion of fluorescein isothiocyanate (Baltimore Biological Laboratory, Division 
of B-D Laboratories, Inc., Baltimore, Maryland, 21204, U.S.A.) to protein used was 
0-05 mg./mg. protein.

Estimation o f total serum protein. Serum protein was determined spectrophoto- 
metrically from the extinction of a 1/100 dilution of serum in a 1 cm. cuvette. Readings 
were taken at 260 m/i and at 280 m/< and applied to a nomograph based on data given 
by Warburg & Christian (1941) (prepared by California Corporation for Biochemical 
Research, Los Angeles 63).

Conjugation o f antiserum with fluorescein isothiocyanate. A magnetic stirrer was 
used to mix 2-5 ml. whole serum, 4-2 ml. 0T5 M-NaCl and 1-7 ml. 0-5 M-carbonate + 
bicarbonate buffer (pH 9-0) at 2° in a cold room. Cold acetone (1 ml.) containing 
fluorescein iso thiocyanate (FITC) was added dropwise to the stirred solution from 
a syringe fitted with a 26-gauge needle. Stirring was continued for 18 hr at 2°.

Separation o f fluorescein-conjugated protein from unreacted fluorescein. When 
dialysis was used for this purpose (Hobson et al. 1962) the solution of serum proteins 
in buffered saline (conjugated antiserum) was dialysed against litre volumes of 
0-01 M-phosphate buffered saline (pH 7-0) at 2°. The dialysing solution was stirred 
continually and changed twice daily. After 3 days an ultraviolet lamp was required to 
detect dialysed fluorescein but a slight amount was present in the saline when dialysis 
was stopped after 9 days. Chromatography on Sephadex G-25 (Gordon, Edwards 
& Tompkins, 1962; Peters, 1963) was found to be a rapid and efficient means of 
separating conjugated antiserum and unreacted FITC.

Estimation o f labelling efficiency. After the unconjugated fluorescein had been 
separated on a Sephadex column the relative fluorescein: protein ratios of different 
conjugates were compared by reading the extinction at 280 mp and 495 nyt (Toku- 
maru, 1962). It was confirmed that FITC was degraded during prolonged storage at 2° 
(McKinney, Spillane & Pearce, 1964). Use of degraded FITC resulted in the produc
tion of conjugate with a low fluorescein: protein ratio. Fluorescence with such conju
gates was dull although the titre was high.



Absorption o f conjugated antiserum. Dialysed solutions were cleared by centrifuga
tion at 22,000 g  for 35 min. at 2° and then absorbed. Sephadex-treated conjugates 
were not cleared before adsorption. Acetone-dried mouse liver powder (100 mg./ml. 
of conjugate) was added to conjugated antiserum and the mixture was shaken for 
1 hr at room temperature, then centrifuged at 22,000 g  for 20 min. at 0°. The super
natant absorbed conjugated antiserum was recovered, preserved with Thiomersal 
(British Drug Houses Ltd., England) and deep frozen until required.

Antibody titre o f labelled antiserum. The effect of fluorescein labelling treatments 
on the antibody activity of the antiserum was followed by a tube agglutination test 
against homologous antigen (Jarvis, 1967).

Preparation o f slides from pure cultures
A thin smear of bacteria was spread on an ultraviolet transmitting glass slide 

(Shandon Scientific Co., Cromwell Place, London) and allowed to dry on a warm 
surface. The smear was fixed by immersing the slide in acetone for 20 min. The ace
tone was allowed to evaporate from the slide and it was then immersed in 0-1 M-phos- 
phate buffered saline (pH 7-0) for 1 min. Excess saline was drained from the slide and 
two drops of absorbed conjugated antiserum were spread over the moist smear with a 
glass rod. The slide was incubated 30 min. at 37° in a moist chamber. After incubation 
the slide was rinsed with a phosphate buffered saline and washed by immersion in three 
lots of buffered saline for 3-5 min. each. Excess saline was drained off and a drop of 
redistilled glycerol containing 10 % (v/v) buffered saline added to the smear. A cover- 
slip was applied (Chance No. 1) and the slide blotted to remove excess buffered 
glycerol. These smears were examined using the methods and apparatus described 
earlier (Jarvis, 1967).

Counting ruminococci in samples o f rumen liquor
A wide-bore glass tube was used to collect samples of rumen content from fistulated 

sheep. Each sample was transferred to a 25 x 150 mm. test-tube, stoppered and allowed 
to stand for 20 min. Counts were made on liquid drawn from a point 4 mm. below the 
surface and diluted 1:1 in 0-01 M-phosphate-buffered saline. After thorough mixing 
0-01 ml. of the dilution was pipetted on to a slide and immediately spread over an 
area of 1 cm.2 with the end of a thin glass rod. Smears were dried on a warm horizontal 
surface (5-10 min.) and then fixed in methanol (10 min.). The methanol was allowed 
to evaporate, and smears were moistened in phosphate-buffered saline (1-2 min.), 
drained and covered with conjugated specific antiserum (1-2 drops). After incubation 
at 37° for 30 min. in a moist chamber the slides were removed, rinsed, washed and 
mounted as described above.

A x 100 objective and x 10 eyepiece were used for counting. The field diameter 
was measured with a slide micrometer and a microscope factor was computed (Ameri
can Public Health Assoc., 1948) allowing for the appropriate dilution 1/1, 1/5 or 1/10. 
With a dilution of 1/1 the average count per field x 10® represented the count/ml. of 
rumen fluid. Fields were counted at approximately equal distances along two dia
meters of the smear at right angles to one another. Individual cocci were counted in the 
occasional small colonies encountered. Diplococci were considered separate cocci 
when any clear division between daughters could be distinguished.
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RESULTS AND D ISCUSSIO N

De velopment o f a fluorescent antiserum specific for ruminococci
Cherry, Goldman & Carski (1960) discussed the steps necessary to demonstrate the 

serological specificity of observed immunofluorescence; and the following list is taken 
from their work. (1) Uninfected tissue or uninoculated culture media should not stain. 
(2) Conjugates of normal serum should not stain the antigen. (3) Staining should be 
inhibited by pretreatment of the smear with unlabelled specific antibody or by dilution 
of the conjugate in unlabelled specific antibody. (4) Staining should be inhibited by 
adsorption of the antiserum with homologous antigen prior to staining. These criteria 
were applied to show the specificity of antisera to strains of Ruminococcus albus for 
their homologous antigen.

Unstained antigen suspensions were found to have absolutely no natural fluores
cence. Unstrained smears of rumen content contained particles which fluoresced red or 
yellow (Hobson & Mann. 1957) and also green-fluorescing particles, some of which 
were small enough to be confusing. These particles could be distinguished from bac
teria by their lack of regular shape.

Table 1. Staining o f Escherichia coli and Ruminoccus albus l y 3 by conjugated
normal serum fractions

Normal serum
Liver-absorbed protein 
fraction

Liver-absorbed fractions 
immediately behind the 
protein peak

E. coli

Positive but dull 

Negative. No visible rods

R. albus ly 3
Negative. No visible cocci 
by blue-light fluorescence

Very faint labelling

Conjugates of normal serum were prepared by the method of Hobson et al. (1962), 
dialysed for 7 days and absorbed with mouse liver powder. When smears of Escheri
chia coli and Ruminococcus albus LY 3 were treated with this material R. albus ly  3 
fluoresced but E. coli did not. The labelled normal serum was passed through a 
Sephadex G-25 column and this revealed considerable fluorescence which did not 
move with the protein peak. The extinction of successive fractions was measured at 
280 mp and 495 mu and the values obtained were corrected for absorption at 280 rap 
due to FITC(Tokomaru, 1962). Most of the FITC travelled with the protein peak but 
the extinction at 280 rap decreased much more rapidly than that at 495 rap, indicating 
a tail of unconjugated FITC. Table 1 records the results obtained when the liver 
absorbed protein fraction from the Sephadex column was used to label E. coli and 
R. albus ly  3. It was concluded that dialysis would not remove traces of FITC which 
were sufficient to cause the observed non-specific staining. When unconjugated FITC 
was removed labelled normal serum could not cause appreciable fluorescence.

The blocking effect of unlabelled specific antiserum was shown by comparing two 
treatments: (a] 2 vol. homologous unlabelled antiserum to 1 vol. homologous labelled 
antiserum; (b) 2 vol. normal serum to 1 vol. homologous labelled antiserum. There 
was a considerable decrease in fluorescence in (a) as compared with (b) because of the 
blocking effect of unlabelled homologous antibodies.

Smears of Ruminococcus albus l y 3 were treated with conjugated l y 3 antiserum



which had been absorbed with l y 3 organisms. Examination by blue-light fluorescence 
showed a slight glow visible only where the cocci were closely packed. On the other 
hand, three successive absorptions of conjugated l y 3 antiserum with a suspension of 
Escherichia coli did not decrease the fluorescence imparted to l y 3 organisms appre
ciably. It was concluded that the fluorescence observed was due to a specific serological 
reaction.

Gordon et al. (1962) showed that conjugates specific for bacterial antigens could 
be obtained by Sephadex treatment of labelled y-globulin solutions. The column 
separated unconjugated dye and low molecular weight fractions from labelled protein. 
A conjugate of whole serum (titre 1/20,000) prepared in this way stained r  on-specifi- 
cally. Smears of Escherichia coli stained as brightly as the homologous antigen 
Ruminococcus albus l y 3. Staphylococcus aureus did not fluoresce with this conjugate. 
The antibody titre of the protein fraction was 1/5000. Visible fluorescence in solution 
did not extend beyond a dilution of 1/640, suggesting that the non-specific material 
was present in considerably lower concentration than the specific labelled antibody. 
Subsequently it was shown that complete removal of unconjugated FITC by a second 
Sephadex treatment did not give a specific antiserum. Two successive absorptions with 
liver powder were required to produce a conjugate specific for R. albus i y 3. After 
this treatment the agglutination titre of labelled antiserum was 1/1300 and fluorescence 
in the supernatant fluid of the agglutination tubes was absent above a dilution of 1/80. 
Table 2 records the results obtained when the twice absorbed conjugate was used to 
stain smears of E. coli and R. albus l y 3.

Although Sephadex G-25 is not intended to fractionate proteins, three fractions
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Table 2. Staining o f Escherichia coli and Ruminoccus albus l y 3 by conjugated 
antiserum specific for Ruminococcus albus l y 3

Diluent
Phosphate buffered saline 
(pH 7 0)

Rumen liquor

E. coli

Fluorescence just visible. 
Very hard to distinguish 
rods

No identifiable fluorescent 
rods

R. albus l y 3

Bright fluorescence of cocci 
against a black background

Bright fluorescence of cocci 
against a faintly fluorescent 
background

Table 3. Staining o f Escherichia coli and Ruminococcus albus l y 3 in rumen 
fluid by conjugated protein fractions specific for Ruminococcus albus l y 3

Fraction* E. coli R. albus ly3

1 No fluorescent rods Bright fluorescence of cocci 
on a faintly staining 
background

2 E. coli visible but much less 
fluorescent than R. albus 
ly3 cocci

Brilliant fluorescence of cocci 
on a black background

3 No fluorescent rods but a 
few fluorescent cocci which 
would be present in rumen 
fluid were observed

Bright fluorescence of cocci 
on a faintly staining 
background

* These protein fractions are described in the text.



were recognized in the protein band: fraction 1, a small volume having the brightest 
fluorescence and travelling ahead of the main band, fraction 2, the main protein band, 
and fraction 3, a small volume behind the main peak and seemingly more dilute. An 
attempt was made to determine whether these three fractions could be bulked for use 
as specific labelled antiserum. Each fraction was used to stain homologous and 
heterologous cells in rumen liquor. The results are recorded in Table 3. It was con
cluded that the non-specific reaction was associated with protein travelling in the 
middle of the band and that this could be decreased to a satisfactory degree by two 
absorptions with liver powder without impairing the specificity of the antiserum.

Counting ruminococci in rumen fluid
Precision o f the counting method. A sheep was sampled 10 hr after being fed 800 g. 

lucerne chaff. Eight parallel dilutions of the sample were each smeared once and 
30 fields were counted on each smear. The resulting estimates of numbers of rumino
cocci were: 6-76 x 106, 4-90x 106, 4-17 x 106, 5-30 x 10«, 7-8 x 106, 7-37 x 106, 5-34 x 10«, 
4-43 x 10«, mean 5-76 x 106/ml., standard deviation 1-38 x 106 (corrected for the small 
number of observations); standard error of the mean (95% confidence interval), 
± 1T6 x 108/ml.

Wilson (1935) examined the errors inherent in the Breed smear technique and con
cluded that it was unsuitable for low count samples since an average of at least one 
organism per field was required for reasonable accuracy. The main source of random 
error in the method was considered to be the irregular distribution of the bacteria in 
the smear. Subsequently Hanks & James (1940) recommended the use of circular 
smears, and the selection of fields at regular intervals along two diameters at right 
angles to each other in order to minimize these errors. In the method described here 
an additional source of error was the masking effect of fluorescent background 
material. Sources of variation in the background fluorescence included: extent of 
sedimentation before dilutions were prepared, thickness of the smear, evenness of 
drying, extent of digestion within the rumen before sampling. Samples taken after 
extensive digestion showed more intense background fluorescence and higher counts 
than those taken soon after feeding. Consequently the background fluorescence could 
be controlled by suitable dilution of the sample without introducing excessive statisti
cal errors. The total number of fluorescent cocci/ml. rumen content varied between 
2 x 106 and 12 x 106. A counting method with a precision of approximately + TO x 10s 
was considered adequate to resolve the differences encountered.

Variation between sampling sites in the rumen. At intervals of several days samples 
were obtained from three sites in the rumen 11 hr after feeding. The regions sampled 
were: anterior ventral, anterior dorsal, posterior ventral. Duplicate dilutions were 
made from each sample and each was smeared once: 30 fields were counted on each 
smear. The average for each sample is recorded in Table 4. It was concluded that 
sometimes there were significant differences in the concentration of ruminococci at 
different points in the rumen. Samples intended to represent the average population 
should be drawn from various parts of the organ.

Effect o f homogenizing rumen contents. Davies (1965) used an indirect fluorescent 
antibody technique to study the distribution of cellulolytic bacteria isolated from the 
large intestine of a horse. She concluded that ‘free’ and ‘fixed’ bacteria could be 
enumerated. But the present study indicated that the natural fluorescence of many

166 B. D .  W .  J A R V I S ,  V. J .  W I L L I A M S  A N D  E. F .  A N N I S O N



particles of ingesta was too bright to permit fluorescent bacteria on them to be dis
tinguished. Homogenization was intended to release ‘fixed’ bacteria. The whole 
rumen content was macerated in a tissue grinder at 0° for 2 min. This caused partial 
destruction of food particles but viable protozoa still remained. Counts were made on 
homogenized whole rumen content and compared with those on untreated rumen 
liquor (prepared as described in Methods). Homogenized rumen content was diluted 
1/10 to decrease the background fluorescence to an acceptable degree. These results 
are recorded in Table 5 where each figure represents the mean of duplicate dilutions 
smeared once. The increase in count due to homogenization is not as much as expected 
(Bryant, 1959; Warner, 1962 a). This may have been due to the particular antiserum 
used or to the technique used, but it is interesting to note that Hungate (1947) found 
no increase in cellulolytic colony counts after similar treatment. Qualitative examina
tion of rumen contents indicates that the fluorescent organisms do not occur as large 
colonies and are often associated with highly degraded material, consequently blending 
might not release many.
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Table 4. Concentration o f ruminococci at selected sites in the rumen o f sheep fed  chaffed 
lucerne hay once daily and sampled 11 hr after feeding, determined by a direct fluorescent 
antibody technique

Series*
Anterior ventral 

(10-e/ml.)
Anterior dorsal 

(10“6/ml.)
Posterior ventral

(l(F 6/ml.)
1 6-68 7-00 7-08
2 4-68 8-18 8-13
3 2-75 1-79 4-81
4 2-42 1-40 3-33
5 3-78 3-93 12-26
Average 4-06 4-46 7-10

* Successive sets of samples were collected at intervals of several days.

Table 5. Effect o f maceration on the number o f fluorescent ruminococci observed by a 
direct fluorescent antibody technique in the rumen contents o f sheep fed  chaffed hay 
once daily

No. of cocci ( x 10-6 ml.)

Sheep sampled*
Untreated
Control

A .

Homogenized

Ratio,
homogenized

control
C6 12 hr after feeding 7-18 6-35 0-89
C18 4 hr after feeding 5-43 6-78 1-25
C18 4 hr after feeding 7-38 8-69 1-19
C6 12 hr after feeding 12-05 16-37 1-36

Average 8-01 9-55 1-19

* Successive samples were collected at intervals of several days.

Diurnal variation in the concentration o f fluorescent ruminococci. Results obtained 
with one sheep are presented here as an indication of the fluctuation in numbers to be 
expected (Fig. 1). Sheep C18 was fed 800 g. lucerne chaff each morning Food was 
withdrawn after 2 hr. Samples of ingesta were taken before feeding and also at 
3.00 p.m., 9.00 p.m. and 3.00 a.m. The samples were preserved with 1/10,000 Thiomer- 
sal and held at 2°. Each count represents the mean of counts made on duplicate



dilutions smeared once. Thirty fields were usually counted on each smear, but 60 or 
90 fields were counted on smears from 3.00 p.m. samples because of the small number 
of fluorescent cocci.

The numbers of fluorescent ruminococci fluctuated in accordance with a recognizable 
pattern. The full extent of these fluctuations is not known, but the lowest values were 
always observed at 3.00 p.m. and the highest at 3.00 a.m. There was also a noticeable 
day-to-day variation in the concentration of cocci at a given sampling time. A decrease 
in total bacterial numbers after feeding has been observed by Christian & Williams 
(1957), Bryant & Robinson (1961) and Warner (1962A). The subsequent increase in
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Fed Fed Fed Fed Fed

Day 1 Day 2 Day 3 Day 4 Day 5
Time

Fig. 1. Diurnal and daily changes in the concentration of fluorescent ruminococci obtained 
from a sheep fed chaffed lucerne hay once daily. The sheep was fed 800 g. lucerne chaff 
daily, between 8.00 a.m. and 12.00 noon, after it had been sampled.

numbers found here appeared to parallel the pattern of rumination (Pearce, 1965); 
this is in accordance with the observations of Pearce & Moir (1964) and Dehority 
& Johnson (1961) which indicated that trituration played an important part in the 
digestion of roughage.

It is probable that the use of labelled antiserum to one antigen would not reveal all 
the ruminococci although most strains of Ruminococcus albus would have been counted 
(Jarvis, 1967). Over a period of 39 days samples were taken on seven occasions among 
five sheep fed chaffed lucerne hay. A total of 14 strains were collected, only half of 
which were subsequently identified as R. albus (Jarvis & Annison, 1967). This suggests 
that a count restricted to R. albus would enumerate about half the ruminococci present.
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Use of a Scanning Electron Microscope for the 
Examination of Actinomycètes
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SUMMARY

Organisms belonging to several genera of the order Actinomycetales were 
examined using the1 Stereoscan ’ electron microscope of the Cambridge Instru
ment Company. Unlike the transmission electron microscope, this instrument 
provides surface views of fine structures without the need for preparation of 
replicas. Using a simple preparation procedure, surface views of intact sporing 
structures of several actinomycètes were observed over a range of magnifica
tions. The potential value of using scanning electron microscopes for the 
examination of actinomycètes was assessed.

IN T R O D U C TIO N

Investigations of the structure of organisms belonging to various genera of the 
Actinomycetales with transmission electron microscopes have provided much useful 
information. Details of the internal structure of vegetative and reproductive structures 
of several genera have been obtained from the examination of ultra-thin sections. 
Details of the development of spores in sporangia-forming genera have been given by 
Rancourt & Lechevalier (1963) who studied Microellobospora, Lechevalier & Holbert
(1965) who examined Actinoplanes, and Lechevalier, Lechevalier & Holbert (1966) 
who examined Streptosporangium, Spirillospora and Actinoplanes.

The fine structure of reproductive and vegetative organs of the genus Sireptomyces 
has been investigated by many workers (Moore & Chapman, 1959; Stuart, 1959; 
Glauert & Hopwood, 1960; Chen, 1964; Painter & Bradley 1965). Rancourt & Leche
valier (1964) were able to outline the developmental sequence of spores of Sireptomyces 
viridochromogenes and S. violaceus by the examination of sections. Studies of other 
genera include those of Overman & Pine (1963) on Actinomyces species and Kawato 
& Inoue (1965) on Nocardia asteroides.

Examination of actinomycètes with the transmission electron microscope has also 
provided taxonomic criteria. Observation of the silhouettes of whole spores of various 
species of the genus Sireptomyces provides details of their surface ornamentation and 
this has been shown to be a useful taxonomic character (Küster, 1953; Preobrazhens
kaya et al. 1960; Tresner, Davies & Backus, 1961).

Surface views of electron-dense structures, such as actinomycète spores, have until 
recently been obtainable only by the examination of carbon replicas of the structures. 
Replication techniques have had only limited application in studies of actinomycètes. 
Hopwood & Glauert (1961) examined carbon replicas of spores of Sireptomyces 
violaceoruber and, using similar techniques, other species of this genus were examined 
by Dietz & Matthews (1962) and Preobrazhenskaya et al. (1965).
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We have examined organisms belonging to several actinomycète genera, using the 
‘Stereoscan’ electron microscope developed by the Cambridge Instrument Company. 
This is a scanning electron microscope which has a larger depth of focus even than the 
transmission type, providing a surface view of whole structures. The procedures used 
for the examination of actinomycètes are described, and from the results obtained the 
potential value of such an instrument for studies of this group of micro-organisms is 
assessed.
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METHODS

Strains used. These were as follows: Actinoplanes sp., Microbispora rosea (ria477), 
Microellobosporia flavea (imru3858), Micromonospora sp., Nocardia rubra (cbs), 
Streptomyces fn layi (isp5218), S. viridosporus (isp5243), Streptomyces sp., Strepto- 
sporangium s p , and Thermoactinomyces vulgaris (Küster p 121). (RIA, U.S.S.R. 
Research Institute for Antibiotics, Moscow; IMRU, Institute of Microbiology, 
Rutgers, New Brunswick, U.S.A.; CBS, Centraalbureau voor Schimmelcultures, 
Baarn, Netherlands; ISP, Code number of culture in International Streptomyces 
Project; Prof. E. Küster, Dept, of Industrial Microbiology, Dublin, Eire.)

Media. With the exception of Nocardia rubra and Thermoactinomyces vulgaris, 
which were grown on Oxoid Nutrient Agar, all strains were grown on oatmeal agar 
(Waksman, 1961).

Culture Method. After preliminary tests, the following procedure was found to be 
satisfactory for providing a growth of actinomycetes which could be examined, with 
the minimum of disturbance, in the scanning electron microscope. Circular glass 
coverslips, \  m. in diameter, were sterilized by autoclaving. Each of these was then 
inserted at an angle of about 45° into solidified medium in a Petri dish until about 
half the coverslip was in the medium. An inoculum of actinomycetes from slope 
cultures was then spread along the line where the upper surface of the coverslip met 
the medium, using a fine wire needle. The plates were then incubated, the length of 
incubation period needed for each strain to produce mature sporing structures having 
been previously determined. All were incubated at 25° except for Thermoactinomyces 
vulgaris which was grown at 45°. After incubation the actinomycetes were growing 
both on the medium and in a line across the upper surface of the coverslips. This line 
of growth remained attached to the coverslips when they were carefully withdrawn 
from the medium. A similar culture method for actinomycetes was described by 
Kawato & Shinobu (1959).

Preparation o f cover-slip cultures for examination. With the actinomycetes upper
most the coverslips were attached by ‘Durofix’ adhesive, to solid metal specimen 
stubs which had a circular face of the same diameter as the coverslips. The upper 
surface of each coverslip was then coated, under vacuum, with a film, about 500 Ä thick, 
of gold-palladium alloy. This process was completed in 15 min. and four preparations 
were coated at a time. During examination in the scanning electron microscope, the 
film allowed excess charge built up on the specimens to leak away, but was not 
thick enough to decrease the resolution. The coverslips were coated within 10 min. of 
their removal from the medium and thus the actinomycetes were alive until they were 
placed under vacuum and distortions from slow air drying were minimized. Once 
coated with gold-palladium, the specimens were ready for examination in the 
microscope.
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Examination with the scanning electron microscope. The metal stubs with their 

attached coated coverslips were placed in the specimen chamber of the microscope. 
The field was scanned at low magnification until the line of growth was detected. Areas 
with clear, intact sporing structures were then selected for examination at higher 
magnification. Suitable subjects were photographed using Ilford H.P. 3 film.

In this instrument the specimen is scanned by a beam of electrons and these generate 
secondary electrons by the ionization of atoms of the specimen. Some of these have 
sufficient energy to escape into the vacuum and are collected, together with some 
reflected primary electrons, to give the screen image. The ‘shadowed’ appearance of 
the specimen, which emphasizes surface details, is due to the positioning of the collec
tor for the secondary electrons at an angle to the original beam.

The results obtained are shown in Plates 1-4. It can be seen that the images produced 
by the scanning electron microscope were similar to those seen with a binocular light 
microscope but at greater magnification. The instrument can be used over a wide 
range of magnification but for actinomycetes the most useful range is from 1000 to 
30,000 times. Thus in PI. 1, figs. 1-3, views of the same streptomyces species are 
shown at three different magnifications. At lower magnifications the general mor
phology of the intact spore chains is well illustrated, while the smooth indented sur
face of the spores can be seen at higher magnifications.

Examination o f Streptomyces species. Three species of Streptomyces were examined. 
It was known from previous examinations with a transmission electron microscope 
that they had variously ornamented spore surfaces. Streptomyces viridosporus had 
spores with spines, those of S.finlayi had hairs and those of another Streptomyces sp. 
were smooth. As previously stated, the ornamentation of spore surfaces is an impor
tant taxonomic character for species of the genus Streptomyces. It is considered to 
be one of the more stable attributes of streptomycetes and was included in the criteria 
used in the International Streptomyces Project for the redescription of type cultures 
(Shirling & Gottlieb, 1966). The ornamentation of the spores of S. viridosporus and 
S.finlayi was clearly revealed here (PI. 1, fig. 4; PI. 2, fig. 5). Whole surface views of 
ornamented Streptomyces spores were obtained by Preobrazhenskaya ei al. (1965) 
from examination of carbon replicas. They obtained replicas of smooth spores and of 
spores with wart-like projections and spines, but no example of a carbon replica of a 
spore with hairs was shown. To obtain carbon replicas of such delicate and flexible 
structures would be extremely difficult.

Using the scanning electron microscope it was also possible to examine intact chains 
of spores, and observations of those of S. viridosporus revealed some interesting 
features. Some chains were composed of spores all of which had spiny surfaces 
(PI. 2, fig. 5); in others both smooth and spiny spores occurred (PI. 2, fig. 7), while in 
some the chains were composed entirely of spores with smooth surfaces (PI. 2, fig. 6). 
Similar findings were made by Baldacci, Balduzzi & Amici (1957) and Hodgkiss 
& Mitchell (1965) from their examinations of silhouettes of spores with the trans
mission electron microscope. Baldacci et al. (1957) suggested that this variation in 
appearance was because some of the spores had lost their outer coat on which the 
spines were located. This suggestion agrees with the details of spore development in

RESULTS
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S. viridochromogenes given by Rancourt & Lechevalier (1964). They showed that the 
spines were on a superficial layer which did not adhere strongly to the surface of 
mature spores. We obtained no additional evidence on the cause of this phenomenon 
and further study is needed. When ornamentation of spores is used as a taxonomic 
character it is important to take account of this variation and examine a wide range of 
spore chains. This can be easily done using the scanning electron microscope at rela
tively low magnifications (PI. 1, fig. 2), when details of the overall spore-chain mor
phology, another important taxonomic character, can also be observed.

In PI. 2, fig. 6 it can be seen that the smooth spores of Streptomyces viridosporus had 
lateral depressions; these are also evident in the smooth spores of Streptomyces sp. 
(PI. 1, fig. 3). Recently, Tresner, Davies & Englert (1966) noted that the smooth 
spores of some streptomycetes had a ‘phalange’ shape in outline and in section; it 
seems likely that these workers observed spores with similar depressions to those 
shown here. Care must be taken when interpreting such structures in the electron 
microscope, as the depressions may be artifacts caused by the partial collapse of 
spore walls under vacuum.

Examination o f sporangia-forming genera. Examples of three genera forming sporan
gia were examined: Actinoplanes sp., Streptosporangium sp. and Microellobosporia 
flavea. The internal structure of sporangia of Actinoplanes was studied by Lechevalier 
& Holbert (1965). From their examination of ultra-thin sections they suggested that 
spores in a mature sporangium gave it a bulging appearance; this was confirmed in 
this study (PI. 2, fig. 8). Sections of sporangia of Streptosporangium examined by 
Lechevalier et al. (1966) indicated that the outer sporangial envelope was a loosely 
wrinkled structure and this was also evident from the observations of intact sporangia 
with the scanning electron microscope (PI. 3, fig. 9). Sections of Microellobosporia 
were examined by Rancourt & Lechevalier (1963) who also noted that the sporangial 
wall had a wrinkled membranous form. This was true of the mature three-spored 
sporangium observed here (PI. 3, fig. 11). In younger sporangia the wall was more 
regular (PI. 3, fig. 10), possibly because it was still attached to tissues inside the 
sporangium.

Examination o f other genera. The spores of the thermophilic actinomycete, Thermo- 
actinomyces vulgaris, had a polygonal shape when viewed with the scanning electron 
microscope (PI. 3, fig. 12). Other workers, examining silhouettes of spores of thermo
philic actinomycetes with the electron microscope, have noted their angled outline. 
Agre (1962) observed 8- to 10-sided spore silhouettes in a thermophilic Micromono- 
spora vulgaris and Kudrina & Maksimova (1963) noted similar spores in a thermo
philic M. thermolutea. As both of these actinomycetes formed their spores on aerial 
mycelium above the medium, they would not be included in the genus Micromonospora 
by some workers, but placed in Thermoactinomyces. Thus it is possible that the shape 
of Thermoactinomyces spores may be a useful diagnostic character for this genus.

Some of the stages in the development of the paired spores of Microbispora rosea 
were evident in PI. 4, fig. 13. Younger spores were rather elongated, without any 
external indication of a paired structure. Gradually they became broader and the 
central constriction became more marked until a typical paired spore was formed. 
This pattern of development is similar to the one indicated by the drawings of 
Nonomura & Ohara (1957).

In the micrographs of Nocardia rubra (PI. 4, figs. 14, 15) can be seen its hyphae at
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various stages of fragmentation. The Micromonospora species studied produced spores 
which were mainly sessile, arising directly from the hyphae without a sporophore. 
Two sessile spores at different stages of development are shown in PI. 4, fig. 16.

D ISCUSSIO N

The value o f the scanning electron microscope for the examination o f actinomycètes
Using this instrument, surface views of reproductive and vegetative structures at 

high magnification were obtained. The method of preparing specimens for observa
tion was simple and rapid, up to 12 could be prepared in an hour. In addition, intact 
sporing structures could be examined. The only other way of obtaining surface views 
of these electron-dense structures at high magnification is by examination of carbon 
replicas with a transmission electron microscope. While the resolving power of such 
instruments is higher than that of the scanning type, about 5 Â as opposed to about 
500 Â, the preparation of carbon replicas is a laborious procedure needing great care. 
Also it is impossible to obtain replicas of certain types of surface and the technique 
can seldom provide views of intact sporing structures. Therefore, for most purposes, 
a scanning electron microscope would be more useful.

Using this instrument at relatively low magnifications (1000-6000), general mor
phological details of intact sporing structures were easily observed. Normally such 
features, which are important in the taxonomy of these organisms, are observed with 
the light microscope. However, the small size of actinomycètes requires the light 
microscope to be used near the limit of its resolving power and the application of 
stains and immersion oil to preparations often results in the disruption of important 
structures. The scanning electron microscope provided views similar to those seen 
when intact specimens are examined with the lower-power objectives of the light 
microscope but at considerably higher magnification.

From this preliminary study, several possible applications of the scanning electron 
microscope to studies of actinomycètes can be suggested. As the preparation proce
dure is so simple and rapid, this type of instrument could be most useful for the 
routine examination and identification of specimens. This can be achieved more 
quickly and more accurately than when a light microscope is used, and at the same 
time features hitherto seen only with the transmission electron microscope (e.g. 
ornamentation of spore surfaces) are visible.

In studies of developmental processes, the scanning electron microscope would be a 
useful tool, especially if used to supplement information obtained from the examina
tion of thin sections with the transmission microscope. Other applications which can 
be envisaged include investigations of the distribution and growth of actinomycètes in 
their natural habitats, such as the soil, and study of the occurrence of hyphal fusions 
in genetical studies.

The authors wish to express their gratitude to the Cambridge Instrument Com
pany for permitting the use of their ‘ Stereoscan ’ microscope. The kind assistance of 
Miss P. J. Killingworth, Miss C. E. Moss and Mr K. W. Trevatt is gratefully 
acknowledged.
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EXPLA NA TION  OF PLATES 

Plate 1

Fig. 1. Streptomyces sp., spiral spore chains, x  700.
Fig. 2. Streptomyces sp., spiral spore chains, x  2100.
Fig. 3. Streptomyces sp., spiral spore chain, x 7250.
Fig. 4. Streptomyces finlayi, chains of hairy spores, x 7000.

Plate 2

Fig. 5. Streptomyces viridosporus, chain of spiny spores, x 6500.
Fig. 6. S. viridosporus, chain of smooth spores, x 6500.
Fig. 7. S. viridosporus, chain with smooth and spiny spores, x  6500.
Fig. 8. Actinoplanes sp., surface of sporangium, x  6750.

Plate 3

Fig. 9. Streptosporangium sp., sporangium on sporangiophore. x  6250.
Fig. 10. Microellobosporia flavea, developing sporangia, x 6250.
Fig. 11. M. flavea, mature sporangium, x  7000.
Fig. 12. Thermoactinomyces vulgaris spores, x  7000.

Plate 4

Fig. 13. Microbispora rosea, spores at various stages of development, x  6250. 
Fig. 14. Nocardia rubra, fragmenting hyphae. x  1800.
Fig. 15. N. rubra, fragmenting hyphae. x  6250.
Fig. 16. Micromonospora sp., sessile spores, x 6250.

12 G. Microb. 48
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SUMMARY

Serum-sensitive mutants have been derived from serum-resistant smooth 
virulent Salmonella typhimurium and S. enteritidis strains by selection for 
resistance to cephalosporin or penicillin. Chemical analyses of the lipopoly
saccharides of these mutants reveal that they belong to at least three different 
rough or semi-rough classes. Partial or total loss from the lipopolysaccharide 
of the sugars responsible for O antigenicity resulted in loss of virulence, as 
well as increased sensitivity to the bactericidal effect of antibody plus com
plement. However, such loss is not necessary for serum sensitivity because 
two serum-sensitive mutants possessed lipopolysaccharides indistinguishable 
from the smooth serum-resistant parents and were nearly as virulent.

IN T R O D U C TIO N

Rough mutants derived from smooth virulent strains of Salmonella species are less 
virulent than their parents (Lingelsheim, 1913; Topley & Ayrton, 1924) anc are more 
susceptible to killing by antibody and complement (Thjotta & Waaler, 1932; Rowley, 
1956). Recently much has been learned about the composition of cell walls of Entero- 
bacteriaceae, particularly those of Salmonella species (Liideritz, Staub & Westphal, 
1966), and it seems appropriate to reinvestigate the effect of various mutations to 
roughness on the virulence and serum-sensitivity of some Salmonellas.

New knowledge of the polysaccharide substructure of the lipopolysaccharides (LPS) 
of Salmonellas is largely attributable to a combination of chemical and immuno
chemical analyses (Liideritz, Kauffmann, Stierlin & Westphal, 1960; Staub, 1960) and 
the investigation of mutants unable to synthesize or attach one or another of the 
monosaccharides which constitute the polysaccharide (Osborn et al. 1964; Liideritz 
& Westphal, 1966). The results of these studies make it reasonably certain that the 
lipopolysaccharides of some Salmonella species of different O antigenic groups con
tain a common rough polysaccharide core. This consists of a polyheptose phosphate 
backbone (probably attached to lipid by a keto-deoxyoctonate) and an attached 
pentasaccharide side-chain of the composition:

<- glucose galactose <- glucose < N  acetyl glucosamine

galactose
In fully smooth strains of Salmonella typhimurium a repeating unit is attached to

the distal end : . , , ,(galactose <- rhamnose <- mannose)

abequose
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It has been shown (Staub, Tinelli, Liideritz & Westphal, 1959) that the monosac
charides abequose, O-acetyl galactose and rhamnose are those principally responsible, 
respectively, for the O antigenic factors 4, 5, and 12 in the Kauffman n-White classifica
tion. The antigenic factor 1 is present in those Salmonella typhimurium strains lyso- 
genized with P22 or other A phages and is dependent upon a glucose attached to the 
galactose in the repeating unit (Stocker, Staub, Tinelli & Kopacka, 1960). The repeat
ing unit of S. enteritidis differs from that of S. typhimurium in containing tyvelose in 
place of abequose.

If one disregards the mutants unable to synthesize the activated donor forms of the 
proximal sugars of the rough core side-chains, two main classes of rough mutants 
have been described.

Strains of cne class are unable to synthesize the oligosaccharide repeating unit of the 
distal part of the side-chains responsible for O specificity. The LPS of such mutants 
has the antigenic character RII (Beckmann, Subbaiah & Stocker, 1964) presumably 
determined by the exposed terminus of the proximal part (‘ R-stub ’) of the side-chain. 
In Salmonella typhimurium, inability to manufacture the O repeat unit may result 
either from mutation in the rouB gene cluster near his (Subbaiah & Stocker, 1964) or, 
less commonly, from a mutation mapping between gal and try resulting in loss of 
ability to synthesize phosphomannose isomerase and consequent loss of the mannose 
component of the repeating unit (Rosen et al. 1965).

Mutants of the other main rough class are unable to attach to their LPS the 
O-specific polysaccharide which is found in the supernatant (L-l) fraction after the 
LPS has been sedimented in the Westphal extraction procedure (Beckmann et al.
1964) . It is presumed (or in some instances proven) that this class is unable to complete 
the synthesis of the ‘ R-stub' to which the O-specific polysaccharide is usually attached. 
Many mutants of Salmonella typhimurium belonging to this class map in the rouA 
cluster near xyl (Subbaiah & Stocker, 1964); some, but not all, make LPS of antigenic 
character R I (Beckmann et al. 1964).

In addition, two forms of ‘semi-rough’ mutants have been described (Naide et al.
1965) . Their LPS contains much less of the oligo-saccharide responsible for O anti
genicity than does that of smooth strains. The LPS of one type of semi-R mutant 
probably has only one O-specific unit attached to each of the rough stubs whereas 
that of the other has some long O-specific side-chains, but has also many R stubs which 
lack repeating units.

An opportunity to study the virulence of some classes of rough strains occurred 
when it was found that certain penicillin-resistant mutants derived from virulent, 
serum-resistant Salmonella enteritidis and S. typhimurium strains were sensitive to 
serum. Most of them were less virulent for mice than the parent strains (Roantree 
& Steward, 1965). Among these mutants, some showed typical character of rough 
strains, i.e. growth as a deposit in broth, auto-agglutinability in physiologic saline, loss 
of specific agglutinability in anti-O sera and rough colonial appearance on eosin- 
methylene-blue agar. Other mutants, although serum-sensitive, could not be dis
tinguished from the smooth parents in these respects; one single-step mutant of 
S. enteritidis grew in broth like a rough strain but retained its O-agglutinability. The 
penicillin-resistant, serum-sensitive strains were isolated as series of mutants, each one 
more antibiodc-resistant than its predecessor, by serial passage on gradient plates 
containing either benzylpenicillin or a-aminobenzylpenicillin. Subsequent work with



the virulent parent strains of S. typhimurium and S. enteritidis has shown that if picks 
from single colonies of the parent strain were grown overnight in broth cultures and 
0-1 ml. portions of these spread on gradient plates containing just one concentration 
of penicillin or cephalosporin, a variety of single-step mutants were isolated, some of 
which were serum-sensitive and less virulent than the parent. This method avoided 
the confusion of multiple mutations to antibiotic resistance.

This paper describes the chemical composition of the polysaccharide of the cell 
walls of these serum-sensitive mutants. Some previously reported observations on the 
virulence of the mutants and their sensitivity to serum are recapitulated here 
(Roantree & Steward, 1965).

_ . , . MATERIALSBacterial strains .
t Yfiux1 ̂ /Yr~'

Salmonella emeritidis 173 (O = 1, 4, 5, 12) was originally obtained from Professor
D. Rowley, University of Adelaide, Adelaide, Australia.

Salmonella enteritidis 203 (O = 9, 12) was obtained from the Division of Labora
tories, California Department of Public Health.

Mutants derived on penicillin gradient plates are given the prefix P-; those on 
a-aminobenzylpenicillin (ampicillin) the prefix b r , and those on cephalothin the 
prefix k . The numeral immediately following the prefix denotes the serial mutational 
step to antibiotic resistance represented by the strain. A small letter following the 
strain number indicates that the strain is one of a series of mutants. For example, the 
designation BR3-173a means that this is a third-step mutant derived by passage on 
a-aminobenzylpenicillin and is a member of the ‘a ’ series. A capital letter following 
the strain number indicates a particular one-step mutant to antibiotic resistance.

Testing o f resistance to penicillin
Nutrient agar plates containing various concentrations of benzylpenicillin or 

a-aminobenzylpenicillin were inoculated with 100-200 organisms of the strain to be 
tested. The greatest concentration of antibiotic allowing the consistent appearance of 
colonies was taken as the value for degree of resistance. Mutant strains within any one 
series were plated on the same batches of agar on the same day. Concentrations of 
antibiotic were varied by increments of 5 u./ml. for benzylpenicillin and 2 /ig./ml. for 
a-aminobenzylpenicillin in testing strains of Salmonella typhimurium (Table 1). 
Increments of a-aminobenzylpenicillin used to test S. enteritidis strains were 3-2 /tg./ml. 
(Table 2).

Determination o f virulence o f bacteria for the mouse 
Ten mature CF-1 mice housed together were each inoculated intraperitoneally with 

the same volume of one serial 10-fold dilution in saline of an overnight broth culture. 
Sufficient 10-fold dilutions were used to permit the calculation of the LD50 from sur
vivals to 30 days (Reed & Muench, 1938). The LD50, when greater than 100, is 
reported to the closest whole power of 10.

Determination o f sensitivity to serum
This has been described in detail (Roantree & Steward, 1965). Briefly, 0T ml. 

amounts of 10~2 and 10 5 dilutions of overnight broth cultures were added to 0-4 ml. 
amounts of active human serum and incubated at 37°. The number of bacteria
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surviving in 0-1 ml. volumes of the suspensions was determined by colony counts from 
pour plates made at 1 and 2 hr. The number of bacteria at zero time was determined 
by colony counts made from pour plates prepared from 0T ml. volumes of 10-6 dilu
tions of overnight culture. For the purpose of the present paper, strains showing a 
survival of greater than 10 % from an inoculum of 102 organisms per 0T ml. after 
2 hr are considered resistant; those showing survival of less than 0T % from an 
inoculum of 106 are considered sensitive.

Table 1. Characteristics o f parent and mutant strains o f Salmonella typhimurium and 
the sugars related to the O antigens found in their lipopolysaccharides

Strain
Penicillin

resistance*

Sensi
tivity

to
serumf

O Anti
gens 

(1,4, 5, 
12)

LD 50
for

mice

Deposit
in

broth Rhamnose Abequose Mannose Galactose

173 1/tg- Res. + + 101 0 + + + + + + + + + + + +

p 1-173
5 u. 

10 u. Res. + + 102 0 + + + + + + + + + + + +
p2-173 15 u. Sen. + 104 0 + + + + +
p 3-173 40 u. Sen. + + 105 0 + + + + +
p 5-173 50 u. Sen. + + 105 0 + + + f  +
br 1-173 a 2 fig. Res. + + 101 0 + + + + + + + + + + + +
BR2-173a 4  f i g . Sen. 0 n.d. ± 0 0 0 + +
BR3-173a 8 f i g - Sen. 0 n.d. + + 0 0 0 + +
br 6-173 a 10 fig. Sen. 0 107 + + 0 0 0 + +
BR1-173c 2 fig. Res. + + n.d. 0 + + + + + + + + + + + +
br2- 173c 8 fig. Res. + + n.d. 0 + + + + + + + + + + + +
br4- 173c \6/ig. Res. + + n.d. 0 + + + + + + +  + + + + +
br6-173c 20 fig. Res. + + 105 0 + + + + + + + 4- 4- + + +
P173C 10 u. Sen. + + 101 0 + + + + + + + + + + + +
k 173 A Sen. 0 io4t + + 0§ 0§ o§ + +§

*u. = units benzylpenicillin/ml. nutrient agar. fig. = micrograms a-aminobenzylpenicillin/ml. nutrient agar.
fSerum sensitivity is defined as less than 0-1 % survival of an inoculum of 105 organisms in 01 ml. of active human serum
in 2 hr; serum resistance as greater than 10 % survival of an inoculum of 102.
J104 was highest challenge dose used.
§These sugars were present in the supernatant (L-l) fraction but not in the LPS.

Table 2. Characteristics o f parent and mutant strains o f Salmonella enteritidis and 
the sugars related to the O antigens found in their lipopolysaccharides

Sensi
tivity O Anti LD 50 Deposit r-"' n

Penicillin to gens for in i trieStrain resistancef serum t (9, 12) mice broth Rhamnose Aÿequose Mannose Galactose
203 1 '0 fig. Res. + + 102 0 + + + + + + + + + + + +
BRl-203b 2-0 fig. Sen. + 105 + + + + + + + +
BR203C 1-8 fig. Sen. + + 10s 0 + + + + + + + + + + + +

n g .  = micrograms a-aminobenzylpenicillin/ml. nutrient agar.
fSerum sensitivity is defined as less than 0-1 % survival of an inoculum of 105 organisms in 0-1 ml. of active human serum 
in 2 hr; serum resistance as greater than 10 % survival of an inoculum of 102.

Analysis o f lipopolysaccharides
Mass cultures of the organisms were grown on brain-heart infusion agar (Difco) 

in Roux bottles at 37° for 18 hr. Bacteria were washed from the surface with saline, 
centrifuged in the cold, resuspended in fresh saline and again centrifuged. They were 
then killed by immersion in approximately 10 vol. acetone for 24 hr.



Lipopolysaccharide was extracted from acetone-dried organisms by the method of 
Westphal, Liideritz & Bister (1952). Approximately 10 g. dried organisms were 
suspended in 600 ml. of 45 % phenol at 65-68° and agitated for 20 min. The water 
phase was separated from the phenol phase by centrifugation in the cold ; the phenol 
phase was re-extracted with an additional 300 ml. water. The water-phase material 
from both extractions was washed with ether and dialysed overnight against running 
tap water. After concentration of the water phase by pervaporation and removal of 
debris by low-speed centrifugation, the LPS was separated from contaminating 
nucleic acid, etc., by spinning the concentrate for 2 hr at 100,000 g in a Beckman 
preparative ultracentrifuge. The pellet containing the LPS was resuspended in dis
tilled water and the ultracentrifugation repeated twice. Sediment from the last ultra
centrifugation was lyophilized. Greater than fivefold differences in yields (mg. LPS/g. 
dry wt bacteria) from different smooth strains occurred. The supernatant from the 
first ultracentrifugation (L, fraction of Beckman et al. 1964) was saved and lyophilized.

Degraded polysaccharide was prepared directly from dried cells by the method of 
Freeman (1942). The crude polysaccharide was extracted with dilute acetic acid at 
100°. Purification consisted of 6 alcoholic and 3 acetic acid fractionations except that 
the LPS from P2-173 failed to precipitate in the designated concentrations of acetic 
acid so ten alcoholic fractionations were substituted in this instance.

To determine the sugars present in either the LPS, polysaccharide or Lx fraction, 
10-20 mg. dried material was hydrolysed for 4 hr in 1 ml. n-H2S04 at 100° in a sealed 
ampoule. Samples were neutralized with saturated Ba(OH)2, dried and then redissolved 
in a small volume (0-2-0-4 ml.) of water: 5 and 10¡A. samples were then spotted on 
plates for thin-layer chromatography (TLC). The silica gel on the plates had been 
emulsified with 0T M-boric acid. The solvent systems were butanol + acetic acid 
4 + 1 (v/v), and butanol +  pyridine+ water 6 + 4 + 3 (v/v); the plates were developed 
with a diphenylamine, aniline mixture. The butanol + pyridine + water system was 
also used for paper chromatography. Sugars were identified by comparison with 
commercially available sugars with the exception of abequose and tyvelose. These 
sugars were identified by (1) comparison of experimental RF values with published 
values (Kabat & Mayer, 1961); (2) a failure of the material eluted from TLC plates to 
produce an absorption band in the Dische reaction, and (3) the close similarity of the 
RP value of the spot identified as tyvelose to that of a spot from hydrolysates con
taining colitose. Both spots were of characteristic purple colour and migrated con
siderably farther than rhamnose. Good separation of rhamnose and dideoxyhexose 
from the other sugars was obtained by thin-layer chromatography. Paper chromato
graphy for 18 hr at room temperature was used to separate mannose, glucose, and 
galactose. Mannose was also determined by paper electrophoresis of the LPS in a 
Spinco cell at 320 v for 4 hr. The buffer used was 0-025 N-sodium tetraborate (pH 9-3) 
and the sugars were detected by spraying the paper with aniline hydrogen phthalate.

Glucose was determined quantitatively by the glucose oxidase test (Glucostat, 
Worthington Biochemical Co.) and galactose by the galactose oxidase test (Galacto- 
stat, Worthington Biochemical Co.). Rhamnose was determined quantitatively and 
heptose both qualitatively and quantitatively by the 10 min. modification of the 
Dische Cysteine-sulphuric acid reaction (Dische, 1953). The sugar standard used for 
the determination of heptose was a-D-manno-heptose.
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RESULTS

Certain characteristics of the virulent Salmonella typhimurium parent strain 173, 
three series of mutants and two single-step mutants derived from it are included in 
Table 1. Sugar contents of their lipopolysaccharides were estimated from the results of 
thin-layer chromatography and paper electrophoresis by comparing the densities of 
spots obtained from equal amounts by weight of the LPS from each member of the 
group of mutants.

The first-step mutant in the p 173 series differed from the parent strain mainly in its 
greater resistance to penicillin, but the second-step strain, P2-173, was sensitive to 
serum and relatively avirulent. It was considered a semi-rough mutant because its 
LPS contained much less rhamnose, mannose and abequose and somewhat less 
galactose than the parent. Further multi-step mutants in this line led to no change in 
the tested characteristics, other than greater resistance to penicillin.

Similarly, in the BRl73a series, obtained by passage of 173 on a-aminobenzyl- 
penicillin, the first-step mutant differed little from the parent strain but the second- 
step mutant showed the qualities of a completely rough strain and its LPS lacked 
detectable rhamnose, mannose or abequose, and galactose appeared reduced. Further 
mutants in this series shared these rough characteristics and the sixth-step mutant was 
tested and found avirulent for mice.

The b r 173c series originated from a different colony on the same initial gradient 
plate from which the colony giving rise to the BRl73a series was picked. Although 
the sixth mutant in the ‘c ’ line was more resistant to a-aminobenzyIpenici11 in 
than its counterpart in the ‘a ’ line (20 to 10 ag./ml.), the ‘c ’ line showed no loss of 
smooth characteristics or 0 specific sugars and remained resistant to serum. The 
sixth-step mutant in the ‘c ’ line was much less virulent than the parent, but its 
LD50 (105) was considerably less than that of the rough b r  6-173 a (107).

The P173C one-step mutant seemed identical to the parent in the characteristics 
tested except for being more resistant to penicillin and sensitive to serum.

The one-step mutant to cephalosporin resistance, K173A, was sensitive to serum, 
culturally rough, and relatively avirulent. Although its LPS lacked the smooth- 
specific sugars, the strain differed from the rough mutants described above because 
O-specific sugars were found in the L 1 supernatant fraction.

Characteristics of the virulent serum-resistant Salmonella enteritidis 203 and two one- 
step mutants resistant to a-aminobenzylpenicillin are summarized in Table 2. The 
br 1-203 b strain looked like a typical rough strain when grown in broth, but weak 
agglutination was obtained with anti-09 and -012 sera. The LPS contained substantially 
reduced amounts of smooth-specific sugars; it was therefore considered to be a 
semi-rough mutant.

Salmonella enteritidis br203C is like the P173C strain in the S. typhimurium group 
because its LPS seems to contain the same amounts of sugars as that of the parent 
strain even though it is sensitive to serum.

The lipopolysaccharides of the more interesting strains were analysed further by 
obtaining absorption spectra of the products of the Dische reaction. In Fig. 1, curves 
from analyses of the LPS derived from the smooth Salmonella typhimurium 173, the 
semi-rough mutant p 2-173, and the rough mutant BR6-173a are compared. The 
sharp peak at 400 tn/z represents rhamnose and the broader peak at 505 m/t is mainly
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Fig. 1. Absorption spectra of products derived from 750 ¿tg. LPS 24 hr after the Dische 
reaction. Peak at 400 m/i indicates the amount of rhamnose; that at 505 nyt is principally
caused by heptose. LPS from Salmonella typhimurium: -------- , smooth parent 173,-----------,
semi-rough mutant P 2-173 ;.......... , and rough mutant br6-173u.
Fig. 2. Absorption spectra of products derived from 750 /tg. LPS 24 hr after the Dische 
reaction. Peak at 400 m/jl indicates amount of rhamnose; that at 505 mfi is principally caused
by heptose. LPS from Salmonella enteritidis: --------, smooth parent 203; — • —, smooth
serum-sensitive mutant br2 0 3 C ;---------- , semi-rough mutant BR203b.

Table 3. Rhamnose, glucose and heptose composition o f strain p2-173

Lipopolysaccharide
Parent strain 173 
Mutant strain p 2-173 

Polysaccharide 
Parent strain 173 
Mutant strain p 2-173

Molar ratios
A

Rhamnose Glucose Galactose Rhamnose
Heptose Heptose Heptose Glucose

2-0 2-0 3-5 1-0
0-23 0-72 0-82 0-3

3-1 3-6 5 0-85
0-50 0-84 0-78 0-55

caused by heptose. It is evident that the rhamnose: heptose ratio is greatly reduced in 
the p2-173 LPS as compared with the parent and that no rhamnose peak is detectable 
in the LPS from the rough mutant br 6-173 a. The curve obtained from the LPS of the 
smooth serum-sensitive mutant p 173C is not included since it is virtually identical 
with that of the parent.

LPS and degraded polysaccharides isolated from the parent 173 and the semi-rough
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mutant P2-173 were analysed for their glucose and galactose contents, and the results 
are shown in Table 3, together with the rhamnose : heptose ratios derived from the 
curves in Fig. 1. These values confirm the previous results in indicating that the LPS 
of p 2-173 contains reduced amounts of the sugars determining O specificity.

Absorption spectra of the products from the Dische reactions upon lipopoly
saccharides from Salmonella enteritidis 203, its serum-sensitive smooth mutant, 
br203C, and the suspected semi-rough b r  1-203b, are shown in Fig. 2. The greatly 
diminished rhamnose : heptose ratio of b r  1-203 b as compared with the parent is 
evident, confirming its classification as a semi-rough strain. Curves of the two smooth 
strains are very similar.

DISCUSSION

At least five classes of mutants have been derived from virulent serum-resistant 
Salmonella typhimurium and S. enteritidis strains by selection of colonies resistant to 
antibiotics which interfere with the synthesis of the bacterial cell wall.

(1) The late mutants in the b r  173 a  series are rough and neither their LPS nor their 
L, fractions contain detectable amounts of O-specific material as evidenced by the 
absence of mannose, rhamnose and abequose. By chemical analysis, this class could fit 
into the hapten-negative (rouB) class (Beckmann et al. 1964), but antigenic analyses 
of LPS from BR6-173a, kindly done by Dr O. Liideritz, did not identify it as of RII 
antigenic character or other rough antigenic subclasses (Liideritz & Westphal, 1966). 
Tests of the sensitivity of this mutant to various R-specific phages by Dr Peter Gemski 
confirmed the classification of roughness, but did not aid in sub-classification. It is 
not a mutant lacking ability to synthesize phosphomannose isomerase because it can 
ferment mannose (see Rosen et al. 1965).

(2) The k 173A one-step mutant to cephalosporin resistance represents a rough 
class different from the above because it apparently makes polysaccharide containing 
the galactose <- rhamnose mannose <- abequose repeating unit but does not 
attach it. In this respect it is similar to the hapten-positive (rouA) mutants of Salmonella 
typhimurium (Beckmann et al. 1964). However, antigenic analyses by Dr Liideritz 
and phage analyses by Dr Gemski did not conclusively subclassify this type of mutant.

(3) The two mutants, Salmonella typhimurium p 2-173 and S. enteritidis b r  1-203 b, 
clearly belong in the semi-rough category (Naide et al. 1965). The two are very 
different from each other; b r  1-203b would probably be classified as rough by tradi
tional criteria whereas p 2-173 is indistinguishable from the smooth parent by such 
criteria.

(4) The existence of semi-rough, serum-sensitive strains, such as P2-173 which are 
very like smooth strains, made us suspect that every seemingly smooth strain sensitive 
to serum was actually some form of semi-rough. However, the mutants Salmonella 
typhimurium P173C and S. enteritidis br203C represent a chemically smooth class 
markedly more sensitive to antibody and complement than the parent.

(5) The Salmonella typhimurium b r 173c line represents a group of penicillin- 
resistant mutants which show no significant changes in sensitivity to serum, antigenic 
character or sugar composition of the lipopolysaccharide, although they are less 
virulent for mice than the parent strain.

Selection of mutants of enteric bacilli resistant to penicillin reveals a minority which 
are more sensitive to serum than the parent strain (Michael & Braun, 1958; Roantree



& Steward, 1965). The present work shows that among the serum-sensitive mutants 
are rough and semi-rough strains as well as ‘chemically smooth’ mutants. It is 
possible that the latter strains have a chemical change in their lipopolysaccharide too 
minor to detect by our means of analysis.

Our work with these mutants and a number of rough strains not obtained by selec
tion for antibiotic resistance indicates that any loss of sugars from the lipopoly
saccharide of enteric bacilli is accompanied by increased sensitivity to the bactericidal 
effect of antibody and complement. The rough strains are uniformly avirulent (see 
also Herzberg & Green, 1964) whereas the semi-rough strains, Salmonella enteritidis 
and S. typhimurium p 2-173, are of intermediate virulence.

The smooth serum-sensitive mutants are nearly as virulent for mice and guinea pigs 
as the parent serum-resistant strains (Roantree & Steward, 1965; Steward, Collis 
& Roantree, 1966). The investigation of their virulence uncovered the fact that most 
guinea pigs and mice used in this laboratory did not possess measurable natural 
bactericidal antibody against Salmonella typhimurium or S. enteritidis. Immunization 
with the homologous species led to high levels of bactericidal antibody and excellent 
protection against either the serum-resistant parents or the serum-sensitive mutants 
(Steward et al. 1966). Present information, then, indicates that virulence of the serum 
sensitive smooth mutants is very like that of the parent strains. Perhaps a difference 
in virulence might be observed if animals with intermediate levels of antibody were tested.

It is well established that penicillin interferes with the synthesis of the mucopeptide 
portion of the cell wall (Park & Strominger, 1957; Rogers & Mandelstam, 1962; 
Izaki, Matsuhashi & Strominger, 1966). We have derived serum-sensitive mutants by 
selection with cephalosoporin and bacitracin, as well as with penicillin. Less extensive 
selections on neomycin, streptomycin and chloramphenicol have yielded no such 
mutants.

In our present state of ignorance of the relationship of the rigid mucopeptide layer 
to the lipopolysaccharide, it is difficult to see why some mutations to penicillin resistance 
should involve a change in the latter layer.

This investigation was supported by United States Public Health Service Research 
Grant no. 02755 and Training Grant no. 82, from the National Institute of Allergy and 
Infectious Diseases.
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SUMMARY

Cultures of Escherichia coli b which had received pretreatment with 
dihydrostreptomycin were considered to consist of two subpopulations 
corresponding to the two fractions of culture samples that did and did not 
survive through plating and incubation to produce visible colonies. No 
initial assumptions were made about the viability of the subpopulations at 
the time that the samples were taken. A general-purpose analogue computer 
was then used both in mathematical analysis and mathematical synthesis to 
investigate the growth characteristics of the survivors and non-survivors as 
functions both of time and of pretreatment.

IN T R O D U C TIO N

Previous investigations into the effects of dihydrostreptomycin (DHS) upon cul
tures of Escherichia coli B have established a technique (Kogut, Lightbown & Isaacson, 
1965 a) which allows intracellular effects to be studied in a situation uncomplicated by 
continuous uptake of antibiotic. This involves removal of antibiotic from “he culture 
medium, by filtration and washing, after various periods of aerobic growth in the 
presence of DHS. By using this technique, growth rates at the time of removal of DHS 
have been shown to be decreased by an amount dependent upon the concentration of 
antibiotic and the duration of prior treatment. These decreased growth rates are main
tained for periods from 2 to 4 hr and constitute an initial phase of inhibited but 
logarithmic growth, which then gives way to a second phase, during which the growth 
rates recover to that observed for untreated control cultures. In a further paper 
(Kogut, Lightbown & Isaacson, 1965 A) viable counts determined during the various 
stages of inhibition and recovery were reported and showed that the viable count per 
unit population was also initially decreased by an amount dependent upon the pre
ceding DHS treatment. Despite the numerical scatter encountered with viable count 
data, it was evident that the viable count per unit population remained relatively con
stant during the period of constant decreased growth rate, but subsequently increased 
during the period of growth rate recovery.

The association of constant viable count per unit population with the initial phase 
of constant growth rate implies that those bacteria which do and those which do not 
give rise to visible colonies may be dividing at similar rates. Direct microscopic obser
vation of E. coli B after removal from DHS treated cultures adds support to this 
conjecture. The present paper reports closer investigation of the possibility that the 
growth rates of all the bacteria are initially equally affected by the form of DHS 
treatment described, and it examines the subsequent growth rate behaviour of that



subpopulatioix which gives rise to visible colonies and that subpopulation which does 
not. A preliminary account of this work has been communicated (Hammond, Kogut 
& Lightbown. 1966).

METHODS 

Biological methods
The organism used, Escherichia coli strain B, its maintenance, preparation of inocula, 

growth media used for experiments (mineral medium of McQuillen & Roberts, 1954, 
plus 0-2 % (w/v) trisodium citrate and 0-2 % (w/v) glucose) and growth conditions 
(32° and aerobiosis obtained by adequate shaking) were as described by Kogut et al. 
1965 a).

The growth of the bacterial population was measured as increase in extinction (E ) 
at 500 mju (Es00) in a Hilger ‘Uvispeck’ spectrophotometer with optical cells of 5 mm. 
light path, and recorded as logarithms to the base two (Finney, Hazlewood & Smith, 
1955) which allowed direct determination of the specific growth rate in doublings/hr (/<), 
(Herbert, Elsworth & Telling, 1956). It had been shown previously (Kogut et al. 
1965a, table 1) that the relationships between £"500 values, total counts and dry weight 
determinations for samples taken at different times during growth in the presence or 
absence of dihydrostreptomycin are reasonably constant. Dihydrostreptomycin 
sulphate (Distillers Biochemicals Co. Ltd., Speke, Liverpool, 1; potency 800 i.u./mg.) 
was added to cultures in the early exponential stage of aerobic growth (£500 = 0-1-0-3). 
Removal of dihydrostreptomycin from treated cultures was achieved by rapid filtra
tion on membrane filters (Millipore; diameter 47 mm. A.P.D. 0-45 /z) followed by 
three washings (with half the original volume each time) and resuspension in antibiotic- 
free medium pre-warmed to the growth temperature. Viable (colony) counts were made 
by diluting appropriate samples in sterile growth medium without glucose and plating 
on complete growth medium solidified with 1 % (w/v) agar. Pour-plates were made in 
triplicate from each of two different dilutions and incubated 33-35° for 48-72 hr. 
The colony counts for each sample were determined from the dilution giving totals of 
between 150 and 400 colonies and expressed as visible colonies/ml. original sample. 
Those organisms in the original sample which do not give rise to visible colonies are 
usually described as ‘non-viable’, but since the possibility arises that they initially 
retain a finite growth rate, the less anomalous term ‘non-survivor’ has been adopted. 
This term, when applied to the appropriate fraction of a culture, is intended to imply 
that a sample will show upon incubation under the defined conditions the corres
ponding loss of viable units, but it does not directly imply that the fraction is non- 
viable at the time when the sample is taken. The conjugate term ‘survivor’ is also 
used, and replaces the designation ‘viable’ in reference to those bacteria which do 
produce visible colonies upon incubation.

For convenience of use with a computer the measured values of extinction and 
survivor counts were embodied as data in the following forms. The values of Em) for 
each experiment were numerically normalized to provide a value of unity at the 
time of removal of dihydrostreptomycin, and this value then defined on a linear scale 
as unit ‘population’. The resulting values, in population units, were then used as the 
first of two variables representing the experimental data. Also for each experiment the 
survivor cornr.s were divided by the corresponding values of £ 500 and this provided an 
index proportional to the number of survivors per unit population. The value of this
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index (number of colonies obtained from 1 ml. culture/.E600 value) in the case of control 
cultures was evaluated from seventeen experiments covering all stages of exponential 
growth (i.e. fs600 from 0-15 to 0-95) and was found to be 1-9 x 109 per Esoo with a 
standard deviation of 7-6 %. The value of each index obtained from survivor counts for 
treated cultures, when divided by the above value for control cultures, was termed the 
‘ survivor fraction Since it is impracticable to determine directly the standard devia
tions for each index obtained from treated cultures it had to be assumed that the 
standard deviation, expressed as a percentage, was the same in treated cultures and in 
controls. Error theory then gives the standard deviation for ‘ survivor fraction’ as 11 %. 
Survivor fraction was taken as the second of the two variables embodying the experi
mental data.

Computer methods
The analogue computer installation that was used comprised a PACE TR 48 com

puter with both display oscilloscope and X -Y  recorder output facilities. These were 
used at 0T and 50 sec. compute times, respectively. Two different approaches, em
ploying mathematical analysis and mathematical synthesis, were formulated on the 
computer; the methods are described in later sections where the various functions of 
time are described by the following symbols:

P = Total population (in population units)
Ps = Survivor population (in population units)
Pn = Non-survivor population (in population units)

5 = Survivor fraction (dimensionless)
G = Growth rate of total population (doublings/hr)

Gs = Growth rate of survivors (doublings/hr)
Gn = Growth rate of non-survivors (doublings/hr)
K, =  Rate constant at which survivor growth rate changes (per min.)
Kn = Rate constant at which non-survivor growth rate changes, per min.
Method o f mathematical analysis. Since the growth of a culture at any time may be 

described by
dP/dt =  0-693GR,

the evaluation of the growth rates of the survivors and non-survivors from the available 
data requires the numerical evaluation of

1-44 dp
where P s = P 5

and
1-44 d (P -P s)

" P -P „ dt '
It is thus necessary to present to the computer for the analysis of each experiment the 
relevant data on total population and survivor fraction as measured at various times 
during the experiment. In the former case it was found sufficient to produce a voltage 
analogue of the data by setting a variable diode function generator (VDFG) to 
produce a straight-line approximation through the data curve at 40 min. intervals. 
However the scatter of the data points of survivor fraction, which originates from the 
technique of viable counting, made it necessary first to draw a smooth curve through 
the survivor fraction data points and then approximate this latter curve by using a 
second VDFG. This method of analysis thus involves some pre-interpretation of the
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data. The required analysis also involves differentiation of functions derived from the 
VDFG outputs, and the straight-line approximations introduced by these devices, 
give rise to stepped derivative. The plotted solutions for the growth rates are corres
pondingly stepped and only the horizontal sections of the steps represent mathemati
cally accurate solutions.

Method o f mathematical synthesis. Since the preceding analytical approach involved 
a certain degree of subjective pre-treatment of the data the alternative approach 
using mathematical synthesis was also explored and a system devised which allowed 
a suitable range of hypotheses about the growth rates of two sub-populations, P1 and 
jP2, to be implemented in the computer. For each set of hypotheses, P1 and P2 were 
provisionally considered as models of the subpopulations Ps and Pn, respectively, and 
the validity of the assumption checked by comparing Pi+ P2 with total population 
data and PfiPr  + P2) with the data on survivor fraction. The general mathematical 
form adopted for the model populations was:

dP fdt = 0-693 GSP1 (t = 0; Pr = P,( 0)),
where

= Gs(0) + [Gs( oo) — Gs(0)] (1-exp. K f T - t) ) ,
and

dPjdt = 0-693 CnP2 (t =  0; P2 = Pn(0)),
where

Gn = G„(0) +  [Gn( oo)- G„(0)] (1-exp. K J T - 1)) (T < t; Ks =  Kn = 0).
Examination of these equations as implemented in the patching diagram of Fig. 1 

shows that apart from the initial sizes of the two populations, Ps(0) and PM(0), all 
other parameters refer to the growth rates of the populations and each is represented 
on the computer by an independent potentiometer setting. Particular growth rate 
hypotheses may thus be readily implemented on the computer by appropriate settings 
of these potentiometers. For example, when constant growth rates are required the 
T  potentiometer may be set to correspond to a time interval greater than that of the 
duration of the experiment and the growth rate of P1 will remain constant at any 
value set by the Gs(0) potentiometer. Correspondingly, P2 will grow at any constant 
rate set by the Gn(0) potentiometer. When the growth rates are required to vary from 
time zero, the T  potentiometer may be set to zero and the growth rate of Px will then 
change exponentially from the value set for Gs(0) to any value set for Gs( oo) where the 
rate constant of the change is determined independently by the setting of the Ks 
potentiometer. Similarly, the growth rate of P2 will change from GJ0) to Gn(co) at a 
rate constant of Kn.

The method used for checking the results of growth rate hypotheses against data 
was simply to pre-plot on paper the total population and survivor fraction data for 
any given experiment, and to superimpose over these, by using the computer X -Y  
plotter, a trace of the corresponding curves computed for the particular set of growth 
rate hypotheses. In the case of pre-plotting the data on survivor fraction the limits 
set by its standard deviation were taken as the significant values.
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RESULTS 

Experimental data
As reported in preceding papers (Kogut et al. 1965 a, b; 1966), addition o: low con

centrations of dihydrostreptomycin or streptomycin to aerobically growing cultures 
of Escherichia coli b during the early exponential phase led to intracellular accumula
tion of the antibiotic (also Hancock, 1962) and a gradual decline in growth rate as

Fig. 1. Computer patching diagram. The above interconnexions of computer components 
generates curves for the theoretical populations Pl and P2 according to the equations 
given in the text. Outputs corresponding to (Py+Pd and PyKPy + Pt) are also provided for 
comparison with experimental data. The constants of the equations appear as settings of 
the computer potentiometers as annotated.

illustrated in Fig. 2 a (see Kogut et al. 1965 a). Removal of antibiotic from the culture 
medium at various times before growth had entirely ceased, prevented further intra
cellular accumulation and resulted in cultures which continued to grow at apparently 
exponential though decreased rates for several hours, followed by gradual recovery 
to normal growth rates; this is illustrated in Fig. 2b. We have already shown (Kogut 
et al. 1965 b) that concomitant with the decrease in growth rate, the ratio of colony
forming units/ml. to Erm values, i.e. the index of survivor count per E600 value and 
hence the ‘survivor fraction’, as defined above, is decreased. After removal of extra-
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cellular antibiotic, the index of survivor count per £ 500 was shown to remain more or 
less constant during the period when growth rate appeared constant, followed by 
gradual increase to the control value.

To obtain more complete data for mathematical analysis, we have now made 
measurements of survivor counts and £ 50l) values at frequent intervals to cover the 
whole of the initial logarithmic growth phase and the subsequent recovery phase of
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Fig. 2 (a) Growth curve of Escherichia coli b  with and without the addition of dihydro
streptomycin sulphate, 20 /u.g./ml. at time zero. Growth conditions and measurements as 
described under Methods. O  —  O , control culture; x  —  x ,  culture with dihydro
streptomycin sulphate. ( 6 )  Aerobic growth of E. coli b  in antibiotic-free medium after 
various periods of aerobic growth in the presence of dihydrostreptomycin sulphate, 20 ft g./ml. 
Conditions as described in Methods. The dashed lines indicate culture dilution with fresh 
medium to allow for continued growth. O — O represents a control culture and the re
mainder, treated cultures subjected to various periods of pre-treatment and filtered after: 
x —  x  , 65 min.; A  —  A , 85 min.; •  —  • ,  105 min; ■ —  ■, 125 min.

Table 1. Initial growth rates, survivor counts and survivor fractions o f Eschericha coli b  

cultures following treatment with dihydrostreptomycin (DHS) o f various concentrations 
for various times

Expt. no .. .. 1 2 3 4 5 6 Control

Before filtration
Concentration of DHS 
treatment (/£g./ml.)

30 30 20 30 20 30 0

Duration of DHS treat
ment (min.)

70 65 105 

After filtration

75 1 10 65 0

Initial constant growth 
rate (/¿)

017 0-32 0-35 0-37 0-45 0-56 1-0

Decrease from control (%) 83 68 65 63 55 44 0

Initial survivor count/Eioo ( x  109) 0-37 0-76 0-96 M 1-3 1-4 1-9
Survivor fraction 0-20 0-40 0-57 0-60 0-70 0-74 1 0
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increasing growth rates and survivor fractions, on cultures treated with dihydro
streptomycin for various times and then freed from extracellular antibiotic. Figure 3 
shows the time course for a representative experiment, and the relevant details for the 
six sets of experiments are tabulated in Table 1.

Growth o f E. coli after dihydrostreptomycin treatment

_i_______ i_______ i i i
100 200 300

Fig. 3. The upper graph shows the increase in total population, measured as EMt), and the 
corresponding number of survivors/ml. in a culture of Escherichia coli b  after treatment with 
dihydrostreptomycin sulphate, 2 0 /ig./ml. for 1 1 0  min. followed by removal of extra
cellular antibiotic (Expt. 5 of Table 1). O — O , Log2 E50„; •  — • ,  log2 survivors/ml. The 
lower graph shows the ratio between these variables, namely the number of survivors/ml./
E 5 0 Q .

Results o f mathematical analysis
The method of mathematical analysis previously described was applied to the six 

sets of experimental data and the corresponding stepped solutions for growth rates as 
functions of time obtained. A typical result is that of Fig. 4, where the derived values 
of growth rates of survivors and non-survivors are shown as points taken from the 
horizontal sections of the stepped solution curve. The numerical values of such points 
depend upon the particular smooth curve chosen to represent survivor fraction data 
in the computer and the results are taken to be qualitative rather than quantitative. 
The majority of solution curves obtained were of the same basic structure as Fig. 4 
and it was noted that in each experiment the growth rate of the non-survivor popula
tion eventually assumed a negative and not merely a zero growth rate thus indicating 
a non-survivor population which decreased in size at later stages of the experiments.

13-2
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Results o f mathematical synthesis : 1 ; growth-rate parameters as functions o f time
The method of mathematical synthesis was initially used to investigate certain simple 

hypotheses involving constant growth rates. The first of these hypotheses was the case 
where the non-survivors are assumed to be completely non-viable, that is, their growth 
rate is zero, whilst the survivors have a constant growth rate throughout the experi
ment. This assumption covers the possibility that the survivors continued to grow at 
control growth rates. The hypothesis does not specify the initial sizes of the survivor 
and non-survivor populations, but these are substantially established by the initial

Fig. 4. Curve a is the computer representation of the survivor fraction data from Expt. 1 of 
Table 1, and is obtained from a suitably preset VDFG unit: curve b is the representation 
of the corresponding total population data similarly obtained. These data curves, analysed 
according to the equations given in ‘Methods of mathematical analysis’, provide the 
following solutions: curve c, size of non-survivor population; curve d, size of survivor 
population; «■ — ®, growth rate of non-survivor population; x — x , growth rate of sur
vivor population. The latter growth-rate solutions are shown only as the mathematically 
accurate points of the computed curve in which steps occur due to mathematical artifact.

values of total population and survivor fraction data. The only variable is thus sur
vivor growth rate and this was varied on the computer until the hypothesis produced a 
match to total population data. The situation is illustrated in Fig. 5 a, which relates to 
Expt. 1 where a DHS concentration of 30 /¿g./ml. had been administered 70 min. 
before time zero. A value of survivor growth rate of 0-540 doublings/hr was found 
necessary to produce a match to total population data, and the corresponding com
puted survivor fraction curve was as shown. Any attempt to bring the latter into 
closer agreement with its data involved an unacceptable divergence of the total 
population curve.



The second of the hypotheses involving constant growth rates removed the restric
tion that the value of the constant for the non-survivor population should be zero, and 
thus presumed a total population that was the sum of two independent logarithmic 
subpopulations. Neither of the growth rates is specified in the hypothesis, but these 
were adjusted on the computer to determine the combination which gave a total
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Fig. 5. Four comparisons between the curves synthesized from various growth-rate hypo
theses and the experimental data of Expt. 1, Table 1. In all cases the time axes refer to time 
after removal of extracellular antibiotic, and in each case the growth-rate hypotheses are 
embodied in the upper curves of each section. The centre graphs of the four sections show the 
experimental data points for survivor fraction (I) and the solid curves indicate the com
puted result of growth-rate hypotheses. The corresponding computed curves for total 
population are shown in the lower graphs of each section together with the total population 
experimental data ( x ).

population curve that fitted the data. Figure 5 b shows the resultant curves for the same 
experiment as previously considered, where the determined values of growth rates were 
0-400 and 0-160 doublings/hr for survivors and non-survivors respectively.

The remaining hypotheses that were tested all involved varying growth rates and 
these were implemented on the computer as exponential changes from some initial



value towards a second and final value. The final value for the survivor growth rate 
was made equal to the approximate control value of 1 doubling/hr, thus allowing for 
the observed eventual recovery of a treated population; that for the non-survivors 
was made zero, thus allowing for their eventual non-viability. Since the rates of the 
growth rate changes could be varied by potentiometer control on the computer and 
the adjustment included the possibility of setting the rates to zero, this system allowed 
the possibility that the non-survivor growth rate was zero.
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Fig. 6 . Comparison of growth-rate hypotheses with the data of Expt. 5, Table 1. The upper 
graphs, a and b, represent variant hypotheses regarding the ultimate non-survivor growth 
rate and the centre graph compares the survivor fraction data (I) with the computed implica
tions of these hypotheses. The lower graph makes simultaneous comparison between the 
total population data ( x ) and the computed curves. The bottom curve records the non
survivor population corresponding to the second hypothesis (b).

Figure 5c shows the situation that resulted from a hypothesis which allowed the growth 
rates of survivors and non-survivors to start their exponential changes as soon as 
DHS was removed from the culture medium. The experiment illustrated is the same 
as that previously used and the best match to its data was achieved by adjusting the 
value of initial growth rate and the subsequent rate constants of the changing survivor 
and non-survivor growth rates. The value of the initial growth rate was found to be 
0-20 doublings/hr and those of the rate constants were 0-18(4)/min. and 0Tl(2)/min., 
respectively. These gave rise to the recorded growth rate and survivor fraction curves.

The final type of hypothesis considered differed only from the above in that an un
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specified period was allowed before the onset of growth rate change, during which 
the survivor and non-survivor growth rates were constant and equal. The period of this 
delay, together with the initial value of growth rate and the rate constants of ensuing 
growth rate changes were treated as parametric variables in finding the set of values 
which not only fitted the total population data but also gave the best fit to survivor 
fraction data. The values so determined in the case of Expt. 1 were 200 min. for the 
delay time, an initial growth rate of 0-20 doublings/hr and 2,2(2)/min. and 2-0(9)/min.

Growth o f E. coli after dihydrostreptomycin treatment

Fig. 7. The maximum and minimum values of the indicated parameters were determined as 
described in ‘Results of mathematical synthesis, 2 ’ and the values so determined are repre
sented by bars at the ends of the vertical lines. These values are presented as functions of the 
growth-rate inhibition that results from various concentrations and times of dihydro
streptomycin pretreatment. A maximum value of one parameter is associated with maxima 
of the other two parameters. Results from only five of the six experiments are shown since 
those from experiments three and four were almost identical.

for the rate constants of the ensuing survivor and non-survivor growth rates changes, 
respectively. The forms of the resultant growth rate curves, total population and sur
vivor fraction curves are shown in Fig. 5 d.

Similar results to these were obtained for all six sets of data with, however, a ten
dency for less satisfactory final fits to be obtained for those experiments involving 
higher initial survivor fractions. Such an experiment is no. 5 of Table 1; the situation 
is shown in Fig. 6 which illustrates the improvement in fit that resulted when the 
eventual growth rate of the non-survivors was allowed to become negative and not 
merely zero.
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Results o f mathematical synthesis: 2; growth rate parameters as function o f treatment
Each set of data was re-examined by using the computer simulation of the hypothesis 

involving a ‘delay’ period of equal and constant survivor and non-survivor growth 
rates before the onset of exponential changes. In this study however, the maximum and 
minimum values for the delay period, which by suitable adjustment of other parameters 
would still allow acceptable fits to both total population and survivor fraction data, 
were examined. It was found that to obtain a maximum delay period which still allowed 
such acceptable fits to experimental data, it was necessary to use on the computer a 
maximum value of initial survivor fraction and a maximum value of the rate constant 
of survivor growth rate recovery. The converse situation applied when a minimum initial 
period of constant growth rate was enforced. Other parameters were inconsistently related 
to the maximum and minimum delay situations. It was thus possible to determine for 
each experiment maximum and minimum values for initial survivor fraction, duration 
of period of constant growth rates, and the rate constant of survivor growth rate. 
These values are plotted as functions of the initial value of constant growth rate in 
Fig. 7a-c: only five sets of values are given since those from Expts. 3 and 4 of Table 1 
were found to be almost identical.

D ISCUSSIO N  AND CONCLUSIONS 

Growth rate parameters as functions o f time
The original suggestion (Kogut et al. 1965 b) that the early effects of dihydro

streptomycin upon growth rates of Escherichia coli b cultures were similar in  all 
individuals was based upon consideration of growth characteristics and viable counts 
of cultures freed from extracellular antibiotics, and was supported by direct micro
scopic observation. This proposition, which contrasts with the more common assump
tion that loss of viability consequent upon antibiotic treatment implies immediate 
and complete cessation of growth (Hurwitz, Landau & Doppel, 1962) was made 
despite the ensuing separation of a bacterial population into two fractions, according 
to the retention or loss of the capability to form a colony when incubated for 72 hr.

The apparent anomaly that bacteria whose growth rates were initially equally 
affected, nevertheless ended as members of one or other of these two opposed cate
gories (‘viable’ and ‘non-viable’) was recognized at the time and resolution of the 
anomaly sought in attributing genuine changes of growth rate to the two groups. It 
was also observed that the loss of ability to go on dividing did not occur throughout 
the 72 hr period of incubation, but seemed to become established within the first 3-4 
generation times after removal of extracellular dihydrostreptomycin.

The nature of the changes in growth rates, postulated for the two subpopulations, 
may in principle be determined analytically, by using the simple equations previously 
described; but errors inherent in one of the independent variables of the equations, 
namely the survivor fraction data, eventually limits use of the method to qualitative 
interpretation. It should not be overlooked, however, that the solutions obtained do 
approximate to the unique solution for each experiment, and such results as those in 
Fig. 4 do strongly support the original contentions about the form of growth rate 
variations for survivors and non-survivors.

Further indirect support for the proposed growth characteristics is obtained by
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m ean s o f  m a th em a tica l synthesis, w h ic h  sh o w s th a t so m e sim p ler co n jectu res in 

v o lv in g  co n sta n t g ro w th  rates are  u n ten ab le , o n  th e  b asis  th a t th e ir  q u a n tita tiv e  

results ca n n o t b e  m a d e  to  m a tch  ex p erim en ta l d a ta  (F igs. 5 a , b). G o o d  agreem en t 

w ith  d a ta , h o w e ver, ca n  b e  o b ta in ed  (F ig . 5 d) w ith  th e  m a th em a tica l fo rm u la tio n  o f  

th e  h y p o th esis  th a t th e  g ro w th  rates o f  a ll in d iv id u a ls  in  th e  cu ltu re  h a v e  a n  in itia l 

d ep ressed  v a lu e  w h ic h  rem ain s co n sta n t fo r  a  p e rio d , fo llo w e d  b y  a  seco n d  p h ase  

w h en  th e  g ro w th  rate  o f  th e  su rv iv o rs in creases ex p o n e n tia lly  to  th e  c o n tro l v a lu e , a n d  

th a t o f  th e  n o n -su rv iv o rs  d ecreases ex p o n e n tia lly  to  ze ro . N o  in trin sic  sign ifican ce  is 

a ttr ib u te d  to  th e  e x p o n e n tia l fo rm  o f  g ro w th -ra te  ch a n g e  as th is fo rm  w a s m erely  

ch o se n  fo r  co n v en ien ce ; b u t th e  o v e ra ll s ig m o id  fo rm  o f  g ro w th  rate  ch an ge s is p r o 

p o se d  as b e in g  a  c lo se  rep resen ta tio n  o f  th e  tru e  s itu atio n .

B o th  th e  m eth o d s u sed , m a th em a tica l an a lysis  a n d  m a th e m a tica l syn th esis, g iv e  

in d ica tio n  th a t th e  g ro w th  rates o f  n o n -su rv iv o rs m a y  ev e n tu a lly  assu m e n ega tiv e  

va lu es, im p ly in g  th a t th e  n u m b er  o f  n o n -su rv iv o rs  in  su ch  cu ltu res a c tu a lly  d ecreases 

to w a rd s th e  en d  o f  th e  ex p erim en ta l p e rio d . T h is  te n d en cy  is m o st a p p a ren t in  th o se 

cu ltu res w h ere  the in itia l co m m o n  g ro w th  ra te  an d  th e  size o f  th e  in itia l su rv iv o r 

fr a c tio n  w ere lea st severely  d ep ressed . T h e  sim p lest e x p la n a tio n  o f  su ch  d ecrease in  

th e  n u m b er o f  n o n -su rv iv o rs  w o u ld  lie  in  the ev en tu a l ly sis  o f  som e, i f  n o t a ll, o f  th e  

n o n -su rv iv in g  b acteria . L y s is  o f  even  su b sta n tia l fra c tio n s  (20-40  % ) o f  the to ta l 

p o p u la tio n , o ccu rr in g  d u rin g  th e  p e rio d  w h en  g ro w th  rates o f  to ta l p o p u la tio n  a n d  o f  

th e  su rv iv o r  fra c tio n  w ere  in crea sin g  w o u ld  b e  im p o ssib le  to  d ete ct b y  ex tin ctio n  

m easu rem en ts. (W e o n ly  o c c a s io n a lly  o b serve d  d ecrease in  E500 va lu es  o f  cu ltu res 

th a t h a d  s to p p e d  g ro w in g  a n d  w ere  le ft  in  th e  presen ce o f  ex tra ce llu la r  d ih y d ro 

strep to m y cin .) In  fo u r  d eterm in atio n s o f  E500 va lu es a n d  to ta l co u n ts on  cu ltu res w h ich  

w ere  le ft  in  th e  p resen ce o f  ex tra ce llu la r  a n tib io tic  a fter  g ro w th  h a d  co m p le te ly  ceased , 

th e  ra tio  b etw e en  these tw o  in creased , i.e . th e  b a c te r ia  a p p e a red  to  sh rin k  o r  b e co m e  

den ser. A lte rn a tiv e  e x p la n a tio n s  fo r  th e  p o ssib le  d ecrease  in  n u m b er o f  n o n -su rv iv o rs  

ca n  b e  d erived  o n  th e  b asis  o f  d ifferen ces b etw e en  g ro w th  ch ara cteristics  o f  Escherichia 
coli in  liq u id  cu ltu re  a n d  o n  so lid  m ed ia . I t  c o u ld , fo r  in stan ce, b e  assu m ed  th a t a  

lo ss  o r  ex cre tio n  o f  a n tib io tic s  fro m  so m e o f  th e  b a cte r ia  d u rin g  g ro w th  in  liq u id  

cu ltu re , w h ere  ex tra ce llu la r  d ilu tio n  w o u ld  b e  ra p id  m ig h t lea d  to  re c o v e ry  o f  th e  

a b ility  to  g o  o n  d iv id in g , w h ilst su ch  re c o v e ry  w o u ld  b e  p rev en ted  b y  th e  s lo w er 

d iffu sio n  o f  su ch  ex creted  a n tib io tic  in  so lid  m ed ia . In  su ch  a  situ a tio n  su ccessive 

sam ples fr o m  a  liq u id  cu ltu re  w o u ld  score d ecre asin g  n u m bers o f  n o n -su rv iv o rs u p o n  

in cu b a tio n  o n  so lid  m ed ia . M o re o v e r , su ch  a  p h en o m en o n  w o u ld  b e  m o st a p p a re n t 

in  cu ltu res w h ich  sh o w  less severe d ep ressio n  o f  in itia l g ro w th  rate  a n d  su rv iv o r  

fra c tio n , a n d  p resu m a b ly  h a v e  sm aller to ta l in tra ce llu la r  co n cen tratio n s o f  a n tib io tic  

(K o g u t , L ig h tb o w n  &  Isa a cso n , 1966).

Growth parameters as functions o f treatment
A  co n sisten t re latio n sh ip  b etw een  p re-treatm en t w ith  d ih y d ro stre p to m y cin , resu lta n t 

s u rv iv o r  fra c tio n  a n d  th e  in itia l g ro w th  ra te  o f  th e  c o rresp o n d in g  to ta l p o p u la tio n  

w as p re v io u s ly  sh o w n  ( K o g u t  et al. 1965 b). T h e  d u ra tio n  o f  c o m m o n  co n sta n t 

g ro w th  ra te s  in  cu ltu re s w ith  v a r io u s  degrees o f  in itia l g ro w th -ra te  in h ib itio n  

ca n n o t b e  d eterm in ed  w ith  a cc u ra c y , b u t th e  results o b ta in ed  h ere  (F ig . l a )  are  

co n sisten t w ith  a  lin e a r  in crea se  fr o m  ze ro  fo r  an  u n tre ated  cu ltu re  a t  a  m ea n  ra te  o f  

15-20  m in./lO  %  in crea se  in  g ro w th -ra te  in h ib itio n . S u ch  a  lin e ar re latio n sh ip  w o u ld
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im p ly  th a t the d u ra tio n  o f  c o m m o n  co n sta n t g ro w th  rate  is n o t d ep en d en t o n  b a cte r ia l 

m u ltip lica tio n  o r  o n  the a m o u n t o f  g ro w th , b u t is co n seq u en t u p o n  th e  sam e o r  re lated  

facto rs(s) w h ich  go vern (s) th e  in itia l in h ib itio n  o f  g ro w th  rate.

T h e  rate  co n sta n ts  o f  su rv iv o r  g ro w th -ra te  re co v e ry  in  som e cases d isp la y  v e ry  w id e  

lim its. T h e  results in  F ig . 7  c , w h ich  gives these va lu es  as fu n ctio n s o f  in itia l g ro w th  

rate  in h ib itio n , a llo w  n o  sp ecific  re latio n sh ip  b etw een  th ese va riab les to  b e  p o stu la ted .

T h e  re latio n sh ip  b etw een  in itia l g ro w th -ra te  in h ib itio n  a n d  size o f  th e  su rv iv o r  

fra c tio n , in it ia lly  p o stu la ted , is n o t  su p p o rted  b y  th e  results sh o w n  in  F ig . l b .  A n y  

cu rv e  d ra w n  th ro u g h  these p o in ts  m u st a lso  c o n fo rm  to  th e  co n d itio n s  o f  a  c o n tro l 

cu ltu re  an d  h a v e  a  u n ity  v a lu e  o f  su rv iv o r  fra c tio n  a t zero  in h ib itio n ; the re latio n sh ip  

b etw een  th ese tw o  v a ria b les  th en  b eco m es ev id en tly  n on -lin ear. E x tra p o la tio n  o f  a n y  

sim p le cu rv e  th ro u g h  th e  p o in ts  a lso  im p lies th a t p re-treatm en t w ith  h igh er levels  o f  

d ih y d ro stre p to m y cin  fo r  lo n g e r  p e rio d s w ill  p ro d u ce  b a cteria l p o p u la tio n s  co n sistin g  

en tire ly  o f  n o n -su rv iv o rs , w h ich  ca n  n everth eless reta in  an  a p p a ren t in itia l g ro w th  

rate  (rate o f  in crease  in  E s00 va lu e) o f  a p p ro x im a te ly  20 %  o f  the c o n tro l va lu e. I t  m u st 

b e  rem em b ered , o f  co u rse , th a t th is refers to  th e  in itia l p e rio d  o f  co m m o n  co n sta n t 

g ro w th  rate  w h ich  persists fo r  a b o u t 3 h r, so th a t th e  co rresp o n d in g  in crease in  b a c 

te ria l m ass fo r  th a t p e rio d  w o u ld  b e  a b o u t 50-60 % . O cca sio n a l d ire ct d eterm in atio n s 

o f  p ro te in  (L o w ry , R o se b ro u g h , F a r r  &  R a n d a ll, 1951): i i 600 ra tio s  o f  cu ltu res w h o se  

g ro w th  rate  w a s severely  in h ib ited  (b y  80-90  % ) sh o w ed  n o  sign ifican t d ecrease fro m  

co n tro l va lu es. T h is  m a k e s it  u n lik e ly  th a t such  ‘ r e s id u a l’ g ro w th  rates m erely  reflect 

synthesis o f  ca rb o h y d ra te s  o r  reserve m aterials.

It  rem ain s to  co n s id e r  m ech an ism s w h ich  m ig h t a cc o u n t fo r  th e  g ro w th  p attern s o f  

p o p u la tio n s  o f  E scherichia  co li  B trea ted  w ith  strep to m y cin  o r  d ih y d ro stre p to m y cin  

in  th e  m an n er d escrib ed . I f  su ch  trea ted  p o p u la tio n s  w ere  a lrea d y  d ifferen tiated  in  

th eir  g ro w th  b e h a v io u r  a t  th e  tim e o f  re m o v a l o f  ex tra ce llu la r  a n tib io tic , th en  on e 

p o rtio n  (the su rv iv o r fra c tio n ) sh o u ld  h a v e  g ro w th  rates w h ich  co n tin u o u s ly  in crease  

a n d  th e  o th er (the n o n -su rv iv o r fra c tio n ) sh o u ld  ex h ib it co n tin u o u sly  d ecreasin g  

g ro w th  rates. T h is  s itu a tio n  is co n tra d icte d  b y  th e  results o f  a n a lo g u e  co m p u ter  

sim u latio n s p resen ted  here. W h a t th en  is th e  m ech an ism  w h ich  results in  a p p ro x i

m a te ly  eq u a l and  co n sta n t g ro w th  rates w h ich  are m a in ta in e d  fo r  p e rio d s exten d in g 

th ro u g h  3 to  4  gen eratio n s?  T h e  p resen t stu d y  con firm s th e  p rev io u s  su ggestio n s th a t 

T o ss  o f  v ia b ili ty ’ d o es n o t o ccu r as a  sudden  an d  irreversib le  cessa tio n  o f  g ro w th  

a n d  m u ltip lica tio n , i.e. a  u n iq u e ‘ le t h a l ’ even t, a t  the tim e w h en  th e  a n tib io tic  en ters 

th e  o rgan ism , b u t seem s to  b e  co n seq u e n t u p o n  a  series o f  even ts ta k in g  p la ce  in  th e  

p resen ce o f  in tra ce llu la r  a n tio b io tic . I t  h as b een  suggested , o n  the b asis o f  earlier 

studies, (K o g u t  et al. 19656 ; 1966) th a t som e o f  the in tra ce llu la r  a n tio b io tic  a ccu m u 

la te d  b y  trea ted  p o p u la tio n s  is n o t im m ed iate ly  in h ib ito ry , b u t co n stitu tes a  ‘ p o o l ’ 

fro m  w h ich  tran sfer a n d  c o m b in a tio n  w ith  the sites o f  in h ib itio n  ca n  ta k e  p la ce  d u rin g  

su b seq u en t g ro w th  in  th e  absen ce o f  fu rth er in tra ce llu la r  a ccu m u latio n . T h e  d istr ib u 

tio n  o f  su ch  p o o ls  w ith in  a  trea ted  p o p u la tio n  n eed  n o t b e  u n ifo rm . E lu c id a tio n  o f  th e  

fa cto r(s) w h ich  m a y  g o v e rn  th e  tran sfer o f  in tra ce llu la r  a n tib io tic  b etw een  ‘ p o o l ’ an d  

th e  sites o f  in h ib itio n  (e.g . th e  r ib o so m es) w o u ld  in v o lv e  a  b etter u n d e rstan d in g  o f  th e  

n atu re  a n d  d istrib u tio n  o f  such  n o n -in h ib ito ry  ‘ p o o l ’ strep to m y cin  w ith in  the b a cte r ia , 

as w ell as the n atu re  o f  the effective  g ro w th -in h ib ito ry  c o m b in a tio n  b etw een  stre p to 

m y cin  an d  rib o so m es a n d  th e  c o n tro l o f  r ib o so m e synthesis a n d  a ssem b ly.
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O u r  th a n k s are d u e to  M iss  M a u reen  H arris  fo r  ab le  an d  co n scien tio u s te ch n ica l 
assistance.
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SUMMARY

D w a r f  c o lo n y  va r ia n ts  o f  Sta p hylococcu s aureus h a v e  b een  d escrib ed  as a  
ca u sa tiv e  a g en t o f  b o v in e  m astitis  in  Israel. T h e se  strain s w ere  rep o rte d  as 
a u x o tro p h ic  fo r  th iam in e , b e in g  u n a b le  to  syn th esize  th e  v ita m in  fr c m  its 
p y rim id in e  an d  th ia z o le  m oieties. In  th e  p rese n t p a p e r  it  is sh o w n  th a t 
strain s w ith  tw o  d ifferen t d eficien cies a re  in v o lv e d . O n e  ty p e  is u n ab le  to  
co n cen trate  th e  th ia zo le  m o ie ty  a n d  th e  o th er is u n a b le  to  p h o sp h o ry la te  the 
p y rim id in e  p o rtio n  o f  th e  v itam in . T h e  resu lts in d ica te  th e  ex isten ce o f  
in d ep en d en t p erm eases in  5 . aureus fo r  th ese th ia m in e m oieties.

IN T R O D U C TIO N

D w a r f-c o lo n y  va r ia n ts  o f  Sta p hylococcu s aureus h a v e  b een  rep o rte d  b y  several 

au th o rs. T h e y  w ere  ge n e ra lly  o b ta in ed  in vitro fro m  n o rm a l strain s k e p t u n d e r ad verse 

co n d itio n s, su ch  as ex p o su re  to  ch em icals  (H o ffs ta d t &  Y o u m a n s , 1932; Y o u m a n s  &  

D elv e s , 194 2; H a le , 19 4 7; B ro w n in g  &  A d a m s o n , 1950), to  a n tib io tics  (B a rb o u r, 1950; 

B ro w n in g  &  A d a m s o n , 1950 ; W ise  &  S p in k , 1954), o r  to  irra d ia tio n  (H a le , 1949; 

G a u se , 196 1). S im ila r  va r ia n ts  h a v e  b een  iso la ted  fr o m  in fe ctio u s lesio n s, e sp e c ia lly  

a fte r  trea tm en t w ith  a n tib io tic  dru gs. In  th e  la tte r  case  th e  cu ltu res d e v e lo p e d  as 

n o rm a l c o lo n ie s  w h en  in cu b a ted  u n d e r in crea sed  C O a pressu re (G o u d ie  &  G o u d ie , 

19 5 5 ; T h o m a s  &  C o w la r d , 19 5 5; Sh erris, 19 52 ; H a le , 19 5 1).

W e  h a v e  p re v io u s ly  rep o rte d  d w a r f  va rian ts  o f  Sta p hylococcu s aureus to  cau se  

b o v in e  m astitis  in  Isra el. T h e  g ro w th  o f  th ese strain s w a s u n affected  b y  C 0 2; b u t w h en  

th ia m in e h y d ro ch lo rid e  w a s  a d d e d  to  th e  n u trie n t m ed iu m  a fter  ste rilizatio n  b y  a u to 

c la v e  n o rm a l sta p h y lo c o c c a l co lo n ie s  d e v e lo p e d  (L e rn a u  &  S o m p o lin sk y , 1962; 

S o m p o lin sk y  &  L e v y , 196 1). A s  k n o w n , th e  th ia m in e  req u ired  fo r  g ro w th  o f  S . aureus 

m a y  n o rm a lly  b e  rep la ce d  b y  th e  p y r im id in e + th ia z o le  m oieties o f  th e  v ita m in (K n ig h t, 

1937). In  th e  p resen t c o m m u n ica tio n , fu rth e r  studies o f  th e  m e ta b o lic  d iso rd ers o f  

th ese v a rian ts  are rep o rted .

METHODS 

B acteria l strains

T h e  d w a r f  strain s w ere a ll c o a g u la se  p o sitiv e  a n d  p ro d u ce d  a  a n d  fi  h em o lysin s. 

N o  d ifferen ces in  p h a g e  p a ttern  a n d  a n tib io tic  sp ectra  w ere o b serve d  b etw een  

d w a r f  strain s iso la te d  fro m  c o w s o f  a  sin gle  h erd , b u t strain s fro m  d ifferen t h erd s 

varied .

O n  m o st n u trie n t m ed ia  th e  d w a r f  strain s fo rm ed  m in u te  tran sp a ren t co lo n ie s. O n



th ese c o lo n ie s  d a rk  o ra n g e  secto rs d e v e lo p e d  a fter  a  fe w  d a ys  a t 3 7 0. T h e se  w ere 

co m p o sed  o f  m u ta n t c lo n es w h ich  co u ld  ea sily  b e  iso la te d  and th e ir  g ro w th  w a s ty p ica l 

o f  Staphylococcus aureus. In  som e strain s th e  d w a r f  co lo n ie s  ly in g  a ro u n d  th e  p e rip h ery  

o f  m u ta n t co lo n ie s  w ere  s ig n ifica n tly  la rg e r  th a n  w h en  th ey  o ccu rred  a lo n e . T h is  

sa te llite  g ro w th  su ggested  cro ss-feed in g. T h is  e ffect w a s  n o t ob served  w ith  o th er 

strain s. S train s D 55 1 a n d  d  552 w ere  o f  the fo rm e r  ty p e  a n d  d  1560 o f  the la tter . T h e se  

th ree strain s w ere  fro m  d ifferen t herds. O th e r  d w a r f  strain s fro m  th ese herd s as w ell 

as fr o m  o th er h erd s w ere  m e ta b o lica lly  id en tica l w ith  on e o f  these tw o  typ es. O n ly  

exp erim en ts w ith  th ese strain s w ill th e re fo re  b e  describ ed .

S tra in  D 156 0 . P h a g e  p a ttern  75. F o r  th e  p resen t s tu d y  w e used  a  strep to m ycin - 

resistan t m u ta n t d ev e lo p e d  in  th is la b o ra to ry .

S tra in  D 551. P h a g e  p a ttern  4 2 E . S o m e o f  the exp erim en ts w ere m ade w ith  D 552 
resistan t to  the ty p in g  p h ages in  gen era l use.

S train  N 1560. N o r m a lly  g ro w in g  m u ta n t o f  D 1560. T h e  id en tity  w a s c h e c k e d  b y  

strep to m y cin  resistan ce, p h a g e  sen sitiv ity, an d  p ro d u c tio n  o f  a  a n d  ft h em o lysin s.

F o r  th e  sake  o f  c o m p a riso n  several strain s iso la te d  fr o m  h u m a n  p a th o lo g ic a l c o n 

d itio n s w ere  in c lu d ed  in  som e o f  th e  exp erim en ts as d escrib ed  b elo w .

Media and chemicals used; cultivation
Saline buffer: 0-15 M -N a2H P 0 4, 61-1 m l.;  0-15 m - K H 2P 0 4, 38-9 m l.;  N a C l,  o-8 % , 

100 m l.

Bacto brain-heart infusion agar (B H A ).

Nutrient broth p rep ared  f r o m : B a c to  p e p to n e , 5 g . ; b e e f e x tra ct (B a ltim o re  B io l. 

L a b ., In c .), 3 g . ; d istilled  w a te r  to  1 1.;  p H  7-2.

Vitamin-free casamino acids medium ( C V F ) :  B a c to  v itam in -free  ca sa m in o  acid s, 

25 g . ; N a C l,  5 g . ; n ico tin ic  a cid , 1 m g .; d istilled  w a ter  to  1 1.; p H  7-2.

Defined medium, m o d ified  fro m  G la d s to n e  (19 3 7): K H 2P 0 4, 0-91 g . ; N a 2H  P 0 4, 

3-83 g . ;  M g  S 0 4.7  H 20 , 0-13 g .;  F e  S 0 4.( N H 4) 2 S 0 4. 6  H 20 , o -o i g .;  g lu co se , 5-0 g .;  

n ico tin ic  a c id , i-o  m g .;  d istille d  w a te r  to  1 1.; p H  7-4. T h e  fo llo w in g  a m in o  a cid s w ere 

a d d e d : g ly c in e , L -valin e, L -leucin e, L -p ro lin e, L -asp artic  acid , L -g lu tam ic a cid  to  a  

fin a l c o n ce n tra tio n  o f  1/1500 m ; L -p h en yla lan in e , L -argin in e, L-h istid in e to  1/4000 m ; 

L -cystin e to  1 /10000 m . T h ia m in e  o r  its th ia z o le  a n d  p y rim id in e  m oieties w ere ad d e d  as 

in d icated . T h e  K H 2P 0 4, N a 2H P 0 4 a n d  M g S 0 4.7 H 20  w ere  a u to c la v e d , th e  o th er 

ingred ien ts w ere  sterilized  b y  filtra tio n  an d  ad d e d  a sep tica lly .

T h ia m in e  h y d ro ch lo rid e  (S igm a), th ia m in e  p y ro p h o sp h a te  (S igm a), so d iu m  p y ru 

v a te , A  grad e (C a lb io ch e m ), 2-m eth yl 4-am in o  5 -a m in o m eth y lp y rim id in e  fro m  E. 

M e rc k , D a rm sta d t, w ere u sed  a n d  4-m ethyl-5-(/? h y d ro x y e th y l)-th ia zo le  syn th esized  

b y  P ro fe sso r  D r  B . P rijs , In stitu te  fo r  In o rg a n ic  C h em istry , B ase l U n iv ersity , S w itze r

la n d . T h e  tw o  th ia m in e  m o ieties w ill  b e  re ferred  to  as th e  p y rim id in e  a n d  the th ia z o le  
m o ieties.

Phosphorylated derivatives o f the thiazole and pyrimidine moieties. D u e  to  la c k  o f  

a u th en tic  sam p les th e  fo llo w in g  p rep a ra tio n s  w ere u sed. S ta p h y lo c o c ca l stra in  n  1560 

w a s g ro w n  u n d e r a era tio n  in  C V F  m ed iu m  w ith o u t th iam in e, an d  th e  sta rved  co c c i 

h a rv ested , w a sh ed  a n d  tran sferred  to  W a rb u rg  resp ira tio n  vessels (see later). T o  on e 

vessel w a s ad d e d  6 x  io ~ 3 M o f  th e  p y rim id in e  m o ie ty , to  a n o th er an  e q u im o la r  a m o u n t 

o f  th e  th ia zo le  m o iety . T h e  vessels w ere  in cu b a ted  a t 3 7 0 fo r  20 hr. A ft e r  sep a ra tio n  

o f  th e  c o cc i, th e  su p ern a tan t so lu tio n s w ere  d esign ated  ‘ cru d e p y rim id in e  p y ro p h o s-
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p h a te ’ a n d  ‘ c ru d e  th ia zo le  p h o s p h a te ’ , resp e ctively . I t  w a s a ssu m ed  th a t these so lu 

tio n s p r o b a b ly  c o n ta in e d  a  c erta in  a m o u n t o f  p h o sp h o ry la te d  en d -p ro d u cts  syn th esized  

b y  th e  co cc i. T h e  so lu tio n s w ere  v ir tu a lly  free  o f  th iam in e , sin ce th e y  d id  n o t stim u late  

o x y g e n  c o n su m p tio n  w ith  p y ru v a te  b y  sta rved  b a cte r ia  of the strain  N156C.
Growth. T o  d eterm in e g ro w th  requ irem en ts, th e  cu ltu res w ere  g ro w n  w ith  a eratio n  

in  a  w a ter  b a th  a t  3 70 fo r  20 h r. in C V F  m ed iu m  en rich ed  w ith  3 x  io ~ 9 M -thiam ine. 

T h e  c o c c i w ere  h a rv este d , w a sh ed  five  tim es in  c o ld  0-05 m  p h o sp h a te -b u ffe r  (p H  7-0), 

resu sp en d ed  in  G la d s to n e ’ s defin ed  m ed iu m  to  a  co n ce n tra tio n  g iv in g  20 K le t t  un its 

(filter 540 rap) a n d  in cu b a ted  fo r  24 hr. G r o w th  w a s in d icated  b y  an  in crease in  tu rb i

d ity  o f  a t lea st 100 K le tt  un its.

O xy gen  up take  w a s m easu red  b y  sta n d a rd  W a rb u rg  tech n iqu es, Qo2 va lu es  are  

exp ressed  as p i. 0 2/hr/m g. b a cte r ia l d ry  w t. T h e  c o c c i w ere g ro w n  in  b ro th , h a rv ested , 

w a sh ed  five  tim es in  salin e b u ffer  (p H  7-0) an d  resu sp en d ed  to  a  c o n ce n tra tio n  eq u iv a 

le n t to  600-900 K le t t  un its. B a cte r ia l d ry  w eig h t w a s d eterm in ed  on  sam p les d ried  fo r  

18 h r a t  105°. E a c h  W a rb u rg  vessel co n ta in ed  0-5 m l. o f  p h o sp h a te  b u ffer as a b o v e  

a n d  1 m l. o f  b a cte r ia l susp en sion . T h e  cen tre  w ell co n ta in ed  0-2 m l. 20 %  K O H . A ft e r  

20 m in. in cu b a tio n , 0-5 m l. o f  a  so d iu m  p y ru v a te  so lu tio n  w a s ad d e d  fro m  th e  side 

arm . W ith  a o - i M  so lu tio n  (50 /¿moles) re sp ira to ry  a c tiv ity  w as m a xim a l a n d  lin e ar 

d u rin g  th e  first 30-50  m in ., w ith  i-o  m  the lin e a r  p e rio d  exten d ed  fo r  several h o u rs 

(F ig . 1). O x y g e n  u p ta k e  rea ch ed  va lu es o f  15 -2 2  /¿moles O 2/50 /¿moles p y ru v a te , w h ich  

a p p ro a ch e d  th e  th e o retica l v a lu e  in  o x id a tiv e  d e c a rb o x y la tio n . T h e  en d o ge n o u s 

resp iratio n  w a s 8 -1 2  %  o f  th a t fo u n d  w ith  an  ex o g en o u s su bstrate.
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RESULTS

Grow th requirem ents

G r o w th  o f  s ta p h y lo c o c c a l stra in  N 156 0  d ep en d ed  o n  su p p lem en ta tio n  o f  G la d 

sto n e ’ s defin ed  m ed iu m  w ith  eith er th ia m in e o r  w ith  b o th  m o ieties  o f  th e  v itam in . 

W h e n  th e  m ed iu m  w a s en rich ed  w ith  th ia m in e  b o th  ty p e s o f  d w a r f  va r ia n ts  grew  as 

w ell. S tra in  d  551 g a v e  n o  g ro w th  on  defin ed  m ed iu m  su p p lem en ted  w ith  th e  th ia z o le  o r  

th e  p y rim id in e  sin g ly  o r  to g e th e r  even  a t h ig h  co n cen tratio n s. O n  th e  o th er h a n d , 

stra in  d  1560 grew  as w ell as stra in  n  1560 w h en  b o th  th e  th ia zo le  an d  p y rim id in e  w ere  

a d d e d  to g eth er, p ro v id e d  th a t th e  th ia z o le  co n ce n tra tio n  w as a b o u t 10,000 tim es 

h igh er th a n  th a t req u ired  b y  stra in  N 156 0  (T a b les  1 , 2). F u rth e r  exp erim en ts sh o w e d  

th a t th e  p y rim id in e  req u irem en t fo r  g ro w th  w as q u a n tita tiv e ly  sim ilar in strain s 

N 156 0  an d  D 156 0 .

R espiration with pyruvate as substrate

F u rth e r  in fo rm a tio n  o n  th e  en zy m ic  d efects  w h ich  cau se  the th ia m in e requ irem en t 

o f  th e  d w a r f  v a rian ts  w a s o b ta in ed  b y  m ea su rin g  the resp iratio n  o f  o x y g e n  u p ta k e  

w ith  p y ru v a te  as su b strate , in  W a rb u rg  m a n o m e ters u n d e r v a r io u s  co n d itio n s.

Strain n  1560. W h e n  g ro w n  in  n u trien t b ro th , th e  c o c c i o f  th e  n o rm a l m u ta n t sh o w ed  

a  m a rk ed  0 2 u p ta k e  w ith  p y ru v a te  as su b strate. A d d it io n  o f  th ia m in e h a d  n o  in flu en ce 

o n  resp iratio n . T h e  sam e w a s tru e fo r  six  recen tly  iso la te d  h u m a n  strain s o f  Staphylo

coccus aureus. T h is  in d icates th a t the c o c c i a fter  g ro w th  in  n u trie n t b ro th  h a d  an  

in tra ce llu la r  sto re  o f  th iam in e o r  th ia m in e eq u iv a len t (e.g. co ca rb o x y la se ).

O n  th e  o th er h a n d , th e  c o c c i o f  stra in  N 156 0  w ere d ep leted  o f  th iam in e, a n d  th e y
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Fig. i . Dependence of oxygen uptake by Staphylococcus aureus d 1 560  on the amount of sodium 
pyruvate added. Each vessel contained 2-5 /¿g. thiamine hydrochloride. □ — □ , 5 /tmole 
pyruvate; • — 5 0 /tmole pyruvate, a further 5 0 /tmole added at 120  min.; O—O, 500 
/tmole pyruvate.
Fig. 2 . Relationship between oxygen uptake (<2o2) with pyruvate as substrate by Staphylo
coccus aureus and the thiamine concentration. □ —□ , strain n 1560 grown in nutrient broth 
(NB); • — • ,  strain NI560 grown in vitamin free casamino acid medium; O—O, strain 
d 1560 grown in nutrient broth (NB).

T a b le  1. Growth o f  dw arf variants and a norm al (m utant) strain o f  S taphylococcus  

aureus in G ladstone's (19 3 7) defined m edium  with addition o f  thiam ine or its m oieties

Strain
r_------

Concentration of D I56O D551 NI560
thiamine or of its moieties Growth

Supplements (m) t
A

Thiazole+ pyrimidine* 4  x 1 o~3 + - +
I X IO~3 + — +
I X IO~4 + — +
I X IO“5 — — +
I X IO-8 - - +

Thiamine HC1 i x io -7 
Nil

+ + +

* The thiazole and pyrimidine moieties of thiamine.

T a b le  2. Grow th o f  a dw arf variant (D 156 0 ) o f  S taphylococcus aureus in G ladstone's

defined m edium  supplem ented with the thiam ine m oieties

Thiazole (m)* Pyrimidine (m)* Thiamine (m) Growth
I X IO-3 I X IO“5 +
I X to-6 I X IO“3 —
I X IO-3 —

I X IO“7 +
No supplement

* The thiazole and pyrimidine moieties of thiamine.
—



resp ired  w ith  p y ru v a te  as  su b strate  o n ly  w h en  th ia m in e w a s ad d e d  to  th e  W a rb u rg  

vessel, w h en  th e  b a cte r ia  h a d  b een  g ro w n  in  C V F  m ed iu m  w ith o u t su p p lem en ta tio n  

o r  w h en  su p p lem en ted  w ith  o n ly  a  m in u te  a m o u n t o f  th iam in e (3 x  i o “ 10 m). T h e  re

la t io n  b etw e en  Q o2 a n d  th ia m in e  co n ce n tra tio n  w a s lin e ar in  th e  ran g e  o f  a p p ro x i

m a te ly  io ~8- io - 7 m  (F ig . 2). R e sp ira tio n  w a s lik e w ise  stim u lated  b y  a d d itio n  to  the 

W a rb u rg  vessel o f  b o th  m o ieties  o f  th ia m in e  to g eth er a t  s im ilar co n cen tratio n s. W h e n  

g ro w th  in  C V F  m ed iu m  w a s  m a x im a l, the co c c i w ere sta rved  fo r  b o th  th ese co m p o u n d s.
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Fig. 3 Fig. 4

Fig. 3 . Relation between oxygen uptake with pyruvate as substrate by different Staphylococ
cus aureus strains and concentration of the thiazole moiety of thiamine. Concentration 
of the pyrimidine moiety was 6 x io -4 m throughout. Strain N1560 was deficient in 
thiamine after growth in vitamin free casamino acid medium. □ —□ , strain D552; • — • ,  
strain D1560; C —O, strain N1560.
Fig. 4 . Oxygen uptake with pyruvate as substrate by Staphylococcus aureus, strain N1560 
and strain D156 0  with and without addition of extraneous thiamine (TM) (3 x :c r6 m).
■—■, Strain n  156 0  grown without thiamine, with thiamine added. □ —□ , strain N156 0  
grown without thiamine, without thiamine. A — A , strain d 156 0  grown with thiamine, with 
thiamine added; A— A, strain D 156 0  grown with thiamine, without thiamine. • — ©, 
strain D 156 0  grown without thiamine, with thiamine added; O—O, strain DI560  grown 
without thiamine, without thiamine.

B y  v a ria tio n  o f  th e  co n ce n tra tio n  o f  th e  p y rim id in e  w ith  a  co n sta n t co n cen tra tio n  o f  

th e  th ia zo le  a n d  v ice  versa , it  w as fo u n d  th a t the req u irem en t fo r  b o th  m oieties w as 

a p p ro x im a te ly  eq u iv a le n t to  the req u ired  co n ce n tra tio n  o f  th ia m in e (F ig . 3}. R e sp ira 

tio n  w a s m a x im a l an d  lin e a r  fr o m  the b eg in n in g  o f  th e  exp erim en t, in d ica tin g  a  h igh  

a b ility  o f  the n o n -p ro life ra tin g  co cc i to  co n ce n tra te  th e  p y rim id in e  a n d  th e  th ia zo le  

an d  to  syn th esize  c o ca rb o x y la se .

Strain D 1560. T h is  v a r ia n t, w h en  g ro w n  in  n u trie n t b ro th , w a s u n a b le  to  respire 

w ith  p y ru v a te  as su b strate  unless th ia m in e w a s a d d ed . T h e  co n ce n tra tio n  o f  th iam in e 

n eeded w a s eq u iv a le n t to  th a t  req u ired  b y  stra in  N 1560 a fter  g ro w th  in  C V F  m ed iu m . 

S u p p le m en tatio n  o f  n u trien t b ro th  w ith  th ia m in e  h a d  th e  effect th a t th e  h arvested

14 G. Microb. 48



c o c c i resp ired  w ith  p y ru v a te  as su b strate, w ith o u t a d d itio n  o f  m o re  th ia m in e (F ig . 4).

S tim u la tio n  o f  o x y g e n  u p ta k e  w a s o b ta in ed  to  th e  sam e ex te n t w h en  th e  th ia z o le  

m o ie ty  w a s su b stitu ted  fo r  th iam in e , b u t th e  co n ce n tra tio n  req u ired  w a s  a p p ro x i

m a te ly  500 tim es h igh er, on  a  m o la r  b asis . T h e  p y rim id in e  h a d  n o  in flu en ce o n  resp ira 

tio n  w ith  strain  D 156 0 , n o t even  a t co n cen tratio n s req u ired  b y  strain  N 15 6 0  (F ig . 5). 

T h e  ‘ c ru d e  th ia z o le  p h o s p h a te ’ p re p a ra tio n  d id  n o t stim u late  resp ira tio n  w h en  ad d ed  

a t co n cen tratio n s  s ig n ifica n tly  lo w e r  th a n  th o se  a t  w h ic h  th e  th ia zo le  m o ie ty  w as 

effective , a t h ig h er  co n cen tra tio n s  its effect o n  o x y g e n  co n su m p tio n  w a s as w ith  the 

u n p h o sp h o ry la te d  th ia z o le  co m p o u n d .

210 D .  S O M P O L I N S K Y ,  Z .  E R N S T - G E L L E R  A N D  S. S E G A L

Concentration of pyrimidine and thiazole moieties (m)

Fig. 5 . Oxygen uptake with pyruvate as substrate by Staphylococcus aureus D15 6 0 , grown 
in nutrient broth. O—O, Concentration of the thiazole moiety of thiamine 6 x io -4 m ; 
concentration of the pyrimidine moiety is shown on the abscissa. • — •.Concentration of 
pyrimidine moiety 6 x t o 4 m ; concentration of thiazole moiety shown on the abscissa.

T a b le  3. Stimulation o f respiration o f strain D551 by ‘crude thiazole 
phosphate' and' crude pyrimidine pyrophosphate’

Supplement (m) added to Warburg vessel Relative Q0f

3 x to-6 thiamine too
None 5-4
4  x io -6 crude thiazole phosphate+ 6  x io -4 pyrimidine moiety 7-3
4  x io -6  crude thiazole phosphate 0-3
4  x i o-6 crude thiazole phosphate+  6  x 1 o-4  pyrimidine moiety 4-1
2 x io -5 crude pyrimidine pyrophosphate 4 5-7
2 x io _s crude pyrimidine pyrophosphate+ 6  x io -4  thiazole moiety 38-2
2 x io -6 crude pyrimidine pyrophosphate 24-0
2 x xo-6 crude pyrimidine pyrophosphate+ 6  x io -4 pyrimidine moiety 6-5
2 x io -8 crude pyrimidine pyrophosphate 4-9
3 x io -6 thiamine+ 6  x io -3 pyrimidine moiety 95-2

* Relative Q0s values are calculated as % of the go2 observed with 3 x to -6 M-thiamine.

Strains d s s i  andd 552. T h ese  v a rian ts  b eh a v e d  e x a ctly  lik e  strain  d  1560 w ith  resp e ct 

to  requ irem en t fo r  th ia m in e a fter  g ro w th  in  n u trien t b ro th . O n  th e  o th er h a n d , 

n eith er th e  p y rim id in e  m o ie ty  n o r the th ia zo le  m o iety , n o r b o th  to g eth er, stim u la ted  

o x y g e n  u p ta k e  a t a n y  co n ce n tra tio n  u p  to  4 x  1 O '3 m . F lo w e v e r , a  sign ifican t stim u la tio n  

w a s o b ta in ed  w ith  th e  ‘ c ru d e  p y rim id in e  p y r o p h o s p h a te ’ p re p a ra tio n  a t  a  co n cen -
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tra tio n  c o rre sp o n d in g  to  2 x i o - 6 m  p yrim id in e. O x y g e n  u p ta k e  w ith  th e  ‘ cru d e 

p y rim id in e  p h o s p h a te ’ w a s  n ever m o re  th a n  2 5-50  %  o f  th a t o b ta in ed  w ith  th ia m in e 

a n d  w a s stro n g ly  a n ta g o n ize d  b y  th e  u n p h o sp h o ry la te d  p y rim id in e. T h e  th ia zo le  

m o ie ty  o r  th e  ‘ c ru d e  th ia zo le  p h o s p h a te ’ d id  n o t stim u late  0 2 u p ta k e  b y  th em selves 

an d  h a d  n o  in flu en ce o n  0 2 u p ta k e  w h en  ad d e d  to  th e  ‘ cru d e p y rim id in e  p h o sp h a te  ’ 

(T a b le  3).

C o c a r b o x y la s e  syn thesis b y  Sta p hylococcu s aureus (T su b o ta , 1964) fo llo w s  the sam e 

p a th w a y  as th a t in  b a k e r ’ s y ea st (C a m ie n er &  B ro w n , i960). T h is  m a y  b e  o u tlin ed  as 
f o l lo w s :

S in ce stim u la tio n  o f  resp iratio n  b y  sta rved  co cc i o f  stra in  N 156 0  w ith  e x o g en o u s 

th ia z o le  a n d  p y rim id in e  m o ieties o f  th ia m in e  w a s m a x im a l fro m  th e  m o m en t th e  

su b strate  (p y ru va te) w a s a d d e d , th e  synthesis o f  c o c a rb o x y la s e  is a p p a re n tly  ra p id , 

an d  w a s p r o b a b ly  p e rfo rm e d  d u rin g  th e  p re-in cu b a tio n  p e rio d  (20 m in, see M e th o d s).

D u r in g  g ro w th  in  u n su p p lem en ted  n u trien t b ro th  th e  n o rm a l strain , N 156 0 , b u ild s  

u p  a n  in tra ce llu la r  reserve o f  th ia m in e o r  th ia m in e p y ro p h o sp h a te . T h is  reserve m u st 

b e  syn th esized  fr o m  th e  th ia zo le  a n d  p y rim id in e  m o ieties, since th iam in e p resen t in  

th e  n u trien t m ed iu m  is d estro y ed  d u rin g  ste rilizatio n . T h e  stra in  d  1560 w a s d efic ien t 

fo r  th ia m in e a fter  g ro w th  in  n u trien t b ro th , g ro w th  o f  th is strain  d ep en ded  p ro b a b ly  

o n  traces o f  th ia m in e o r  on  a  s lo w  synthesis o f  th e  v ita m in  fro m  its b re a k d o w n  p r o 

d u cts. T h e  co c c i n eed ed  e x tra n eo u s th ia zo le  a t  a  m o la r  co n ce n tra tio n  a b o u t 500 tim es 

th a t o f  th ia m in e  fo r  m a x im a l re sp ira to ry  a ctiv ity . I t  is, h o w e ver, o f  in terest th a t th is  

stra in  co n cen tra ted  th e  p y rim id in e  m o ie ty  in tra ce llu la rly  d u rin g  g ro w th  in  n u trien t 

b ro th , a n d  n eed ed  n o  ex tra n eo u s su p p ly  o f  th is c o m p o u n d  fo r  resp iratio n  o f  p y ru v a te  

(F ig . 5)-
T h e  fa ilu re  to  co n cen tra te  th ia zo le  c o u ld  b e  ex p la in e d  b y  {a) a  d efe ct in  the en zy m e 

w h ic h  p h o sp h o ry la te s  th e  th ia z o le  m o iety , o r  (b) la c k  o f  p erm ease fo r  th is co m p o u n d . 

P r o o f  o f  th e  first assu m p tio n  w o u ld  a u to m a tica lly  d en y  th e  ex isten ce o f  a  p erm ease 

fo r  the th ia z o le  m o iety , since o th erw ise  a  d efe ctiv e  p h o sp h o ry la tin g  en zy m e w o u ld  

lead  to  a  m a x im a l p a c k in g  o f  th e  co c c i w ith  th e  th ia zo le  m o iety . B u t th e  fa c t  th a t 

resp iratio n  o f  strain  D 5 5 1  w ith  ‘ cru d e  p y rim id in e  p h o s p h a te ’ w as in d ep en d en t o f  

e x tra n eo u s th ia z o le  suggests th a t in  th is strain  (an d  p r o b a b ly  a lso  in  o th er Staphylo

coccus aureus strain s) a p erm ease system  fo r  th e  th ia z o le  m o ie ty  d o es  exist. T h e  seco n d  

e x p la n a tio n  is th e re fo re  th e  m o re  lik e ly , a n d  is a lso  in  a cco rd a n ce  w ith  the fa c t  th a t 

‘ c ru d e  th ia z o le  p h o s p h a te ’ d id  n o t stim u la te  resp iratio n  o f  strain  D 15 6 0  a t co n c e n 

tra tio n s  sig n ifica n tly  lo w e r  th a n  th a t n eed ed  w h en  th e  n o n p h o sp h o ry la te d  th ia z o le  

w a s used.

S tra in  D 5 5 1  w a s p ro b a b ly  d efic ien t in  en zy m e w h ich  co n v erts  th e  p y rim id in e  m o iety  

to  th e  p y rim id in e  p y ro p h o sp h a te . T h is  is in d icated  b y  (a) fa ilu re  to  d e c a rb o x y la te  

p y ru v a te  w h en  given  th ia z o le + p y rim id in e  m o ieties even  a t h igh  co n cen tra tio n , an d  

(b) stim u la tio n  o f  o x y g e n  u p ta k e  b y  th e  p ro d u c t d esig n ated  ‘ cru d e p y rim id in e  p y r o 

p h o s p h a te ’ , w h ich  lo g ic a lly  sh o u ld  co n ta in  a  certa in  a m o u n t o f  th e  p h o sp h o ry la te d  

p yrim id in e.

D ISCUSSIO N

th ia m in e p h o sp h a te  -> 

th iam in e -> th iam in e 

p y ro p h o sp h a te

1 4 - 2



T h e  a n ta g o n istic  e ffect o f  n o n -p h o sp h o ry la te d  p y rim id in e  o n  ‘ c ru d e  p y rim id in e  

p y r o p h o s p h a te ’ m ig h t m o st p r o b a b ly  in d icate  co m p e titio n  fo r  a  perm ease , sin ce the 

n o n -p h o sp h o ry la te d  c o m p o u n d  sh o u ld  h a v e  n o  in flu en ce o n  th e  th ia m in e p h o sp h a te  

syn th esizin g  en zym e. T h a t  th is a n ta g o n ism  w a s n o t  m ere ly  d u e to  a  co n ta m in a tio n  o f  

o u r  p y rim id in e  c o m p o u n d  w ith  so m e in h ib ito ry  ch em ical w a s d em o n strated  b y  its 

fa ilu re  to  in h ib it the stim u la tio n  b y  th ia m in e o f  p y ru v a te  resp ira tio n  b y  th e  sam e stra in  

(d  5 5 1). T h e  su g gestio n  th a t a  p erm ease fo r  th e  p y rim id in e  m o ie ty  d o es ex ist in  S ta p h y lo

coccus aureus is a lso  co n sisten t w ith  th e  in tra ce llu la r  ga th e rin g  o f  th is co m p o u n d  b y  

th e  cells o f  strain  D 156 0  d u rin g  g ro w th  in  n u trie n t b ro th  (F ig . 5). A lth o u g h  these 

results o ffer n o  c o n c lu siv e  p r o o f, th e y  seem  to  in d ica te  th a t perm eases fo r  th e  p y r i

m id in e m o ie ty  a n d  th e  th ia z o le  m o ie ty  a re  p resen t in  Staphylococcus aureus. T h e se  

tw o  p erm ease system s are m o st p ro b a b ly  in d ep en d en t o f  ea ch  o th er sin ce c o c c i o f  

stra in  d  1560, w h ic h  are u n a b le  to  co n ce n tra te  th e  th ia z o le  m o iety , n everth eless h a v e  

en o u g h  in tra ce llu la r  p y rim id in e  m o ie ty  fo r  c o -en zym e synthesis. T h e  ex isten ce o f  a  

p erm ease fo r  th ia m in e  in  L a cto b a cillu s ferm en ti  h a s  recen tly  b een  sh o w n  in  a  c o n 

v in c in g  w a y  (N eu ja h r, 1966).
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SUMMARY

T h e  in flu en ce  o f  case in  h y d ro ly sa te , try p to p h a n , g lu co se , m agn esiu m  
su lp h a te  a n d  d ifferen t b u ffer  so lu tio n s  o n  th e  rate  o f  m u ltip lica tio n  o f  
Bacillus subtilis stra in  168 w a s d eterm in ed . In o cu lu m  size w a s sh o w n  to  
in flu en ce th e  g e n e ra tio n  tim e a n d  th e  in crease  in  th e  m ass o f  b a cte r ia  w a s 
fo u n d  to  b e  in v erse ly  p ro p o rt io n a l to  th e  size o f  th e  in o cu lu m .

Bacillus subtilis 168 fo rm s ch ain s e sp e c ia lly  in  m in im a l m ed ia . In  co m p lete  
m ed ia  ch ain s are  fo rm ed  b y  o n ly  a  sm all p ro p o rtio n  o f  th e  b a cte r ia  a n d  so m e
tim es n o t a t  a ll.

A  sim p le tra n sfo rm a tio n  m eth o d  w a s u sed  to  fo llo w  th e  d ev e lo p m e n t o f  
co m p e ten ce  in  cu ltu res o f  Bacillus subtilis 168 in  m ed ia  in o cu la te d  w ith  
d ifferen t n u m b ers o f  b acteria .

T h e  estim atio n  o f  th e  n u m b er o f  tran sfo rm an ts w a s su b ject to  greater 
e rro r  th a n  e stim a tio n  o f  th e  v ia b le  co u n t.

T h is  e rro r  in  th e  estim atio n  o f  th e  n u m b er o f  tran sfo rm an ts is d u e m a in ly  
to  th e  th rea d -lik e  ch a ra cte r  o f  D N A ,  w h ich  is d ifficu lt to  d ilu te  a ccu rate ly . 
T h e  sm aller th e  in o cu lu m  o f  b acteria , th e  sh o rter  th e  tim e fo r  th e  rise p h ase  
o f  co m p eten ce . O p tim a l co m p e ten ce  is rea ch ed  w h en  a b o u t io 8 bacteria/m l. 
a re  in o cu la te d  in to  th e  m ed iu m .

T h e  rise p h ase  o f  co m p e ten ce  ta k es a  sh o rter tim e th a n  th e  d eclin e ph ase.
A n  e q u a tio n  w a s d ev e lo p e d  fr o m  w h ich  it  is e a sy  to  c a lcu la te  a p p ro x im a te ly  

th e  o n set o f  th e  p e a k  o f  co m p eten ce . P recise  d eterm in atio n  o f  th is p e a k  can  
b e  a ch ie v ed  b y  c o n tro llin g  the d en sity  o f  th e  b a cte r ia l susp en sion .

IN TRO DUCTION

G e n e tic  tra n sfo rm a tio n  h a s b een  d e m o n strated  in : Streptococcus pneumoniae 
(H o tch k iss , 19 5 7 ); Haemophilus influenzae ( G o o d g a l &  H e rrio tt, 19 6 1); Neisseria 
meningitidis (A le x a n d e r  &  R e d m a n , 19 5 3 ); N. catarrhalis (C a tlin  &  C u n n in g h a m ,

1964); A g ro b a c te r iu m  (K le in  &  K le in , 19 53); X a n th o m o n a s  ( C o r e y  &  S ta rr, 19 5 7); 

R h iz o b iu m  (B ala ssa , 1954; B a la ssa , i9 6 0 ); S tre p to co ccu s  (B ra cco , K ra u s s , R o e  &  

M a c L e o d , 19 5 7); a n d  in  Bacillus subtilis (S p izizen , 1958). D N A  iso la ted  fro m  d o n o r  

b a cte r ia  is ta k e n  u p  b y  th e  rec ip ien t o rga n ism s d u rin g  th e  p h y s io lo g ic a l state  k n o w n  

as co m p e ten ce .

F r o m  th e  literatu re  c o n cern in g  co m p e te n ce  it  is a p p a re n t th a t several in v estig a to rs 

h a ve  fo u n d  d ifferen t o p tim a l co n d itio n s  fo r  tra n sfo rm a tio n  (Jensen &  H a a s , 1963; 

E p h ru ss i-T a y lo r  &  F re e d , 196 4; T o m a s z , 1965). I t  seem s th a t  th e  fa c to rs  in flu en cin g 

tra n sfo rm a tio n  a re  n o t co m p le te ly  k n o w n .

C o m p e te n t b a cteria  ca n  b e  tra n sfo rm ed  b y  D N A  iso la ted  fr o m  d o n o r  b acteria . 

D N A  fro m  b a cte r io p h a g e  (F o ld e s  &  T ra u tn e r , 196 4; H a rm  &  R u p e rt, 1963) a n d
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viru s (A b e l &  T ra u tn e r , 1964; B a y re u th e r  &  R o m ig , 1964) can  b e  in c o rp o ra te d  in to  

co m p e ten t b a cte r ia  a n d  ca n  rep licate  in  them . C o m p e ten ce  is th e re fo re  an  im p o rta n t 

fie ld  o f  in v estig a tio n .

In  m ed ia  in o cu la te d  w ith  a  sm all n u m b er o f  B acillus subtilis  168, (B u rk h o ld e r  &  

G ile s  1947) w e fo u n d  th a t th e  o rgan ism s d ivid ed  m o re  tim es th a n  w h en  th e  m ed iu m  w as 

in o cu la te d  w ith  a  la rg e  n u m b er o f  b a cte r ia . O f  co u rse, th e  in crease  in  the m ass o f  

b a cte r ia  w as a lso  grea te r  in  m ed ia  in o cu la te d  w ith  a  sm aller n u m b er o f  b a cte r ia . T h e ir  

ev id en ce  a lso  su ggested  th a t th ere w ere d ifferen ces in  gen era tio n  tim e fo r  b a cte r ia  in  

cu ltu res in o cu la ted  w ith  d ifferen t n u m bers o f  organ ism s. T h ese  ch an ges in ge n e ra tio n  

tim e w ere o f  in terest to  us b ecau se  it  seem ed th a t th e y  m a y  p la y  a n  im p o rta n t p a rt in 

the d ev e lo p m e n t o f  co m p e ten ce .

T h e re fo re  exp erim en ts w ere carried  o u t to  in vestig a te  in  d eta il the re latio n sh ip  

b etw een  gen era tio n  tim e an d  the d ev e lo p m e n t o f  com p eten ce.

M E T H O D S

Bacterial strains. F o r  tra n sfo rm a tio n  the rec ip ien t stra in  Bacillus subtilis 168 try~, 
an d  th e  d o n o r  stra in  B. subtilis M a r b u r g  w ere b o th  k in d ly  p ro v id e d  by  D r  B . S. 

S trau ss. (See B u rk h o ld e r  &  G ile s , 19 4 7; S p izizen , 1958; N e ste r, 1964).

Media, (a). B a c te r ia l strain s w ere  m a in ta in ed  on  p o ta to  a g a r  (S p iz izen , 1958; 

N e ste r, 1964).

(b) M in im a l g lu co se  y e a st a g a r  m ed iu m  ( M G Y  a g a r ) : 0-2 %  (N H 4)2S 0 4, 1 -4 %  

(w /v) K 2H P 0 4, o-6 %  K H 2P 0 4, o -i  %  N a - c itr a te .2 H 20 ,  0-02 %  M g S 0 4.7 H 20 ,  0-5 %  

g lu co se , 5 /fg./m l. L -tryp to p h an , o -i %  case in  h y d ro ly sa te  (D ifc o ) , 0-2 %  y ea st ex tra ct 

(D ifco ) , an d  1 75  %  (w /v) agar.

(c) T h e  d ev e lo p m e n t o f  co m p e ten ce  w a s in v estig a ted  in  M G Y  liq u id  m ed iu m .

(d) T -m ed iu m  w a s u sed  fo r  tra n sfo rm a tio n : 1-4 %  (w/v) K 2H P 0 4, o-6 %  K H 2P 0 4, 

0-5 %  g lu co se , o -i %  case in  h y d ro ly sa te , 2-5 /¿g./ml. L -try p to p h a n  a n d  5 /¿m oles/m l. 

M g S 0 4. 7 H 20 .

(e) M G  a g a r: M G Y  a g a r  w ith o u t L -tryp to p h a n  a n d  y ea st ex tra ct, c o n ta in in g  0-02 %  

casein  h y d ro ly sa te  w as used fo r  the se le ctio n  o f  tran sfo rm an ts.

Chain formation. Sm ears o f  the b a cte r ia  w ere  m ad e, fix ed  an d  stained  w ith  gen tian  

v io le t fo r  2 m in. an d  ex a m in ed  b y  th e  lig h t m icro sco p e . T h e  resu lts w ere  a n a lyse d  

sta tistica lly  b y  exp ressin g  the n u m b er o f  b a cte r ia  p er ch ain  in  lo g  to  th e  base 2 u n its 

since ch ain  len gth s w ere re lated  b y  a  fa c to r  o f  tw o .

Preparation o f transforming DNA. i o 7 o rgan ism s o f  Bacillus subtilis M a rb u rg  g ro w n  

in  lo g . p h ase w ere in o cu la te d  in to  250 m l. M G Y  m ed iu m  w ith o u t try p to p h a n  in  fo u r  

1 1. E rlen m ey er fla sk s  a n d  in cu b ated  a t 30° fo r  15  hr. w ith  m ech a n ica l sh a k in g . W h e n  

th e  cu ltu res co n ta in ed  a b o u t io 9 b acilli/m l., th e  susp en sion s w ere cen trifu g ed  and  

D N A  w as iso la ted  b y  th e  p h e n o l ex tra ctio n  m eth o d  o f  S a ito  &  M iu r a  (1963).

Determination o f competence. B a cter ia  fro m  p o ta to  a g a r  w ere  in o cu la ted  o n to  M G Y  

a g a r  slop es an d  in cu b a ted  fo r  16 h r a t 3 7 0. T h e  g ro w th  w as scrap ed  off, susp en ded  in 

M G Y  n u trien t m ed iu m  an d  ad ju sted  to  a  su ita b le  o p tica l d en sity : 10 m l. o f  th is sus

p en sio n  w ere  m easu red  in to  100 m l. E rlen m ey er flasks fitted  w ith  side arm s fo r  o p tica l 

den sity  m easurem en ts. T h e  b a cte r ia l susp en sion s w ere  in cu b ated  in  a  w a ter  b a th  at 

3 70 on  a  re c ip ro ca l sh a k er a t  100 rev./m in.

D u rin g  gro w th , sam ples w ere  ta k e n  an d  assa yed  fo r  th e  n u m b er o f  co m p e te n t



b a cte r ia  b y  m ea su rin g  the effic ien cy o f  tra n sfo rm a tio n  to  p r o to tro p h y  u n d e r sta n d a rd  

co n d itio n s.

Transform ation p rocedure. T h e  sam p les w ere  ad ju sted  w ith  T -m e d iu m  to  o -i o p tica l 

d en sity  (eq u iva len t to  5-9 x  i o 7 c o lo n y  fo rm in g  units/m l.). T o  0-25 m l. o f  th is su sp en 

sion  0-75 m l. o f  D N A  so lu tio n  in  T -m ed iu m  w a s a d d e d  to  g iv e  a  fin a l co n cen tra tio n  o f  

D N A  a b o u t 1 /¿g./ml.

T h is  m ix tu re  w a s  sh a k en  fo r  15 m in . in  a  w a ter  b a th  a t  3 7 0 an d  0-2 m l. w a s th e n  

p la ted  o n  M G  a g a r  a b o u t 1 o r  2 cm . fro m  the ed ge o f  th e  P etri d ish . T h e  d ish  w a s  

k e p t  o n  an  in c lin ed  p la n e  a n d  g e n tly  sh a k en  to  d istr ib u te  the su sp en sio n  o v e r  th e  a g a r  

su rface, a v o id in g  th e  use o f  a  g lass sp read er. T h is  p ro ced u re  to o k  1 0 -1 5  sec. T h e  su r

fa c e  o f  th e  p lates in o cu la te d  in  su ch  a  w a y  w as d ried  o ff  a t  3 7 0 fo r  20 -25 m in. T h e  fin a l 

d ilu tio n  o f  th e  b a cteria l su sp en sion  w as a t  lea st 1/1500 a t w h ich  d ilu tio n  the fin a l c o n 

cen tra tio n s o f  try p to p h a n  a n d  y ea st e x tra ct fro m  th e  in o cu lu m  w ere n o t sufficien t to  

p e rm it th e  g ro w th  o f  th e  recip ien t B acillus subtilis  168 try -  strain . O n ly  p r o to tro p h ic  

try+ tra n sfo rm a n ts  co u ld  g r o w ; th e  n u m b er o f  such  tran sfo rm an ts w as co u n ted  on  th e  

fo llo w in g  d a y.
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RESULTS

The e ffect o f  casein hydrolysate, tryptophan a n d p H o n  the growth o f  B acillu s subtilis 168.

S in ce it  h as b een  su g gested  th a t casein  h y d ro ly sa te  p la y s  an  essen tia l ro le  in  th e  

d ev e lo p m e n t o f  co m p e ten ce  in  B acillus subtilis  (A n a g n o s to p o u lo s  &  S p izizen , 19 6 1), the 

effects o f  va r io u s  co n cen tra tio n s  o f  case in  h y d ro ly sa te  on  th e  g ro w th  o f  B. subtilis  

w ere  in vestigated . O p tica l d en sity  m easu rem en ts o n  cu ltu res a fter  8 h r g ro w th  in  casein  

h y d ro ly sa te  sh o w  th a t th e  la g  p h ase  is sh o rter  a n d  th e  lo g  rise steeper in  h ig h  c o n c e n 

tra tio n s  o f  case in  h y d ro ly sa te  co m p a re d  to  lo w  co n cen tra tio n s  (F ig . 1).

5 /¿g./ml. L -try p to p h a n  w a s su fficien t to  g iv e  m a xim u m  g ro w th  o f  B acillu s su btilis  

168 try -  an d  th e  d en sity  o f  c u ltu res d id  n o t  ch an ge  u n til th e  try p to p h a n  c o n ce n tra tio n  

ex ceed ed  80 /¿g./ml. G lu c o s e  a n d  M g S 0 4-7 H 20  h a d  v e ry  little  o r  n o  e ffect on  the g ro w th  

o f  B . subtilis. N u tr ie n t m ed ia  co n ta in in g  0-02 %  casein  h y d ro ly sa te , 0-5 %  g lu co se  a n d  

50 /¿g./ml. L -try p to p h a n  a n d  b u ffered  w ith  p h o sp h a te  a t d ifferen t p H  va lu es fro m  5-59 

to  8-04 w ere  u sed  fo r  th e  c u lt iv a tio n  o f  B acillu s subtilis  168. O p tim a l m u ltip lica tio n  o f  

th e  b a cteria  w a s fo u n d  in  n u trien t m ed iu m  a t p H  6-8-7-0.

T he effect o f  inoculum  size  on the growth o f  B acillus subtilis

T o  test th e  e ffect o f  in o cu lu m  size on  th e  g ro w th  o f  B acillu s subtilis  d ifferen t n u m b e rs  

o f  b a cteria  w ere  seeded in to  m ed ia  co n ta in in g  0-5 %  g lu co se , 0-04 %  case in  h yd ro lysa te ,, 

5 /¿g/.ml. L -try p to p h a n  a n d  8 0 %  (v/v) M/20 tr is -H C l b u ffer  a t p H  7-1. In c u b a tio n  w a s  

co n tin u ed  fo r  10 h r a n d  th e  g ro w th  cu rv es o b ta in ed  a re  sh o w n  in  F ig . 2.

T h e  b ig g e st in crease in  b a cte r ia l m ass w a s  fo u n d  w h e n  th e  lo w e st n u m b ers o f  

b a c te r ia  (2-95 x  io 6) w ere  in o cu la ted  in to  th e  m ed iu m  (F ig . 3). T h e  d a ta  a lso  sh o w  th a t  

th e  b a cteria  h a d  to  d iv id e  a t  lea st fo u r  tim es in  th e  case  o f  th e  sm a llest in o cu lu m , a n d  

o n ly  o n ce  in  th e  case  o f  th e  la rg e st on e. T h e se  resu lts a re  in  a greem en t w ith  th e  esti

m ates o f  d iv is io n  m a d e fr o m  th e  len gth s o f  th e  b a cte r ia l c h ain s fo u n d  d u rin g  cu ltiv a tio n .

T h e  ch an ges in  th e  g e n e ra tio n  tim es o f  th ese b a c te r ia  w ere  d ete rm in ec  fr o m  th e  

gro w th  cu rves o b ta in e d  in  th is sam e ex p erim en t a n d  are sh o w n  in  F ig . 4. T h is  fig u re



sh o w s c le a rly  th a t th ere are  b ig  d ifferen ces in  g e n e ra tio n  tim e fo r  b a cteria  in  cu ltu res 

g ro w n  fro m  d ifferen t sized  in o cu la .

Chain form a tion  by B acillus subtilis

W e  p a id  sp ecia l a tten tio n  to  ch ain  fo rm a tio n  b eca u se  B . subtilis  168 fo rm s lo n g  

ch ain s u n d er certa in  co n d itio n s. T o  o b ta in  a ccu ra te  c o lo n y  co u n ts in  tra n sfo rm a tio n  

exp erim en ts th e re fo re  it  is im p o rta n t t o  u se  susp en sion s o f  sin gle b acteria . In  liq u id  

M G Y  n u trien t m ed u im  ch ain s in creased  u p  to  th e  b eg in n in g  o f  th e  lo g . p h ase , b u t 

th e re afte r  sin gle  b a c te r ia  w ere  p ro d u c e d  (F ig . 5). C o lo n y  co u n ts g iv e  an  a ccu ra te  

estim ate  o f  th e  n u m b ers o f  v ia b le  b a cte r ia  in  th ese suspensions.
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Fig. x Fig. 2

Fig. 1 . Growth curve of Bacillus subtilis in 80 % (v/v) tris-HCl buffer at pH 7 -1 , 0-5 % (w/v) 
glucose, 5 /'g./ml. L-tryptophan and various concentrations of casein hydrolysate.
Fig. 2 . The effect of inoculum size on the growth of Bacillus subtilis in 80 % (v/v) tris-HCl 
buffer at pH 7-1 containing 0-5 % (w/v) glucose, 0 -0 4 % casein hydrolysate and 5 /tg./ml. 
tryptophan. The medium was inoculated from serial twofold dilutions of a suspension of 
3-8 x 10 8 bacteria/ml.

Transform ation procedure

D N A s e  w a s n o t  u sed  a fter  th e  15 m in. in cu b a tio n  p e rio d  w ith  D N A . I f  th e  tra n s

fo rm a tio n  system  d o es n o t co n ta in  try p to p h a n , tran sfo rm an ts d o  n o t ap p e ar. T h is  

w a s d em o n strated  b y  th e  fo llo w in g  exp erim en t.

T o  sam ples o f  T -m ed iu m , co n ta in in g  d ifferen t q u an tities  o f  try p to p h a n  a n d  2 fig. 

D N A / m l., e q u a l vo lu m e s o f  b a cte r ia l susp en sion s (0-2 o p tica l d en sity  un its) in  T -  

m ed iu m  w ith o u t try p to p h a n  w ere  a d d ed . T h e se  susp en sion s w ere sh a k en  fo r  15 m in . 

a t  3 70 an d  p la ted  o n  M G  a g a r  fo r  th e  re c o v e ry  o f  tran sfo rm an ts. T h e  results are  illu s

trated  in  F ig . 6. I t  a p p ears th a t tra n sfo rm a tio n  d o es n o t o ccu r  in  m ed ia  c o n ta in in g  v e ry
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sm a ll am o u n ts o f  try p to p h a n . P la tin g  s lo w ly  sto p s fu rth er tran sfo rm atio n s , b ecau se  

th e  try p to p h a n  b ecam e d ilu ted . In  c o n tro l exp erim en ts in  w h ich  th e  b acteria l su sp en 

sio n  d id  n o t co n ta in  a n y  D N A , try+ co lo n ie s  w ere n o t fo u n d  a t try p to p h a n  co n cen tra-

Competence in B. subtilis

Fig. 3 . Increase in the bacterial mass of Bacillus subtilis cultures started from different inocula 
calculated from the data in Fig. 2 .
Fig. 4 . Changes in the generation time of Bacillus subtilis in cultures started from different 
inocula calculated from the growth curves in Fig. 2 .

Numbers of bacteria in chains
0 0-3 0-6 1-2 2-5 5 10

Tryptophan Og /ml.)

Fig. 5  Fig. 6

Fig. 5 . Percentage distribution of chain length in 6  hr cultures of Bacillus subtilis. The bacteria 
were grown in MGY nutrient medium.
Fig. 6 . The effect of various concentrations of tryptophan on the yield of try+ transformants 
from Bacillus subtilis 168  try~.



tio n s u p  to  io  //.g./ml. F o r  th is reaso n  2-5 fig. tryp to p h a n /m l. w as used  in  T -m ed iu m  

fo r  tra n sfo rm a tio n .

T h e  th rea d -lik e  n atu re  an d  v isco s ity  o f  th e  D N A  m a k e  it  v e ry  d ifficu lt to  d ilu te  

a ccu ra te ly , and  even  a fter  d ilu tin g  w ith  g rea t care  th e  n u m bers o f  tran sfo rm a n ts  v a r y  

g re a tly  in  p a ra lle l exp erim en ts. T o  d eterm in e th is erro r 0 7 5  m l. o f  D N A  d ilu ted  in  

T -m e d iu m  w a s m easu red  in to  ea ch  o f  20 tu bes an d  0-25 m l. o f  a  co m p e te n t cell 

su sp en sio n  (o' r o p tica l d en sity  un its) ad d e d  to  ea ch  tu b e. T h e  fin a l co n ce n tra tio n  o f  

D N A  w a s 1 /'g./m l. A ft e r  in c u b a tio n  the m ix tu re  w a s  p la ted  o u t o n  M G  a g a r  fo r  

re c o v e ry  o f  tran sfo rm an ts. T h e  a vera g e  n u m b er o f  tran sfo rm an ts p e r  p la te  w a s 146 

w ith  a  sta n d a rd  d ev ia tio n  o f  ±  85.

V ia b le  co u n ts w ere d eterm in ed  o n  27 sam p les fro m  th e  sam e su sp en sion . T h e  a v e ra g e  

n u m ber o f  c o lo n ie s  p e r  p la te  w a s  100 w ith  a  sta n d a rd  d ev ia tio n  o f  + 23. T h e se  resu lts 

sh o w  th a t in  estim atin g  the n u m b er o f  tran sfo rm an ts there are  greater erro rs th a n  in  

estim atin g  the n u m b er o f  v ia b le  b a cte r ia . I f  th ere are  ch ain s o f  b a cteria  th e  a cc u ra c y  o f  

th e  v ia b le  c o u n t w ill b e  even  less.

D eterm ination o f  the tim e o f  developm ent o f  com petence

A  b a c te r ia l su sp en sio n  w as in o cu la te d  in to  M G Y  m ed iu m  a t  o - i o p tica l d en sity  

u n its  a n d  in cu b a ted  a t 3 7 0. A t  reg u la r  in terva ls  sam p les w ere  m o v e d  a n d  th e  c o m 

p eten ce  o f  th e  cu ltu re  a ssa ye d  b y  m ea su rin g  th e  n u m b er o f  tran sfo rm an ts o b ta in e d  b y  

th e  sta n d a rd  tra n sfo rm a tio n  p ro ced u re.

T h e  d ev e lo p m e n t o f  co m p eten ce  is sh o w n  in  F ig . 7  to g eth er w ith  th e  ch an ges in  th e  

ge n e ra tio n  tim es o f  th e  b a cte r ia  in  th ese  cu ltu res. T h e  sh ad ed  a re a  o f  th e  figu re 

represents th e  results o b ta in ed  fr o m  75  sam ples. It  is c le ar  th a t th e re  w a s som e 

re g u la rity  in  th e  d e v e lo p m e n t o f  co m p e ten ce  a n d  th a t it  w a s re lated  to  th e  ch an ge s in  

g e n e ra tio n  tim e. T h re e  p h ases ca n  b e  d ifferen tiated  in  th e  d ev e lo p m e n t o f  co m p eten ce , 

th e  ‘ s ile n t’ p h a se  (F ig . 7 A ,  B ), th e  ‘ r is e ’ p h ase  (F ig . 7 B ,  C )  an d  th e  ‘ d e c lin e ’ p h ase  

(F ig . 7 C ,  D ). T h e  m o st in terestin g  p o in ts  are  B , th e  b egin n in g, a n d  C , th e  p e a k  o f  

co m p eten ce.

T h e  steepn ess o f  the rise p h ase  o f  co m p e ten ce  w a s ch a ra cte rize d  b y  th e  tim e w h ic h  

w a s n ecessary  to  o b ta in  a  tw o fo ld  in crease in  co m p eten ce . T h is  v a lu e  c a n  b e  c a lc u la te d  

fro m  th e  fo llo w in g  e q u a tio n :
Q  =  t/N,

w h ere

C{ =  th e  tw o fo ld  in crease  o f  co m p eten ce  in  m in.

t =  the tim e o f  the rise p h ase  o f  co m p e ten ce  in  m in.

N  =  the n u m b er o f  tran sfo rm an ts a t  the p e a k  o f  co m p eten ce  in  lo g . to  th e  b ase  

2 units.

In  a ll th e  exp erim en ts th e  rise p e rio d s o f  co m p e ten ce  w ere  n o t q u ite  s tra ig h t lin es 

o n  a  sem ilo g arith m ic  p lo t , b u t  s ligh tly  cu rv ed . T h is  c le arly  sh o w s th a t m o re  th a n  on e 

fa c to r  in flu en ces co m p eten ce .

T h e developm ent o f  com petence in cultures inoculated with different num bers o f  b acteria

D iffe re n t n u m bers o f  b a cteria  w ere  in o cu la te d  in to  M G Y  m ed iu m . T h e  b a c te r ia l 

su sp en sion s w ere  in cu b a ted  in  a  w a ter  b a th  a t  3 70 o n  a  rec ip ro ca l sh aker. A t  re g u la r  

in terva ls  sam p les w ere r e m o v e d  an d  ad ju sted  w ith  Y -m e d iu m  to  o - i o p tica l d en sity  

u n its. T o  0-25 m l. o f  th is su sp en sion  0 7 5  m l. D N A  so lu tio n  w a s a d d e d ; th e  fin a l
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co n ce n tra tio n  o f  D N A  w a s a b o u t i  //g./ml. T h is  m ix tu re  w a s  sh a k en  fo r  15 m in. a t  

3 7 0 a n d  0-2 m l. w as th en  p la te d  o n  M G  a g a r  fo r  tra n sfo rm a tio n . F ig u re  8 sh o w s th e  

ch an ges in  o p tica l d en sity  a n d  th e  sh ad ed  a re a  o f  th e  fig u re  sh o w s th e  rise p h ase  o f  

co m p eten ce . F ro m  th is exp erim en t th e  ge n e ra tio n  tim es w ere  d eterm in ed  a n d  results 

in  F ig . 9 sh o w  th a t th e  sm aller th e  in o cu lu m  o f  b acteria , th e  sh o rter th e  tim e fo r  the

Competence in B. subtilis

Fig. 7 . Changes in generation time and the development of competence in cultures of 
Bacillus subtilis 168  try~. The shaded area represents the development of competence.
Fig. 8. Changes in optical density and the development of competence in cultures of Bacillus 
subtilis 168  try- inoculated with different numbers of bacteria. Bacteria/ml. at the start of 
the culture: curve 0 , 6-93 x io8; curve 1 , 2 -3 5 X 108; curve 2 , 5 '9ox io7; curve 3 , i-4 9 x io7; 
curve4 , 3 '7 2 x io6;curve5 , 9 -3 5 x io6;curve6 , i- i8 x io5;curve7 , 7 -4 5 x io3 ;curve8, i-oox 
io2. The shaded area represents the rise phase of competence.

Cultivation time (hr)

Fig. 9 Fig. to

Fig. 9 . The changes in generation time and rise phase of competence in cultures of Bacillus 
subtilis 168  try- inoculated with different numbers of bacteria. The dotted line represents the 
rise phase of competence. For details of inocula see Fig. 8 .
Fig. 10 . Development of competence in cultures of Bacillus subtilis 168  try- inoculated with 
different numbers of bacteria. For details of inocula see Fig. 8 .

rise p h ase  o f  co m p eten ce . T h e  ge n e ra tio n  tim e w a s a b o u t 4 5-60  m in. ex cep t fo r  the 

cu ltu re  w ith  the large st in o cu lu m . N e ste r  a lso  fo u n d  th a t o p tim al co m p e ten ce  w as 

o b ta in ed  fo r  cu ltu res w ith  a  gen era tio n  tim e o f  a b o u t 45 m in. (S p izizen , 1958).

C u rv es  sh o w in g  th e  d ev e lo p m e n t o f  co m p e ten ce  in  cu ltu res fro m  th is exp erim en t 

a re  sh o w n  in  F ig . 10. T h e  rise p h ase  o f  co m p e ten ce  w a s steep an d  ap p e ared  la te  in
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cu ltu res in o cu la te d  w ith  a  sm all q u a n tity  o f  b acteria . T h e  tim e w h ich  w a s  n ecessary  

fo r  a  tw o fo ld  in crease in  co m p eten ce  in  cu ltu res in o cu la ted  w ith  d ifferen t n u m bers o f  

b a cteria  is sh e w n  in  F ig . 1 1 ; it  w as v e ry  sh o rt fo r  cu ltu res started  w ith  a  sm all in o cu lu m  

o f  b acteria . T h e  n u m bers o f  tran sfo rm an ts sco red  a t th e  p e a k s  o f  co m p eten ce  a re  a lso  

g iv en  in  F ig . u .  O p tim a l co m p eten ce  ap p e ared  w h en  a b o u t io 6 bacteria/m l. w ere  in 

o cu lated  a t th e  b eg in n in g  o f  the exp erim en t. T h e  n u m b er o f  tran sfo rm an ts o b ta in ed  

d u rin g  th e  rise p h ase  o f  co m p e ten ce  is sh o w n  in  F ig . 12, as %  o f  th e  to ta l.

T h e  rise p h ase  o f  co m p eten ce  is sh o w n  in  F ig . 13 fo r  cu ltu re s started  w ith  d ifferen t 

b a cteria l in o cu la . T h e  u p p er lin e co n n ectin g  th e  p e a k s  o f  co m p eten ce  is s tra ig h t; ex cep t 

fo r  cu ltu res in o cu la te d  w ith  a  v e ry  la rg e  n u m b er o f  b acteria , it  w as ca lcu la te d  b y  the 

le a st sq u are  m eth o d .

0 1 2 3 4 5 6 7 8 9
Bacteria at the beginning of the 

experiment (log. /ml.)
Bacteria at the beginning of the 

experiment (log./ml.)

Fig. 1 1 Fig. 12

Fig. 1 1 . The time required for a twofold increase in competence and the number of trans
formants at the peak of competence for cultures of Bacillus subtilis 168  try- inoculated with 
different numbers of bacteria. -I----- 1 , increase in competence; •  —#, number of trans
formants.
Fig. 1 2 . The number of transformants in the rise phase of competence expressed as a 
percentage of the total number of transformants for cultures of Bacillus subtilis 168  try~ 
inoculated with different numbers of bacteria.

O n  th e  b asis o f  sim ple co n sid e ra tio n s an  e q u a tio n  w a s d e v e lo p e d  fro m  w h ich  it  is 

e a sy  to  c a lcu la te  a p p ro x im a te ly  th e  tim e n ecessa ry  to  o b ta in  o p tim a l co m p e ten ce  in  

a  c u ltu r e ;

C v =  (a — b).tgcc,

w h ere

Cj, — the tim e o f  in cu b a tio n  in  h r  to  rea ch  th e  p e a k  in  com p eten ce. 

a =  th e  d istan ce in  lo g . un its w h ere  th e  stra ig h t lin e  intersects th e  ab scissa  (in 
F ig . 13 a p p ro x im a te ly  11-26),

b =  th e  n u m b er o f  b acteria/m l. in  lo g . u n its in o cu la te d  in to  th e  m ed iu m , 

tgee =  th e  ta n g en t o f  th e  stra ig h t lin e  (in F ig . 13 a p p ro x im a te ly  0-95).

T h e  va lu es  o f  a  a n d  tga  sh o w  so m e v a r ia tio n  in  d ifferen t m ed ia , so  it is im p o rta n t 

to  sta n d a rd ize  exp erim en ta l co n d itio n s  in  th ese exp erim en ts. B u t even  u n d er stan d ard  

c o n d itio n s  there is som e v a r ia tio n  in  th e  tim e req u ired  to  rea ch  o p tim a l co m p eten ce  

w h en  ca lcu la te d  a cc o rd in g  to  th e  eq u a tio n . T h e  h igh er th e  in o cu lu m  o f  b a c te r ia  the 

sm aller the erro r. W h e n  a  sm all n u m b er o f  b a cteria  w ere in o cu la ted , th e  erro r w a s a b o u t 

±  5 to  10 m in. In  th ese c ircu m stan ces th e  p e a k  o f  co m p eten ce  ca n  o n ly  b e  ca lcu la te d  

a p p ro x im a te ly  b ecau se  th e  rise p h ase  o f  co m p eten ce  is sh o rt— a b o u t 15-2 0  m in .



In  p ra ctice  it  w a s  e a sy  to  d eterm in e o p tim a l co m p e ten ce  b y  c o n tro llin g  th e  o p tica l 

d en sity  o f  th e  b a c te r ia l su sp en sio n . In  F ig . 14  th e  o p tic a l d en sity  va lu es  are  sh o w n  a t 

the sta rt a n d  a t th e  p e a k s  o f  co m p e ten ce  fo r  cu ltu res in o cu la te d  w ith  d ifferen t n u m b ers 

o f  b acteria . T h e  lo w e r  c u rv e  in  F ig . 14  co n n ects  th e  p o in ts  a t  th e  b eg in n in g  o f  co m p e ten ce  

a n d  th e  u p p e r  cu rv e  co n n ects  th e  p o in ts  a t  th e  p e a k s  o f  co m p e ten ce . U s in g  th e  u p p er 

cu rv e  th e  o p tim a l va lu es  o f  co m p e ten ce  ca n  b e  d eterm in ed  w ith  a  d e v ia tio n  o f  ±  2 to  
3 m in.
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Bacteria at the beginning of the Bacteria at the beginning of the
experiment (log./ml.) experiment (log./ml.)

Fig. 13  Fig. 14

Fig. 1 3 . Time required to reach the rise phase of competence in cultures of Bacillus subtilis 
168  try~ inoculated with different numbers of bacteria.
Fig. 1 4 . Optical density values at the start and at the peaks of competence for cultures of 
Bacillus subtilis inoculated with different numbers of bacteria.

I sh o u ld  lik e  to  exp ress m y  g ra titu d e  to  D ire c to r  D r  B . G y o r ffy  fo r  h is v a lu a b le  

in stru ctio n  a n d  to  I. K a lla y  fo r  h er ex p ert te ch n ica l assistan ce.
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SUMMARY

Iso la te d  lip o p o ly sa c c h a r id e  fr o m  a  ro u g h  m u ta n t o f  Salmonella minnesota 
w a s sh o w n  to  a c t as a  recep to r fo r  F e lix  0 -1  b a cte r io p h a g e . T h e  iso la ted  
recep to r stru ctu re c o u ld  b e  d isso c ia ted  b y  so d iu m  d e o x y ch o la te  w ith  su bse
q u en t lo ss  o f  rece p to r  a ctiv ity . W h e n  th e  d e o x y c h o la te  w a s re m o v e d  b y  
d ia ly sis  the rece p to r  a c tiv ity  w a s resto red . U ltra s o n ic  trea tm en t d estro y ed  
th e  rece p to r  a ctiv ity  a n d  e lectro n  m icro g ra p h s in d icated  th a t th e  u ltra so n ic  
trea tm en t h a d  a ltered  th e  stru ctu re o f  th e  lip o p o ly sa c c h a r id e . T h e  exp erim en ts 
su ggest th a t th e  in a c tiv a tio n  o f  p h ag es ca n  b e  u sed  as a  test o f  th e  b io lo g ic a l 
a c tiv ity  o f  a  lip o p o ly sa cch a rid e . T h e  in tera ctio n  b etw e en  th e  0 -1  p h a g e  an d  
th e  recep to r stru ctu re  w a s a lso  stu d ied  w ith  the a id  o f  e lectro n  m icro sco p y.

INTRODU CTION

T h e  so m a tic  p o ly sa cch a rid e  a n tigen s in  th e  cell w a ll o f  en tero b acte ria  w ere sh o w n  

to  a c t as recep to rs fo r  b a cter io p h a g es  b y  L e v in e  &  F risch  (1933 a , b, 1934) an d  B u rn et 

(19 3 4 ). W e id e l (19 5 1) a n d  H o tch in , D a w s o n  &  E lfo rd  (1952) o b served  th e  d ire ct 

a tta ch m e n t o f  p h ag es to  iso la ted  cell w a lls  b y  ex a m in a tio n  in  th e  e lectro n  m icro sco p e . 

S in ce th en , th e  b in d in g  o f  p h ag es  to  iso la ted  cell w a lls  as w ell as to  p u rified  rece p to r  

stru ctu res h a s b een  o b serve d  fo r  a  v a r ie ty  o f  G ra m -p o sitiv e  an d  G r a n - n e g a t iv e  

b acteria .

F e lix  o—1 p h ag e  (F e lix  &  C a llo w , 1943) lyses 96-99-5 %  o f  S a lm o n ella  stra in s stu d ied  

(C h e rry , D a v is , E d w a rd s  &  H o g a n , 19 5 4 ; T h a i &  K a llin g s , 19 5 5; S e id e l, 1956). S o m e 

d eta ils  o f  the p a rticu la r  re latio n sh ip  b etw e en  th e  0 -1  p h ag e  an d  sa lm o n e lla s  h a v e  been  

in v estig a ted  (K a llin g s , 19 6 7; K a llin g s  &  L in d b e rg , 1967). T h e  0 -1  p h a g e  a d so rb s  to  

an d  lyses th e  ro u g h  m u ta n t Salmonella minnesota r 6o, w h ile  it  d o es n o t  a d so rb  to  o r  

ly se  a n o th er ro u g h  m u ta n t S. minnesota R 345. A c c o r d in g  to  ch em ical a n alysis  (L iid e r- 

itz  et al. 1965) th e  d ifferen ce b etw een  these tw o  ro u g h  o rgan ism s is th a t th e  p o ly 

sa cch a rid e  o f  stra in  r 6o co n ta in s  2 -k eto -3 -d eo x y o cto n a te  ( K D O ) ,  h ep to se, g a la cto se , 

g lu co se  a n d  g lu co sa m in e , w h erea s th e  p o ly sa c ch a rid e  o f  strain  R 345 co n ta in s  o n ly  

K D O ,  h ep to se , g a la c to se  a n d  g lu co se .

A s  sh o w n  b y  O ro sz la n  &  M o r a  (1963) a n d  R ib i et al. (1966) su rface-a ctive  

agen ts su ch  as so d iu m  la u ry lsu lp h a te  a n d  so d iu m  d e o x y c h o la te  h a v e  th e  a b ility  to  

d isso ciate  en d o to x in s. T h e  p o ly sa cch a rid e  a n d  lip o p o ly sa c c h a r id e  co m p lex e s  are  

d isso ciated  in to  su b u n its w ith  co n c o m ita n t lo ss  o f  b io lo g ic a l a ctiv ity . W h e n  th e  a g en t 

is rem o v ed  th e  su b u n its rea ggreg ate  to  m a cro m o le c u la r  co m p lex e s a n d  th e  b io lo g ic a l 

a ctiv ity  reap p ears.
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T h e  p resen t p a p e r fo rm s p a rt o f  th e  studies o n  p h a g e  o - i  a n d  S a lm o n ella  in itia te d  

b y  D r  L . O . R a ilin g s , a n d  d escrib es th e  iso la tio n  fr o m  Salmonella minnesota o f  a  

lip o p o ly sa c c h a r id e  recep to r stru ctu re  fo r  p h a g e  o - i .  T h e  recep to r a c t iv ity  o f  th e  is o 

la te d  m a teria l w a s m easu red  b y  its in a c tiv a tio n  o f  th e  o - i  p h age. T h e  d e p o ly m e riz a 

t io n  o f  th e  rece p to r  stru ctu re b y  so d iu m  d e o x y c h o la te  w a s  fo u n d  to  b e  co rre la te d  

w ith  a  d ecrease  in  th e  o - i  p h a g e -in a ctiv a tin g  c a p a c ity  o f  the p re p a ra tio n . U p o n  

re m o v a l o f  th e  su rface-a ctive  a gen t the o - i  p h a g e -in a ctiv a tin g  a b ility  w a s  p a r tly  

resto red . T h e  e ffect o f  u ltra so n ic  trea tm en t o f  th e  re ce p to r  stru ctu re w a s ex a m in ed  

a n d  th e  in tera ctio n  b etw e en  th e  o - i  p h a g e  a n d  th e  recep to r stru ctu re  stu d ied  b y  e le c

tro n  m icro sco p y .

226

METHODS

Bacteria. Salmonella minnesota stra in s r 6o a n d  R 345 w ere o b ta in ed  fro m  D r  L . O . 

L iid e r itz  (M a x -P la n c k -In stitu t fiir  Im m u n b io lo g ie , F re ib u r g , G e rm a n y ).

Phage. F e lix  0 -1  p h a g e  w a s p ro p a g a te d  o n  Salmonella paratyphi stra in  B 76  b y  th e  

a g a r  la y e r  m eth o d  (A d a m s, 1959). T h e  p h ag e  w a s p u rified  a n d  co n cen tra ted  b y  a lte r

n ate  cyc les  in  a  C h ris t  O m e g a  p re p a ra tiv e  u ltra cen tr ifu g e  a t  5000 g  to  sed im en t d eb ris, 

a n d  a t 30,000 g  to  sed im en t p h ag e . T h e  p h a g e  p e lle t w a s su sp en ded  in  o -o i M -phos- 

p h a te  b u ffer  (p H  7-2). T h e  p u rified  s to ck  h a d  a  titre  o f  2-6 x  io 10 p la q u e -fo rm in g  u n its 

(p .f.u ./m l.). T h e  p h ag e  su sp en sio n  w a s  sto red  a t + 4 0.

Media. T h e  defin ed  g lu co se  +  salts m ed iu m  M  9 A d a m s  (1959) w a s u sed  fo r  c o n 

tin u o u s cu lt iv a tio n  o f  sa lm o n e lla  strain s. T h is  m ed iu m  w ith o u t g lu co se  w a s u sed  in  

the 0 -1  p h ag e  in a ctiv a tio n  exp erim en ts a n d  as a  d ilu en t. N u tr ie n t b ro th  (D ifco )  w a s 

used  fo r  th e  g ro w th  o f  Salmonella paratyphi B 76.

Preparation o f lipopolysaccharide. A c e to n e -k ille d  a n d  d rie d  b a c te r ia  w ere ex tra cte d  

b y  a  m o d ifica tio n  o f  th e  p h en o l-(-w a ter m eth o d  o f  W estp h a l, L iid e ritz  &  B ister (1952). 

T h e  co lle cted  a q u e o u s lay e rs w ere w a sh e d  five  tim es w ith  ch illed  eth er to  rem o v e  

resid u al p h en o l. N itro g e n  w a s p assed  th ro u g h  th e  so lu tio n  to  re m o v e  eth er. T h e  

o p alesce n t so lu tio n  w a s freeze-d ried . A  2 %  (w /v) su sp en sion  o f  th e  m a teria l in  d istilled  

w a ter  w a s cen trifu g ed  a t 105,000 g  fo r  4 h r in  a  C h ris t  O m e g a  p re p a ra tiv e  u ltra 

cen trifu ge. T h e  sed im en t w a s w a sh ed  tw ice  w ith  w a te r  a n d  recen trifu g ed . T h e  p e lle t 

w a s freeze-d ried . T h is  lip o p o ly sa c c h a rid e  p re p a ra tio n  (L P S ) w a s  u sed  in  th e  e x p e ri

m ents.

Inactivation o f phage 0-1 by the lipopolysaccharide. T h e  L P S  w as d ilu te d  in  m ed iu m  

M  9 in  tw o fo ld  d ilu tio n  steps. T h e  0 -1  p h ag e  w a s  d ilu ted  in  m ed iu m  M  9 to  2 x i o 3 

p .f.u ./m l., w h ich  w a s  th e  co n ce n tra tio n  u sed  fo r  in a c tiv a tio n  exp erim en ts. O n e  m l. 

o f  ea ch  L P S  d ilu t io n +  i-o  m l. 0 -1  p h a g e  su sp en sion  w ere  m ix ed  an d  in cu b a ted  in  a  

w a ter  b a th  a t  3 7 0 fo r  60 m in. A s s a y  o f  u n a d so rb ed  0 -1  p h a g e  w a s p e rfo rm ed  b y  a d d in g

i-o  m l. o f  th e  L P S + p h a g e  m ix tu re  to  8-5 m l. m elted  o-6 (w/v) a g a r  an d  0-5 m l. o f  

a  4 h r  b ro th  cu ltu re  o f  the in d ica to r  strain  (Salmonella paratyphi B 76 ). T w o  m l. o f  th is 

m ix tu re  w a s p o u re d  on  a g a r  p lates . A ft e r  o v e rn ig h t in c u b a tio n  a t 3 7 0, th e  p la q u e  

n u m bers w ere  reco rd e d . T h e  exp erim en ts w ere  d o n e  in  d u p licate . T h e  in a c tiv a tio n  o f  

th e  0 -1  p h ag e  w as d eterm in ed  b y  co m p a rin g  w ith  co n tro ls  w h ere the L P S  w a s rep la ce d  

b y  th e  d efin ed  M  9 m ed iu m . T h e  a c t iv ity  o f  th e  lip o p o ly sa c c h a rid e  w a s exp ressed  

as th e  co n cen tra tio n  o f  L P S  (d ry  w t/vo lu m e) ca u sin g  50 %  in h ib itio n  o f  th e  0 -1  

p h ag e  u n d e r th e  ex p erim en ta l co n d itio n s  ( P h i50; B eu m er &  D irk x , i960).

Treatment o f lipopolysaccharide with sodium deoxycholate (S D C ). T h e  L P S  w as



d isso lv ed  as c o m p le te ly  as p o ssib le  in  o - i M -tr is + H C l b u ffer  (p H  8-o). S D C  d isso lv ed  

in  o - i M-tris b u ffer  w a s  a d d e d  to  th e  L P S  so lu tio n  to  a  fin a l co n ce n tra tio n  o f  0-5 % . 

T h e  m ix tu re  w a s k e p t a t  4 0 o v ern ig h t. T h e  L P S  +  S D C  su sp en sion  w a s d ia ly se d  th ree  

tim es a g a in st o -i M -tris-buffer (p H  8-o) fo llo w e d  b y  d ia ly sis  five  tim es a g a in st m ed iu m  

M  9 (p H  7 '4  a t  4°).

U ltrasonic treatm ent o f  lip op olysaccharide. T h e  L P S  w a s d isso lv ed  as co m p le te ly  

as  p o ssib le  in  d istilled  w a te r  to  g iv e  a  o-8 %  (w /v) su sp en sion . T h e  su sp en sio n  w a s  k e p t 

in  an  ice-w ater  b a th  a n d  w a s trea ted  in  a  w a te r-co o le d  M .S .E . (M e a su rin g  &  S cien tific  

E q u ip m e n t L td , L o n d o n ) 500 W . u ltra so n ic  d is in te g ra to r  a t  20 kc./s. fo r  5 m :n. D u r in g  

th is p ro ce d u re  th e  te m p eratu re  d id  n o t rise a b o v e  46°. A  sam p le  w a s rem o v ed  an d  

tested  im m ed iate ly  fo r  0 -1  p h a g e  in a ctiv a tin g  a b ility  a n d  ex a m in ed  in  th e  e lectro n  

m icro sco p e .

E lectron  m icroscopy. T h e  n ega tiv e-sta in in g  te ch n iq u e (B ren n er &  H o rn e , 1959) w ith  

2 %  (w /v) so d iu m  tu n gstic  s ilica te  ( S T S ; p H  7-2) as th e  sta in in g  m ed iu m  w a s  used. 

F o r  in crea sin g  th e  sp rea d in g  q u a lity  o f  th e  su sp en sio n  o -i %  (w /v) b o v in e  serum  

a lb u m in  w a s a d d e d  to  th e  S T S  so lu tio n . A  th in  la y e r  o f  ca rb o n  w a s e v a p o ra te d  o n  to  

th e  su rface  o f  400-m esh F o rm v a r-c o a te d  sp ecim en  grid s, fro m  w h ich  the F o r m v a r  

w a s  su b seq u en tly  d isso lv ed  a w a y  w ith  a m y l acetate . T h e  p h a g e  a n d  lip o p o ly sa c c h a rid e  

m a teria ls  w ere  m ix ed  w ith  S T S  an d  a p p lied  as a  d ro p  on  to  th e  sp ecim en  grid . T h e  

so lu tio n  rem ain ed  o n  th e  grid s fo r  6 0 -12 0  sec. b e fo re  th e  excess liq u id  w a s w ith d ra w n , 

le a v in g  a  th in  film . T h e  sp ecim en s w ere  ex a m in ed  w ith  a  J E M - 5  Y  e lectro n  m icro sco p e  

a t a  m a g n ifica tio n  o f  x  40,000.
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RESULTS

L ip o p o ly s a c c h a r id e  p re p a ra tio n s  fro m  Salm onella  m innesota  strain s r 6o a n d  

r  345 w ere  tested  fo r  th e ir  in a ctiv a tin g  c a p a c ity  to w a rd s  p h ag e  o - x . T h e  exp erim en ts 

w ere  m a d e  in  a  sa lt so lu tio n  ( M  9 m ed iu m  w ith o u t g lu co se) w h ich  g a v e  a  m a x im u m  

a d so rp tio n  o f  the 0 -1  p h ag e. F ig . 1 sh o w s th a t th e  co n ce n tra tio n  o f  L P S  fro m  strain  

r 6o n ecessa ry  to  in a ctiva te  5 0 %  o f  th e  p h a g e  ( P h i50) va ried  fro m  0-4 to  0-9 //g. 

L P S /m l. fo r  d ifferen t p rep ara tio n s . R e p e a te d  exp erim en ts w ith  L P S  fro m  stra in  R 345 

sh o w e d  n o  in a ctiv a tio n  o f  the 0 -1  p h a g e , even  in  susp en sion s c o n ta in in g  1 -o m g. 

L P S /m l. T h e se  exp erim en ts su ggest th a t L P S  fro m  strain  r 6o a cted  as a  rece p to r  fo r  

th e  0 -1  p h a g e  w h ile  L P S  fro m  s tra in  R 345 d id  n o t.

T h e  in te ra ctio n  b etw e en  th e  p h a g e  a n d  re ce p to r  w a s  o b serve d  w ith  th e  e lectro n  

m icro sc o p e . P la te  1 , figs. 1, 2 sh o w  th e  0 -1  p h a g e  w ith  a  p o ly h e d ra l h ea d , 60 m y  in  

d iam eter, a  ta il 9 0 -10 0  m y  len g th  w ith  a  b ase  p la te  2 5  m y  w id e  w ith  6 ta il fibres, 

ge n e ra lly  exten d ed . P la te  1, fig. 3 sh o w s th e  0 -1  p h ag e  ad so rb ed  o n  to  L P S  o f  strain  

r 6o . T h e  L P S  is seen as lo n g  filam en ts several m icro n s in  len gth  an d  60-90 A  w id e. 

T h e  0 -1  p h a g e  h ea d  is em p ty , c le a rly  sh o w in g  its p o ly h e d ra l shape, the ta il sh eath s 

h a v e  co n tra cte d  to  a  len gth  o f  a b o u t 5o'm /i. T h e  co n tra cted  sheath s d isp la y  lo n g itu d in a l 

str ia tio n s in  c o n tra st to  th e  cro ss striatio n s seen in  ex ten d ed  ta il sheath s. N c  ta il fib res 

are  v isib le . P la te  2 , fig . 4  sh o w s th e  0 -1  p h a g e  a n d  L P S  fro m  strain  R3 4 5 . T h e  L P S  

fro m  R34 5  sh o w s the sam e m o d a l p a ttern  as the L P S  o f  r 6o , w ith  lo n g  filam en ts o f  a  

rath er u n ifo rm  w id th . N o n e  o f  the p h ag es  h as b een  a d so rb ed  on  to  th e  L P S ; th e y  are  

seen w ith  u n co n tra cte d  ta il sheaths.

1 5 - 2
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Fig. i. The o-i phage inactivating capacity of different samples of phenol+ water-extracted 
lipopolysaccharides from Salmonella minnesota strain r 6o. The activity of the lipopoly
saccharide tLPS) is expressed as the concentration of LPS (dry wt./vol.) necessary to in
activate 50 % of the phage (Phi50). x — x , P h i50 =  0-91 fig. LPS/ml.; O—O, P h i50 =  
0-73 fig. LPS/ml. • — • ,  P h i50 = 0 51 fig. LPS/ml.; A —A, P h i50 =  0-36 fig. LPS/ml.

fig. LPS/ml.

Fig. 2 . Action of sodium deoxycholate on lipopolysaccharide (LPS) from Salmonella 
minnesota strain r 6 o .  The 0 - 1  phage inactivating capacity of the LPS is expressed as 
Phi 50 . O—O, LPS of strain r 6 o  treated with deoxycholate, Phi 50 =  2750  fig. LPS/ml. 
When the deoxycholate concentration was 0-06 % (corresponding to LPS 1 3 7 5  /¿g./ml.) no 
inactivation of the 0 -1  phage was observed. After dilution of deoxycholate to less than 
0-03 % the phage inactivating ability was restored. • — # . LPS of strain r 6 o  where the 
deoxycholate was removed by dialysis; P h i50 =  1 1 0 /tg. LPS/ml.; A —A, LPS of strain 
r 6 o  after further treatment by phenol +  water extraction, Phi 50 =  1 7  fig. LPS ml.
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Treatment o f lipopolysaccharide from strain r 6 o with sodium deoxycholate (SDC)
L y o p h iliz e d  L P S  fr o m  stra in  r 6 o  w a s d isso lv ed  in  o - i M -tris-buffer (p H  8-o) a n d  

S D C  a d d e d  to  a  fin a l co n ce n tra tio n  o f  0-5 %  (w /v). A f t e r  a d d itio n  o f  S D C  th e  o p a l

escen ce o f  th e  L P S  su sp en sio n  d isa p p e ared  a lm o st co m p lete ly . T h e  P h i  50 o f  th e  L P S  

fr o m  stra in  r 6 o  p re p a ra tio n  w a s 0-5 /tg./ml. A d d it io n  o f  S D C  resu lted  in  a  d ra m a tic  

d ecre ase  in  th e  0 -1  p h a g e  in a ctiv a tin g  a b ility  to  a  P h i  50 v a lu e  c o rresp o n d in g  to  2750 

pg. L P S /m l. (F ig . 2). W h e n  th e  c o n ce n tra tio n  o f  S D C  w a s d ilu ted  w ith  M  9 m ed iu m  

to  less th a n  0-03%  th e  rece p to r  a c tiv ity  o f  th e  L P S  w a s  resto red . N o  d ecrease in  th e  

in fe ctiv ity  o f  th e  0 -1  p h a g e  w a s o b served  in  c o n tro l exp erim en ts w ith  0-5 %  (w/v) 

S D C ,  n o r  d id  th is co n ce n tra tio n  in terfere  w ith  th e  a d so rp tio n  o f  th e  p h a g e  to  sen sitive 

b acteria .

Fig. 3 . Effect of ultrasonic treatment of lipopolysaccharide from Salmonella minnesota 
strain r 6o. The 0 - 1  phage inactivating capacity of the LPS is expressed as Phi 50 . • — • ,
LPS of strain r 6o before ultrasonic treatment; P h i50 =  0-35 /¿g. LPS/ml.; A— A, LPS of 
strain r 6o after 5 min. ultrasonic treatment, Phi 50 =  3 5  /ig. LPS/ml.

T h e  d e o x y c h o la te  w a s  rem o v ed  b y  d ialysis  a g a in st o - i M-tris b u ffer  an d  a g a in st th e  

defin ed  m ed iu m  M  9. T h e  d ia ly sis  a g a in st m ed iu m  M  9 resto red  th e  o p tim a l c o n d i

tio n s  fo r  0 -1  p h a g e  a d so rp tio n . T h e  in a ctiv a tin g  c a p a c ity  o f  th e  L P S  su sp en sion  

in crea sed  a fte r  d ia ly sis  to  a  P h i  50 c o rre sp o n d in g  to  1 1 0 / ig . L P S /m l. A fte r  trea tm en t 

o f  th e  d ia ly sed  L P S  su sp en sio n  w ith  p h en o l, th e  in a ctiv a tin g  a b il i t y  w a s fu rth e r  in 

cre ase d  to  a  P h i  50 v a lu e  co rre sp o n d in g  to  17  /ig. L P S /m l.

T h e  p ro cesses w ere  d ire ctly  o b serve d  b y  e le c tro n  m icro sco p y . In ta ct L P S  o f  r 6 o  

a p p e a re d  as lo n g  filam en ts w ith  a  u n ifo rm  w id th  (PI. 1, fig. 3). W h e n  th is L P S  o f  r 6 o  

w a s trea ted  w ith  0-5 %  S D C  th e  filam en ts d isso cia ted  in to  elem ents w h ich  c o u ld  n o t  

b e  seen  w ith  th e  e lectro n  m icro sco p e , i.e . th e  d e o x y c h o la te  w h ic h  h a d  d ried  o n  th e  

g rid  co v e re d  th em . H o w e v e r, w h en  th e  d e o x y c h o la te  w a s rem o v ed  b y  d ia ly sis  th e  

elem ents re-asso cia te d  in to  u n its  w h ic h  c o u ld  b e  o b serve d  as a  p o p u la tio n  o f  sh o rt 

ro d s, sp h erica l a n d  irre g u la r  p a rtic les  (PI. 2, fig . 5). T h e  size v a r ie d  fr o m  100 to  400 A .

T h e  d isso ciated  r 6 o  lip o p o ly sa c c h a r id e  w a s  fu rth er a g g reg a ted  w h en  th e  su sp en sion
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w a s trea ted  b y  p h e n o l+ w a ter  ex tra ctio n . P la te  2, fig. 6 sh o w s a  rep resen tative fie ld ; 

som e filam en ts a re  m o re  th a n  1000 Â  lo n g  and  th ere are  ro d s fro m  300 to  500 Â  lo n g . 

T h e  w id th  o f  the filam en ts v a ried  fro m  60 to  100 Â .  T h e re  w ere a lso  m a n y  sp h erica l 

p a rtic les  m easu rin g  a ro u n d  250 Â  in  d iam eter. T h e  sm allest o b served  u n its o f  lip o 

p o ly sa cch a rid e  r 6o w h ich  a d so rb ed  p h ag es  m ea su red  fro m  200 to  300 Â.

Ultrasonic treatment o f lipopolysaccharide o f strain r 6 o

U ltra s o n ic  trea tm en t o f  L P S  o f  stra in  r 6o d ecreased  its 0 -1  p h a g e  in a c tiv a tin g  

c a p a c ity  to  a b o u t 1 %  o f  th a t o f  th e  o rig in a l p re p a ra tio n  (F ig . 3). T h e  P h i  50 v a lu e  

in crea sed  fro m  0-4 /ig. L P S /m l. to  35 /tg. L P S /m l.

E le c tro n  m icro g ra p h s o f  p rep ara tio n s  b efo re  a n d  a fter  u ltra so n ic  trea tm en t sh o w e d  

g rea t va riatio n s. T h e  filam en ts h a d  d isin tegra ted  in to  ro d s  a n d  sp h erica l p a rtic les . 

P la te  2, fig . 7 is a n  e lectro n  m icro g ra p h  sh o w in g  a  rep resen ta tive  fie ld  w ith  som e ro d s  

fro m  600 to  900 Â  lo n g . T h e  m a jo rity  o f  p a rtic les  w ere  ro d s fro m  150 to  240 Â  lo n g  

a n d  fro m  60 to  80 Â  w id e. S p h erica l p a rtic les  o f  d iam eter a b o u t 100 Â  co u ld  b e  seen.

DISCUSSION

In vestiga tio n s carried  o u t in  m a n y  la b o ra to rie s  (B eck m a n n  et al. 1964; N ik a id o  

et al. 1964 O sb o rn  et al. 1964; L ü d e ritz  et al. 1965) led  to  th e  h y p o th esis  first p r o 

p o se d  b y  D a v ie s  (i9 6 0 ), K a u ffm a n n  et al. (i9 6 0 ) a n d  K a u ffm a n n  et al. (19 6 1) th a t th e  

O  an tigen  in  S a lm o n ella  co n ta in s a  cen tra l co re  o f  lip o p o ly sa cch a rid e  c o m m o n  to  a ll 

th e  sa lm o n ellas  ex a m in ed  so  fa r. A n tig e n ic  d eterm in an ts a tta ch e d  to  th is co re  g iv e  

th e  d ifferen t S a lm o n ella  species th e ir  se ro lo g ica l sp ecific ity . T h e  0 -1  p h ag e, w h ich  

a d so rb s  to  b o th  S  fo rm s a n d  to  a  certa in  class o f  R -m u ta n ts, p ro b a b ly  a ttach es to  a  

c e ll  w a ll stru ctu re w h ic h  is c o m m o n  in  S a lm o n ella . A s  sh o w n  here in  th e  in a ctiv a tio n  

exp erim en ts a n d  th e  e lectro n  m icro g ra p h s th e  iso la te d  lip o p o ly sa cch a rid e  fro m  Salmon
ella minnesotc stra in  r 6o acts as a  recep to r stru ctu re fo r  th e  0 - 1  p h age.

T h e  n o n -red u cin g  A -a ce ty l-n -g lu co sa m in e  u n it w h ich  p ro b a b ly  term in ates th e  p o ly 

sa cch a rid e  co re  in  Salmonella minnesota r 6o m a y  d eterm in e th e  sp ecific ity  o f  the 0 -1  

p h ag e  recep to r. T h e  o n ly  d ifferen ce b etw een  S. minnesota r 6o an d  stra in  R345 so  fa r  

d etected  is th a t r  345 la c k s  th e  g lu co sa m in e  u n it in  th e  p o ly sa cch a rid e  (L ü d e ritz  et al.
1965). A s  su ggested  b y  the in a ctiv a tio n  exp erim en ts an d  seen  w ith  th e  e lectro n  m icro 

sco p e th e  lip o p o ly sa c c h a rid e  o f  stra in  R 345 d o es n o t cau se  c o n tra ctio n  o f  th e  ta il 

sh eath  o f  the c - i  p h a g e . T h e  term in a l A -a ce ty l-D -g lu co sa m in e  u n it m a y  in  fa c t  m ed ia te  

th e  a d so rp tio n  o f  the 0 -1  p h a g e  to  the lip o p o ly sa cch a rid e . T a y lo r  (1966) fo u n d  th a t th e  

a d so rp tio n  o f  V i-p h a g e  I I  to  the V i-p o ly sa c c h a rid e  o f  S. typhi w as fo llo w e d  b y  an  

e n zy m ic  d e -a ce ty la tio n  o f  th e  p o ly sa cch a rid e . T h e  en zy m e, situ ated  o n  the tip  o f  th e  

V i-p h a g e  ta il, sp lit O -a ce ty l as w ell as A -a c e ty l g ro u p s b y  h yd ro lysis .

R ib i et al. (1966) h a ve  fo u n d  th a t so d iu m  d e o x y c h o la te  can  d isso ciate  l ip o p o ly 

sa cch a rid e  en d o to x in s fro m  G ra m -n e g a tiv e  b a cteria  in to  su bu n its w ith  m o le c u la r  

w eigh ts o f  a b o u t 20,000, w ith  a  su b seq u en t lo ss  o f  a b ility  to  p ro d u ce  fev er  in  ra b b its . 

T h e  b io lo g ic a l a c tiv ity  rea p p eared  w h en  th e  d e o x y c h o la te  w as rem o ved . T h e ir  fin d in gs 

su ggested  a n o th er w a y  o f  testin g  h o w  the in teg rity  o f  th e  lip o p o ly sa cch a rid e  stru ctu re  

o f  Salmonella minnesota r 6o is related  to  0 - 1  p h a g e  recep to r a ctiv ity . B y  tre a tm e n t o f  

th e  rece p to r  stru ctu re w ith  d e o x y c h o la te  th e  p h a g e  in a ctiv a tin g  c a p a c ity  d ecreased  to  

less th a n  o -i %  o f  th a t o f  the o rig in a l lip o p o ly sa cch a rid e  su sp en sion  (F ig . 2). T h e
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failure of the subunits to adsorb the o-i phage can be explained in at least two 
dilferent ways: (i) the adsorption of the phage to the subunits is blocked by the 
presence of deoxycholate; (ii) the subunits are too small to contain a single complete 
site of attachment to the phage. When the concentration of deoxycholate was diluted 
to less than 0-03 % the phage inactivating capacity was restored. This concentration 
may be too low either to block adsorption of phage or to keep the subunits dissociated. 
When the deoxycholate was removed by dialysis the subunits recombined to form 
complete receptor structures. The phage inactivating capacity could be further 
increased by phenol treatment. The experiments suggest that the inactivation of phages 
can be used as a simple test of the biological activity of a lipopolysaccharide along 
with other methods, e.g. toxicity and fever response in rabbits.

The smallest units which were found to cause ejection of the 0-1 phage nucleic acid 
and contraction of its tail sheath measured from 200 to 300 À of length. Ribi et al.
(1966) have found particles of the same size to have molecular weights ranging from
500,000 to 1,000,000. As a comparison, the soluble lipopolysaccharide receptor 
structure for coliphage T4 in Shigella sonnei varied from 50 to 100 Â in size (Jesaitis & 
Goebel, 1953). The Escherichia coli b receptor structure of phage T 5, which contained 
a core of lipopolysaccharide covered with lipoprotein, has a spherical shape around 
315 Â (Weidel & Kellenberger, 1955).

Ultrasonic treatment caused a decrease in the 0-1 inactivating capacity of Salmon
ella minnesota r 6o lipopolysaccharide. The observed gross morphological changes of 
the lipopolysaccharide of strain r 6o after ultrasonic treatment might explain the 
difference in 0-1 phage inactivating capacity of the two suspensions. Whereas un
treated lipopolysaccharide offered a receptor structure for the phage, ultrasonic 
treatment disintegrated the lipopolysaccharide into smaller units with no inactivating 
capacity. The residual inactivating capacity after disintegration might be explained 
by the presence of the remaining rods still retaining intact receptor sites.

Investigations on the 0-1 phage receptor have been made by the author cn some of 
the Salmonella typhimurium mutant strains used by Subbaiah & Stocker (1964). 
Isolated lipopolysaccharides from strains containing the terminal acetyl-glucosamine 
unit inactivated the 0-1 phage, whereas lipopolysaccharides from strains lacking the 
amino sugar did not. Thus, strains containing the central core in S. minnesota and 
S. typhimurium offer a receptor for the o-x phage provided that the terminal acetyl- 
glucosamine unit is present. If the central core in Salmonella represents a receptor for 
the o—1 phage, the chemical configuration of the lipopolysaccharides of most entero
bacteria must differ from that of Salmonella. Alternatively the cell wall of Entero- 
bacteriaceae may contain the receptor which may be blocked by other surface com
ponents. Experiments are in progress to investigate the 0-1 phage inactivating capacity 
of isolated lipopolysaccharides from other Salmonella and enterobacteria strains.

This investigation was supported by a grant from Swedish Medical Research Council 
Project no. B 67 40X-786-02. The author thanks Miss Mary Anderzon for skilful 
technical assistance and Mr U. Schônning for handling the electron microscope.
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EXPLANATION OF PLATES

The magnification in figs. 5 - 1 0  is x 100,000 and in fig. 4  x 400,000. The 0 - 1  phage and the lipo
polysaccharide were negatively stained with sodium tungstic silicate (STS).

P l a t e  i

Figs. 1 , 2 . Felix 0—1 phage.
Fig. 3 . Lipopolysaccharide isolated from Salmonella minnesota strain r 6o with adsorbed 0 - 1  phage 
particles. The tail sheaths (indicated by an arrow) are contracted.

P l a t e  2

Fig. 4 . Lipopolysaccharide isolated from Salmonella minnesota strain R345 and 0 - 1  phage. No phage 
adsorbed on to the lipopolysaccharide.
Fig. 5 . Lipopolysaccharide of strain r 6o after treatment with sodium deoxycholate and subsequent 
dialysis. Two of the 0 - 1  particles are seen with contracted tail sheaths, one has an uncontracted tail 
sheath (indicated by an arrow).
Fig. 6 .  The sodium deoxycholate treated lipopolysaccharide of strain r  6 0  after dialysis and phenol + 
water extraction. The 0 - 1  particles are adsorbed on to the LPS. Some detached contracted tail sheaths 
(indicated by an arrow) are also seen.
Fig. 7 .  Lipopolysaccharide from Salmonella minnesota strain r 6 o  after 5  min. ultrasonic treatment.
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SUMMARY

As conidia of Neurospora crassa aged, the activity of NADP-specific 
glutamic acid dehydrogenase (NADP-GDH) decreased to negligible values. 
Subsequent to this decrease, a significant increase occurred in the activity of 
the NAD-specific glutamic acid dehydrogenase (NAD-GDH). Incubation of 
aged conidia in basal medium resulted in over a 100-fold increase in NADP- 
GDH activity within 3 hr. Although no net protein synthesis occurred during 
these early stages of germination, a turnover in protein was observed. The 
data presented are consistent with de novo synthesis of NADP-GDH. Develop
ment of NADP-GDH activity was dependent upon an appropriate carbon 
source and pH value. An exogenous nitrogen source was not required. The 
data do not directly support reciprocal regulation of the synthesis of NAD- 
GDH and NADP-GDH in Neurospora as postulated by Sanwal & Lata 
(1962a, b).

INTRODUCTION

Changes in enzyme activity, presumably reflecting enzyme synthesis, in Neurospora, 
have been the subject of numerous investigations (Horowitz, Fling, MacLeod & 
Watanabe, 1961; Horowitz, 1965; Turian, 1961; 1963; Turian, Seydoux & Volk- 
mann, 1962). Changes in the activity of NADP-GDH and NAD-GDH in Neurospora 
are of particular interest since the published evidence indicates that these enzymes 
are regulated reciprocally in their synthesis. To account for this reciprocality, Sanwal
6  Lata (1962Ò) proposed that the two enzymes are under the control of a single 
repressor substance which is active in repressing NAD-GDH, but is active against 
NADP-GDH only when combined with urea which serves as a co-repressor. The 
‘urea effect’ is postulated as being specific for stages in the development of Neuro
spora following germination, since Sanwal & Lata (1962a) were not able to detect 
NAD-GDH in conidia until germination began, at which time NADP-GDH also 
was increasing. This obervation suggests that the regulation of the synthesis of the 
two GDH enzymes in Neurospora is qualitatively different during the germination 
process.

The data presented in this paper concerns the changes in the activity of NADP-GDH 
and NAD-GDH in Neurospora which occur in quiescent and germinating conidia. 
The changes in activities in germinating conidia were measured over a period up to
7 hr and showed that an increase in NADP-GDH enzyme was not precisely accom
panied by a decrease in the activity of NAD-GDH which was found to be present in

* The Department of Botany, The University of Chicago.



both quiescent and germinating conidia. These changes probably reflect de novo 
synthesis, rather than activation of NADP-GDH, which is independent of exogenous 
nitrogen but dependent on an energy source.
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METHODS

Organism. The wild-type strain of Neurospora crassa used in these experiments was 
sta4 (an asexual derivative of St Lawrence 74 A) obtained from the Fungal Genetics 
Stock Center, Dartmouth College, Hanover, New Hampshire, U.S.A.

Chemicals. 2-Oxoglutarate (free acid or OT m  solution in phosphate buffer, pH 7-5), 
cA-oxalacetate (grade I), dihydronicotinamide adenine dinucleotide phosphate 
(NADPH2, type II), dihydronicotinamide adenine dinucleotide (NADH2, grade III) 
were obtained from Sigma Chemical Company, St Louis, Missouri. Amino acids and 
cycloheximide were obtained from the California Corporation for Biochemical 
Research (Los Angeles, California, U.S.A.). Uniformly labelled L-valine-14C (208-5 me/ 
m-mole) was supplied by the New England Nuclear Corporation (Boston, Massa
chusetts, U.S.A.). Enzyme-hydrolysed casein (N-Z-Case) was obtained from Sheffield 
Chemical (a division of National Dairy Products Corporation, Norwich, New York). 
Yeast extract and Casamino acids were obtained from Difco Laboratories (Detroit, 
Michigan) and Tween 80 was purchased from Atlas Powder Company (Wilmington, 
Delaware).

Culture media. The basal medium used in these investigations was medium N + 2  % 
sucrose (Vogel, 1956) supplemented with trace elements (Beadle & Tatum, 1945). 
Deletions, additions and other modifications made to the basal medium are de
scribed in connexion with specific experiments. For certain experiments, buffers or 
buffers with additions were utilized (Gomori, 1955). Wainwright’s medium (Wain- 
wright, 1959) supplemented with trace elements was used for the production of 
conidia. For the determination of conidial viability, the basal medium was modified 
by the substitution of sorbose 0-1 % and glycerol 0-5 % for sucrose and the addition 
of peptone 0-5 %, yeast extract 0-5 % and agar 1-5 % (w/v).

Determination o f conidial viability and germination. Conidial viability was deter
mined in one of two ways. In the experiment with ageing conidia viability was as
certained by a direct count of the fraction of conidia having germ tubes after a dilute 
culture had been incubated for a suitable period. Evidence for germination in experi
ments involving the incubation of dense conidial suspensions was obtained by direct 
inspection of conidia for the presence of germ tubes, at the end of the experiment. 
However, under the conditions used throughout these studies (conidial concentrations 
of 1-0 to 6-2 x 107 viable conidia/ml.) no germ tubes were found to occur within the 
experimental period. Thus, in these investigations conidial viability was not equivalent 
to visible germination during the experiment. Under these circumstances viability 
was determined by plating a suitable dilution of the dense conidial suspension on 
supplemented sorbose+ glycerol agar and counting the resulting colonies.

Preparation o f large batches o f conidia. The methods for obtaining large batches of 
conidia described by Barratt (1963) were used, with the following modifications. The 
inverted Fernbach flasks were kept at 32° for 36-48 hr rather than 24 hr. Subsequently 
the flasks were incubated at 22° and high relative humidity (range 70-85 %, mean 
80 %). Aged conidia were harvested in 0-85 % NaCl solution containing 0-1 %



Tween 80. Conidia were loosened from the mycelial mat with the aid cf a sterile 
stirring bar and a magnetic stirrer, and were separated from mycelial fragments as 
described by Barratt (1963).

Conditions for conidial incubation. Following concentration by centrifugation at 
10,500 g  for 25 min. at 0°, the total conidial wet weight was ascertained, and samples 
were removed for the determination of dry weight and initial enzyme activities. The 
remaining conidia were resuspended in a minimum volume of saline (final volume of 
the suspended conidia from 8 Fernbach flasks varied from 30 to 40 ml.). Samples of 
suspended conidia were inoculated into 500 ml. Erlenmeyer flasks containing 250 ml. 
of the medium being tested. In two experiments with uniformly labelled L-valine-14C,
0-5 /ic/ml. or 0-25 /tc-ml. of the labelled valine were added to either 15 ml. or 30 ml. 
of medium, and in one instance to 120 ml. of medium. The inoculated flasks were 
aerated on a rotary shaker at approximately 150 rev./min. at 32° for 0-5-7 hr. Follow
ing shaking, the conidia were centrifuged and a sample was removed to determine 
dry weight. The remainder were resuspended in 9 volumes of cold (0°) 0-1 M-Na phos
phate buffer (pH 7-0) in preparation for extraction. The extraction buffer contained
2-mercaptoethanol (1-OmM) to stabilize the NAD-GDH activity. In those experi
ments involving L-valine-14C, the conidia were thrice washed in 0-85 % (w/v) NaCl 
solution containing unlabelled valine and then suspended in cold (0°) buffer.

Preparation o f extracts. Conidia were disrupted at maximum output for 10 min. with 
a model S-125 Sonifier (Branson Instruments Inc., Stanford, Connecticut, U.S.A.), 
generating sonic oscillations of 20 kc./sec. The instrument was equipped with a micro
tip which has a power output 3-5 times that of the standard horn. 10-15 ml. volumes 
were treated ultrasonically in a Rosette cooling cell (Model 25) suspended in an ice 
bath (—4° to —8°). The temperature of the extracts at the termination of ultrasonic 
treatment varied between 6° and 12°. The resulting extract was clarified by centrifuga
tion at 17,000 g  for 25 min. at 0° (Servall Superspeed RC-2) and the supernatant fluid 
was assayed immediately.

Enzyme assays. All assays were done by following the oxidation of the appropriate 
coenzyme (NADH2 or NADPH2) in a quartz spectrophotometer cell in a Cary 
model 15 spectrophotometer at 340 m/t at 25°.

NADP-GDH (L-glutamate : NADP oxidoreductase E.C. 1.4.1.4) was assayed as 
described previously (Barratt, 1963) with the exception that the concentration of
2-oxoglutarate was decreased by 40 %. Since it has recently been shown that NADP- 
GDH is in the inactive form when extracted at pH 7-0 (West, Tuveson & Barratt,
1966), the supernatant fluids were pre-incubated in the presence of tris-HCl buffer 
(pH 7-8) and 2-oxoglutarate for 20 min., a condition shown to achieve full activation. 
The reaction was initiated by adding NH4C1 and NADPH2. When the free acid was 
used it was neutralized to pH 7-0.

The assay mixture for NAD-GDH (L-glutamate : NAD oxidoreductase E.C. 1.4.1.2) 
consisted of the following in a 4 ml. cell: 2-1 ml. of 0-1 M-Na phosphate buffer 
(pH 8-0) containing 1-0 mM-2-mercaptoethanol ; 0-2 ml. of 0-1 M-2-oxoglutarate solu
tion; 0-15 ml. of 3-0 m-NH4C1 in the phosphate buffer; sufficient volume of a 1-5 mM 
solution of NADH2 to contribute an extinction of 0-5 to the final reaction mixture 
(volume varied between 0-16 and 0-20 ml.). The reaction was initiated by adding 
0-1 ml. of enzyme solution.

The assay for malate dehydrogenase (MDH; L-malate: NAD oxidoreductase
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E.C. 1.1.1.37) was a modification of the procedure described by Munkres (1965). The 
assay mixture consisted of the following in a 4 ml. cell: 2-25 ml. of 0T11 m-K phos
phate buffer (pH 7-4); 0-2 ml. of 0-012 M-cw-oxalacetate solution; sufficient volume of 
a 1-5 mM solution of NADH2 to contribute an extinction of 0-5 to the final reaction 
mixture (volume varied between 0-16 and 0-20 ml.). The reaction was initiated by 
adding 0-1 ml. of enzyme solution.

Since crude preparations were assayed in all but one experiment, correction for non
specific oxidation of the coenzymes was made by subtracting rates obtained in the 
absence of substrate.

One enzyme unit is defined as that amount of enzyme which will catalyse the trans
formation of 1 //mole substrate/min. A unit of enzyme activity is equivalent to a 
change in extinction at 340 m¡i of 2-27/min. For convenience, the activities are pre
sented in terms of milli-units (m.u.).

Protein determinations. Protein determinations were made on the soluble proteins 
by the Folin phenol method of Lowry, Rosebrough, Farr & Randall (1951). Specific 
activities are expressed as m.u./mg. protein.

Counting o f radioactive samples. Supernatant material from ultrasonically treated 
conidia incubated in the presence of L-valine-14C was spotted on 2-3 cm. filter-paper 
disks and treated by a modification of the procedure described by Mans & Novelli 
(1961). Disintegrations were detected in a liquid scintillation counter (Nuclear Chicago 
model 725, Naclear-Chicago Corporation, Des Plaines, Illinois).

Electrophoresis. The methods used for electrophoresis on cellulose acetate strips 
were as described previously (Barratt & Strickland, 1963).

RESULTS

Effects o f conidial ageing.
Preliminary experiments had suggested that NAD-GDH and NADP-GDH activity 

in conidia varied with conidial age (West et al., 1966; Barratt et al., 1966; Stine, 
1966). A systematic investigation was undertaken to determine NAD-GDH and 
NADP-GDH in conidia from cultures of different ages. Malate dehydrogenase (MDH) 
was also assayed in the extracts obtained from the conidia to determine whether an 
enzyme metabolically separated from the glutamate dehydrogenase system varied 
with conidial age. The results of this experiment are presented in Table 1. Four days 
after inoculation was the earliest time when sufficient conidiation had occurred to 
permit harvesting. NADP-GDH activity decreased dramatically in conidia between 
4 and 8 days of age. The inoculum for the 4-, 12-, 14-, 18- and 21-day cultures was 
prepared from a single agar slope. The inoculum for the remaining cultures was pre
pared from a duplicate slope 3 days previously. The slightly elevated NADP-GDH 
activities in the 14- and 18-day cultures may indicate some slight difference in the 
duplicate agar slopes used for inoculum which affected the decline of NADP-GDH 
during ageing. However, in more than 20 experiments NADP-GDH activity in 21-day 
(or older) conidia was never observed to be significantly greater than that reported 
for the 21-day culture in Table 1 (less than 2-5 % of that in young conidia). The 
NADP-GDH activity was determined in 4-day conidia in four independent experi
ments (see footnote, Table 1). It is apparent from Table 1 that the extracts of Neuro- 
spora conidia did exhibit significant NAD-GDH activity, irrespective of culture age
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and contrary to the observations of Sanwal & Lata (1962a). The NAD-GDH activity 
remained relatively constant in conidia up to 14 days, after which there was a 
marked increase.
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Table 1. The relationship o f culture age to specific activity in crude 
extracts o f conidia o f Neurospora crassa s t a  4

Specific activity (m.u./mg.)
Culture age 

(days)
Protein

(mg./g. dry wt.) NADP-GDH NAD-GDH MDH
4* 158 278 46-2 7500
8 173 151 37-3 5290

12 173 17-7 41-7 6420
13 200 2-7 45-3 5950
14 164 1 1 -2 37-6 5760
15 219 2-7 60-4 6090
16 179 2-7 142 5400
17 174 1-8 128 6200
18 147 10-6 140 6940
20 166 4 .4 118 6430
2 1 1 114 6-2 242 7360
231 54 6-2 500 7400

* Specific activities for NADP-GDH in crude extracts of conidia from 4-day cultures determined 
in 3 additional experiments were: 228, 372, 382.

t  Extractable protein from 21- to 23-day conidial cultures averaged 153 mg./g. dry weight 
(Tables 2-6).

The MDH activity in the conidial extracts was unrelated to conidial age.
Parallel to these enzyme activity studies in ageing conidia, conidial viability was 

determined. Conidia from the 4-day culture showed essentially 100 % germination 
within 6 hr, in agreement with the findings of Ryan (1948). The % germination re
mained high (85 %) for cultures up to 18 days old. However, as the cultures aged, 
there was a marked tendency for germination to be non-uniform and delayed. Thus 
the conidia from the 23-day culture showed visible germination only after incubation 
for 8 hr. In such conidia germination increased up to 12 hr, by which time mycelial 
masses began to interfere with counting. For conidia from the 23-day culture, it was 
estimated that germination was between 50 and 70 %. Thus, ageing resulted in some 
loss of conidial viability.

Observations on incubating aged conidia
Neurospora mycelium shows appreciable degrees of NADP-GDH activity (Barratt,

1963). This activity developed during the process of germination or shortly thereafter. 
Therefore, aged conidia were incubated in basal medium for up to 3 hr and the 
NADP-GDH activity assayed. After 3 hr of incubation no visible evidence of ger
mination was observed at the conidial concentrations used. Neither the initial inoculum 
nor conidia incubated for 0-5 hr in basal medium exhibited significant NADP-GDH 
activity (Fig. 1 ; Table 2). After shaking for 3 hr, however, NADP-GDH activity 
increased over 100-fold (Table 2). It was also apparent that absence of the carbon 
source (sucrose) severely restricted the development of NADP-GDH activity. The 
activity which did develop was probably supported by carbon reserves in the conidia. 
The omission of a nitrogen source from the basal medium did not decrease the



development of NADP-GDH activity significantly. The simultaneous omission of 
both carbon and nitrogen sources gave an NADP-GDH activity equivalent to that 
found when a carbon source was omitted. In this experiment the extractable soluble 
protein decreased after the first 0-5 hr of shaking and remained low for all treatments 
up to 3 hr. This initial decrease in extractable protein was observed in all experi
ments. Although the absolute quantity of extractable protein varied from experiment 
to experiment, the decrease in treated conidia shaken for as long as 4 hr, as opposed 
to untreated conidia, remained qualitatively equivalent. The NAD-GDH activity 
did not vary significantly throughout the experiments (Tables 2-6).
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Fig. 1. • ,  NADP-GDH; □, NADP-GDH, cycloheximide (10/ig./ml.) added at l '5 h r; 
O, NAD-GDH; A, protein; A ,  protein, cycloheximide-treated sample.

The kinetics of NADP- and NAD-GDH development were followed over a 4 hr 
period in basal medium. As expected, in the first 0-5 hr there was little development of 
NADP-GDH activity, but there was a marked decrease in extractable protein (Fig. 1). 
From 1-0 hr on, the development of NADP-GDH activity appeared to be linear with 
time. These same kinetics were observed in two similar experiments. Although the 
amounts of extractable protein varied widely in this experiment, they were consistently 
lower for the treated conidia up to 4 hr than for the conidia of the inoculum. The fact 
that the specific activity of NADP-GDH increased in a regular manner suggests that 
the variations in extractable protein were random, except for the initial decline, a fact 
also confirmed in subsequent experiments (Fig. 1; Tables 2-6). During the 4 hr period 
of incubation there appeared to he a slight decline in NAD-GDH activity, beginning 
between T5 and 2-0 hr.
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Subsequent experiments were directed towards determining what other factors might 

influence the development of NADP-GDH in incubating aged conidia. Substitution 
of phosphate buffer (pH 5-7) + sucrose for basal medium resulted in an NADP-GDH 
activity approximately 60 % of that attained in the basal medium in 3 hr (Table 3). 
The addition of trace elements to the pH 5-7 buffer +  sucrose increased NADP-GDH 
activity, but still not to the degree attained in the basal medium. Similar experiments 
with phosphate buffer (pH 7-0) +  sucrose resulted in negligible NADP-GDH activity, 
while in citrate-I-phosphate buffer (pH 5-0) + sucrose NADP-GDH activity was

Table 2. NADP-GDH specific activity in crude extracts o f conidia of 
Neurospora crassa s t a  4 shaken in various media

Viable conidia 10’/ml. from a 23-day culture were inoculated into each flask 
containing 250 ml. of medium

Glutamic acid dehydrogenase in germinating conidia

Medium

Time of 
shaking 

(hr)
Protein 

(mg./g. dry wt)

Specific
activity

(m.u./mg.)
Inoculum 0 160 1-7
Basal medium* 0-5 58 4 .4

Basal medium 30 67 300
Basal medium 3-0 62 42

minus sucrose
Basal medium 3-0 95 280
minus NH4N 0 3

Basal medium 3-0 87 32
minus sucrose 
minus NH4N 0 3

* Vogel’s minimal N containing 2 % sucrose (58-5 mM).

Table 3. NADP-GDH and NAD-GDH specific activities in crude extracts o f 
conidia o f Neurospora crassa s t a  4 incubated in various media

Viable conidia 3-4 x lO’/ml. from a 21-day culture were inoculated into each flask 
containing 250 ml. of medium.

Specific activity (m.u./mg.)
Time of 
shaking

Protein
(mg./g.

A
NADP- NAD-

Medium (hr) dry wt) GDH GDH
Inoculum 0 135 Undetect- 195

Basal medium* 2 0 55
able
2 1 0 200

Basal medium 30 69 460 2 1 0
Basal medium 7-0 108 1050 93
0T M-phosphate buffer (pH 5-7) 3-0 78 32 170
0T M-phosphate buffer (pH 5-7) + 30 58 280 190
sucrose (58-5 mM)

0-1 M-phosphate buffer (pH 5-7) + 30 49 34 250
trace elements

0-1 M-phosphate buffer (pH 5-7) + 3-0 47 340 220
sucrose (58-5 mM) +  trace elements

Basal medium-l-cycloheximide 3-0 54 240 220
(1 0  /ig./ml.) added at 2 hr

Basal medium+ cycloheximide 7-0 57 270 190
(1 0  /¿g./ml.) added at 2  hr

i6

Vogel’s minimal N containing 2% sucrose (58-5 mM).
G. Microb. 48
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about 40 % of that attained in the basal medium in 3 hr. Again NAD-GDH activity 
showed no significant changes within 3 hr, irrespective of treatment. However, when 
the conidia had been shaken for 7 hr there was a decided increase in extractable pro
tein, accounting for the exhibited decline in NAD-GDH specific activity.

The quantitative requirements for sucrose in the induction of NADP-GDH activity 
were investigated. 5-85 and 58-5 mM-sucrose supported equally the development of 
NADP-GDH activity (Table 4). The minimal concentration of sucrose necessary for 
maximal development was found (see Table 5). This experiment, in which phosphate 
buffer (pH 5-7) +  sucrose was used in place of basal medium, showed that the limiting 
sucrose concentration was between 0-58 and 1-45 m
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Table 4. NADP-GDH and NAD-GDH specific activities in crude extracts o f 
conidia o f Neurospora crassa s t a  4 shaken in variously modified basal media

Viable conidia 4-6 x 107/ml. from a 21-day culture were inoculated into each flask 
containing 250 ml. of medium.

Specific activity (m.u./mg.)
Time of 
shaking

Protein
(mg./g.

-A
NADP- NAD-

Carbon source (hr) dry wt.) GDH GDH

Inoculum 0 147 4-4 119
Sucrose (58-5 mM) 3-0 80 800 96
Sucrose (5-85 mM) 3-0 89 920 1 10

Sucrose (58-5 mM) 4-0 77 860 92
Na acetate (58-5 mM) 3-0 81 58 150
Na acetate (5-85 mM) 3-0 115 174 109
Sucrose (58-5 mM) + Casamino 3-0 69 380 97
acids (T4%)

Sucrose ('58-5 mM) + Casamino 3-0 64 420 94
acids (2-8 %)

Sucrose (58-5 mM) + arginine 3-0 87 390 120
(3-2 mM) + lysine (6-8 mM) +
threonine (5-0 mM)

The role of other carbon sources and certain amino acids in the induction of 
NADP-GDH activity was examined. When Na acetate was substituted for sucrose no 
appreciable development of NADP-GDH occurred. In this experiment the highest 
concentration of Na acetate (58-5 mM) exhibited NADP-GDH activity approximately 
33 % of that found with the low concentration of Na acetate (5-85 mM), neither 
activity being comparable to that attained in buffer-(-sucrose or in the basal medium 
(Table 4). This experiment was repeated with phosphate buffer to which Na acetate 
was added at three concentrations. The results confirmed the original observations 
and indicated that the inhibition by Na acetate was not peculiar to the addition of Na 
acetate to basal medium in place of sucrose (Table 6). MDH was also assayed in this 
experiment to verify the result (Table 1) that its activity did not vary systematically 
under conditions which allowed the development of NADP-GDH activity. The 
results of this experiment were unusual in that after 3 hr of shaking conidia in the 
basal medium and in buffer +  sucrose, the NADP-GDH activities found were identical 
within the limits of experimental error. However, if one takes the NADP-GDH 
activity at 4 hr and constructs a graph using 0-8 hr as the point where NADP-GDH 
activity should begin to develop (Fig. 1), the 3 hr point determined experimentally



243
was about 50 % under what might have been predicted. It seems probable that the 
NADP-GDH specific activity determined for conidia shaken for 3 hr in basal medium 
was low as the result of a technical error. If this were true, then the experiment would

Table 5. NADP-GDH and NAD-GDH specific activities in crude extracts o f 
conidia oj Neurospora crassa s t a  4 shaken in various media

Viable conidia 107/ml. from a 21-day culture were inoculated into each flask containing 250 ml. of 
medium. All cultures were shaken for 3 hr with the exception of the untreated conidia which were 
not shaken.

Specific activity (m.u./mg.) 
Protein ,------------------- *----------------— ,

Glutamic acid dehydrogenase in germinating conidia

Medium (mg./g. dry wt) NADP-GDH NAD-GDH
Inoculum 143 Undetectable 196
0-1 M-phosphate buffer (pH 5-7) 88 20 170
0-1 M-phosphate buffer (pH 5-7) -t- 68 220 230
sucrose (5-85 mM)

0-1 M-phosphate buffer (pH 5-7) + 74 240 130
sucrose (2-9 mM)

0-1 M-phosphate buffer (pH 5-7) + 100 254 183
sucrose (1 -45 mM)

0-1 M-phosphate buffer (pH 5-7) + 63 130 180
sucrose (0-58 mM)

0-1 M-phosphate buffer (pH 5-7) + 65 240 130
sucrose (5-85 mM) +  biotin (0-08 /tg./ml.) 

0-1 M-phosphate buffer (pH 5-7) + 68 170 150
glucose (5-8 mM)

Table 6. NADP-GDH, NAD-GDH and MDH specific activities in crude 
extracts o f conidia o f Neurospora crassa s t a  4 shaken in various media
Viable conidia 2-7 x 107/ml. from a 21-day culture were inoculated into each flask 

containing 250 ml. of medium.
Specific activity (m.u./mg.)

Medium

Time of 
shaking 

(hr)

Protein 
(mg./g. 
dry wt)

NADP-
GDH

A
NAD-
GDH MDH

Inoculum 0 181 0-9 188 5480
Basal medium* (5-85 mM 3-0 118 176 188 6150

sucrose)
Basal medium 40 Not 430 240 5270

0-1 M-phosphate buffer (pH 5-7) 1-5
determined

100 1-9 55-8 7660
0-1 M-phosphate buffer (pH 5-7) 3-0 42 25 190 6900
0-1 M-phosphate buffer (pH 5-7)+ 3-0 68 160 170 7000
sucrose (58-5 mM)

0-1 M-phosphate buffer (pH 5-7) + 3-0 59 0-8 240 6800
Na acetate (58-5 mM)

0T M-phosphate buffer (pH 5-7) + 3-0 53 28 150 5900
Na acetate (5-85 mM)

0-1 M-phosphate buffer (pH 5-7) + 30 53 36 180 6100
Na acetate (1-0 mM)

* Vogel’s minimal N containing 2% sucrose (58-5 mM) except where indicated.

conform to all other experiments in which buffer +  sucrose was always less effective in 
supporting the development of NADP-GDH than was the basal medium (Table 3 
and unpublished experiments). In another experiment glucose was used in place of



sucrose, and buffer+ sucrose was further supplemented with biotin (0-08 /¿g/ml.) in 
another case. If sucrose, pH value and biotin were the critical factors in the basal 
medium allowing for the development of maximal NADP-GDH activity, the addi
tion of biotin would be expected to double the NADP-GDH activity. However, 
biotin did not enhance the effect of sucrose alone and equimolar glucose did not sup
port the development of NADP-GDH activity as well as did sucrose. Concurrent 
with the experiment in which Na acetate was substituted for sucrose in basal medium, 
certain amino acids were tested for their effects on NADP-GDH activity. As can be 
seen from Table 4, Casamino acids or a mixture of amino acids in the basal medium 
depressed the development of NADP-GDH about 50 %. The NAD-GDH activity 
again remained about the same in most of the extracts, showing what can only be 
interpreted as random fluctuations.

Two experiments were done in an attempt to explain the differences in degrees of 
NADP-GDH activity attained in basal medium in different experiments after 3 hr 
shaking (Tables 2-4). In the first of these, the speed of the shaker was increased to 
180 rev./min. from the usual 150 for one set of flasks, and decreased to 114 rev./min. 
for a second set. Shaking for T5 or 3-0 hr at these two speeds showed that the NADP- 
GDH activities attained were not significantly different. The amounts of viable conidia 
varied from experiment to experiment, as indicated in the individual tables; this 
might explain the observed differences in final NADP-GDH activity. The conidial 
concentration was varied systematically in the basal medium. The results indicated 
that NADP-GDH activity was restricted in its development when the conidial con
centration exceeded 6-2 x 107 viable conidia/ml. Since concentrations above this were 
not used in any experiments detailed in this paper, the variations in maximal NADP- 
GDH activity cannot be attributed to variations in viable conidial concentration.

In sum m ary, sucrose appeared to be the most effective carbon source, and some 
other factor, as yet undetermined, in the basal medium other than sucrose in concert 
with the proper pH value is essential for maximum NADP-GDH development. 
Shaking speed and the concentration of viable conidia were not important factors in 
the experiments reported here.

Evidence for de novo NADP-GDH synthesis in incubating conidia
The effect of inhibition of protein synthesis on the observed changes in NADP- 

GDH activity was investigated. The addition at l-5hr (Fig. 1) or 2 hr (Table 3) of 
cycloheximide (10/ig/ml.), which effectively inhibits protein synthesis in fungi 
(Haidle & Storck, 1966; Pall, 1966), resulted in the total cessation of development of 
NADP-GDH activity. Sodium azide (5 mavt), which inhibits oxidative phosphoryla
tion and thus secondarily protein synthesis, markedly restricted the further develop
ment of NADP-GDH activity when added at 2 hr. Such data, while suggestive, do 
not constitute unequivocal proof that NADP-GDH was being synthesized de novo 
during the incubation period. It was essential to show that protein synthesis occurred 
during the standard incubation period. L-valinc-14C incorporation was selected to 
ascertain protein turnover during incubation. Before doing an experiment with 
L-valine-14C, it was necessary to investigate the effects of L-valine on the development 
of NADP-GDH activity. In two experiments it was found that L-valine used at con
centrations equivalent to that of the labelled valine in one experiment, and twice the 
concentration of the label in a second experiment, restricted maximal NADP-GDH
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d ev elo p m e n t b y  a b o u t 50 % . T h e  in h ib itio n  w a s n o t sufficien t to  p rec lu d e  the p ro p o se d  

exp erim en t. S in ce th e  a m in o  a cid  in h ib itio n  o f  N A D P - G D H  d ev e lo p m e n t seem ed 

rath er n o n -sp ecific  (T a b le  4), n o  a ttem p t w as m a d e to  fin d  an  am in o  a cid  o th er th a n  

v a lin e  to  use in  th e  p ro p o se d  la b e llin g  exp erim en t.

C o n id ia  fro m  a  2 1-d a y  cu ltu re  w ere  in cu b a te d  in  b a sa l m ed iu m  co n ta in in g  L -valine- 

14C  an d  eith er k e p t  c o ld  in  an  ice  b a th  w ith  co n sta n t stirrin g  o r  sh ak en  fo r  4  h r w ith  

o r  w ith o u t c y c lo h e x im id e  (10  /¿g./ml.) a t  32° (T a b le  7 ). T h e  c o n id ia  in  b a sa l m ed iu m  

ex h ib ited  a  s ig n ifican t u p ta k e  o f  L -valin e-14C , su b sta n tia l (85-8 % ) in c o rp o ra tio n  o f  th e  

la b e l in to  p ro te in  (m easu red  as tr ich lo ro a c e tic  acid -p recip ita b le  m a teria l), a n d  a  

la rg e  in crease  in  N A D P - G D H  sp ecific  a ctiv ity . T h e  cu ltu re  c o n ta in in g  cyc lo h e x im id e  

sh o w e d  co n sid e ra b le  u p ta k e  o f  14C , b u t n eg lig ib le  in c o rp o ra tio n  in to  p ro te in , a n d  a 

v e ry  lo w  sp ecific  a c tiv ity  o f  N A D P - G D H . T h e  c o n tro l flask  m a in ta in e d  a t 0° sh o w ed  

n eg lig ib le  u p ta k e  o f  14C , less th a n  1 %  in c o rp o ra tio n  in to  p ro te in , a n d  a g a in  a  n eg lig ib le  

N A D P - G D H  sp ecific  a ctiv ity .

T a b le  7 . Evidence for protein synthesis in incubating conidia from a 21-day 
culture o f Neurospora crassa s t a  4

Viable conidia 5-1—6-2 x  107/ml. from a 21-day culture were inoculated into each flask. Experimental 
conditions: 4 hr incubation in basal medium+0-15 mg./ml. L-valine-14C (U.L.). Each flask con
tained 0-25 me. L-valine-14C/mI.
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Incuba
tion

temp. Medium
Total

c.p.m.*

TCA 
insoluble 
c.p.m. f

Incorpora
tion
(%)

NADP-GDH
specAc
activity

(m.u./mg.)
0 Basalt 2960 2-6 0-90 1 2

32 Basal+ 5077-9 52-2 1-03 Negligible

32

cycloheximide 
(1 0  /ig./ml.) 

Basal 9524-1 8170-8 85-80 190

* Per 100 fil. supernatant fluid of sonically treated conidia.
t  TCA insoluble fraction from 100 /il. of sonically treated conidia (by a modification of the method 

of Mans & Novelli, 1961).
t  Vogel’s minimal N containing 2% sucrose (58-5 mM).

N A D P - G D H  ex tra cte d  fro m  th e  co n id ia  in cu b a te d  w ith  L -valin e-14C  a t 32° fo r  

4 h r  w a s  p u rified  te n fo ld  an d  su b jected  to  e lectro p h o re sis  o n  ce llu lo se  a ce tate  strips 

u n d e r c o n d itio n s  k n o w n  to  p e rm it m ig ra tio n  o f  N A D P - G D H . T h e  ce llu lo se  a cetate  

strip  w a s  sectio n ed , e a c h  sectio n  d iv id ed  in  h a lf, o n e  h a lf  co u n ted  o n  a  sc in tilla tio n  

co u n ter, a n d  th e  o th e r  h a l f  a ssa yed  fo r  en zy m e a ctiv ity . E n zy m e  a ctiv ity  w as fo u n d  

to  b e  a sso cia ted  w ith  a  d iffu se ra d io a ctiv e  p e a k . T h is  resu lt d o es n o t p rec lu d e  th e  

p o ssib ility  th a t a sso c ia tio n  o f  r a d io a ctiv ity  a n d  N A D P - G D H  a ctiv ity  m ig h t rep resen t 

co n ta m in a tio n  o f  th e  u n la b elle d  N A D P - G D H  b y  a n o th e r  ra d io a ctiv e  p ro te in . H o w 

ever, th e  iso to p e  an d  p ro te in  synthesis in h ib ito r  exp erim en ts s tro n g ly  su ggest th a t 

N A D P - G D H  w a s  sy n th esized  de novo d u rin g  th e  in cu b a tio n  p e rio d , a n d  th u s w a s 

in d u ced , in  th e  sense defin ed  b y  J a co b  &  M o n o d  ( 1961).
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DISCUSSION

N eurospora crassa  co n id ia  retain  a  v ia b ility  o f  greater th a n  50 %  w h en  sto red  fo r  

23 d a ys  u n d er c o n d itio n s  o f  h ig h  h u m id ity  a n d  co n s ta n t tem p eratu re. H ig h  h u m id ity  

h a s b een  sh o w n  to  m a in ta in  co n id ia l v ia b ility  in  o th er in v estig a tio n s (K lin g m tille r  

1963). A g e in g  co n id ia  ra p id ly  lo st N A D P - G D H  a ctiv ity , d ecreasin g  to  a  m in im a l v a lu e  

w ith in  15 d a ys. A t  th a t tim e N A D - G D H  a ctiv ity  b e g a n  to  in crease. M a la te  d e h y d ro 

gen ase  (M D H ) a ctiv ity  rem ain ed  co n s ta n t d u rin g  th e  co u rse  o f  co n id ia l a gein g. 

E x tra cta b le  p ro te in  ex h ib ited  o n ly  ra n d o m  flu ctu atio n s d u rin g  c o n id ia l a g e in g ; th e  

tw o  va lu es o b ta in ed  in  th e  a g e in g  exp erim en t fo r  2 1- a n d  23-d a y  co n id ia  are  c o n 

sid ered  to  b e  sp u rio u s in  th e  lig h t o f  o th er exp erim en ts (see fo o tn o te  to  T a b le  1). 

D e sp ite  the co n s ta n cy  o f  to ta l e x tra cta b le  p ro te in  d u rin g  th e  a ge in g  p ro cess, th e  ch an ge s 

in  en zym e a ctiv ity  in d ica te  th a t s ig n ifican t selective  p ro te in  tu rn o v e r  w a s ta k in g  p la c e ; 

an d  th a t th e  d e g ra d a tio n  o f  N A D P - G D H  w a s n o t re c ip ro ca l w ith  th e  a p p e a ra n ce  o f  

N A D - G D H , eith er in  m a g n itu d e  o r  in  th e  tim e co u rse  o f  th e  even t.

In  in cu b a tin g  co n id ia  the en zy m e co m p lem e n t is u n d e rg o in g  ra p id  ch an g e , p re

su m a b ly  in  p re p a ra tio n  fo r  ge rm in atio n . T h is  w a s reflected  b y  th e  m a rk e d  d ecrease 

in  ex tra cta b le  p ro te in  co in c id e n t w ith  th e  ra p id  in crease in  N A D P - G D H  w ith in  3 hr. 

T h e  synthesis o f  N A D P - G D H  w a s d ep en d e n t u p o n  an  e x o g en o u s c a rb o n  so u rce  

(T a b le s  2, 3, 5, an d  6). T h e  c a rb o n  req u irem en t w a s n o ta b le  in  th a t th e  co n ce n tra tio n  

req u ired  fo r  m a x im a l in d u ctio n  w a s o n ly  0-05 % . T h is  m ig h t b e  in terp reted  as m ea n 

in g  th a t the su cro se w a s p r im a rily  a ctin g  to  p ro d u ce  a  sp ecific  m e ta b o lite  su ch  as 

N A D P H 2 (th ro u g h  th e  d e h y d ro g e n a tio n  o f  g lu co se-6 -p h o sp h a te) o r  2-o x o g lu ta ra te , 

w h ich  in  tu rn  c o u ld  serve as a  sp ecific  in d u cer o f  N A D P - G D H . A c e ta te , w h ich  w o u ld  

a lso  b e  exp ected  to  serve as an  en ergy  so u rce, w a s m u ch  less effective  in  th e  in d u ctio n  

p ro cess. A c e ta te  is k n o w n  to  in d u ce  th e  g ly o x a la te  cy c le  in  N e u ro s p o ra  (T u ria n , 1963), 

a n d  th is w o u ld  b e  lik e ly  to  resu lt in  d im in ish ed  in tra ce llu la r  co n cen tratio n s o f  

2 -o x o g lu ta ra te  as w ell as a  d ecrease  in  g lu co se  ca tab o lism .

E x o g e n o u s  a m m o n iu m  io n s n eith er rep ressed  n o r  d e-repressed  N A D P - G D H  

(T a b le  2), w h ile  ex o g e n o u sly  su p p lied  a m in o  acid s restricted  N A D P - G D H  d e v e lo p 

m en t (T a b le  4). T h e  fa te  o f  th e  a m in o  a cid s d erived  fr o m  th e  p ro te in  d eg ra d ed  b e fo re  

th e  in d u ctio n  o f  N A D P - G D H  w a s n o t in vestig a ted  b u t th e  fo llo w in g  p o ssib ilities  

m a y  b e  co n sid e re d : (a) d ea m in a tio n , (b) ex p a n sio n  o f  th e  free a m in o a cid  p o o l, 

(c) ra p id  co n v ersio n  o f  am in o  a cid s in to  in so lu b le  stru ctu ra l p rotein s. T h e  o n ly  

p o ss ib ility  w h ich  is d ifficu lt to  reco n cile  w ith  th e  d a ta  a b o u t ex o g e n o u sly  su p p lied  

n itro g en  sou rces is (b), the ex p an sio n  o f  th e  am in o  acid  p o o l. O n e an a lysis  o f  a 

so lu b le  p ro te in  fra c tio n  d id  n o t sh o w  sign ifican t q u an tities o f  free a m in o acid s. F u r 

th e r in v estig a tio n s o n  th e  ro le  o f  ex o g e n o u sly  su p p lied  am in o  acid s as w ell as th e  

fa te  a n d  fu n ctio n  o f  e n d o g e n o u sly  p ro d u ce d  a m in o  acid s are  in  p ro gress.

A lth o u g h  n o  n et p ro te in  syn th esis o ccu rs w ith in  the first 4 h r o f  in cu b a tio n , 

L -valin e-14C  in co rp o ra tio n  exp erim en ts estab lish ed  th a t p ro te in  tu rn o v e r  w a s  ta k in g  

p la ce  d u rin g  th is tim e; it is p rec ise ly  d u rin g  th is tim e th a t N A D P - G D H  a ctiv ity  

in crea sed . T h e  q u estio n  rem ain ed  w h eth er th e  in crease rep resen ted  de novo syn th esis 

o f  en zym e o r  a ctiv a tio n  o f  p re-ex istin g  en zym e. S in ce cy c lo h e x im id e  p rev en ted  th e  

in c o rp o ra tio n  o f  L -valin e-14C  in to  p ro te in  an d  s im u lta n e o u sly  p rev en ted  th e  a p p e a r

a n ce  o f  N A D P - G D H  a c tiv ity  (T a b le s  3 , 7 ; F ig . 1), these d a ta  are  co n sisten t w ith  

de novo  syn thesis o f  N A D P - G D H . H o w e v e r, p r o o f  o f  synthesis w o u ld  req u ire  the



d e m o n stra tio n  o f  ra d io a ctiv e  la b e l a sso ciated  w ith  N A D P - G D H . E le ctro p h o resis  o f  a 

p a rtia lly  p u rified  p re p a ra tio n  o b ta in ed  fro m  co n id ia  ex p o sed  to  L -valin e-u C  sh o w ed  

ra d io a c t iv ity  asso ciated  w ith  the reg io n  o f  N A D P - G D H  a ctiv ity , b u t th is ca n  still 

n o t be co n sid ered  u n e q u iv o c a l ev id en ce  since the la b e l w a s d istr ib u te d  in  o v e r la p p in g  

b an d s a lo n g  th e  ce llu lo se  a ce tate  strip . T h e  syn thesis o f  N A D P - G D H  in  t i e  absen ce 

o f  n et p ro te in  synthesis is n o t a  u n iq u e situ a tio n  in  N e u ro s p o ra . I t  h as a lso  been  sh o w n  

th a t  the ty ro sin a se  in  N e u r o s p o ra  is syn th esized  de novo u n d er c o n d itio n s  in  w h ich  

n et p ro te in  synthesis is p rev en ted  b y  s ta rv a tio n  o r  b y  certain  in h ib ito rs  o f  g ro w th  
(H o ro w itz  et al. 1961).

In  co n tra st to  th e  re p o rt o f  S an w a l &  L a ta  ( 1962a), th e  p resen t exp erim en ts h a ve  

sh o w n  th a t N A D - G D H  w a s p resen t in  co n id ia  u n d e r a ll co n d itio n s  in vestigated . A s  

c o n id ia  a g e d , in  fa c t , th e  sp ecific  a c tiv ity  o f  N A D - G D H  in creased  w h ile  th e  N A D P -  

G D H  a ctiv ity  d ecreased  to  n eglig ib le  va lu es. S in ce th e y  w ere u n ab le  to  d ete ct N A D -  

G D H  in  co n id ia , S a n w a l &  L a ta  ( 1962b) p o stu la te d  th a t co n id ia  a re  q u a lita tiv e ly  

d ifferen t w ith  reg a rd  to  th e  re g u la tio n  o f  N A D - G D H  a n d  N A D P - G D H . T h e  p o stu 

la te d  u n iq u en ess o f  c o n id ia  w a s  req u ired  since N A D P - G D H  and N A D - G D H  w ere 

th o u g h t to  b e  syn th esized  to g eth er d u rin g  th e  p ro cess o f  ge rm in atio n , b u t th e  o c c u r

ren ce  o f  th ese sam e en zym es a p p e a red  to  b e  regu la ted  re c ip ro ca lly  in  m y ce liu m . T h e  

d a ta  p resen ted  h ere co n cern in g  th e  e a r ly  stages o f  germ in atio n  c le a r ly  sh o w  th a t 

p a ra lle l syn thesis o f  th e  tw o  en zym es d id  n o t  o ccu r. I t  is still p o ssib le , h o w e ver, th a t 

th ere  is a  d ifferen ce b etw een  co n id ia  an d  m y ce liu m , in  th a t th e  tw o  en zym es d o  n o t 

a p p e a r  to  b e  re c ip ro ca lly  reg u la ted  in  g e rm in atin g  co n id ia . S in ce it  h as recen tly  b een  

sh o w n  th e  N A D P - G D H  is an  a llo steric  p ro te in  (W est et al. 1966; W est, T u v e so n , 

B a rra tt &  F in c h a m , 1967), fu rth er in v estig a tio n  o f  th e  in ter-re la tio n sh ip s in  th e  re g u la 

tio n  o f  N A D P - G D H  a n d  N A D - G D H  m a y  b e  p ro fita b ly  in vestig a ted  a t th e  le v e l o f  

a c tiv ity  as w ell as synthesis.

T h is  in v estig a tio n  w a s su p p o rted  in  p a rt b y  a  U .S . P u b lic  H e a lth  F e llo w sh ip  

( 1- F 3- G M - 28, 398-01) fr o m  th e  N a tio n a l In stitu te  o f  G e n e ra l M e d ic a l Scien ces and  

N S F  G r a n t n o . G B  19 14 , a n d  N a tio n a l In stitu te  o f  H e a lth  T ra in in g  G ra n t n o . S T 1-  

G M  961.
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Cell-Bound Penicillinase of Bacillus licheniformis ; 
Properties and Purification

B y  J. 0 . L A M P E N

N ation al In stitute f o r  M e d ic a l R esearch, M i l l  H ill, L ondon, N . W . 7 

(.A ccep ted  fo r  publication  9 M a rch  1967)

SUMMARY

T h e  ce ll-b o u n d  p en icillin ase  o f  B acillus licheniform is  stra in  749/c w as 
exam in ed  sin ce th is m a teria l a p p ears to  be an  in term ed iate  in  the fo rm a tio n  
o f  the ex o p en icillin a se. T h e  en zy m e rem ain ed  a tta ch ed  to  fragm en ts o f  the 
cell m em b ra n e d u rin g  lysis o f  the cell. I t  w as n o t released  fro m  these fr a g 
m en ts b y  a  v a r ie ty  o f  p h ysica l o r  ch em ica l treatm en ts (urea, h y d ro x y la m in e , 
d e o x y c h o la te , u ltra so u n d , etc.). F re e  p en ic illin ase , v e ry  sim ilar : f  n o t 
id en tica l, to  th e  ex o e n zy m e, w a s p ro d u ce d  b y  trea tm en t w ith  tryp sin , 
S treptom yces griseus  p ro te in a se  o r  p a p a in , b u t n o t b y  ch y m o tryp sin , lip ases 
o r  n u cleases. T h e  ce ll-b o u n d  en zym e ap p e ared  to  be c o v a le n tly  lin k ed  to  the 
cell m em b ra n e th ro u g h  a p e p tid e  ch ain . T ry p sin  p ro b a b ly  c le a v ed  th is ch ain  
a t  a  lin k a g e  in v o lv in g  th e  c a r b o x y l g ro u p  o f  lysin e  o r  arg in in e. T h e  en zy m ic  
ch ara cte ristics  o f  th e  b o u n d  p e n ic illin ase  are  essen tia lly  eq u iva len t to  th o se 
o f  th e  ex o e n zy m e. P a rtia l p u rifica tio n  o f  th e  m em b ra n e-b o u n d  en zym e is 
d escrib ed .

INTRO DUC TIO N

In  lo g a rith m ic  p h ase  cu ltu res o f  B acillu s licheniform is  (o rig in a lly  co n sid ered  to  b e  

strain s o f  B . subtilis; P o llo c k , 1963, 1965), e ith er in d u cib le  o r  co n stitu tiv e  stra in s, 

a b o u t h a l f  o f  th e  p e n ic illin ase  is p resen t in  th e  m ed iu m  a n d  th e  rest is b o u n d  to  the 

o rgan ism s. T h is  ce ll-b o u n d  en zym e is firm ly  h e ld  (K u sh n e r  &  P o llo c k , 19 6 1) a n d  is 

ex te rn al to  th e  ce ll m em b ra n e, since it  is p a rtia lly  a ccessib le  to  a n tib o d ies to  p u rified  

ex o p en icillin a se  an d , in  h y p e rto n ic  so lu tio n , can  b e  lib e ra ted  b y  tryp sin , w h ich  d o es 

n o t  a p p e a r to  p en etrate  th e  m em b ran e (K u sh n e r  &  P o llo c k , 196 1). T h e re  is k in etic  

ev id en ce  th a t th e  c e ll-b o u n d  en zym e o f  B. licheniform is  is an  in term e d iate  in  :h e  n a tu ra l 

fo rm a tio n  o f  th e  ex o e n zy m e  (review ed  b y  L a m p e n , 1965). C o llin s  (1964) sh o w ed  th a t 

d u rin g  p e n ic illin ase  in d u ctio n  th e  n e w ly  fo rm ed  en zy m e is ce ll b o u n d . A ls o , release 

o f  p en icillin ase  co n tin u e d  a fter  syn th esis o f  n ew  en zym e h a d  been  arrested  b y  re m o v a l 

e ith er o f  in d u cer (P o llo c k , 1 9 6 1 a , b), o f  a  so u rce  o f  n itro g en  (L a m p en , 1967), o r  o f  

an  essen tial a m in o  a c id  (S eg al, 1965).

K u s h n e r  &  P o llo c k  (19 6 1) p rep ared  ‘ d isru p ted  s p h e ro p la sts ’ fro m  B acillu s licheni

fo rm is  b y  trea tm en t w ith  ly so zy m e  in  th e  p resen ce  o f  0-05 M-Mg2+. T h ese  p re p a ra 

tio n s  c o n ta in e d  essen tia lly  a ll o f  th e  o rig in a l b o u n d  p en icillin ase. T h e  en zym e c o u ld  

b e  released  b y  try p sin  o r  b y  so d iu m  d e o x y c h o la te  (as a c tiv ity  n o t sed im en tin g in  10 

m in . a t 20,000 g). T h e  s lo w  en d o g e n o u s release w a s p rev en ted  b y  0-05 M-Mg2+. It has 

b een  fo u n d , h o w e ver, th a t re m o v a l o f  th e  cell w a ll b y  ly so zy m e  a n d  the re lease  o f  

in tra ce llu la r  p ro te in  an d  n u cle ic  acid  are  in co m p le te  u n d er th e  co n d itio n s  p re v io u s ly

♦Present address: Institute of Microbiology, Rutgers, The State University, New Brunswick, 
New Jersey, U.S.A.
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used  (L a m p en , 1967). T h u s  the o b served  effects o f  M g 2+ an d  o f  d e o x y c h o la te  p r o b a b ly  

reflected  p ro te ctio n  a n d  fra g m en ta tio n  o f  th e  sp h ero p lasts, resp ectively , rath er th a n  

d ire ct a ctio n  on  the lib e ra tio n  o f  free en zym e.

T h e  p ro p erties  o f  the ce ll-b o u n d  p en ic illin ase , a n d  esp ecia lly  the n atu re o f  its a tta c h 

m en t, are  im p o rta n t fo r  an  u n d e rstan d in g  o f  the fo rm a tio n  an d  release o f  w h a t ev en 

tu a lly  b eco m es ex o e n zy m e. T h e  p resen t w o r k  w a s d esign ed  to  iso la te  the b o u n d  p e n i

c illin ase  fo r  c o m p a riso n  w ith  the e x o e n zy m e an d  to  d eterm in e its lo c a tio n  in  th e  ce ll 

a n d  m ean s o f  a tta ch m en t. In  p re lim in a ry  studies it  w a s fo u n d  th a t the ce ll-b o u n d  o r  

m em b ra n e-b o u n d  en zym e co u ld  b e  re a d ily  d ifferen tiated  fr o m  the ex o e n zy m e b y  its 

b e h a v io u r  d u rin g  e lectro p h o re sis  in  sta rch  gel. T h e  p rev io u s  crite rio n  fo r  free en zy m e, 

i.e . fa ilu re  to  sed im en t in  10 m in. a t 20,000 g ,  d id  n o t d istin gu ish  b etw een  ex o e n zy m e 

a n d  en zym e b o u n d  to  sm a ll p ieces o f  m em b ran e. F o r  th is reaso n , e le c tro p h o re tic  

m o b ility  is h ere used  as th e  m a jo r  crite rio n  fo r  id e n tify in g  th e  several ty p e s o f  p e n ic il

lin ase. E a rlie r  stu d ies w ith  Bacillus licheniformis u tilize d  p rim a rily  strain  6346 (K u sh - 

n er &  P o llo c k , 19 6 1), b u t stra in  74 9/c w a s ch o sen  h ere  sin ce it  is less sen sitive  to  

‘ a n a e ro b ic  ly s is ’ (see P o llo c k , 1 9 6 1a )  a n d  p ro d u ces  grea te r  am o u n ts o f  p en icillin ase.
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METHODS

Organisms. Bacillus licheniformis strain  749/c, a  p e n ic illin ase -m ag n o co n stitu tive  

m u ta n t o f  th e  p e n ic illin ase-in d u cib le  w ild -typ e  stra in  749, w a s iso la ted  b y  P o llo c k  

(196 3). S to c k  cu ltu res w ere  p reserved  as sp ores in  a q u e o u s su sp en sion  a t + 2 ° .  T h e  

case in  h y d ro ly sa te  +  salts m ed iu m  (C H /S ) g e n e ra lly  u sed  fo r  g ro w th  o f  th e  orga n ism  

w a s d escrib ed  b y  P o llo c k  (1965).

Growth conditions. T h e  m o st co n v en ien t w a y  to  p rep are  stab le  lo g arith m ic-p h ase  

o rgan ism s w a s as f o l lo w s : P etri d ishes (9 cm . d iam .) c o n ta in in g  A n d ra d e  a g a r  (K o g u t , 

P o llo c k  &  T r id g e ll, 1956) w ere in o cu la te d  w ith  io 6 sp ores an d  in cu b a ted  o v ern igh t 

a t 35°. T h ese  p la tes p ro v id e d  a  ro u tin e  ch e ck  o n  p u r ity  o f  the cu ltu re  a n d  o n  p en icillin ase  

p ro d u ctio n , g iv in g  red  c o lo n ie s  a fter  f lo o d in g  a  p la te  w ith  p e n ic illin  so lu tio n . T h e  

b a cte r ia  fro m  tw o  p lates w ere  w a sh ed  o ff  th e  a g a r  w ith  a  little  C H /S  m ed iu m , ad d ed  

to  800 m l. C H /S  m ed iu m  (w a rm ed  to  3 5 0) in  a  5 1. flask  an d  sh ak en  a t 30 cycles/m in . 

u n til the p o p u la tio n  rea ch ed  th e  e q u iv a le n t o f  0-7 m g. d ry  w t b acteria/m l. (5 -6  hr). 

In  ea rly  exp erim en ts, 100 m l. C H /S  m ed iu m  w ere  in o cu la te d  w ith  3 x io 8 v ia b le  sp ores 

a n d  in cu b a ted  (w ith o u t sh a k in g) o v ern ig h t a t  350. T h e  en tire  cu ltu re  w as th en  ad d ed  

to  800 m l. C H /S  m ed iu m  fo r  th e  fin a l p e rio d  o f  gro w th . In  a  fe w  exp erim en ts w h en  

g lu co se  w a s a d d ed , it  w a s n ecessa ry  to  ad d  N -N a O H  o c c a s io n a lly  to  k eep  th e  cu ltu re  

a t p H  7-0-7-6. C e rta in  b o u n d -p en ic illin ase  p rep a ra tio n s  w ere  d erived  fro m  th e  sin gle 

la rg e  b a tc h  d escrib ed  b y  P o llo c k  (196 5). T h e  exo p en icillin a se  used  fo r  co m p a riso n s 

w ith  th e  free  an d  b o u n d  fo rm s o f  th e  en zym e w a s  o b ta in ed  fro m  a  cu ltu re  filtra te  b y  

a d so rp tio n  o n  an d  e lu tio n  fro m  cellu lo se  p h o sp h a te  a n d  fra c tio n a l p re c ip ita tio n  w ith  

a m m o n iu m  su lp h a te  (P o llo c k , 1965). It  h a d  a  sp ecific  a c tiv ity  o f  a b o u t 300 units//<g. 

p ro te in . (T h e  en zym e released  in to  th e  m ed iu m  d u rin g  g ro w th  is term ed  e x o p e n ic il

lin a se ; th a t released  fro m  p rep a ra tio n s  o f  th e  b o u n d  en zym e u n d er v a r io u s  test 

co n d itio n s  is  ca lled  ‘ f r e e ’ , a lth o u g h  it  m a y  b e  id en tica l to  th e  n a tu ra lly  released  

en zy m e.) A l l  w eig h ts  o f  o rga n ism s are ex p ressed  as the d ry -w eig h t eq u iva len t.

Methods. S ta rch -ge l e lectro p h o resis  w as d o n e  a cc o rd in g  to  th e  m eth o d s o f  S m ith ies 

( 1955) w ith  a  b rid g e  so lu tio n  o f  0-33 M -sodium  b o ra te  b u ffer  (p H  8-45) an d  ru n  fo r  4 h r



251
a t a  v o lta g e  gra d ie n t o f  a p p ro x im a te ly  14  V ./cm . T em p e ra tu re  w a s m a in ta in e d  a t 

1 0 -1 5 °  b y  p la c in g  th e  g e l on  a  w a te r-co o le d  b lo c k . A fte r  e lectro p h o resis , th e  gel w as 

sliced . In  on e h a lf, zo n es o f  en zy m ic  a c tiv ity  w ere  lo c a te d  b y  so a k in g  the gel fo r  2 0 - 

30 m in. in  a  satu rated  a q u e o u s so lu tio n  o f  A -p h e n y l-i-n a p th y la m in e -a zo -o -c a rb o x y - 

b en zen e (P o llo ck , 196 5); th e  d y e  w as th en  d ra in e d  o f f  an d  th e  gel flo o d e d  w ith  an  

a q u e o u s so lu tio n  o f  a p p ro x im a te ly  1 -o M -ben zylp en icillin . F o r  d etectio n  o f  sm aller 

am o u n ts o f  th e  v a r io u s  en zym e typ es, th e  o th er h a lf  o f  th e  slice w a s sp rayed  d irectly  

w ith  a  so lu tio n  o f  0-15 M -ben zylp en icillin  in  0-05 M -phosphate b u ffer  (p H  7-0) c o n 

ta in in g  0-016 N -iodin e an d  0-06 m -K I .  B y  in c lu d in g  in  ea ch  ru n  p en icillin ase  sam ples 

o f  k n o w n  a ctiv ity , these p ro ced u res  c o u ld  b e  m a d e sem iq u an titative .

P ro te in  w a s d eterm in ed  b y  th e  m eth o d  o f  L o w r y , R o se b ro u g h , F a r r  &  R a n d a ll 

( 1951)-
Penicillinase assay. P en ic illin ase  w a s  u su a lly  a ssa ye d  b y  the io d o m e tric  m eth o d  o f  

P erret (1954) a n d  a ctiv ity  exp ressed  as u n its (//moles b en zylp e n ic illin  h yd ro lysed /h r 

a t  30°). B en z y lp e n ic illin  w a s used  a t 2 m g./m l., o th er p en icillin s a t  e q u im o la r  co n c e n 

tratio n s. D ilu tio n s  o f  en zy m e sam ples w ere  m a d e  in  o - i %  ge latin  c o n ta in in g  0-84 mM- 
8 -h y d ro x yq u in o lin e . In  exp erim en ts w ith  cep h a lo sp o rin  C , an d  fo r  studies o f  th e  effect 

o f  an tisera  to  p u rified  p en ic illin ase , a c tiv ity  w a s a ssa ye d  m a n o m e trica lly  a t  p H  7-0 

a n d  30° b y  th e  m eth o d  o f  H e n ry  &  H o u se w rig h t (19 4 7), 1 m l. o f  1 -o %  ge latin  so lu tio n  

b e in g  ad d e d  to  th e  m a n o m e ter  cu p s b e fo re  a ssay. In  d eterm in in g  affin ity  co n sta n ts  fo r  

b en zylp e n ic illin  a n d  m eth icillin  th e  m icro -io d o m e tric  m eth o d  o f  N o v ic k  (1962) w as 

u sed  b ecau se  o f  its  grea te r  sen sitiv ity. (F o r  a  c o m p a riso n  o f  th ese m e th o d s see P o llo c k ,

1965-)
Chemicals. iV -P h en y l-i-n a p h th y la m in e-a zo -o -ca rb o x y b e n ze n e  w a s b o u g h t fr o m  th e  

B ritish  D r u g  H o u ses  L td ., P o o le , E n g la n d . M e th ic illin  an d  cep h a lo sp o rin  C  w ere g ifts  

fr o m  B eech a tn  R e se a rch  L a b o ra to rie s , L td . an d  G la x o  L a b o ra to rie s , resp ectively .

T ry p sin , ch y m o try p sin , b o v in e  p a n cre a tic  r ib o n u c le a se  a n d  ly so zy m e  w ere  o b ta in ed  

fr o m  A r m o u r  P h a rm a ce u tica l C o m p a n y , L td ., E a stb o u rn e , E n g la n d ; Streptomyces 
griseus p ro te in a se  (P ro n ase) fro m  C a lb io c h e m ., L o s  A n g e le s , C a lifo rn ia , U .S . A . ; 

d e o x y rib o n u cle a se  a n d  try p sin  in h ib ito r  (so y  b ean ) fro m  W o rth in g to n  B io ch e m ica l 

C o r p ., F re e h o ld , N . J., U .S .A . P u rified  p a p a in  w a s a  g ift  fro m  D r  J. M a n d e lsta m .

RESULTS

Existence o f membrane-bound enzyme
A  fra c tio n  co n sistin g  m a in ly  o f  m em b ra n e  frag m en ts w as o b ta in ed  b y  ly s in g  lo g - 

p h ase  Bacillus licheniformis 74 9/c o rgan ism s (20-30 m g./m l.) w ith  ly so zy m e, 50 fig./ 

m l. in  o -o i M -sodium  p h o sp h a te  b u ffer (p H  7-0) a t 30°. O n ce  v isib le  lysis h a d  b egu n , 

r ib o n u c le a se  a n d  d e o x y rib o n u cle a se  w ere ad d ed  a t 10 an d  5 /tg./m l., resp e ctive ly . 

M g S 0 4 (o -o i m) w a s ad d e d  a fter  lysis w h en ev er it  w a s d esirab le  to  m a in ta in  la rg e  fr a g 

m en ts (L a m p en , 19 6 7); it  w a s  n o t ad d e d  w h en  sm aller frag m en ts w ere n eed ed  fo r  

p u rifica tio n  tr ia ls  o r  fo r  en zy m ic  studies.

In  a  ty p ic a l exp erim en t w ith o u t ad d e d  M g 2+, a  cu ltu re  (800 m l.) h arvested  a t  a  

c o n ce n tra tio n  o f  0-73 m g. organism s/m l. co n ta in ed  4920 u n its pen icillin ase/m l. (7800 

units/m g. organ ism s). O f  th is q u a n tity , 68 %  sed im en ted  w ith  th e  b a cte r ia  (5000 g ,  

10 m in .); 32 %  w a s in  th e  cu ltu re  flu id . T h e  b a cte r ia (2 -5  x  io 6 u n its pen icillin ase) w e re  

resu sp en d ed  in  25 m l. p h o sp h a te  b u ffer-(-ly so zy m e a n d  la te r  d e o x y rib o n u cle a se  an d

Cell-bound penicillinase
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rib o n u c lé a se  w ere  a d d ed . A fte r  20 m in . a t  30° th e  m ix tu re  w a s cen trifu g ed  a t 20,000 g  

fo r  20 m in . a t  0°. T h e  sed im en t co n ta in ed  60 %  o f  the o r ig in a l a c tiv ity , th e  su p ern a tan t 

flu id  31 % . A  seco n d  trea tm en t o f  th e  resid u e w ith  ly so z y m e  an d  n u clea ses released  

o n ly  a n o th er 3 %  o f  th e  o r ig in a l a ctiv ity .

M o s t  o f  th e  p e n ic illin ase  in  the e x tra ct w a s in  th e  b o u n d  fo rm  (F ig . iB ) .  C e n tr i

fu g a tio n  a t 80,000 g  fo r  120 m in . (S p in co , M o d e l L ) sed im en ted  40 %  o f  th e  a c t iv ity ;  

a fter  105,000 g  fo r  4 h r  a b o u t 75 %  o f  th e  en zym e w a s fo u n d  in  th e  p e lle t. T h e  b u lk  

o f  th e  en zym e in  th ese fra c tio n s  d id  n o t  m o v e  u p o n  sta rch -b lo ck  e lectro p h o re sis  a t  

p H  8-45 (F ig , i C ,  D )  o r, in  o th er exp erim en ts, a t  p H  6-5 (0-02 M -phosphate b uffer).

A I II

B J 11

C 1  ft

D J If

E R  l l

f I êê

G

I______I______ I______ 1______ 1_______ 1
0 2 4 6 8 10

(—) Centimetres from origin (+ )

Fig. 1 . Electrophoretic characteristics of free and bound penicillinase preparations from 
strain Bacillus licheniformis 7 4 9 /c. Solutions containing 150 0-20 00  units activity/ml. were 
applied. The patterns were developed by soaking the gel in a saturated aqueous solution of 
TV-phenyl-1-naphthylamine-azo-o-carboxybenzene and subsequently adding a concentrated 
solution of fcenzylpenicillin. A, 7 4 9 /c exopenicillinase; B, 20,000 g supernatant fluid from 
lysed bacteria; C, 105,000  g supernatant fluid; D, 105,000  g sediment ;E, as D after treatment 
with Na deoxycholate (Table 1); F, preparation (like E) treated with trypsin (Table 2); G, 
purified bound enzyme (Fig. 2).

In  th e  fin a l su p ern a tan t flu id  a b o u t three q u arters  o f  the en zym e h a d  th e  e le c tro p h o re tic  

m o b ility  o f  ex o p en icillin a se. It is p ro b a b le  th a t th is free en zy m e (a b o u t 6 %  o f  th e  

o r ig in a l ce ll-b o u n d  a ctiv ity ) w a s released  d u rin g  th e  re la tiv e ly  lo n g  tim e re q u ired  to  

sed im en t the s lim y residues o b ta in ed  w h en  M g 2+ w a s n o t ad d e d  fo llo w in g  lysis.

W h e n  o -o i M -M gS 0 4 w as a d d e d  a fter  lysis o f  th e  b acteria , the resu ltin g  m em b ra n e  

fra c tio n  rem ain ed  a gg reg a ted  an d  c o u ld  b e  w a sh ed  in  o -o i M -M gS 0 4 o r  trea ted  a g a in



w ith  ly so zy m e  +  n u cleases w ith o u t fu rth er ra p id  release o f  p en ic illin ase . T h e se  residues 

co n ta in ed  a b o u t 30 %  o f  th e  to ta l ce ll p ro te in  a n d  h a d  a sp ecific  a c tiv ity  o f  20-30 

u n its penicillinase///,g. p ro te in . E vid en ce  is o ffered  la te r  th a t th e  ex o - an d  b o u n d  f o r m s  

o f  p en icillin ase  h a v e  th e  sam e a ctiv ity  p e r  m o le  o f  en zy m e p ro te in . T h e  sp ecific  

a c tiv ity  o f  p u re  B acillu s licheniform is  74 9 /c p e n ic illin ase  is a b o u t 325 units//tg. p ro te in  

(P o llo ck , 1965). T h e  b o u n d  p e n ic illin ase  m u st th e re fo re  co n stitu te  6 -8  %  o f  th e  p ro te in  

o f  th ese m em b ra n e p rep a ra tio n s . T y p ic a l lo g a rith m ic-p h a se  o rgan ism s (70 %  o f  th e  

d ry  m a tter  is p ro te in ) co n ta in  4000 u n its o f  en zym e/m g. d ry  w t o rga n ism . T h u s , the 

p e n ic illin ase  p ro te in  is a b o u t 1-5 %  o f  th e  to ta l c e llu la r  p ro te in .

T a b le  1. L a c k  o f  release o f  f r e e  p en icillin a se o f  B acillu s licheniform is 749/0

by p h y sica l treatm ent

Bound penicillinase [2000-6000  units/ml.] as a washed sediment from centrifugation at 
100,000 g for 4  hr was subjected to various procedures, usually in o-oi M-potassium 
phosphate buffer (pH 7 -0). Residual enzymic activity was measured, and samples were 
examined by starch gel electrophoresis for the possible presence of free enzyme.
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Treatment Formation of 
free enzyme*

- t

Loss of 
activity

Na deoxycholate (1 %) 30° 30 min.
Urea (7-2 m ) 0° 40  min. - t < 2 0 %
Urea (7-2  m ) 0° 100  min. — 50 %t
EDTA (pH 7  0 ; 0 01 m) 30° 20 min. - t
Ultrasound, 25 kc 0° 12  min.
Frozen and thawed 4 times (in pH 4-1 

acetate buffer; 0 05 m ) 30° 20 min. < 2 0 %
Butanol, 4  % (v/v) in water 30° 7 0  min. —
Chloroform (saturated aqueous solution) 30° 60 min. - t 58 %t
Hydroxylamine (0-08 m) 0° 18 hr -

* The symbol (—) indicates that no detectable amount of enzyme was formed which had a mobility 
one-third or more of that characteristic of exopenicillinase as present in culture filtrates. Treatment 
with deoxycholate, urea, EDTA or ultrasound produced a substantial amount of enzyme that moved 
a short distance from the origin in a diffuse band but was clearly retarded to a major extent in com
parison with free enzyme (Fig. 1).

t  There was no change in the mobility of exoenzyme following identical treatment.
t  Inactivation of exoenzyme also took place.

N ature o f  binding to m em brane

L a c k  o f  release by p h y sica l or ch em ica l treatm ents. A  v a r ie ty  o f  p ro ced u res design ed  

to  ru p tu re  h y d ro g e n  b o n d s o r  to  fra g m e n t th e  p a rtic les  w h ich  h a v e  a tta ch ed  p e n ic il

lin ase (T a b le  1) d id  n o t release en zym e a ctiv ity  in  a  fo rm  w h ich  ex h ib ited  the e le c tro 

p h o re tic  m o b ility  o f  ex o p en icillin a se. T re a tm e n t w ith  so d iu m  d e o x y c h o la te  (F ig . 1 E ), 

u rea , e th ylen ed ia m in e te tra -acetic  a c id  ( E D T A )  o r  u ltra so u n d  d id  p ro d u c e  sm aller 

p a rtic les , b u t  n o  free en zy m e w a s  d ete ctab le . E v e n  a fter  an  ex p o su re  to  7-2 M -urea, 

w h ich  w a s su fficien t to  d estro y  50 %  o f  th e  a ctiv ity , th e  rem ain in g  a c tiv ity  h a d  th e  lo w  

m o b ility  ch a ra cte ristic  o f  b o u n d  en zym e. E x a m in a tio n  o f  th e  sam p les fro m  th e  ex p eri

m en t o f  T a b le  1 b y  ce n trifu g a tio n  in  a  5 -2 0  %  su cro se  g ra d ie n t in  o -o i M -phosphate 

b u ffer  (p H  7-0) g a v e  resu lts co n sisten t w ith  th e  a b o v e  co n clu sio n s. I t  w a s c le ar  th a t 

fra g m e n ta tio n  o f  the p a rtic les  h a d  o ccu rred  d u rin g  th e  trea tm en t w ith  u rea , d e o x y 

c h o la te  o r  u ltra so u n d , b u t  n o  s ig n ifican t a m o u n t o f  en zym e w ith  th e  sed im en ta tio n  

p ro p erties o f  ex o p en icillin a se  w a s fo rm ed .

A ctio n  o f  p ro teo ly tic  enzym es. In  co n tra st to  th e  in effectiven ess o f  p h ysico -ch em ica l
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treatm en ts, in cu b a tio n  o f  th e  b o u n d  p en icillin ase  p rep a ra tio n  w ith  try p sin  ra p id ly  

released  en zym e w h ich  w a s e le c tro p h o re tica lly  id e n tica l w ith  ex o p en icillin a se  (T a b le  2 ; 

F ig . 1 F ). T h e  rea ctio n  w a s p rev en ted  b y  a d d in g  try p sin  in h ib ito r. W ith  b o u n d  p e n ic il

lin ase eq u iva len t to  30 fig. e x o e n zy m e, 1 fig . try p sin  released  80 %  o f  th e  a c tiv ity  in  

5 m in. P ro n a se  a n d  p a p a in  w ere  a lso  h ig h ly  effective. T h e  ch y m o tryp sin  p rep a ra tio n

T a b le  2. R elease o f  f r e e  p enicillinase by trypsin

The penicillinase preparations were added at zero time to the other constituents (as 
indicated) in o-oi M-phosphate buffer (pH 8-o). After incubation at 30° the mixtures were 
frozen until subjected to starch gel electrophoresis or to assay. The bound enzyme was a 
fraction which had sedimented in 1 hr at 100,000 g  from an extract obtained by treatment 
with 0-5 % sodium deoxycholate and 6 M-urea (Fig. 2).
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Penicillinase Incubation Additions Final activity % Free
(/tg. protein) (min.) (per ml.) (units/ml.) enzyme*

Bound (30) 70

1 /ig. trypsin (0 min.)

1600 2-5

70 + 20 /ig. trypsin 3 (0 min.) 2 -5
70 inhibitor 1 (5 min.) 80
70 J (70  min.) 145 0 > 95

Free (15) 60 4370
60 50  /¿g. trypsin 4 10 0

* Detected by starch gel electrophoresis.

T a b le  3. R elease o f  p enicillinase by proteinases
The penicillinase samples were added at zero time to the indicated enzymes in a final volume 

of 2-0 ml. The bound enzyme preparation was that of Table 2 . For tests with trypsin or 
chymotrypsin the buffer was 0 0 1  M-phosphate (pH 8 -o); for Pronase 0 0 1  M-tris (pH 7 -5) 
containing 0 01 M-CaCl2; for papain 0-05 M-phosphate (pH 5 -9) with 0 1  mg. cysteine HC1/ 
ml. and o-oi m-EDTA. After incubation at 30° the mixtures were frozen until used for
assay and for the estimation of free enzyme by starch gel electrophoresis.

Incuba Final
Penicillinase Trypsin tion activity % Free
(/ig. protein) Proteinase inhibitor (min.) units/ml. enzyme
Bound (too) . 60 44OO 5

Trypsin 2 /ig. 20 /tg. at 20 min. 60 . 8 0 -9 0

r 5 /ig. . 60 » 10

Chymotrypsin j f  at 0 min. 
50  /ig. j at 20 min.

60
60

* 5 - 1 0

50
f 5 0 /ig. 1 at 60 min. 60 4300 80

Bound (too) , 5 52OO 5 - 1 0
Pronase 5 Ag 5 4 OOO 90

Free (13) 90 4 2OO 0
Pronase • io /tg. 90 382O »

1 0 /ig. 360 26 3O*
Bound (100) 5 4330 10

Papain -j 4 /ig. 0 9 0 t
4 Ag- 5 4550 95

Free (13) 60 38 6O
Papain 4 Ag. 60 332O* ,

* Electrophoretic mobility of remaining active materials was unchanged.
t  Cleavage by the proteinases will take place in the starch gel during electrophoresis. Kinetic 

studies were therefore done only with trypsin or chymotrypsin whose action could be halted by trypsin 
inhibitor.



in  h ig h  co n cen tra tio n s  re lea sed  free  p e n ic illin ase  s lo w ly , b u t th is release w as p reven ted  

b y  a d d in g  a n  eq u a l w e ig h t o f  try p sin  in h ib ito r  (ch y m o tryp sin  p rep a ra tio n s  u su a lly  

co n ta in  sm a ll a m o u n ts o f  tryp sin ). T ry p s in  in h ib ito r  co m b in es a lm o st in sta n tly  and  

irrev ersib ly  w ith  try p sin  o n  a  i : i  w eig h t b asis, b u t fo rm s a  d isso c ia b le  c o m p le x  w ith  

ch y m o try p sin  (K u n itz , 1947) a n d  w o u ld  n o t in h ib it co m p le te ly  th e  a c tio n  o f  c h y m o 

tryp sin  u n d er th e  co n d itio n s  o f  T a b le  3. T h u s  o n e m a y  co n c lu d e  th a t ch y m o try p sin  is 

in a ctiv e  in  re lea sin g  p e n ic illin ase  fro m  its b o u n d  fo rm . L y s o z y m e , r ib o n u cle ase , 

d e o x y rib o n u cle a se  a n d  w h e a t g erm  lip a se  w ere  a lso  w ith o u t effect.

I t  is u n lik e ly  th a t try p sin  acts b y  ca u sin g  a  g ro ss d is in teg ra tio n  o f  th e  m em b ra n e 

p a rticles . E x a m in a tio n  b y  e lectro n  m icro s c o p y  d id  n o t reveal a n y  m a jo r  ch an ges in  

th e  a p p e a ra n ce  o f  th e  p a rtic les  d u rin g  th e  p e rio d  w h en  a t least 95 %  o f  th e  b o u n d  

p e n ic illin ase  h a d  b een  released .

F ree  p en icillin ase  an d  exo p en icillin a se  are  b o th  resistan t to  the a ctio n  o f  p ro te o ly tic  

en zy m es (T a b le  3). F o r  ex a m p les, 13 /¿g. free  p en icillin ase  w ere  in cu b a ted  w ith  10 fig. 

o f  P ro n a se  ( i o -3 M -C a C l2 p resen t); there w a s a  d ecrease in  a c tiv ity  o f  o n ly  9 %  d u rin g  

90 m in . a n d  37 %  in  6 hr. T h is  is in  sh arp  c o n tra st to  th e  rap id  c le a v a g e  o f  th e  d e

n atu red  en zym e. T h u s  th e  p e n ic illin ase  o f  B acillu s licheniform is  74 9/c th o u g h  la c k in g  

d isu lp h id e  b rid ges (P o llo c k  &  R ic h m o n d , 1962) m u st h a v e  exten sive an d  stab le  

te rtia ry  stru ctu re.

T a b le  4. A ctiv ity  and a ccessibility  o f  cell-bound penicillinase

A culture of Bacillus licheniformis 7 4 9 /c was harvested at a population equiv. 0-6 mg. 
dry wt/ml. and washed with o-oi M-phosphate buffer (pH 7 -0). The organisms were re
suspended at twice the original concentration either in buffer alone or with various 
additions. After the indicated period at 30°, the penicillinase activity of the mixtures was 
determined at once, by the iodometric method with a 5 min. incubation period.
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Additions Incubation (min.)
Penicillinase activity 

(units/ml.)
None 0 545°
8-Hydroxyquinoline (0-0005 m) 0 554°
8-Hydroxyquinoline (0-0005 m)+  ) 

lysozyme (50 /tg./ml.) ! 
ribonuclease (lo/tg./ml.) > 20* ( 56CO
deoxyribonuclease (5 /¿g./ml.) ! 
trypsin (20 /¿g./ml.) )

* Lysis was complete within 10  min. After 20 min., a portion of the mixture received 100 fig. trypsin 
inhibitor/ml. to halt trypsin action. More than 90 % of the penicillinase was then present in the free 
form as determined by electrophoresis in starch gel.

P rop erties o f  bound p enicillinase o f  B acillu s licheniform is 7 4 9 jc

A ccessib ility . T h e  ce ll-b o u n d  en zym e is co m p le te ly  a v a ila b le  to  su b strate, as can  

b e  seen  fr o m  th e  ex p erim en t o f  T a b le  4. E sse n tia lly  id e n tica l va lu es  w ere o b ta in ed  

b y  u sin g  in ta c t o rgan ism s, o rga n ism s trea ted  w ith  8 -h y d ro x yq u in o lin e  to  h a lt p e n i

c illin ase  synthesis, o r  th e  su sp en sio n  a fter  lysis a n d  release o f  free en zym e O n e  m a y  

a lso  co n c lu d e  th a t free  a n d  b o u n d  p en icillin ase  p ro b a b ly  h a v e  th e  sam e c a ta ly tic  

a ctiv ity  p er m o le  o f  en zym e p ro te in ; fu rth e r  ev id en ce  fo r  th is is p ro v id e d  in  T a b le s  

2 an d  3. T h e re  w as n o  ch a n g e  in  to ta l p en icillin ase  a c tiv ity  d u rin g  a  p e rio d  w h en  95 %  

o f  the en zym e w a s released  fro m  th e  b o u n d  fo rm .

K in etic  constants. T h e  re lativ e  m a xim u m  ve lo citie s  an d  a ffin ity  co n stan ts o f  the
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ex o - a n d  b o u n d  en zym es fo r  va r io u s  su b strates d id  n o t d iffer sig n ifica n tly  (T a b le  5). 

B en zy lp e n ic illin , c e p h a lo sp o rin  C  a n d  m eth icillin  w ere selected  fo r  th e  c o m p a riso n , 

sin ce th e  exo p en icillin a se  o f  B acillu s licheniform is  stra in  749/c c leaves th ese  su b strates 

a t  w id e ly  d ifferen t rates (P o llo c k , 1965). T h e  a ffin ity  o f  p en icillin ase  fo r  m eth icillin  is 

h ig h  a n d  w a s m o st co n v e n ie n tly  m easu red  as K t a g a in st b e n zylp e n ic illin , b y  u sin g  

th e  p ro ce d u re  o f  H u n te r  &  D o w n s  (1945).

T a b le  5. K in e tic  characteristics o f fr e e  and bound fo rm s o f  

p en icillin a se o f  B acillu s licheniform is 749/c

Lmai was determined by the manometric procedure (Henry & Housewright, 1947). The 
micro-iodometric method of Novick (1962) was used for measurement of affinity constants.
K  for methicillin was determined by its inhibition of the cleavage of benzylpenicillin (Hunter 
& Downs, 1945). The bound enzyme was prepared by ammonium sulphate precipitation 
and differential ultracentrifugation of the material released by lysis with lysozyme in the 
absence of Mg2+. Its specific activity was 19 units/^g. protein. The washed organisms were 
harvested from a log-phase culture just before testing. In parallel flasks which did not 
receive substrate less than 1 5  % of the cell-bound enzyme was released during the 30 min. 
required for equilibration and determination of enzymatic rate. This quantity could not 
seriously influence the observed results.

Substrate
____ ______ K_________________ _

Benzylpenicillin Cephalosporin C Methicillin 
Tmai (relative)

Penicillinase r------------------------------*--------------------------- —>

2 5 6

Exo [100] I I 0-45
Bound [100] 1-25 0-5
Washed organisms [100] 0- 9 j*

1- 3 J
0-56

r Kt
Exo 6x I0~6 M 14X i o _6m

Bound 5-o x i o ~5 m "I*
6-4 X I0~5 M J I-I X IO”6 M

* Results of separate experiments.

E ffects  o f  antiserum  to exopenicillin ase. P o llo c k  (1964) rep o rte d  th a t a n tisera  

p rep ared  in  ra b b its  b y  th e  in jec tio n  o f  p u rified  exo p en icillin a se  o f  B acillu s lich en i

fo rm is  stra in  749 co n ta in  certa in  a n tib o d ies  w h ic h  stim u late  a n d  oth ers w h ic h  d ep ress 

th e  a c tiv ity  ( o f  th e  en zym e, a cc o rd in g  to  th e  su b strate  used. T h e  an tiseru m  to 

exo p en icillin a se  u sed  in  th e  p resen t studies p ro d u ce d  (a t th e  eq u iva len t p o in t) a b o u t 
a  50 %  in h ib itio n  o f  th e  c le a v a g e  o f  b en z y lp e n ic illin  a n d  a  1 2 - 14 -fo ld  in crease  in  th e  

ra te  o f  h y d ro ly sis  o f  m eth icillin . M o s t  p rep a ra tio n s  o f  b o u n d  en zym e resp o n d ed  to  

a n tiseru m  in  the sam e w a y  as d id  th e  ex o e n zy m e. H o w e v e r, on e p re p a ra tio n , an  

(N H 4)2S 0 4 p rec ip ita te  fr o m  a  so d iu m  d e o x y ch o la te -u re a  ex tra ct, w a s in h ib ited  to  a  

lesser exten t (o n ly  a  20 %  d ecrease  in  a ctiv ity )  o n  b en zylp e n ic illin . T h e  stim u la tio n  o f  

m eth icillin  c le a v a g e  b y  th is p re p a ra tio n  w a s  id en tica l to  th a t o b ta in e d  w ith  e x o 

p en ic illin ase . N o  e x p la n a tio n  ca n  be o ffered  fo r  th e  u n u su a l resu lt w ith  th e  sin gle  

p re p a ra tio n , b u t  it  is c le a r  th a t  a tta ch m e n t to  th e  m em b ra n e fra g m e n t d id  n o t  g e n e r

a lly  m o d ify  th e  co n fo rm a tio n a l ch an ges p ro d u ce d  in  th e  p e n ic illin ase  m o le cu le  b y  

an tiseru m .

O ther properties. T h e  sen sitiv ity  to  io d in e  o f  th e  b o u n d  a n d  ex o -fo rm s o f  p e n ic illin a se  

w a s co m p a re d  b y  u sin g  th e  p ro ce d u re  o f  G a rb e r  &  C itr i (1962) as m o d ified  b y  P o llo c k



(196 5). A ft e r  5 m in. trea tm en t a t o° w ith  3-8 m M -iodine th ere w a s 24 a n d  21 %  in a c tiv a 

tio n , resp e ctive ly , a n d  a fte r  30 m in ., 65 a n d  54 % . T h e se  v a r ia tio n s  are  co n sid ered  to  
b e  w ith in  ex p erim e n ta l erro r.

P a rtia l purification  o f  bound enzym e. T h e  p ro ced u re  w a s b ase d  u p o n  th e  fin d in g  

(T a b le  1 a n d  text) th a t a  n u m b er o f  a gen ts w o u ld  p a rtia lly  d isin tegra te  th e  m em b ra n e 

p a rtic les  w ith o u t re lea sin g  th e  b o u n d  p en icillin ase . M g S 0 4 (o -o i m )  w a s ad d e d  a fter  

ly sis  o f  the o rgan ism s, sin ce the m em b ran e fra c tio n  c o u ld  then  b e  re a d ily  w a sh ed  free  

o f  cy to p la sm ic  p ro te in s. F ig u re  2 presen ts th e  flo w  sh eet o f  a  ty p ic a l p re p a ra tio n . 

T h e  m em b ran es w ere  d isin tegra ted  w ith  d e o x y c h o la te , w h ich  rem o v ed  som e lip id  

a n d  p ro d u c e d  a  ‘ f lu f fy ’ p a rtic le  (as o b served  w ith  th e  e lectro n  m icro sco p e). S tre p to 

m y cin  su lp h a te  p re c ip ita te d  a  sm all a m o u n t o f  n u cle ic  a c id , an d  th e  p a rtic le s  w ere  

then  fu rth e r  b ro k e n  w ith  u rea  (these frag m en ts w ere  d ifficu lt to  v isu a lize  w ith  th e  

e lectro n  m icro sco p e  a n d  o n ly  30-50  %  o f  the a c tiv ity  sed im en ted  in  4  h r a t  100,000 g ). 

F in a lly , th e  b o u n d  p e n ic illin ase  w a s p rec ip ita te d  b y  sa tu ratin g  th e  so lu tio n  w ith  

a m m o n iu m  su lp h a te . A t  th e  p en icillin ase  c o n ce n tra tio n  u sed  (a b o u t 50,000 un its/m l.) 

v e ry  little  o f  th e  free en zy m e p recip ita ted  in  24 h r  a t  o°. T h e  fin a l p re p a ra tio n  w a s  

d isso lv ed  in  o -o i M -phosphate b u ffer  (p H  y o )  a n d  d ia ly sed  a ga in st th e  sam e b u ffer.
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Membrane fraction (io -2 x io6 * units; 1 7  units//ig. protein) 
Na deoxycholate (10 0  ml.)

1 % (w/v in o-oi M-potassium 
phosphate buffer (pH 7 -0);
35 min., o°

120,000  units

Mg deoxycholate

0-05 M-MgSOé; 2 hr, o°

Dialysed against o-oi M-potassium phosphate 
(pH 7 -0) buffer (2 1.) overnight, o°

‘Fluffy’ particles (io-8 x io8 * 10 units; 3 7  units//ig. protein; 
95 % bound enzyme)

1 % streptomycin sulphate

6 -o M-urea; 30 min., o°. 11
Dialyzed against o-oi M-potassium phosphate (pH 7 -0)

Small fragments (8-7 x io6 units).
Solid (NH4)2S0 4 to saturation;

24 hr, o°

Bound penicillinase 
(8-2 x 10 6 units;

52  units//ig. protein)

Free enzyme 
(130,000  units)

Fig. 2 . Purification of bound penicillinase of Bacillus licheniformis 7 4 9 /c

T h e  sp ecific  a c tiv ity  w a s  52 units//ig. p ro te in . T h is  co rresp o n d s to  a  p u rity  (in term s o f  

p ro te in ) o f  a b o u t 1 5 % .  T h e  m a te r ia l w a s still h etero ge n e o u s in  p a rtic le  size, since a b o u t

10 %  o f  th e  a c tiv ity  (a n d  p ro te in ) sed im en ted  in  1 h r  a t  100,000 g  a n d  45 %  in  4  hr. 

A ls o , o n  sta rch  gel e lectro p h o re sis  (F ig . 1 G )  th e  b u lk  o f  th e  a c tiv ity  m o v e d  to  som e 

exten t in  th e  e lectric  fie ld  a n d  m u st rep resen t a  b ro a d  d istr ib u tio n  o f  p a rtic le  sizes.

17 G. Microb. 48
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T h e  p re p a ra tio n  still co n ta in ed  a b o u t 5 %  n u cle ic  acid , as d eterm in ed  b y  its  ex tin ctio n  

a t  280 a n d  26c m/i. T h is  m a teria l w a s rem o v ed  o n ly  v e ry  s lo w ly  b y  r ib o n u clé ase .

258

D I S C U S S I O N

F r o m  the results presen ted  here a n d  the ea rlier w o r k  o f  K u sh n e r  &  P o llo c k  (19 6 1) 

it  is c le a r  th a t essen tia lly  a ll o f  th e  ce ll-b o u n d  p en icillin ase  o f  Bacillus licheniformis 
749/c rem ain s a tta ch ed  to  th e  ce ll m em b ra n e fra c tio n  d u rin g  lysis o f  th e  cell. T h e  

e n zy m e is n o t rem o v ed  fr o m  the m em b ra n e b y  a  v a r ie ty  o f  p h y sica l o r  ch em ica l 

treatm en ts b u t can  b e  ra p id ly  released  b y  try p sin , P ro n a se  o r  p a p a in , th o u g h  ch y m o - 

try p sin  is in effective . T ry sp in  a p p ears to  a ct ex c lu siv e ly  o n  p ep tid e  b o n d s o f  th e  c a r 

b o x y l g ro u p s o f  ly sin e  o r  arg in in e , lin k a g es  w h ich  ca n  a lso  b e  c le a v ed  b y  P ro n a se  o r  

p a p a in , b u t n e t  b y  ch y m o try p sin  (H ill, 1965). O n e  m a y  co n clu d e , th e re fo re , th a t the 

b in d in g  o f  p e n ic illin ase  to  th e  ce ll m em b ran e d ep en ds u p o n  p e p tid ic  lin k a g e  th ro u g h  

th e  c a rb o x y l o f  eith er ly sin e  o r  arg in in e . In  an  a ttem p t to  d ifferen tiate  b etw e en  the 

tw o  p o ssib le  lin k a g es, a  b o u n d  p en icillin ase  p re p a ra tio n  w a s treated  w ith  su ccin ic  

a n h y d rid e  u n d er the c o n d itio n s  o f  L i  &  B ertsch  (i9 6 0 ) in  o rd er to  su ccin y la te  th e  e- 

N H 2 g ro u p  o f  the lysin e  residues. T ry p sin  c a n n o t c le av e  the p ep tid e  b o n d  a d ja cen t to  

a n  e-iV-succinyl ly s in e ; h en ce i f  th e  lin k a g e  is th ro u g h  th e  c a rb o x y l o f  ly sin e, tryp sin  

sh o u ld  b e  u n a b le  to  release p e n ic illin ase  fr o m  th e  m o d ified  p ro te in . U n fo rtu n a te ly , 

su cc in y la tio n  ca u se d  co m p lete  in a c tiv a tio n  o f  the p en icillin ase  an d  n o  fu rth e r  in fo r 

m a tio n  c o u ld  be ga in ed . T h e  an sw er m a y  b e  p ro v id e d  b y  studies n o w  u n d er w a y  

(R . A m b le r , p r iv a te  co m m u n ica tio n ), o n  th e  term in a l a m in o  a cid s o f  th e  e x o p e n ic il

lin ase o f  B. licheniformis strain  749/c a n d  the en zym e released  b y  tryp sin . S in ce the 

ce ll-b o u n d  en zym e a p p ears to  b e  an  in term ed iate  in  th e  fo rm a tio n  o f  th e  e x o p e n i

c illin ase  (see In tro d u ctio n ), o n e m a y  state  th a t n ew ly  fo rm e d  p en icillin ase  is co v a le n tly  

lin k ed  to  th e  o u ter  side o f  th e  ce ll m em b ra n e a n d  m u st su b seq u en tly  be released  fro m  

th e  ce ll b y  an  e n zy m ic  p ro cess. T h e  n atu re  o f  th is lib e ra tio n  p ro cess is th e  su b ject o f  

th e  fo llo w in g  p a p e r  (L am p en , 1967).

T h e  e n zy m ic  p ro p erties  o f  th e  b o u n d  p en icillin ase  o f  Bacillus licheniformis strain  

74 9/c (in  th e  fo rm  o f  p a rtia lly  p u rified  m em b ran e fragm en ts) ap p e ared  to  b e  th e  sam e 

as th o se  o f  the free en zym e, w ith  th e  ex cep tio n  o f  th e  sin gle p re p a ra tio n  w h ich  w a s less 

sen sitive  to  in h ib itio n  b y  a n tiseru m  to  ex o p en icillin a se. T h is  is in  co n tra st to  th e  recen t 

re p o rt b y  Ish im o to  (1963) th a t th e  ce ll-b o u n d  p e n ic illin ase  o f  a  stra in  o f  B. subtilis 
d iffered  s ig n ifican tly  fro m  the ex o e n zy m e. T h e  b o u n d  en zym e o f  B. subtilis w a s m o re  

sen sitive  to  io d in e  th a n  w a s th e  e x o -fo rm , a n d  it  w a s n o t in h ib ited  b y  an tiseru m  to  the 

p u rified  ex o en zym e. T h e  resu lts w ith  an tiseru m  p r o b a b ly  reflect a  tru e  d ifferen ce b e 

tw een  the tw o  o rgan ism s, sin ce even  th e  p en icillin ase  a c tiv ity  o f  in ta c t o rga n ism s o f  

B. licheniformis 74 9/c can  b e  in h ib ited  b y  an tiseru m  to  th e  ex o e n zy m e (K u sh n e r  &  

P o llo c k , 196 1). O n e sh o u ld  n o te , h o w e ver, th a t Ish im o to ’ s p rep a ra tio n  o f  b o u n d  en zym e 

w as a  cru d e e x tra ct p rep ared  b y  u ltra so n ic  treatm en t, w h ereas o u rs co n sisted  o f  p u r i

fied  m em b ra n e frag m en ts. T h e  sen sitiv ity  o f  b o u n d  p en icillin ase  to  v a r io u s  agen ts 

m ig h t d iffer in  th e  tw o  system s. B irn b o im  (1966) p u rified  a  n u clease  fr o m  B. subtilis 
w h ich  a p p eared  to  b e  b o u n d  to  th e  ce ll w a ll m em b ran e fra c tio n . It w a s released  fro m  

th e  organ ism s d u rin g  c o n v ersio n  to  p ro to p la sts  w ith  ly so zy m e , b u t in  a  fo r fn  w h ic h  

c o u ld  b e  so lu b ilize d  b y  trea tm en t w ith  tryp sin . T h e  s im ilarity  b etw een  th ese p ro p erties  

a n d  th e  ch ara cteristics  o f  b o u n d  p en icillin ase  (as o u tlin ed  b y  L a m p e n , 1965) w a s  n o ted .
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SUMMARY

O rga n ism s (lo g a rith m ic  g ro w th  p h ase) o f  Bacillus licheniformis strain  
74 9/c w h en  w ash ed  an d  resu sp en d ed  in  b u ffer  ceased  to  p ro d u ce  p en icillin ase  
b u t  c o n tin u ed  to  release th e ir  ce ll-b o u n d  en zym e as ty p ic a l exo p en icillin ase. 
In  the first 1 -2  h r, 15 -3 0  %  o f  th e  b o u n d  en zy m e w a s lib e ra te d ; th e  p ro cess 
th en  b eca m e v e ry  slo w . L ib e ra tio n  w a s d ep en d en t u p o n  tem p eratu re  and  
p H  v a lu e ; it w as n o t in h ib ited  b y  c h lo ra m p h e n ico l. R e le a se  w a s a p p a ren tly  
n o t a  resu lt o f  m em b ra n e  d am ag e, since there w as n o  lea k a g e  o f  in tra ce llu la r  
a -g lu co sid a se . L y s is  o f  the b a c illi d ecreased  sh a rp ly  the rate  o f  release o f  
ex o en zym e.

M e m b ra n e  p rep ara tio n s  a ctiv e  in  re leasin g  p en icillin ase  w ere o b ta in ed  b y  
ly s in g  th e  b a c illi w ith  ly so zy m e  in  th e  absen ce o f  a d d e d  M g 2+ a n d  su b seq u en t
ly  a d d in g  0-05 M -M gS 0 4 to  p rev en t d isp ersa l o f  th e  m em b ran e segm en ts. T h e  
lib e ra tio n  o f  p en icillin ase  b y  th is fra c tio n  h a d  th e  sam e gen era l en zy m ic  
p ro p erties  as h a d  th e  p ro cess w ith  in ta c t b acilli. D isru p tio n  o f  th e  m em 
b ra n es a lso  e lim in ated  m o st o f  the p e n icillin ase-re leasin g  a ctiv ity . T h e  im 
p o rta n ce  o f  m em b ra n e stru ctu re in  th e  lib e ra tio n  p ro cess is d iscussed.

INTRODUCTION

In  th e  p reced in g  p a p e r  (L a m p en , 1967) ev id en ce  is presen ted  th a t th e  ce ll-b o u n d  

p e n ic illin ase  o f  Bacillus licheniformis stra in  74 9/c is co v a le n tly  lin k ed  to  th e  ex te rio r  

o f  th e  cell m em b ra n e b y  a  p ep tid e  ch a in  w h ic h  ca n  b e  c le a v ed  b y  tryp sin . T h is  m a teria l 

a p p e ars to  b e  a  p re cu rso r  o f  th e  n atu ra l exo p en icillin a se  (P o llo ck , 1 9 6 1 a , h ; C o llin s , 

1964; L a m p e n , 1965). A lth o u g h  on e m a y  a rg u e th a t th e  cru cia l stages in  th e  p r o d u c 

tio n  o f  an  ex te rn al o r  ex tra ce llu la r  en zym e h a v e  been  co m p leted  b y  the tim e a  b o u n d  

en zy m e can  be d ete cted  on  the o u ter  side o f  the m em b ran e, the p h en o m en o n  o f  lib e ra 

tio n  m a y  p ro v id e  in fo rm a tio n  fro m  w h ich  o n e ca n  in fer ch ara cteristics  o f  th e  fo r m a 

tio n  o f  th e  en zym e.

P o llo c k  (1 9 6 1 a )  w a s a b le  to  sep a ra te  to  a  la rg e  ex ten t the lib e ra tio n  o f  p en icillin ase  

fro m  its n et p ro d u ctio n . H e  ad d e d  a  lim itin g  a m o u n t o f  a  m e ta b o liza b le  in d u cer 

(b en zylp e n ic illin ) to  a  g ro w in g  cu ltu re  o f  Bacillus licheniformis strain  6346. R e le ase  

o f  en zy m e in to  th e  m ed iu m  co n tin u ed  a fter  th e  in d u ced  fo rm a tio n  o f  n ew  en zy m e h ad  

d eclin ed  sh a rp ly . L ib e ra tio n  ap p e ared  to  req u ire  an  en zy m ic  rea ctio n  (P o llo c k , 1961 b), 
sin ce it  w a s tem p eratu re-d ep en d en t a n d  d id  n o t o ccu r  a t p H  va lu es less th a n  6-o, a n d  

th e  en zym e w a s n o t e lu ted  fro m  the b a c illi b y  h igh  co n cen tratio n s o f  salts. C h lo ra m 

p h en ico l a t  h ig h  co n cen tra tio n s  p ro d u ce d  a  p a rtia l in h ib itio n  o f  ex o e n zy m e release. 

In  an  a ttem p t to  o b ta in  a  sim p lified  system , K u s h n e r  &  P o llo c k  (19 6 1) in v estig a ted

‘ Present address: Institute of Microbiology, Rutgers, The State University, New Brunswick, 
New Jersey, U.S.A.
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th e  lib e ra tio n  o f  p en icillin ase  b y  ‘ d isru p ted  s p h e ro p la sts ’ o f  B. licheniformis 6346. 

T o  p ro d u ce  th ese fo rm s, b a c illi w ere trea ted  w ith  ly so zy m e  in  th e  presen ce o f  0-05 m - 
M g S 0 4 +  0-3 M -sucrose a n d  w ere  su b seq u en tly  cen trifu g ed  an d  resu sp en d ed  in  

0-05 M -M g2+ w ith o u t o sm o tic  su p p o rt. T h e  residues still co n ta in ed  as m u ch  as 98 %  

o f  the o r ig in a l ce ll-b o u n d  p en icillin ase, b u t less th a n  5 %  o f  the (n o rm a lly  100 %  cell- 

b o u n d ) a -g lu co sid a se . R e le ase  o f  p en icillin ase  fro m  th ese p a rtic les  w a s in h ib ited  b y  

0-05 M -M g2+ an d  b y  p -ch lo ro m e rcu rib e n zo a te . T ry p s in  o r  so d iu m  d e o x y c h o la te  ra p id ly  

lib e ra te d  th e  en zym e in  a  fo r m  n o t sed im en tab le  in  10 m in. a t 20,000 g . O n ce  it  w a s  

k n o w n  th a t th e  b o u n d  p en icillin ase  o f  B. licheniformis strain  749/c is c o v a le n tly  lin k ed  

to  th e  ce ll m em b ran e (L a m p en , 1967), an  a ttem p t w as m a d e to  exten d  the o b serv a tio n s  

w ith  B. licheniformis 6346 to  th e  m o re  a ctiv e  a n d  stab le  strain  749/c. In itia l stu d ies 

sh o w e d  th a t sp h ero p la st fo rm a tio n  w a s s lo w  u n der th e  c o n d itio n s  p re v io u sly  used 

an d  th a t lysis w a s in co m p lete . A n  in v estig a tio n  o f  the lib e ra tio n  o f  p en icillin ase  fro m  

strain  74 9/c w as th e re fo re  u n d e rtak en . A  su m m a ry  o f  these results h as b een  p re v io u s ly  

p resented  (L am p en , 1965).
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METHODS

T h e  p reced in g  p a p e r (L a m p en , 1967) d escrib es th e  p ro ced u res fo r  m a in ta in in g  

sp o re  sto ck s o f  Bacillus licheniformis 749/c, fo r  p rep arin g  lo g arith m ic-p h ase  b a c illi 

an d  the tech n iqu es fo r  sta rch  g e l e lectro p h o resis  an d  d etectio n  an d  estim atio n  o f  

b o u n d  an d  free pen icillin ase . F o rm a tio n  o f  a -g lu co sid a se  w a s in d u ced  b y  a d d in g  

m a lto se  a t  2 m g./m l. to  cu ltu res w h o se  p o p u la tio n s  h a d  reach ed  th e  eq u iva len t o f  

o - i m g. d ry  w t b acilli/m l. a -G lu c o s id a s e  a c tiv ity  w a s m easu red  b y  th e  rate  o f  h y d ro 

lysis o f  p -n itro p h e n y l-a -D -g lu co sid e  a t 30o an d  p H  7-0 (P o llo c k , 1 9 6 1 a )  and  exp ressed  

as //moles p -n itro p h e n o l form ed/hr. F o r  th e  d eterm in atio n  o f  to ta l a -g lu co s id a se  

a ctiv ity , b a c illi w ere sh a k en  a t 3 5 0 in  sto p p ered  tu b es fo r  20 m in ., w ith  2 o r  3 d ro p s  

o f  b u ta n o l w h ich  w a s a fterw ard s  rem o v ed  b y  a  stream  o f  air.

RESULTS

Release o f penicillinase by washed organisms
T h e  system  fo r  lib e ra tio n  o f  th e  ce ll-b o u n d  en zym e fro m  strain  Bacillus licheniformis 

749/c resem bles th a t o f  B. licheniformis stra in  6346 in  its d ep en den ce o n  tem p eratu re  

a n d  p H  v a lu e  (T a b le  1), a n d  th u s a lso  a p p ears to  b e  en zy m ic . A t  p H  5-0 th e  a m o u n t 

o f  free en zym e p ro d u ced  w as sligh t, a lth o u g h  a  c o n sid e ra b le  a m o u n t o f  p a rtic le-b o u n d  

en zy m e w a s released , p o ssib ly  as a  resu lt o f  cell lysis. A n  ad d e d  en ergy  so u rce  w a s n o t 

req u ired  fo r  fo rm a tio n  o f  free  en zym e. In  co n tra st to  th e  results w ith  strain  6346 

ch lo ra m p h e n ico l even  a t 100 /¿g./ml. d id  n o t in h ib it release o f  en zym e b y  stra in  74 9/c. 

T h e  rea so n  fo r  th is d ifferen ce is n o t clear. H o w e v e r, in  the p resen t studies fo rm a tio n  

o f  n ew  en zym e w a s arrested  b y  re m o v a l o f  th e  n itro g en  sou rce, w h ereas w ith  stra in  

6346 (P o llo ck , 1 9 6 1 a )  the b a c illi w ere  in  a  co m p lete  g ro w th  m ed iu m  b u t w ith  th e ir  

su p p ly  o f  in d u cer exh au sted . A  sm all n et synthesis o f  p en icillin ase  (and  p erh ap s o f  the 

system  fo r  its release) w a s still ta k in g  p la ce . In h ib itio n  o f  these syn th etic  p ro cesses b y  

ch lo ra m p h e n ico l m a y  h a v e  p ro d u ce d  th e  o b served  p a rtia l d ecrease in  the n et a m o u n t 

lib e ra ted . T h e re  w a s n o  n et synthesis o f  p en icillin ase  b y  b acilli o f  stra in  74 9/c p la ce d  

in  a  n itro g en -free  m ed iu m ; u n d e r co m p a ra b le  co n d itio n s  y e a st p ro to p la sts  fo rm e d  

in vertase  fo r  several h o u rs a t  a  ra p id  rate  w h ich  w a s n o t in creased  b y  a d d in g  a  m ix tu re



o f  a m in o  a cid s (L am p en , 1965). T h is  d ifferen ce m a y  reflect th e  re la tiv e ly  la rg e  a m in o  

a c id  p o o l in  y ea st (H a lv o rso n , F r y  &  S ch w em m in , 1955).

T h e  release o f  p en icillin ase  w a s re la tiv e ly  ra p id  a t  first; 15-3 0  %  o f  the to ta l b o u n d  

en zym e w a s  g e n e ra lly  lib e ra ted  in  th e  first 0-5-2 h r  (ty p ica l results a re  g iv en  in  

T a b le s  1 a n d  2); la ter  th e  rate  decreased  to  a  fe w  % /hr. R e le ase  w a s n o t the resu lt o f  

m em b ran e d a m a g e  o r  ly sis  d u rin g  in c u b a tio n  in  th e  absen ce o f  g ro w th  o r  p ro te in  

synthesis. M o s t  o f  th e  a ctiv e  m a teria l released  h a d  th e  m o b ility  o f  th e  ex o e n zy m e and  

w as n o t b o u n d  to  m em b ra n e frag m en ts. N o  le a k a g e  o f  the ce ll-b o u n d  a -g lu co sid a se  

w a s d etected  d u rin g  a  p e rio d  w h en  a b o u t 20 %  o f  the b o u n d  pen icillin ase w a s  lib era ted  

(T a b le  2). P o llo c k  (196 1 a) sh o w ed  th a t le a k a g e  o f  th is en zym e is an  ex cellen t in d ica tio n  

o f  d a m a g e  to  th e  cell m em bran e.
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T a b le  1. R elea se  o f  p enicillinase by washed bacilli o f  

B acillu s licheniform is strain J4 9 / c

Log-phase organisms were washed in o-oi M-tris buffer (pH 7 -5) and resuspended in the 
same buffer. Each incubation mixture contained (per ml.) i-omg. (dry wt equiv.) bacilli,
50 fig. chloramphenicol and other supplements as indicated. After incubation for 2 hr, 
samples were frozen directly for measurement of total activity or centrifuged for io min. 
a t 20,000 g  and the supernatant fluids frozen for subsequent assay and starch gel electro
phoresis.

Penicillinase in supernatant fluid
< A t

Free enzyme*
Total ,--------- *--------- ,

Additions
Temp.
(°C.)

penicillinase
units/ml.

Total
units/ml.

% of
total units/ml.

— — 4530 — — —

_ 0
(0 time)

480 70 340
— 30 4770 1660 80 1330

Chloramphenicol omitted 30 4600 1650 80 13 2 0
Na acetate buffer, (0-05 m, pH 5 -0) 30 4460 780 25 200
Glucose, 0-5 %f 30 4700 1580 50 790

* Has the electrophoretic mobility of natural exopenicillinase, 
f  During incubation the pH fell to 6 -5 .

N ature o f  disrupted spheroplasts

W h e n  B acillus licheniform is  74 9/c w a s trea ted  w ith  ly so zy m e  in  th e  presen ce o f  

0-05 M -M g2++ o -3  M -sucrose a n d  su b seq u en tly  susp en ded  in  a  m ed iu m  la c k in g  o sm o tic  

su p p o rt, th e  resid u es co n ta in ed  m o re  th a n  90 %  o f  th e  o rig in al ce ll-b o u n d  p en icillin ase  

(T a b le  3). T h is  w a s co n sisten t w ith  th e  o b serv a tio n s  o f  K u s h n e r  &  P o llo c k  (19 6 1) w h o  

u sed  B . licheniform is  stra in  6346. T h ese  residues co n sisted  p red o m in a n tly  o f  r o d 

sh ap ed  G ra m -v a r ia b le  fo rm s w h ich  ly sed  o n ly  w h en  th e  0-05 M -M g2+ w as a lso  rem o v ed . 

T h e y  c o n ta in e d  70-80 %  o f  th e  p ro te in  an d  n u cleo tid e  m a teria l o f  the o r ig in a l b a c illi. 

W h e n  M g 2+ w a s n o t p resen t d u rin g  trea tm en t w ith  ly so zy m e , m o st o f  the p ro te in  a n d  

p o ly n u cle o tid e  w a s released  u p o n  re m o v a l o f  th e  o sm o tic  su p p o rt, a lo n g  w ith  la rg e  

q u an tities  o f  p en icillin ase , m o st o f  w h ich  w a s b o u n d  to  m em b ra n e frag m en ts. I t  is 

clear th a t 0-05 M -M g2+ p ro te cted  th e  ce ll w a ll a g a in st th e  a ctio n  o f  ly so zy m e  to  a  d egree 

sufficient to  p rev en t th e  p ro d u c tio n  o f  tru e sp h ero p lasts. T h e  crite rio n  o f  K u sh n e r  &  

P o llo c k  (19 6 1) fo r  lib e ra ted  en zym e (n o t sed im en ted  in  io m in . a t  20,000 g ) w o u ld  n o t
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d istin gu ish  th e  tru e e x o -fo rm  fro m  en zym e b o u n d  to  sm a ll fragm en ts o f  m em b ran e. 

It is suggested , th erefo re , th a t th e  p ro te ctiv e  e lfe ct o f  M g 2+ an d  release o f  p en icillin ase  

b y  so d iu m  d e o x y c h o la te  w h ich  K u sh n e r  &  P o llo c k  ob served  reflected  th e  p ro te ctio n  

an d  th e  fra g m en ta tio n , resp ectively , o f  th e  sp h ero p lasts, ra th er th a n  d ire ct a c tio n  o n  

th e  ce ll-b o u n d  en zym e.

T a b le  2. Release o f penicillinase without leakage o f f-glucosidase 
from washed Bacillus licheniformis 749f

The experimental conditions were those given in Table 1 , except that 4-0 mg. (dry wt 
equiv.) of bacilli grown in the presence of maltose to induce formation of a-glucosidase were 
present per ml. Incubation at 30°.

Penicillinase (units/ml.) a-Glucosidase (units/ml.)

Time (hr) Total Released* Total Released

0 26,000 200 18-2 < 0-2

o-5 24,300 1400 — —
2 24,000 3000 18-1 < 0*2

3 2 5 ,10 0 3900 — —
4 23,000 4400 18-7 < 0-2

* More than 9 0 % of the released activity had the electrophoretic mobility of exopenicillinase.

T a b le  3. Protection by 0-05 M-MgSO4, against the disintegration o f Bacillus 
licheniformis 749/0 organisms during treatment with lysozyme

Log-phase bacilli (24-4 mg. dry wt equiv.) containing 80,000 units of penicillinase, 14  mg. 
protein, and : 6o units of total nucleotide (based on E2tso value of a lysed preparation) were 
added to 60 ml. of o-oi M-phosphate buffer (pH 7 '5) +  o-3 M-sucrose. Lysozyme (10 0  /tg./ml.) 
was added at zero time and the mixtures shaken gently for 2 or 5 min. at 30°. The suspensions 
were quickly cooled and centrifuged at 15,0 0 0  g  for 15 min. The supernatant fluids represent 
the material released during formation of spheroplasts. The pellet was suspended in o-oi m- 
phosphate buffer (±  Mga+) at o°, homogenized for 2 min. in a Potter-Elvehjem type of tube, 
and centrifuged 10  min. at 20,000 g. This supernatant fluid contained the material released 
by lysis of the spheroplasts. The residues were finally extracted by suspending them in 
o-oi M-phosphate buffer (without Mg+2) at 30° for 10  min. Ribonucléase (io/tg./ml.) and 
deoxyribonuclease (5 /¿g./ml.) were added to decrease the viscosity. The final sediment was 
removed by centrifugation at 3000 g for 10  min.

% of total fraction released during 
indicated procedure 

No Mg2+
,----------------------X-------------------- -, 0-05 M-Mg2+

Procedure Cell fraction 2 min. 5 min. 5  min.
Formation of Penicillinase 5 4 2  (B)* 4(F)
spheroplasts Nucleotide 13 18 3

Protein 13 18 5
Lysis of Penicillinase 38 25 (B) 4(F)
spheroplasts Nucleotide 39 38 14

Protein 6 7 55 25
Extraction of Penicillinase 6 5 1 68

spheroplast
residues Nucleotide 25 20

(4 B :iF ) t
74

* B =  bound enzyme, F =  free (based on electrophoretic mobility), 
t  No intact organisms or spheroplasts seen in these residues, 
t  Rod-like forms predominated in residue. Lysed during extraction.
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Membrane structure and release o f penicillinase 
Bacillus licheniformis 74 9/c w as susp en ded  in  th e  u su a l test m ix tu re  fo r  d eterm in in g 

release o f  b o u n d  p en icillin ase  (as T a b le  1 ;  n o  M g 2+) a n d  w as ly sed  w ith  ly so zy m e. 

U n d e r  these co n d itio n s  (n o  ad d e d  M g 2+ o r o sm o tic  su p p o rt) th e  m em b ra n e d isin te

g ra ted  a n d  m u ch  o f  th e  m em b ra n e-b o u n d  p e n ic illin ase  d id  n o t sed im en t in  10 m in. 

a t  20,000 g . T h e  lib e ra tio n  o f  free en zym e w a s sh a rp ly  d ecreased  fo llo w in g  lysis,

T a b le  4. Importance o f membrane structure for release o f penicillinase
Preparations from Bacillus licheniformis 7 4 9 /c. The penicillinase preparations were added 

at zero time to o-oi M-tris buffer (pH 7 -5) containing 50 fig. chloramphenicol/ml. and were 
incubated at 30°. At the stated intervals samples were frozen directly or were centrifuged 
at 20,000 g  for 10  min. and the supernatant fluid frozen until subsequent assay and starch 
gel electrophoresis. Membrane fractions were prepared as described in the text.

Bound Incubation 
penicillinase time

Penicillinase
units/ml.

----------- A------------ -
20,000 g
super
natant

Free enzyme
/---------*--------- ,

% of
enzyme in 

20,000 g 
super- 

% 0: natant
preparation Treatment (hr) Total fluid total fluid

Log-phase bacilli — 0 4000 140 3 90
— o-5 — 780 15 80

Lysed with
2 3600 870 20 90

Lysozyme, 50 /tg./ml. 0 -2 * 3540 1840 I 1 - 2
Ribonucléase, io/ig./ml. 0-5 — 1480 I 1 - 2
Deoxyribonuclease, 5 /tg./ml. 2 3320 1440 5 5 - 1 0

Membrane fraction — 0 9600 — I —

(1 5  min. lysis) — 2 — — 10 —
— 18 — — 50 —

(30 min. lysis) — 0 4500 — — —
— 2 — 190 4 90

— 18 — 4 10 8 90

Membrane Ultrasonic treatment 0 9600 9000 5 —
fraction ( 1 5  min. 25 kc; o°; 12  min. 2 — — 5 —
lysis) 18 — — 5-10 —

0-5 % Na deoxycholate 0 6000 — I —
extractt 18 — — 2 —

0 0 1  m-EDTA

00
 0 9600

_
I

5 - 1 0
—

Streptomycin — 0 2000 — 1 —

(NH4)2S04 — 
precipitate

* Lysis essentially complete in 10  min.

24 5

fThis fraction did not prevent release of free enzyme by the membrane fraction ( 1 5  min. lysis) 
when present at a ratio of 2 : 1  (based on total units of penicillinase).

desp ite  th e  fa c t  th a t the b o u n d  en zym e w a s n o w  free fr o m  th e  b a c illi a n d  su scep tib le  

to  the a c tio n  o f  a n y  in tra ce llu la r  p ro te in a ses w h ich  co u ld  release p en icillin ase  fr o m  its 

m em b ra n e-b o u n d  fo rm  (L a m p en , 1967). M e m b ra n e  fra c tio n s  w ith  m o d era te  a c tiv ity  

in  releasing p en icillin ase  w ere  o b ta in ed , h o w e ver, w h en  d isin tegra tio n  o f  the m em 

b ra n e w a s p reven ted . S o o n  a fter  lysis w a s co m p lete , 0-01-0-05 M -M g2+ w as ad d e d  and
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th e  fra c tio n  w a sh ed  w ith  M g 2+ in  tris b u ffer  to  free it fr o m  th e  ad d e d  en zy m es a n d  

cy to p la sm ic  m ateria ls. A s  sh o w n  in  T a b le  4, lysis o ccu rred  w ith in  10 m in . A d d it io n  o f  

M g 2+ a t 15 m in. y ie ld ed  an  a ctiv e  p rep a ra tio n . W h e n  ly s is  w a s a llo w e d  to  co n tin u e  

fo r  30 m in . th e  resu ltin g  m em b ra n e m a teria l h a d  a  v e ry  lo w  p en icillin ase-re leasin g  

a c tiv ity . In  th e  p ro ced u re  ch o se n  fo r  su b seq u en t w o r k , M g S 0 4 w a s a d d e d  a t 15 m in ., 

th e  m ix tu re  h eld  fo r  10 m in. a t 0° a n d  th en  cen trifu g ed  fo r  10 m in . a t  5000 g .  T h e  

sed im en t w a s w a sh ed  b y  su sp en sio n  a n d  c en trifu g a tio n  in  o -o i M-tris b u ffer  (p H  7-5) 

c o n ta in in g  0-05 M -M g2+, a n d  th en  in  b u ffer  w ith o u t M g 2+. T h e  fin a l m a te r ia l w a s 

essen tia lly  free fro m  in ta ct b acilli.

T a b le  5. C haracteristics o f  penicillinase release by m em brane fra ctio n

Preparations from Bacillus licheniformis 7 4 9 /c. Membrane fraction was prepared as 
described in the text. Each incubation mixture contained (per ml.) the membrane fraction 
from 3 6  mg. (dry wt equiv.) of bacilli, 50  fig. chloramphenicol and other supplements as 
indicated, in o-oi M-tris buffer (pH 7 -5). After 0 , 2 or 18 hr at 30°, samples were frozen 
directly or centrifuged for 10  min. at 20,000 g. The supernatant fluids were frozen until esti
mation of penicillinase and starch gel electrophoresis was carried out.

Released penicillinase*

Incubation Total Free enzyme
time enzyme ,-------—A-------—>

Addition (hr) Temp. units/ml. °//o units/ml.
— 0 — 200 --- —
— 2 0° 370 — —
— 18 0° 760 30 230
— 2 1220 75 915
— 18 2520 75 1890

MgS04, 0-05 m 2 30° 116 0 80 93°
18 3620 80 2900

Na acetate buffer, 0-05 m, pH 5-0 460 60 280

— 18 J 920 50 460

* Total penicillinase, 9600 units/ml.

L ib e ra tio n  o f  p en icillin ase  fro m  the m em b ran e fra c tio n  h a d  th e  gen era l ch a ra cte r

istics o f  th e  system  sh o w n  w ith  in ta ct o rga n ism s (T a b le  5). T h u s  it  w a s d ep en d en t on  

tem p eratu re  a n d  p H  v a lu e  a n d  in sen sitive  to  ch lo ra m p h e n ico l. A d d e d  M g 2+ w a s n o t 

essen tia l b u t, in  so m e exp erim en ts, p ro lo n g e d  th e  p e rio d  d u rin g  w h ic h  lib e ra tio n  

o ccu rred . A t  o° o r  a t  p H  5-0 a  su b sta n tia l a m o u n t o f  th e  en zym e released  fr o m  the 

m em b ra n e frag m en ts w a s still in  a  b o u n d  fo rm .

D isru p tio n  o f  th e  m em b ran e fra c tio n  ge n e ra lly  led  to  a  severe lo ss  o f  p e n ic illin ase

re lea sin g  a c tiv ity  (T a b le  4). A fte r  u ltra so n ic  trea tm en t essen tia lly  a ll o f  th e  frag m en ts 

b ea rin g  b o u n d  en zy m e w ere  sm all en o u g h  to  rem ain  in  th e  su p ern a tan t flu id  a fter  

ce n trifu g a tio n  fo r  10 m in . a t  20,000 g .  V e r y  little  free  en zym e w a s released  d u rin g  

su b seq u en t in cu b a tio n . S o d iu m  d e o x y c h o la te  d isin tegra ted  the m em b ra n e  p re p a ra 

tio n s (see L a m p e n , 1967) a n d  p rev en ted  release o f  free en zym e. (T h e  d e o x y ch o la te -  

trea ted  m a teria l d id  n o t in h ib it release b y  th e  u n treated  p re p a ra tio n .)  E D T A , w h ic h  

p re su m a b ly  rem o v ed  M g 2+ a n d  o th er ca tio n s  fr o m  th e  m em b ran es, w a s a lso  in h ib ito ry . 

R e p e a te d  ra p id  freezin g  an d  th a w in g  d id  n o t  d isperse th e  m em b ra n e p rep a ra tio n s  to  a n y  

n o ticea b le  d egree a n d  h a d  n o  effect o n  th e  ra te  o f  release o f  free p en icillin ase .

T h e  lib e ra tio n  o f  p en icillin ase , a lth o u g h  d im in ish ed  severely , w a s  n eve r a b o lish e d



b y  d isru p tio n  o f  th e  m em b ran es. E v en  a  p u rified  b o u n d  p e n ic illin ase  p re p a ra tio n , the 

strep to m ycin -(N H 4 )2S 0 4 p rec ip ita te  u sed  fo r  T a b le  4, still released  a b o u t 5 %  o f  its 

en zy m e in  24 h r  a t  30°. A ft e r  sto ra ge  fo r  2 w ee k s  a t  5 0 a b o u t h a lf  o f  th e  en zy m e h a d  

b een  co n v erted  to  th e  free  fo rm . A l l  b o u n d  p e n ic illin ase  fra c tio n s  w ere, th e re fo re , 

sto red  a t — 20°; th e y  w ere  stab le  u n d er th ese co n d itio n s  fo r  u p  to  o n e year.

E x tra cts  fro m  uninduced organism s

W ith  th e  p e n ic illin ase -in d u cib le  stra in  6346 o f  B acillu s licheniform is  (P o llo c k , 

1961 b), c ru d e  e x tra cts  o f  u n in d u ced  o rga n ism s ca u se d  som e re lease  o f  ce ll-b o u n d  

p en ic illin ase , b u t th is a ctio n  co u ld  n o t b e  sep a ra ted  fro m  cell d a m a g e. T h e  a v a ila b ility  

o f  p u rified  b o u n d -p en ic illin ase  p rep a ra tio n s  fro m  B . licheniform is  74 9 /c m a d e  it 

p o ssib le  to  m easu re  th e  fo rm a tio n  o f  free p en icillin ase  d ire ctly  a n d  w ith o u t c o m p lic a 

tio n s  fro m  a u to ly tic  en zy m es released  b y  cell d a m a g e. A  cu ltu re  o f  th e  p e n icillin ase- 

in d u c ib le  w ild -ty p e  stra in  749 o f  B . licheniform is  w a s g ro w n  w ith o u t in d u cer u n d er th e  

co n d itio n s  u sed  fo r  th e  c o n stitu tiv e  stra in  74 9/c o f  B. licheniform is  (L a m p en , 1967). 

T h e  cu ltu re  w a s  h a rv este d  a t  a  p o p u la tio n  eq u iv . to  o-6 m g. d ry  w t o rga n ism s (4 u n its 

p en ic illin ase )/m l.; a t  th is stage o f  g ro w th  th e  c o n stitu tiv e  stra in  w o u ld  b e  ra p id ly  

fo rm in g  a n d  secretin g  p en icillin ase. T h e  o rga n ism s w ere h a rv este d  a n d  ly sed  as 

d escrib ed  earlier fo r  p re p a ra tio n  o f  the m em b ra n e fra c tio n . T h e  cu ltu re  flu id , the 

m em b ra n e fra c tio n  a n d  th e  ce ll-e x tra ct su p ern a tan t flu id  w ere  tested  (as in  T a b le  4) 

fo r  a b ility  to  fo r m  free  p e n ic illin ase  fr o m  p u rified  b o u n d  en zym e (the strep to m y cin  +  

( N H 4)2S 0 4 p rec ip ita te  w a s u sed  a t 2000 u n its/m l.— an a m o u n t o f  b o u n d  e n zym e p resen t 

in  0-6-0-8 m l. o f  an  in d u ced  cu ltu re). T h e  m em b ra n e  fra c tio n  w a s in a ctive . T h e  

e x tra ct h a d  a  s ligh t e ffect w h en  p resen t in  an  a m o u n t eq u iva len t to  th e  o rga n ism s fro m  

5 m l. cu ltu re . T h e  u n d ilu te d  cu ltu re  flu id  released  5 -1 0  %  o f  th e  en zym e in  3 h r  a n d  

25 %  in  8 h r. T h is  fra c tio n  co n ta in ed  d ete ctab le  q u an tities  o f  a  p ro te in a se  (a ctiv e  on  

casein ). T h u s  a ll fra c tio n s  w ere re la tiv e ly  in effective  in  re lea sin g  free  p en ic illin ase , 

as co m p a re d  w ith  th e  q u an tities  o f  p en icillin ase  syn th esized  a n d  re lea sed  as e x o 

en zy m e in  an  in d u ced  cu ltu re  o r  b y  th e  co n stitu tiv e  strain  (a p p ro x im a te ly  50 %  o f  

th e  b o u n d  en zy m e liberated/hr). T h e  m em b ran e fra c tio n  fro m  th e  u n in d u ced  b a c illi 

m ig h t still h a v e  co n ta in ed  a  system  fo r  th e  lib e ra tio n  o f  ex o e n zy m e b u t, i f  presen t, it  

w a s in a ctiv e  o n  ad d e d  b o u n d  p en icillin ase.

DISCUSSION

T h e  results p resen ted  here, b ased  u p o n  the e lec tro p h o re tic  m o b ility  o f  the va r io u s  

en zy m e fo rm s, em p h asize  the im p o rta n ce  o f  a  test fo r  free (exo -typ e) en zym e w h ich  

w ill d ifferen tiate  it  fro m  en zym e a tta ch ed  to  sm all m em b ran e frag m en ts. T h e  p rev io u s  

crite rio n  ( la c k  o f  sed im en ta b ility  in 10 m in. a t  20,000 g ) d id  n o t d istin gu ish  b etw een  

th ese fo rm s, h en ce m u ch  o f  w h a t w a s ea rlier c o n sid ered  to  b e  release o f  exo p en icillin a se  

a c tu a lly  reflected  d isin tegra tio n  o f  th e  ce ll m em b ran e w h ile  its b o u n d  en zym e rem ain ed  

a tta ch ed . T h e  m ech an ism  fo r  re lea sin g  th e  m em b ra n e-b o u n d  en zym e a lso  a p p e ars 

to  resid e in  th e  m em b ran e. T h e  fra c tio n  o b ta in ed  b y  lysis an d  su b seq u en t a d d itio n  o f  

M g 2+ c o n ta in e d  th e  b u lk  o f  the p en icillin ase-re leasin g  a ctiv ity . T h e  ch ara cteristics  o f  

release fr o m  th e  m em b ra n e m a teria l w ere  v e ry  sim ilar to  th o se  sh o w n  b y  the in ta c t 

organ ism s.
T h e  lo ss o f  lib e ra tin g  a c tiv ity  u p o n  d is in te g r a t io n  o f  th e  m em b ran e p re p a ra tio n  

m a y  h a ve  a  v a r ie ty  o f  e x p la n a tio n s. T h e re  m a y  b e  a  d ire ct in a ctiv a tio n  o f  th e  essen tial

Release of Penicillinase 267
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e n zy m e (s); th is w o u ld  b e  a n a lo g o u s  to  th e  d estru ctio n  o f  th e  ex tern al alkyl-/?-gluco- 

sidase o f  y ea st u p o n  ru p tu re  o f  th e  ce ll (K a p la n , 1965). I t  is u n lik e ly  th a t th e  d ecrease 

in  a c tiv ity  reflects so le ly  a  d ilu tio n  o f  th e  rea cta n ts, sin ce b o th  the p en icillin ase  a n d  the 

resid u a l lib e ra tin g  a c tiv ity  co n tin u e  to  b e  b o u n d  to  th e  p a rtic les . M o re  p r o b a b le  is a  

req u irem en t fo r  a  p ro p e r  steric  re latio n sh ip  b etw een  b o u n d  en zym e a n d  lib e ra tin g  

system , to  o b ta in  a  re a so n a b le  rea ctio n  rate.

T h e  o n ly  ev id en ce  a b o u t th e  n atu re  o f  th e  en zym e(s) re lea sin g  p e n ic illin ase  is the 

fa c t  th a t a d d e d  p ro te in a se  o r  p ro te in a se-co n ta in in g  ex tra cts  o r  cu ltu re  flu ids (P o llo ck , 

1 9 6 1 b ; L a m p e n , 1967) release free  en zy m e w h ich  is in d istin gu ish ab le  fro m  th e  n a tu ra l 

e x o e n zy m e (P o llo c k , 1965). T h e  co n ce n tra tio n  o f  p ro te in a se  in  th e  cu ltu re  filtra tes 

w a s to o  lo w  to  a cc o u n t fo r  th e  n o rm a l rate  o f  release o f  p e n ic illin a se ; th e  p ro cess in  

th e  in ta c t o rga n ism  w a s n o t sen sitive  to  several in h ib ito rs  o f  p ro te in a se  a c tio n  (P o llo c k , 

19 6 1b ). A n  in v estig a tio n  o f  th e  re lease  p h en o m en o n  in  p ro to p la sts  (w h ere p o ssib le  

sh ie ld in g  o f  th e  re lea sin g  system  fro m  in h ib ito rs  is m in im ized ) m a y  in d icate  w h eth er 

o r  n o t a  m em b ra n e-b o u n d  p ro te in ase, p ro p e rly  p o sitio n e d  in  re la tio n  to  th e  b o u n d  

pen icillin ase , is th e  a c tu a l agen t.

T h e  fin d in gs p resen ted  in  th is an d  th e  p reced in g  p a p e r (L a m p en , 1967) p ro v id e  in  

p a rt th e  b asis fo r  a  w o rk in g  h y p o th esis  o f  th e  m ech an ism  o f  p en icillin ase  fo rm a tio n  

a n d  release (L am p en , 1965), w h ich  co n sid ers p en icillin ase  fo rm a tio n  to  b e  a  fa ce t o f  

m em b ran e synthesis. I t  is su ggested  th a t th e  en zym e is fo rm ed  a s  p a rt o f  a  la rg e r  u n it 

w h ich  is in co rp o ra te d  in to  n ew  m em b ran e, w ith  the en zym e o rien ted  to w a rd  th e  o u tsid e 

o f  th e  p e rm e a b ility  b a rrie r  a n d  th a t th e  b o u n d  en zy m e is in itia lly  in  a  p ro te cte d  site 

(m em b ran e in v ag in a tio n ?) an d  b eco m es su scep tib le  to  release o n ce  it  h as b eco m e 

fu lly  extern al.

T h e  a u th o r  th a n k s D r  M . R . P o llo c k  fo r  his h o s p ita lity  a t  th e  N a tio n a l In stitu te  

fo r  M e d ic a l R e sea rch , M ill  H ill, L o n d o n , a n d  to  M r  P . T h o m p so n  fo r  ca p a b le  te ch 

n ica l assistan ce. T h is  w o r k  w as su p p o rted  in  p a rt b y  gran ts fro m  th e  U n ite d  S tates 

P u b lic  H e a lth  S erv ice  (A I-0 4 572) an d  fro m  th e  N a tio n a l Scien ce F o u n d a tio n  (G B -  
112 5).
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SUMMARY

A  series o f  fu n g a l m ela n o p ro te in s  (m o l. w t 10,000-70,000) w a s iso la ted  
fro m  cu ltu re  filtrates o f  Venturia inaequalis, a n d  p a rtia lly  c h a ra cte rize d  b y  
g e l filtra tio n  a n d  a cid  h y d ro ly sis . P etio le  in jectio n  o f  a q u e o u s so lu tio n s o f  the 
m ela n o p ro tein s w ith  n o n -p h y to to x ic  m a rk er co m p o u n d s, in to  a p p le  sh o o ts, 
p ro d u ce d  sp ecific  effects o n  the tra n sp o rt o f  so lu tes w ith in  th e  leaves. T h e  
effects w ere  n o t rep ro d u ced  b y  su b stitu tio n  o f  m e la n o p ro te in  b y  egg-w h ite  
ly so zy m e , ra b b it h a e m o g lo b in , b o v in e  serum  a lb u m en  o r  d eo x y rib o n u cle a se  
(E C  3 . 1 . 4 . 5 ) .  In h ib itio n  o f  le a f  ex p a n sio n  b y  in jected  m ela n o p ro tein s w as 
o b served .

T h e  a p p lic a tio n  o f  a  m ela n o p ro te in  w ith  sp o re  in o cu lu m  o f  Venturia 
inaequalis o n  to  leaves o f  a  su scep tib le  a p p le  v a r ie ty  cau sed  a  grea t in crease 
in  les io n  d ev elo p m en t. T h is  e ffect w as n o t rep ro d u ced  b y  th e  use o f  o th er 
p ro te in s. T h e  d ecreased  les io n -stim u latin g  a c tiv ity  o f  m ela n o p ro te in  
p ro d u ce d  b y  V. inaequalis a fter  sto ra ge  o f  cu ltu res a t o° w a s co rre la ted  w ith  
d ecreased  effects o n  so lu te  tra n sp o rt in  th e  h o st. R a d io a c tiv e  m a teria l 
a risin g  fro m  sp o re in o cu lu m  la b e lled  w ith  [14C ]D L-alanine w as d ete cted  in  
th e  v a sc u la r  system  o f  test p la n ts. T h e  d istr ib u tio n  o f  th is m a teria l in  the 
in fe cted  le a f  w a s sim ilar to  th a t g iv en  b y  p e tio le  in jectio n  o f  an  in d ica to r  
co m p o u n d  w ith  m e la n o p ro te in  in  h e a lth y  p lan ts.

INTRODUCTION

W o r k  o n  som e o b lig a te  fu n g a l p a rasites  o f  p la n ts  has in d irectly  in d icated  th a t d u rin g  

lesio n  d ev e lo p m e n t an  in itia l sy m b io tic  p h ase  o ccu rs in  w h ich  little  o r  n o  d a m a g e  is 

cau se d  to  th e  h o st. A t  an  e a r ly  stage in  th e  fo rm a tio n  o f  v isib le  lesion s, b e fo re  the 

h o s t tissue b eco m es n ecro tic , h o s t m etab o lites  a ccu m u la te  a t  th e  sites o f  in fe ctio n  

(H a rv e y , 1930; Y a r w o o d  &  J aco b so n , 19 5 5; S h a w  &  S a m b o rsk i, 1956; S h a w , 19 6 1). 

I t  w a s su ggested  th a t p ro d u cts  o f  th e  in fe ctio n  p ro cess co n trib u te  to  th is s itu a tio n  

(S h a w  &  S a m b o rsk i, 1956). Venturia inaequalis, b ein g  a  v e ry  sp ecia lized  y e t fa cu lta tiv e  

p a rasite  ea sily  g ro w n  in a rtific ia l m ed ia , w a s ch o sen  as em in en tly  su ita b le  fo r  studies 

o n  the h o st/p a th o g en  in teractio n . T h is  p a p e r sh o w s w a y s  in  w h ich  the p a th o g e n  

red irects th e  h o st m e ta b o lism  in  fa v o u r  o f  the d ev e lo p in g  lesio n . P a rt o f  th is w o r k  has 

a lre a d y  b een  rep o rte d  in  b r ie f  (H ig n e tt &  K ir k h a m , 1965).

METHODS

Venturia inaequalis (C k e .)  W in t. (c lo n e e i ) w a s g ro w n  as d escrib ed  in  a  p rev io u s  

p a p e r (K irk h a m , 1957) sin gle  sp o re  iso la tes o n  n u trien t a g a r  b e in g  su b cu k u re d  o n  

p a p e r cylin d ers m o isten ed  w ith  10 %  (w /v) O x o id  m a lt e x tra ct so lu tio n  (O x o id  L td .,
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L o n d o n ). D e e p  cu ltu res w ere  g ro w n  in  500 m l. c o n ic a l flasks c o n ta in in g  300 m l. 

a q u e o u s O x o id  m a lt e x tra ct ( 1 0 % , w /v), w ith  co n tin u o u s m a g n e tic  stirrin g  a t  

1 6 - 1 8 0.
R a d io a ctiv e  sp ores w ere  iso la ted  fro m  p a p e r cy lin d e r cu ltu res g ro w n  o n  a  b a sa l 

m ed iu m  au gm en ted  w ith  [14C ]D L-alanine a t  th e  ra te  o f  0-05 m c/m l. (sp ecific  a c tiv ity  

21-7 m c/m -m o le). L o o s e ly  b o u n d  r a d io a ctiv ity  w a s rem o v ed  fro m  th e  sp ores b y  th rice  

rep eated  w a sh in g  w ith  d istilled  w a te r  a t  18 0 in  th e  cen trifu ge. L a b e lle d  sp o res sus

p en d ed  in  0-5 m l. w a te r  w ere  a p p lied  to  th e  u p p er su rface  o f  leaves o f  test p la n ts  b y  

m ean s o f  a  sm all p a in t b ru sh . A fte r  in cu b a tio n  fo r  th e  req u ired  p e rio d , th e  sp ores 

rem ain in g  o n  th e  le a f  su rface  w ere  strip p ed  o f f  u sin g  a  so lu tio n  o f  c o llo d io n  in  eth er +  

eth a n o l (1 +  1, v/v) w h ich  w a s  p a in te d  o v e r  the w h o le  su rface a n d  a llo w e d  to  d ry . 

B y  carefu l p eelin g  o f  th e  c o llo d io n  film , an d  rep e titio n  o f  th e  p ro cess, o v e r  90 %  o f  

th e  a p p lied  sp ores w ere  rem o v ed , as estim ated  u n d e r th e  m icro sco p e.

Greenhouse methods. T e s t p lan ts  w ere  p ro p a g a te d , in o cu la ted  an d  in jected  th ro u g h  

th e  p etio les  as p re v io u s ly  d escrib ed  (K ir k h a m  &  H u n te r, 1965). In o cu la tio n  ch am b ers 

w ere su b d iv id ed  w ith  p o ly th en e  sh eet fo r  the a p p lica tio n  o f  d ifferen t treatm en ts.

Autoradiography. P la n t m a teria l w a s d ried  ra p id ly  u n d e r h igh  v a c u u m  a t ro o m  

tem p eratu re  im m ed ia te ly  a fter  sam p lin g . S am p les w ere  k e p t fla t b y  a p p lic a tio n  o f  

w eig h ted  filter p a p er. K o d a k  K o d ir e x  X -r a y  film  w a s used  fo r  a u to ra d io g ra p h y , b ein g  

p ro te cted  fro m  d ire ct c o n ta c t w ith  th e  sam p les b y  M e lin e x  sheet (g a u g e  25 ty p e  S, 

I .C .I . L td .) . E x p o su re  tim es v a r ie d  fro m  7 d a ys  to  6 m o n th s a t ro o m  tem p eratu re , 

a cco rd in g  to  th e  ra d io a ctiv ity  o f  th e  sam ple.

Fungal melanoprotein products. M a te ria l w as iso la ted  fr o m  cu ltu re  flu ids an d  sep a

rated  b y  eth a n o l fra c tio n a tio n . T h e  fra c tio n s  in so lu b le  in  50 a n d  75  %  (v/v) e th an o l 

in  w a ter  w ere  d esig n ated  N 50 a n d  N 75 , resp ectively . F ra c tio n  N 75  w a s sep arated  o n  

S ep h ad ex  G 1 0 0  in to  fo u r  su b fra ctio n s, la b e lled  1 to  4 in  o rd er o f  d ecreasin g  m o le c u la r  

w eig h t (ran ge 70,000-10,000; K ir k h a m  &  H ig n e tt, 1966).

P re lim in a ry  a n alysis  o f  th e  fu n g a l p ro d u cts  w a s d o n e  a fter  a cid  h y d ro ly sis  (6 n - 

H C 1, 107°, 18 hr). T h e  b la c k  p rec ip ita te  fo rm e d  w a s rem o v ed  fro m  the m ix tu re , an d  

w a sh ed  free fro m  a c id ; i t  g a v e  a  p o s itiv e  rea ctio n  to  a ll o f  the fo llo w in g  tests fo r  

m ela n in  (F o x  &  K u c h n o w , 1965).

C o lo u r  rea ctio n s: (1) b le a ch ed  b y  b ro m in e -w a te r , a q u e o u s so lu tio n s o f  K C 1 0 3 +  

H C 1, K M n 0 4+ o x a lic  a c id , H 20 2, C r 0 3; (2) d a rk  green  c o lo u r  d e v e lo p e d  w ith  a q u e o u s 

K sF e  ( C N ) e ; (3) v a p o u r  g iv en  o f f  b y  ro asted  p ig m en t red d en ed  a  p in e sp lin ter m o isten ed  

w ith  co n cen trated  H C 1.

S o lu b ility : th e  b la c k  p rec ip ita te  w a s so lu b le  in  6n - K O H ,  co n cen trated  H 2S 0 4, a n d  
in so lu b le  in  w a te r , 6n - H C 1 an d  lip id  so lven ts.

T h e  a cid -so lu b le  p ro d u cts  o f  the h y d ro ly sis  w ere  d ried  to  rem o v e  H C 1. P a p e r  

ch ro m a to g ra p h y  (« -bu tan o l +  a ce tic  a cid  +  w a te r  ( 4 + 1  +  1, b y  v o l.)  d escen d in g) 

fo llo w e d  b y  e lectro p h o resis  (3 %  fo rm ic  a c id +  6 %  a cetic  acid ) in  th e  seco n d  d im en 

sio n  a n d  d ev e lo p m e n t w ith  n in h yd rin  sh o w ed  th e  presen ce o f  a t lea st 16 a m in o  acid s. 

O n  th e  b asis o f  th is ev id en ce  th e  p ro d u c ts  w ere  d esig n ated  as m ela n o p ro tein s.

Staining procedure. L e a f  d iscs ta k e n  a t th e  su sp ected  lesio n  sites (b efo re  sp o ru la tio n  

h a d  o ccu rred ) a n d  fro m  c o n tro l reg io n s w ere  d igested  w ith  p e ctin a se  (L ig h t a n d  C o . 

L td .)  to  iso la te  th e  cu tic le  (P reece, 1962). T h e  presen ce o f  su b cu ticu la r  m y ce liu m  w a s  

d etected  b y  u sin g  th e  S ch iff-p erio d ate  stain  (P reece, 1959).

Transpiration. D ifferen tia l tran sp ira tio n  rates o v e r  in fe ctio n  sites w ere  d ete cted
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b y  d u stin g  the le a f  w ith  a n h y d ro u s c o p p e r  su lp h ate . In creased  tran sp ira tio n  th ro u g h  

lesion s ca u se d  b lu e  p a tch es to  a p p e a r  w ith in  15 m in. o f  a p p lic a tio n  o f  th e  a n h y d ro u s 
co p p e r  su lphate.
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RESULTS

O n e-y ea r o ld  p o tte d  a p p le  p lan ts  (M M . 109 r o o tsto c k s) , ea ch  w ith  a  sin gle v ig o ro u s ly  

g ro w in g  sh o o t, w ere in jected  w ith  m ix ed  so lu tio n s  o f  th e  m elan o p ro tein s a n d  n o n 

p h y to to x ic  in d ic a to r  co m p o u n d s (1 %  a cid  fu ch sin  o r  [14C ]D -gluco se). T w o  ty p e s o f  

d istr ib u tio n  p a ttern  w ith in  the h o st lea ve s w ere o b served . In  ty p e  I h ig h  co n cen tra 

tio n s o f  in d ica to r  o ccu rred  in  the v a scu la r  system , le a v in g  th e  in tervein al tissu e en 

tire ly  u n p erm eated . In  co n tra st, c o n tro l in jectio n s w ith o u t m ela n o p ro te in  resu lted  in  

even  p e rm e a tio n  o f  th e  en tire  le a f, fo llo w e d  a fter  24 h r  b y  a  d ecrease in  th e  c o n ce n 

tra tio n  o f  in d ic a to r  in  th e  v a sc u la r  system . T h e  ty p e  II  d istr ib u tio n  p a ttern  sh o w ed  

fa ir ly  even  p e rm e a tio n  th ro u g h o u t th e  le a f  b u t w ith  the to ta l u p ta k e  b ein g  stro n g ly  

in h ib ited  (see P la t e ; typ es I a n d  II, a n d  co n tro l).

T h e  effects o b serve d  w ere n o t rep ro d u ced  b y  rep la cin g  m ela n o p ro te in  w ith  b o v in e  

seru m  a lb u m en , eg g-w h ite  ly so zy m e , ra b b it  h a e m o g lo b in  o r  d eo x y rib o n u cle a se  

(E C  3 . 1 . 4 . 5). T y p e  I effects w ere cau se d  b y  m a teria l o f  fra c tio n  N 75, a lso  su b fra ctio n s 

3 an d  4, an d  b y  a  m ix tu re  o f  fra c tio n s  N 75 an d  N 50. T y p e  II  effects w ere g iv en  b y  

fra c tio n  N 50, a n d  b y  su b fra ctio n s 1 a n d  2 o f  fra c tio n  N 75. A  v a r ia tio n  o f  ty p e  I  effect 

(typ e  l a ,  see PI.) co n sisted  in  th e  a ccu m u la tio n  o f  in d ic a to r  in  th e  seco n d a ry  an d  

te rtia ry  vein s o n ly . T h is  a p p e a ra n ce  w a s p ro d u ce d  b y  the use o f  m e la n o p ro te in  a t a  

q u a rte r  o f  th e  co n ce n tra tio n  req u ired  to  g iv e  th e  fu ll ty p e  I effect. T y p e  l a  e ffect w a s 

a lso  o b serve d  in  m a tu re  leaves a fter  in jectio n  o f  m ela n o p ro te in  a t  a  d o se  rate  h igh  

e n o u g h  to  g iv e  th e  m a jo r  ve in  p a ttern  in  y o u n g  lea ves. S lo w  d e te rio ra tio n  o f  th e  

m ela n o p ro te in  o ccu rred  (w ith  in creasin g  p h y to x ic ity )  d u rin g  sto ra ge  in  a q u eo u s 

so lu tio n  a t o° u n d e r to lu en e .

U se  o f  m e la n o p ro te in  a t  co n cen tra tio n s  lo w e r  th a n  th a t req u ired  to  g iv e  ty p e  l a  

e ffect le d  to  the escap e o f  in d ic a to r  fro m  th e  v a s c u la r  tissues, ca u sin g  a ccu m u la tio n s  

a ro u n d  th e  te rtia ry  vein s. In jectio n  o f  m e la n o p ro te in  a t co n cen tra tio n s  h igh er th a n  

th a t req u ired  to  g iv e  th e  ty p e  I e ffect cau se d  c u p p in g  o f  th e  lea ves, fo llo w e d  b y  in ter

ve in a l d esicca tio n  an d  n ecro sis. M e la n o p ro te in  in jected  a t su b leth a l d o se  rates p a rtia lly  

su p pressed  le a f  g ro w th  b u t n o t sh o o t exten sio n . U n e v e n ly  p erm eated  lea ve s grew  

a sy m m e trica lly  in  th e  p la n e  o f  the le a f  ro u n d  th e  p erm eated  area.

T h e  effects n o ted  a b o v e  w ere  re p ro d u ce d  in  sh a rp ly  lo c a liz e d  areas o f  th e  le a f  b y  

in tro d u cin g  th e  m e la n o p ro te in  a n d  in d ic a to r  th ro u g h  sm a ll w o u n d s. D iscrete  d ro p s 

3 m m . in  d iam eter w ere  a p p lied  to  th e  u p p er su rface  o f  leaves b etw een  th e  p r im a ry  

vein s, b e in g  reta in ed  in situ  b y  m eans o f  p re v io u s ly  a p p lied  rin gs o f  p etro leu m  je lly . 

U p ta k e  o f  liq u id  b y  th e  le a f  w a s effected  b y  p ie rc in g  th e  area  co v e re d  by th e  d ro p , 

w ith  a  g ro u p  o f  fo u r  h y p o d e rm ic  n eedles m o u n ted  o n  a  c o rk . T h e  effects p ro d u ce d  

b y  th is te ch n iq u e w ere restricted  to  less th a n  on e q u a d ra n t o f  the lea f. P attern  ty p e s I 

an d  II  w ere  o b served  an d  in  a d d itio n  th e  ty p e  II  p a ttern  sh o w ed  a  d ire ctio n a l e ffect in 

th a t m ig ra tio n  o f  in d ic a to r  w ith in  the le a f  w a s d ire cted  p red o m in a n tly  to w a rd s th e  

le a f  m a rg in . In d ica to r  a p p lied  a lo n e m ig ra ted  in  a ll d irectio n s, an d  in  p a rticu la r, 

b a c k  to  th e  m id rib . T h e  d ire ctio n a l e ffect w a s in v estig a ted  in  a  10-tim es rep licated  

exp erim en t o n  y o u n g  an d  o n  m a tu re  leaves. T h e  so lu tio n s w ere  a p p lied  in  ea ch  

q u a d ra n t as c lo se ly  as p o ssib le  to  th e  m a rgin s o f  the leaves. In  m a tu re  leaves o n ly  42 %
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o f  th e  co n tro ls  (treated  w ith  in d ic a to r  o n ly) d id  n o t sh o w  m ig ra tio n  o f  in d ic a to r  r ig h t 

b a c k  to  the m id rib , as o p p o se d  to  io o  %  o f  th e  test leaves. M ig ra tio n  to  th e  m id rib  

o ccu rred  in  a ll y o u n g  c o n tro l leaves, b u t in  o n ly  50 %  o f  th e  y o u n g  test leaves.

E xp erim en ts w ere  d o n e  to  d eterm in e w h eth er m e ta b o lite  tra n sp o rt in  th e  in fected  

h o s t w a s a ltered  in  w a y s  sim ilar to  th o se  d escrib ed  a b o v e . F o r  m u ltip le  sam p lin g  

exp erim en ts, the seco n d  fu lly  ex p an d ed  le a f  (a t th e  tim e o f  in o cu la tio n ) b e lo w  th e  

sh o o t tip  w a s d esig n ated  0; leaves a b o v e  th is b e in g  d esig n ated  + 1 ,  +  2; a n d  - 1 ,  -  2, 

etc. b e lo w . A  su ccession  o f  sh o o ts o f  C o x ’ s O ra n g e  P ip p in  w as in jected  w ith  [14C ]d - 

g lu co se  (5 ¡ ic  to ta l p e r  sh o o t) a t  leaves — 2 , - 3  an d  — 4, 6 d a ys  a fter  in o cu la tio n  w ith  

Venturia inaequalis, an d  d a ily  th ereafter u n til lesion s ap p eared . L e a f  + 1  w a s sam p led

Fig. 1 . Diagram of autoradiographs of labelled material injected into host leaf tissue by 
radioactive spores of Venturia inaequalis. (a) Apple variety MM. 1 0 9 ; upper surface of 
infected leaf 3 days after inoculation, (b) Apple variety Edward VII; lower surface of in
fected leaf 12  days after inoculation. Spores were removed in both cases before autoradio
graphy.

24 h r a fter  in jectio n  in  ea ch  case. T h e  p la te  (cen tre  a n d  b o tto m  row s) sh o w s a  ty p ic a l 

selectio n  o f  a u to ra d io g ra p h s fro m  th e  sam ples. T y p e  I a ctiv ity  w a s p resen t a t th e  tim e 

o f  th e  first sa m p lin g  (2) a n d  w a s fu lly  d e v e lo p e d  7 d a ys a fter  in o cu la tio n . A fte r  12 d a y s, 

b e fo re  lesion s w ere  v isib le , [14C ]D -gluco se h a d  p refe re n tia lly  a ccu m u la ted  a t th e  sites 

o f  in fe ctio n  (3) (co n firm ed  b y  sta in in g  the cu tic le  as d escrib ed  u n d e r M e th o d s). T h e  

fin a l a u to ra d io g ra p h  (4) in d icates the d ire ct a n d  ra p id  tran sp o rt o f  in jected  tracer  to  

sp o ru la tin g  lesion s, w ith  v e ry  little  la b e llin g  o f  th e  rest o f  the leaf.

T h e  in tro d u ctio n  o f  m a teria l in to  th e  h o st b y  in fe ctin g  sp ores w a s d em o n strated  b y  

u sin g  ra d io a ctiv e  sp ores on  sh o o ts o f  a p p le  va rieties  M M . 109 an d  E d w a rd  V II . 

W a sh e d  sp ores ta k en  fro m  cu ltu res g ro w n  o n  10 %  (w/v) m a lt e x tra ct so lu tio n  a u g 

m en ted  w ith  [14C ]D L-alanine w ere  used  as in o cu lu m . In fected  leaves w ere  rem o v ed  an d  

p ro cessed  as d escrib ed  earlier. F ig u re  1 is a  d ia g ra m  o f  a u to ra d io g ra p h s (n o t re p ro 

d u ced  fo r  te ch n ica l reason s) o f  th e  u p p er su rface o f  a n  M M . 109 le a f  sam p led  3 d ays 

a fter  in o cu la tio n , an d  o f  th e  lo w e r  su rface o f  an  E d w a rd  V I I  le a f  rem o v ed  12 d a ys  

a fter  in o cu la tio n , b y  w h ich  tim e lesio n s w ere  v isib le. B o th  sh o w  a  ty p e  I effect, 

in d ica tin g  th e  in tro d u ctio n  o f  fu n g a l p ro d u cts  in to  th e  v a scu la r  system  o f  th e  h ost.

T h e  effect o f  m ela n o p ro te in  o n  les io n  d ev e lo p m e n t w a s tested  b y  in jectin g  it  in to  

in o cu la te d  sh o o ts an d  b y  a p p ly in g  it  w ith  in o cu lu m . In  the fo rm e r  case  in jectio n s w ere  

m a d e 24 h r a fter  in o cu la tio n , w ith  a  m a xim u m  o f  1-5 m l. (co n ta in in g  u p  to  15  m g. 

m elan o p ro tein /m l.) p er sh o o t. In  the la tte r  case  m ela n o p ro te in  w a s a d d e d  to  th e  

in o cu lu m  to  g iv e  fin a l co n cen tratio n s u p  to  13 m g./m l. m a xim u m .



T h e  resu lts sh o w  (F ig . 2) th a t m e la n o p ro te in  su b fra ctio n s  2 a n d  4 cau sed  w h en  in 

je c te d  in to  test p la n ts  a  s ligh t in crea se  in  th e  p ro p o rtio n  o f  le a f  a re a  co v e re d  b y  lesio n s. 

T h ese  resu lts ten d ed  to  b e  e rra tic ; stro n ger les io n  stim u la tio n  w a s o c c a s io n a lly  o b 

served. In  co n tra st, th e  sam e m ateria ls  w h en  a p p lied  w ith  th e  sp o re in o cu lu m  to  th e  

le a f  su rface  sh o w e d  v e ry  co n sisten t a n d  m a rk e d  lesio n -stim u latio n  a ctiv ity . C u ltu re  

v a r ia b ility  exp ressed  as d ifferen ces in  th e  p a ttern in g  a c tiv ity  o f  th e  su b fra ctio n  4 

p ro d u ce d  h as b een  n o ted  earlier. P ro d u c tio n  o f  less a ctiv e  su b fra ctio n  4  w a s o b serve d , 

p a rticu la rly  a fter  cu ltu res h a d  been  sto red  u n d e r o il fo r  som e m o n th s. F ig u re  3 sh o w s 

th e  e ffect o n  les io n  d ev e lo p m e n t o f  a d d in g  su ch  m a te r ia l to  in o cu lu m  u sed  o n  test 

p lan ts. S u b fra ctio n  4 p ro d u ce d  b y  a  fresh ly  re-iso lated  cu ltu re  sh o w ed  m a rk e d ly  

h igh er lesio n -stim u latio n  a c tiv ity  as co m p a re d  to  th a t p ro d u ce d  b y  th e  sam e cu ltu re  

a fter  3 m o n th s sto ra ge  u n d e r o il a t o°. T h e  la tte r  p ro d u c t g a v e  results v e ry  little  d iffer

en t fro m  th o se  o f  th e  c o n tro l exp erim en t. B o v in e  seru m  a lb u m en  a p p lied  w ith  

in o cu lu m  in  a  sim ilar  w a y  d id  n o t  in flu en ce le s io n  d ev e lo p m e n t. M e la n o p ro te in  a d d e d  

(fin al co n ce n tra tio n  u p  to  13 m g./m l.) to  iso la ted  c o n id ia  in  cu ltu re  h ad  n o  effect on  

g e rm in atio n  o r  gro w th .
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Fig. 2  Fig. 3

Fig. 2 . Effects of melanoproteins of Venturia inaequalis on lesion development on leaves of 
apple plants (variety MM. 109) after inoculation with V. inaequalis. O, Subfraction 4  added 
to inoculum; •  , subfraction 4  injected 24  hr after inoculation; A, subfraction 2 added to 
inoculum; A, subfraction 2 injected 24 hr after inoculation; ■, control inoculation.
Fig. 3 . Comparison of lesion-stimulation activity of melanoprotein produced by old and by 
freshly re-isolated cultures of Venturia inaequalis. Plants of apple variety MM. 10 9  were 
inoculated with spore suspensions containing, respectively, the different melanopro'.ein sub
fraction 4  preparations. • ,  Subfraction 4  produced by cultures after storage; O, sub
fraction 4  produced by re-isolated cultures; A, control inoculation. The re-isolated culture 
was used as a source of spore inoculum in all cases.

DISCUSSION

T h e  a ccu m u la tio n  o f  m etab o lites  a t  th e  site o f  lesion s in p a rasitize d  p lan ts  h as been  

rep o rted  b y  v a rio u s  au th o rs (H a rv e y , 1930; Y a r w o o d  &  J a co b so n , 19 5 5; S h a w  &  

S am b o rsk i, 1956; S h a w , 196 1). N o  ev id en ce  w as p resen ted  to  sh o w  w h eth er th e  effect 

w a s d u e eith er to  th e  h o st, o r  to  the p a th o g en . T h e  p resen t w o rk  sh o w s th a t Venturia  

inaequalis is ab le  to  in flu en ce h o s t m e ta b o lite  tra n sp o rt b y  m ean s o f  a t  lea st tw o  ty p e s 
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o f  a ctiv e  ex tra ce llu la r  m ateria l. T h e  tw o  ty p e s o f  e ffect o n  h o s t m eta b o lite  tra n sp o rt 

sh o w n  b y  in jected  m e la n o p ro te in  fra c tio n s  a p p e a r  to  b e  d u e to  sp ecific  p ro p erties  

p o ssessed  b y  th em , since o th er e n zy m ic  an d  n o n -e n zy m ic  p ro te in s tested  g a v e  n ega tiv e  

results. T h e  T y p e  I  a c tiv ity  d etected  in vivo b y  u sin g  ra d io a ctiv e  c o n id ia  in d ica te d  th a t 

th is e ffect w a s n o t an  a rtifa c t o f  th e  d eep  cu ltu re  m eth o d . T h is  exp erim en t a lso  sh o w ed  

th a t m a teria l in jected  in to  th e  h o s t b y  ge rm in atin g  c o n id ia  w a s n o t to ta lly  c a ta b o lize d , 

a n d  persisted  in  th e  v a sc u la r  system  a n d  le a f  m a rg in  u p  to  a n d  in c lu d in g  th e  les io n  

stage. In  co n tra st, in jec tio n  o f  [14C ]D -gluco se a t  v a r io u s  tim es a fter  in o cu la tio n  sh o w ed  

th a t d ev e lo p m e n t o f  ty p e  I  a c tiv ity  a g a in st h o s t m etab o lites  o n ly  o ccu rred  d u rin g  the 

in term ed iate  stage o f  le s io n  d ev e lo p m e n t, b etw e en  in fe ctio n  a n d  sp o ru la tio n . T h e  ve in  

p a ttern  d ev e lo p e d  to  a  m a x im u m  in ten sity  b e fo re  v isib le  lesion s ap p eared , th en  

d eclin ed  ra p id ly , g iv in g  p la ce  to  th e  a ccu m u la tio n  o f  n u trien ts a t in fe ctio n  sites.

T h e  a p p e a ra n ce  o f  a  ve in  p a ttern  in  ru st-in fected  b a rle y , fed  w ith  ra d io a ctiv e  c o m 

p o u n d s b e fo re  lesio n  d ev e lo p m e n t is a p p a re n t in  a u to ra d io g ra p h s p u b lish ed  b y  S h a w  

&  S a m b o rsk i (19 56 , p . 400, p la te  Y I ) . A s  in  th e  p resen t w o r k , a  ve in  p a ttern  d e v e lo p e d  

a n d  d eclin ed  b e fo re  v is ib le  lesio n s ap p eared , g iv in g  p la ce  to  lo c a l a ccu m u la tio n s  o f  

ra d io a ctiv ity . T h e se  sim ilarities b etw e en  th e  tw o  system s su g gest th a t s im ilar m e ch 

an ism s m a y  b e  o p eratin g .

T h e  results o b ta in ed  b y  d ire ctly  in tro d u cin g  m ela n o p ro te in  w ith  in d ica to r  c o m p o u n d  

in to  th e  le a f  tissu e th ro u g h  stab  w o u n d s sh o w ed  th a t th e  effects d escrib ed  w ere  n o t 

a rtifa c ts  o f  th e  p e tio le  in jectio n  m eth o d . In  a d d itio n , th e  restrictive  (ty p e  II) a ctiv ity  

o f  m ela n o p ro te in  fra c tio n  N  50 h a d  d ire ctio n a l p ro p erties  in  th a t, in  co n tra st to  the 

c o n tro l exp erim en ts, m ig ra tio n  o f  in d ic a to r  c o m p o u n d  to w a rd s th e  m id rib  w a s in 

h ib ited . T h e  a c tiv ity  o f  fra c tio n  N  50 a t a  g iv en  d o se-rate  w a s  m o re  p ro n o u n ce d  in  

m a tu re  leaves ; th is is to  b e  co m p a re d  w ith  th e  greater effect sh o w n  b y  su b fra ctio n  4 

m a teria l (ty p e  I  a ctiv ity )  on  y o u n g e r  lea ves. In  v ie w  o f  th ese o b serva tio n s  it  is suggested  

th a t in  lea ve s a p p ro a c h in g  th e  le s io n  stage, i.e . m a tu re  lea ves, m o v em en t o f  n u trien ts 

to w a rd s the m id rib  a n d  o u t o f  th e  le a f  is restricted  b y  th e  a ctio n  o f  fra c tio n  N  50. T h is  

ex p la n a tio n  w o u ld  b e  co n sisten t w ith  th e  stu n ted  g ro w th  o b served  d u rin g  earlier 

w o r k  w ith  lea ve s p erm eated  w ith  fra c tio n  N  50 sin ce th e  n o rm a l c ircu la tio n  o f  m eta 

b o lites  in  th e  h o st w o u ld  b e  restricted  (H ig n e tt &  K ir k h a m , 1965).

T h e  in jectio n  o f  m ela n o p ro tein s in to  in o cu la te d  p la n ts  h a d  little  e ffect o n  the 

su b seq u en t d ev e lo p m e n t o f  lesio n s, a lth o u g h  o c ca sio n a l stim u la tio n  w a s ob served . 

H o w e v e r, th e  on set o f  n ecro sis  in  lesio n s w as o ften  d e la ye d  a n d  in h ib ited . T h e  m a rk e d  

d ifferen ce in  resp o n se  o f  th e  fu n g u s to  sp ra yed  a p p lica tio n  a n d  to  p e tio le  in je c tio n  o f  

su b fra ctio n s  2 a n d  4 (F ig . 2) m a y  reflect th e  critic a l n atu re  o f  the d o se  rate  a t  th e  site 

o f  in fe ctio n  in  re la tio n  to  lesio n  d ev elo p m en t. I t  m a y  a lso  reflect th e  im p o rta n ce  o f  the 

d ire ctio n  o f  tra v e l o f  the m e la n o p ro te in  in  th e  v a sc u la r  system  : th e  d ire ctio n a l e ffect 

o f  o n e m e la n o p ro te in  fra c tio n  h as a lre a d y  b een  m en tio n ed , a n d  p e n e tra tio n  b y  the 

m ela n o p ro te in  o f  th e  cu tic le  fro m  th e  o u ter  su rface  o f  the le a f  to  th e  site  o f  in fe ctio n  

is in d ica ted  b y  th e  m a rk e d  les io n  stim u la tio n  o b served . T h e  la tter  resu lt m u st b e  du e 

to  in teractio n s a t  th e  in fe ctio n  site sin ce fu n g a l p ro d u cts  ex erted  n o  effects o n  ge rm in a 

tio n  o r  g ro w th  o f  iso la ted  co n id ia  in  cu ltu re .

O b se rv a tio n  o f  th e  m o re  a ctiv e  su b fra ctio n  4 p ro d u ce d  b y  fresh ly  re-iso lated  

Venturia inaequalis as co m p a re d  w ith  th a t p ro d u ce d  fr o m  cu ltu res a fter  s to ra g e  fo r  

3 m o n th s u n d e r o il a t o° suggests th a t th e  d ifferen ces m ig h t b e  re lated  to  th e  lo ss  o f  

p a th o g e n ic ity  d u rin g  sto ra ge , w h ich  c o m m o n ly  o ccu rs w ith  th is organ ism .

274



Journal o f  Generai M icrobiology , Voi. 48, No. 2 Plate 1

Type la

R. C. HIGNETT a nd  D. S. KIRKHAM
4
(Facing p. 275)



T h e  fo llo w in g  m ech an ism  is su ggested  to  a cc o u n t fo r  the o b serva tio n s  d escrib ed . 

A ft e r  ge rm in a tio n  o f  th e  co n id ia  a n d  in fe ctio n  o f  a  su scep tib le  h o s t lea f, fu n g a l 

m ela n o p ro te in s a re  p ro d u ce d  a t th e  site o f  in fe ctio n  a n d  sp read  o u tw a rd s w ith in  the 

lea f, p a rtia lly  co n fin in g  m etab o lites  to  the v a sc u la r  system . T h u s  a  sp ecia lized  tra n s

p o rt system  o f  p referred  ro u tes is set u p  le a d in g  d ire ctly  b a c k  in to  the lesio n . T h e  

e x p o rt o f  n u trien ts fro m  th e  le a f  is p ro g re ssiv e ly  restricted , as th e  le a f  m atu res, 

b y  m ela n o p ro te in  fra c tio n  N  50. N u trie n ts  are  th erefo re  m a d e  m o re  a v a ila b le  to  th e  

d ev e lo p in g  lesion . R e su lts  o f  th e  p resen t w o r k  su ggest th a t the p referred  ro u tes are  

estab lish ed  lo n g  b e fo re  lesio n s b eco m e v isib le , a n d  th a t h o st m etab o lites  a ccu m u late  

in  th em . A t  th e  tim e o f  le s io n  eru p tio n , a  d riv in g  fo rce  d irected  to w a rd s th e  les io n  site 

a cts  o n  th e  a ccu m u la ted  p o o l o f  h o st m eta b o lites  in  the v a scu la r  system . T h is  fo rce  is 

th e  resu lt o f  a  lo c a l in crease in  tra n sp ira tio n  rate  as the cu tic le  a b o v e  a  les io n  is lifted  

a n d  d isru p ted . T h u s  th e  a ccu m u la tio n  o f  n u trien ts in  th e  v a scu la r  system  is tran sferred  

to  the lesio n , as in d icated  b y  th e  tra cer  exp erim en ts sh o w in g  th e  d isa p p earan ce  o f  th e  

ve in  p a ttern  o ccu rr in g  s im u lta n e o u sly  w ith  the d ev e lo p m e n t o f  the fin a l lesio n  p attern .

T h e  te ch n ica l assistan ce o f  M rs  G . F . S ew ell, M iss  J. S ta rk e y  a n d  M r  H . H u tch in s 

is a ck n o w led g e d .
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EXPLANATION OF PLATE

Autoradiographed effects of injected melanoproteins of Venturia inaequalis and lesion development, 
on solute transport in apple leaf tissues.

Top and centre rows. (Apple variety MM. 109). Samples taken 6 hr after injection. Type I. Vein 
pattern effect produced by injection of indicator substance ([14C]D-glucose) with melanoprotein 
material N 7 5 , or subfractions 3 or 4 . Type I a produced by appropriate dilution of injectant used for 
type I. Type II. Restricted intake of indicator when injected with melanoprotein fraction N 50 , or 
subfractions 1 or 2 isolated from fraction N 7 5 . Control. Indicator injected alone.

Centre and bottom rows. (Apple variety Cox’s Orange Pippin). Samples taken 24 hr after injection 
of [14C]D-glucose. 1 . Control. Uninoculated plant. 2 . Sample taken 7  days after inoculation with 
Venturia inaequalis. 3 . Sample taken 12 days after inoculation. 4 . Sample taken 14  days after 
inoculation, showng sporulating lesions.
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SUMMARY

T V -M eth yl-A '-n itro -Y -n itro so gu a n id in e  ( N T G ) , w h ich  is k n o w n  to  b e  a  ve ry  
effective  m u ta ge n  in  m a n y  system s, in d u ces p etite  m u ta tio n s w h en  cells  o f  
Saccharomyces cerevisiae are trea ted  in a cetate  b u ffer. F ifty  p er cen t o r  m ore 
o f  th e  su rv iv o rs m a y  b e  p etite  m u tan ts. N T G  is a  rea l m u tagen  in  th e  p ro cess 
since th e  n u m b er o f  m u tan ts in creases a t sh o rt tim es o f  ex p o su re  to  N T G  
a lth o u g h  th e  to ta l n u m b er o f  cells  decreases. G r o w in g  cells are  m o re  sus
cep tib le  to  k illin g  a n d  m u ta tio n  th a n  are cells in  b u ffer. T h e  p ro d u c tio n  o f  
petites m a y  cau se  difficu lties w h en  screen in g fo r  rare a u xo tro p h s.

INTRODUCTION

N -m eth yl'/V '-n itro -N -n itro so gu a n id m e ( N T G )  is h ig h ly  c a n ce ro sta tic  in  m a m m a lian  

system s (G reen e  &  G re e n b e rg , i960) an d  h ig h ly  m u ta g e n ic  in  m icro b ia l cells (A d e l-  

b erg, M a n d e l &  C h e n , 1965). I t  h as b een  rep o rte d  th a t N T G -re s is ta n t m u ta n ts o f  

Escherichia coli are in d u ced  w ith  h igh  fre q u e n cy  b y  ex p o su re  to  N T G  (M a n d e ll &  

G reen b e rg , i9 6 0 ); the p ro cess w a s sh o w n  to  b e  d u e to  de novo m u ta tio n s a n d  n o t to  

th e  se lectio n  o f  p re fo rm ed  m u tan ts. N T G  is a lso  an  ex cellen t a gen t fo r  the in d u ctio n  

o f  a u x o tro p h s  in  b a cteria  (A d e lb e rg  et al. 1965) an d  in  y e a st (M e g n et, 1965).

A u x o tro p h s  w ith  resp ect to  a  defin ed  b io sy n th etic  p a th w a y  are fo rm e d  in  rath er lo w  

frequ en cies b y  v a r io u s  m u ta ge n ic  treatm en ts. T h u s , su ccessfu l iso la tio n  o f  th em  often  

requires th e  u se o f  se lectio n  o r  screen in g. A  n u m b er o f  selectio n  m eth o d s h a v e  been  

a d o p te d  since L e d e rb e rg  &  Z in d e r  (1948) a n d  D a v is  (1948) in tro d u ced  th e  p en icillin  

m eth o d  fo r  selective k illin g  o f  b a cteria l p ro to tro p h s  in  m ix tu re  w ith  a u xo tro p h s.

S ev era l m eth o d s fo r  the selectio n  o f  y e a st a u x o tro p h s  h a ve  been  in vestigated . 

M e g n e t h as su ccessfu lly  used  in o sito l d efic ien cy  (1964) o r  2 -d eo xy g lu co se  (196 5) as 

selective agen ts fo r  Schizosaccharomyces pombe a u x o tro p h s. M o a t, P eters &  S rb  (1959) 

tried  several a n tib io tics  fo r  th e  selectio n  o f  Saccharomyces cerevisiae a u x o tro p h s. 

It w as fo u n d , h o w e ver, th a t th e  re co g n itio n  o f  th e  m u tan ts a fter  rep lica  p la tin g  o r  

d e la ye d  e n rich m en t w a s o b scu re d  b y  th e  sim u ltan eo u s in d u ctio n  o f  resp ira to ry  d eficien t 

m u ta n ts, th e  so -ca lled  petites. T h ese  g ro w  m o re  s lo w ly  a e ro b ica lly  th a n  th e  w ild  ty p e  

a n d  m a y , th u s, p resen t a  n ega tiv e  resu lt o n  m in im a l m ed iu m  i f  the p la tes a re  studied  

a fter  a  sh o rt in cu b a tio n  p e rio d . H o w e v e r, it  is p o ssib le  to  id en tify  petites b y  v a rio u s  

m eth o d s; th e y  rem ain  w h ite  w h en  th e  w ild  ty p e  is c o lo u re d  red  b y  an  o v e r la y  o f  

tr ip h en yl te tra zo liu m  ch lo rid e  (T T C )  a g a r  (N a g a i, 1959; N a g a i, Y a n a g is h im a  &  

N a g a i, 1 961 ;  O g u r, S t Joh n  &  N a g a i, 1957).

* Present address: Department of Microbiology, University of Umeá, Umeá, Sweden.
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P etites are in d u ced  b y  a  g rea t n u m b er o f  agen ts, th e  m o st n o ta b le  b e in g  a criflav in e  

(N a g a i et al. 196 1), T h e  site o f  th e  m u ta tio n  is ex tra n u c le a r; it  seem s to  b e  lo c a te d  

w ith in  th e  m ito ch o n d ria  (E p h ru ssi, 1953). T h e  la tte r  h a v e  recen tly  b een  sh o w n  to  

co n ta in  D N A  (S ch atz , H a lsb ru n n e r &  T u p p y , 1964), w h ich  m a y  ex p la in  th e ir  re lative  

a u to n o m y  w ith  resp e ct to  th e  n u cleu s. A t  h igh er co n cen tratio n s  o f  a criflav in e , u p  to  

100 %  o f  th e  p o p u la tio n  is tran sfo rm ed  to  petites. E p h ru ssi (1953) h as sh o w n  th a t 

petites d o  n o t arise b y  se lectio n  o f  p re-existin g  m u tan ts b u t are  in d u ced  de novo  in  a ll 

cells.

T h e  a im  o f  the p resen t w o r k  w a s to  fin d  m eth o d s fo r  th e  selectio n  o f  a u x o tro p h s  

o f  y ea st, esp ecia lly  o f  S acch aro m y ces. S in ce N T G  is su ch  a  g o o d  m u ta g e n ic  a g en t in  

m a n y  organ ism s, even  in  th e  y ea st species S ch izo sa cch a ro m y ces  (M e g n et, 1965), it  w a s 

used  to  in d u ce  m u ta tio n s. I t  w as th en  n ecessa ry  to  s tu d y  w h eth er p etite  m u ta tio n s  

w ere in d u ced  b y  N T G . T h is  p a rt o f  th e  w o r k  is rep o rte d  in  th is p ap er.
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METHODS

A  strain  o f  Saccharom yces cerevisiae, iso la te d  fro m  co m m ercia l b a k e r ’ s y ea st, w as 

used. I t  w a s g ro w n  w ith o u t a eratio n  in  100 m l. o f  9 %  (w/v) u n h o p p e d  b eer w o r t  in  

200 m l. E rlen m eyer flasks a t 2 5 0. A l l  p la tin g s w ere m a d e  on  w o rt a ga r (2 %  (w/v) agar).

A c tiv e ly  g ro w in g  cells  w ere  cen trifu g ed  a n d  w a sh ed  tw ice  w ith  0-9 %  (w /v) salin e 

an d  susp en ded  in  0-2 M -acetate b u ffer  (p H  5-0) (M e g n et, 1965) to  a  co n ce n tra tio n  o f  

2 x  io 7 cells/m l. N T G  w a s d isso lv ed  w ith o u t ste rilizatio n  in  th e  sam e b u ffer  im 

m ed ia te ly  b efo re  th e  m u ta tio n  exp erim en ts (A d e lb e rg  et al. 1965). O n e  m l. o f  yea st 

susp en sion  a n d  2 m l. o f  N T G  so lu tio n  w ere m ix ed  (M e g n et, 1965) a n d  in cu b a ted  a t 

250. S am p les w ere  d ilu ted  fro m  tim e to  tim e in  salin e an d  o -i m l. w a s p la ted  o n  w o rt 

a ga r. I f  th e  N T G  co n cen tra tio n  o f  th e  so lu tio n  to  b e  sp read  w as o -i m g./m l. o r  m o re  

o - i m l. w a s d ilu ted  in  sa lin e an d  filtered  th ro u g h  a  m illip o re  filter. T h e  filter w a s th en  

p la ce d  o n  w o r : a g a r. W ith o u t th is filtra tio n , a  co n sid e ra b le  p o rtio n  o f  th e  cells p la ted  

w ere k illed  o n  the p la tes  (cf. F ig . 1).

In  a n o th er series o f  exp erim en ts, y e a s t w as ex p o sed  to  N T G  in  a  m ed iu m  p erm ittin g  

gro w th , n am ely  w o rt. 10 m l. m ed iu m  w a s in cu b a ted  in  25 m l. test tu b es. A ft e r  va rio u s  

tim es o f  in cu b a tio n , a liq u o ts  w ere  d ilu ted  in  salin e an d  sp read  on  w o rt a ga r.

T h e  p la tes w ere in cu b ated  a t 250. C o lo n ie s  co u ld  b e  d etected  a fter  2 d a ys, b u t p etite  

co lo n ie s  req u ire  a  lo n g er in cu b a tio n  p e rio d . A ft e r  5 d a y s, th e  co lo n ie s in  ea ch  P etri 

d ish  w ere  o v erla y ed  (N a g a i, 1959; N a g a i et al. 19 6 1; O g u r  et al. 1957) w ith  20 m l. 

m elted  a g a r  (1-5 %  (w /v))+ p h o sp h a te  b u ffer  (0-067 M> p H  7-0), g lu co se  (5 g./l.), an d  

T T C  (1 g ./ l.); the so lu tio n  w a s m elted  a n d  th en  k e p t a t  4 5 0. T T C  w a s ad d e d  im m ed i

a te ly  b e fo re  the so lu tio n  w a s p o u re d  o n  to  th e  co lo n ie s  sin ce T T C  is n o t v e ry  stab le  

(O g u r  et al. 1957). W h ite  a n d  red  co lo n ie s  w ere co u n ted  a fter  3 h r, b u t the p la tes 

c o u ld  even  b e  sco red  th e  n ext d a y.

F o r  co m p a riso n , a criflav in e  w a s ad d e d  to  g ro w in g  y ea st cells in  10 m l. w o r t  in  

25 m l. test tu bes. S am p les w ere  d ilu ted  an d  sp read  a fter  va r io u s  tim es o f  in cu b a tio n  a t 

2 5 0 an d  trea ted  in  the sam e w a y  as th e  N T G  sam ples w ith  T T C  o v erla y .

T o  sh o w  th e  k illin g  e ffect o f  N T G  on  th e  p lates , th e  fo llo w in g  exp erim en t w a s 

p e rfo rm ed , o - i m l. ce ll susp en sions w a s sp read  o n  w o r t  a ga r. W h e n  the p la tes w ere  

d ry , o - i m l. N T G  so lu tio n s o f  va r io u s  co n cen tra tio n s  w as ad ded . T h e  p la tes  w ere  

in cu b ated  an d  th e  co lo n ie s  co u n ted  a fter  T T C  o v e rla y in g  as d escrib ed  a b o v e .
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K illin g  on the p la tes. T h e  leth a l e ffect o f  N T G  o n  cells  p la te d  o n  w o r t  a g a r  is sh o w n  

in  F ig . i .  I t  ca n  b e  seen th a t th e  N T G  co n cen tra tio n  in  th e  ad d e d  so lu tio n  m a y  rea ch  

o -i m g./m l. w ith o u t a n y  a p p rec ia b le  le th a l effect. A t  h igh er co n cen tratio n s, h o w e ver, 

th e  n u m b er o f  d etectab le  co lo n ie s  d ecreases co n sid e ra b ly . T h u s , it  w a s n ecessa ry  to  

d isp o se  o f  N T G  w h en  th e  sam p les w ere  n o t d ilu ted  to  a  co n ce n tra tio n  b e lo w  o-1 

m g./m l. In d eed , N T G  in c o rp o ra te d  in  th e  p la tin g  a g a r  h as b een  u sed  to  in d u ce  

revertan ts  in situ  (M a rq u a rd t, Z im m erm an n &  S ch w aier, 1964).

A d e lb e r g  et al. (196 5) reco m m en d  a  m u ta tio n  p ro ced u re  in  w h ich  th e  cells  are  

co lle cte d  o n  m illip o re  filters an d  N T G  is w a sh ed  a w a y  w ith  b u ffer. T h is  p ro ced u re  is 

n o t n ecessa ry  in  y ea st i f  th e  co n ce n tra tio n  o f  N T G  is lo w  in  th e  so lu tio n  p la ted , since

F ig . 1. o*i m l. o f  yeas t suspen sio n  w as sp re a d  o n  w o rt a g a r  a n d  a llow ed  to  d ry , th e n  o-i 
m l. N T G  so lu tio n s (c o n cen tra tio n  g iven o n  th eab sc issa ) w as sp read  o n  th e  a g a r  surface. V iab le  
co u n t ( O )  a n d  p e tite  f ra c tio n  ( • )  w ere d e term ined .

F ig . 2. E ffect o f  N T G  tre a tm e n t o n  v iab le  c o u n t (circles), p e tite  c o u n t (triang les), a n d  petite  
f ra c tio n  (squares). T h e  yeast w as tre a te d  w ith  2-0 (o p en  sym bols) o r  i-o  (closed  sym bols) 
m g./m l. N T G  in  ace ta te  buffer d u rin g  th e  tim e  in d ica ted  o n  th e  abscissa.

T a b le  1. E ffe ct o f  N T G  on viable count 

T h e  values h av e  been  ta k e n  f ro m  F igs. 2 a n d  3 a n d  f ro m  a d d itio n a l experim ents.

T im e  re q u ire d  to  red u ce  th e  v iab le  
c o u n t by  a  fa c to r  o f  10 (m in .)

N T G  co n c e n tra tio n  r- 
(m g./m l.) In  buffer

A

In  w o rt

2*0 n o 40
1-0 140 —
o -4 170 —
0*2 210 —



petites were induced to only a small extent at concentrations below o-2 mg./ml. 
(Fig. i).

Death curves o f NTG-treated cells. T h e  p la te  co u n ts decreased  w ith  tim e w h en  cells 

w ere susp en ded  in  N T G  so lu tio n s (F ig . 2). T im e  ze ro  m ean s th a t th e  sam p les w ere 

d ilu ted  an d  p la te d  im m ed iate ly  a fter  th e  a d d itio n  o f  N T G . L in e a r  cu rv es w ere  o b 
ta in ed  fo r  lo g  NJN0, w h ere  Nt an d  N0 are th e  v ia b le  co u n ts a t  tim e t an d  zero , resp ec

tiv e ly . A t  2 m g./m l. th e  v ia b le  c o u n t d ecreased  b y  a  fa c to r  o f  10 ev ery  n o  m in . T h e  

slo p es o f  th e  su rv iv a l cu rves o b ta in ed  w ith  v a r io u s  co n cen tratio n s o f  N T G  are g iv en  in  

T a b le  1. S till steeper slop es w ere  o b ta in ed  w h en  cells w ere ex p o sed  to  N T G  in  w o r t;  

the v ia b le  c o u n t d ecreased  b y  a  fa c to r  o f  10 w ith in  40 m in. a t a  N T G  co n cen tra tio n  

o f  2 m g./m l. (F ig . 3). A n  in creased  leth a l effect in  m ed ia  p erm ittin g  g ro w th  h as b een
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F ig . 3 F ig . 4

F ig . 3. E ffect o f  N T G  tre a tm e n t o n  v iab le  c o u n t (O ) ,  p e tite  co u n t ( • ) ,  a n d  p e tite  frac tio n  
( x  ). T h e  y eas t w as tre a te d  w ith  2-0 m g./m l. N T G  in  w o rt d u rin g  th e  tim e  in d ica ted  o n  th e  
abscissa.

F ig . 4. E ffect o f  acriflav ine trea tm en t o n  p e tite  frac tio n . T h e  yeast w as in cu b a ted  fo r  48 h r  
in  w o rt to  w hich  acriflav ine w as ad d ed . T h e  w o rt w as in o cu la ted  w ith  8 x  io 6 cells/m l., 
w hich  w as a b o u t 1/10 o f  th e  final co u n t o b ta in ed .

o b ta in ed  b y  A d e lb e rg  et al. (1965) in  exp erim en ts w ith  Escherichia coli. T h ese  au th o rs 

a lso  rep o rt th a t the fra c tio n  o f  m u tan ts a m o n g  th e  su rv iv o rs w as th e  sam e w h en  cells 

w ere  treated  in  b u ffer an d  in  g ro w th -p ro m o tin g  m ed ia . T h e y  th u s reco m m en d  a  

p ro ced u re  in  w h ich  the m u ta ge n ic  trea tm en t is p e rfo rm ed  in  b u ffer. T h e y  a lso  re p o rt 

th a t 40 %  o f  th e  su rv iv o rs o f  E. coli w ere a u x o tro p h s  w h en  trea ted  w ith  1 m g. N T G /  

m l. M e g n e t (1965) used  2 m g. N T G / m l. to  in d u ce  a u x o tro p h s in  Schizosaccharomyces 
pombe; he fo u n d  8 %  a u x o tro p h s w ith o u t screen in g. If, h o w e ver, a  p a rticu la r  k in d  

o f  a u x o tro p h  is requ ired , th e  p ro b a b ility  o f  fin d in g it  is m u ch  less th a n  th ese figures 

m a y  in d icate . T h e  figures are  a  m easu re o f  the in d u ctio n  o f  a  grea t n u m b er o f  m u tan ts 

w ith  m a n y  k in d s o f  deficien cies. A d e lb e rg  et al. (1965) assum e th a t a b o u t 10 %  o f  the 

to ta l gen o m e con sists o f  lo c i ca p a b le  o f  m u ta tio n s g iv in g  rise to  a u to tro p h s. S creen in g 

p ro ced u res m a y  be n eeded i f  m o re  specified  a u x o tro p h s h a ve  to  b e  iso lated .

Induction o f petites. T h e  in d u ctio n  o f  petites in  n o n -g ro w in g  a n d  in  g ro w in g  cells 

is illu strated  in  F ig s  2 a n d  3. In  th e  co n tro ls, th e  p etite  fra c tio n  w a s 0 7  % . T h e  a b s o 

lu te  n u m b er o f  petites in creased  b y  N T G  trea tm en t a n d  a  g rea t n u m b er o f  the sur-



v iv o rs  w ere  m u ta n ts. T h is  resu lt is c o m p a ra b le  to  th e  effects o f  a crifla v in e  c n  g ro w in g  

cells (F ig . 4), w h ere th e  m a jo rity  o f  th e  cells are  m u tan ts. S evera l /tg./ml. o f  a criflav in e  

ca n  be in c lu d ed  in th e  m ed iu m  w ith o u t sign ifican t effects o n  th e  g ro w th  rate  (E p h ru ssi, 

•953)-
T h e  results o f  th is p a p e r  sh o w  th a t a g rea t p o rtio n  o f  th e  su rv iv o rs a fter  N T G  

trea tm en t con sists o f  p etite  m u tan ts. T h is  m a y  cre ate  som e d ifficu lty  in  th e  iso la tio n  

o f  a u x o tro p h s  o f  S a cch aro m y ces. S tu d ies o n  the se lectio n  o f  a u x o tro p h s  o f  y ea st are 

in  p ro g ress in  th is la b o ra to ry .

T h is  w o r k  w a s su p p o rted  b y  th e  S w ed ish  T e ch n ica l R e sea rch  C o u n cil. T h e  sk ilfu l 

te ch n ica l assistan ce o f  M rs  K e rstin  E ken gren -J an sso n  is g ra te fu lly  a ck n o w led ge d .
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SUMMARY

C h lo ro p h y ll fo rm a tio n  in  n o n -g ro w in g  etio la te d  cells  o f  Euglena gracilis 
va r. bacillaris is in h ib ited  b y  certa in  a n tim e ta b o lite  a n a lo g u e s  o f  p u rin es, 
p y rim id in es a n d  a m in o  acid s. T h e  in h ib ito ry  effects o f  b ro m o - an d  n itro- 
u racils  w ere  a n n u lled  b y  u ra c il an d  th y m in e ; th o se  o f  flu o ro - a n d  th io -u ra cils  
w ere  n o t. E th io n in e  in h ib itio n  w as c o m p le te ly  a n n u lled  b y  m eth io n in e. A ll  
th e  b a se  a n a lo gu e s w ere  m o re  in h ib ito ry  fo r  th e  d a rk  g ro w th  o f  th e  a lg a  th an  
in  th e  lig h t a n d  an  a d a p ta tio n  to  these an tim e tab o lite s  w a s a p p a ren t d u rin g  
gro w th . T h e  g ro w th  in h ib ito ry  effects o f  som e o f  these b ase  a n a lo g u e s  w as 
a n n u lled  b y  several K r e b s ’s cy c le  in term e d iate s; th e  la tte r  in  th em selves 
stim u lated  g ro w th  o f  p h o to sy n th e s iz in g  eu g len as a lth o u g h  th e y  w ere  n o t 
u tilize d  in  th e  d a rk  w ith  a n y  d egree o f  efficien cy.

L o n g -te rm  ex p o su re  o f  n o n -p ro lifera tin g  eu glen as, green  o r  e tio la te d , to  
5 -flu o ro -u racil h a d  a  p ro fo u n d  effect o n  the c h lo ro p la s t in tegrity  o f  the 
o rgan ism s. S u ch  e u glen as on  fu rth er su b cu ltu re  in  a n  a d eq u a te  g ro w th  m ed iu m  
w ere  p e rm a n e n tly  b leach ed . T h e  effect o f  5 -b ro m o -u ra cil, th o u g h  sim ilar, w as 
less m a rk ed .

INTRODUCTION

Euglena gracilis, a  green  p h o to sy n th e tic  flag e lla te , lo ses its c h lo ro p h y lls  w h en  g ro w n  

h e te ro tro p h ica lly  in  th e  d a rk . E x p o su re  o f  su ch  co lo u rle ss  eu g len as to  lig h t b rin gs 

a b o u t th e  re-syn th esis o f  c h lo ro p h y ll a cco m p a n ied  b y  a  co n sid e ra b le  in crea se  in  

ch lo ro p la s t p ro te in s  a n d  th e  R N A  o f  several su b ce llu la r  fra c tio n s  (B ra w erm an  &  

C h a rg a ff, 1959 a ; B ra w erm a n , P o g o  &  C h a rg a ff, 1962). A n  a d d itio n a l R N A  species 

a sso ciated  w ith  th e  ch lo ro p la s ts  a n d  w h ich  is sp ecifica lly  fo rm e d  d u rin g  th e ir  in d u ced  

fo rm a tio n  in  lig h t w a s  d em o n strated  b y  P o g o , B ra w e rm a n  &  C h a r g a ff  (1962). T h ese  

resu lts su ggest th a t lig h t in d u ces th e  a sso c ia ted  synthesis o f  sp ecific  ty p e s o f  p ro te in s 

co n c o m ita n t w ith  c h lo ro p h y ll synthesis. T h e  effect o f  certa in  a n tim e ta b o lite  a n a lo g u e s  

o f  p u rin es, p yrim id in es an d  a m in o  a cid s  w a s  th erefo re  tested  to  v e r ify  su ch  an  

a sso ciatio n .

Euglena gracilis is th e  o n ly  p h y to fla g e lla te  w h ich  ca n  b e  ren d ered  p e rm a n e n tly  

a p o c h lo ro tic  b y  a n  asso rtm en t o f  ch em ica l a gen ts, e.g . s trep to m y cin  (P ro v a s o li, 

H u tn e r &  S ch a tz , 1948; J iro v ec , 1949), an tih istam in es (G ro ss , Jah n  &  B ern stein , 

1955), 0 -m eth y lth reo n in e (A a ro n s o n  &  B e n s k y , 1962), fu ra d a n tin  ( M c C a lla , 1962), 

e ry th ro m ycin  (E b rin g er, 1962) a n d  m a gn esiu m  sta rv a tio n  (D u b a s h  &  R e g e , 19 6 7); 

a n d  p h ysica l agen ts su ch  as h e a t (P rin gsh eim  &  P rin gsh e im , 19 5 2 ; B ra w erm a n  &
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C h a rg a ff, 19596 ) a n d  u ltra v io le t ra d ia tio n  (P rin gsh eim , 1958). T h is  p h en o m en o n  o f  

p erm a n en t a p o ch lo ro s is  is o n e o f  th e  fe w  in stan ces o f  a  c y to p la sm ic  m u ta tio n , w ith  

a  co n seq u e n t a ltera tio n  o f  p h en o ty p e , b e in g  in d u ced  b y  en viro n m en ta l ch an ges. In  

E. gracilis va r. bacillaris, d iverse agen ts o p era tin g  in  u n k n o w n  w a y s  a ffe c t fin a lly  the 

synthesis o f  c h lo ro p h y ll o r  p la stid  o r  b o th . T h e  m ech a n ism  o f  a ctio n  o f  a n y  o f  such  

agen ts is n o t y e t fu lly  u n d e rsto o d . 5 -flu o ro -u racil, w h ich  in h ib its g ro w th  a n d  c h lo ro 

p h y ll synthesis in  E. gracilis, h as b een  fo u n d  to  ren d er o rgan ism s o f  th is a lg a  p e rm a 

n en tly  a p o c h lo ro tic . O rga n ism s g ro w n  in  th e  d a rk  w ith  su lp h a n ila m id e a n d  5 -b ro m o - 

u ra c il an d  su b seq u en tly  p la te d  o n  a  b a sa l m ed iu m  w ere sh o w n  b y  S ch er &  C o llin g e  

(196 5) to  b e  m a rk e d ly  m u ta ted  to  th e  a p o c h lo ro tic  fo rm , b u t a lth o u g h  m ere ex p o su re  

to  5 -flu o ro -u racil can  b rin g  a b o u t a  100 %  m u ta tio n , w e  w ere n o t a b le  to  sh o w  a  sim ilar 

effect w ith  5 -b ro m o -u ra cil even  o n  lo n g e r  exp osu res.

METHODS

Organisms o f  the p h o to sy n th e tic  stra in  o f  Euglena gracilis va r. bacillaris w ere g ro w n  

in  th e  defin ed  m ed iu m  o f  H u tn e r, P ro v a s o li, S ch a tz  &  H a sk in s  (1950) as d escrib ed  

b y  C o e lh o  &  R e g e  (19 6 3 ); th e  m ed iu m  fo r  d a rk -g ro w n  cu ltu res w a s su p p lem en ted  

w ith  1 %  g lu co se . G r o w th  stu d ies w ere  m a d e  essen tia lly  b y  th e  m eth o d  d escrib ed  

ea rlier (C o e lh o  &  R e g e , 1963). F o r  stu d ies o n  c h lo ro p h y ll syn thesis b y  n o n -g ro w in g  

cu ltu res u n d er illu m in a tio n , e tio la te d  eu g len as w ere  o b ta in ed  b y  g ro w th  in  th e  d a rk  

fo r  7 d a y s; th ese fo rm s w ere  h a rv ested , w a sh ed  tw ice  w ith  sterile  d istilled  w a te r  u n d er 

a sep tic  co n d itio n s  a n d  th en  su sp en ded  in  a  m easu red  v o lu m e  o f  sterile d istilled  w a ter. 

S am p les o f  th is su sp en sio n  w ere  th e n  d ispen sed  in  6 in . x  \  in . r im less test tu b es c o n 

ta in in g  d o u b le- (o r  greater) stren gth  o f  th e  ‘ r e s t in g ’ m ed iu m  su ggested  b y  B ra w erm a n  

&  C h a r g a ff  (19 5 9 a ) co m p o sed  o f  1 %  g lu co se , o -o i m - K H 2P 0 4, a n d  o -o i M -M g C l2- 

6H 20  w ith  a d d itio n s w h ere  req u ired . N o  r ig o ro u s  sterility  p reca u tio n s  n eed ed  to  b e  

o b serve d  as th is m ed iu m  d id  n o t fa v o u r  b a c te r ia l gro w th . T h e  eu g len as w ere  th en  

illu m in a ted  w ith  fre q u e n t sh a k in g  fo r  72  h r  a t  28° in  a  tran sp a ren t glass ta n k  b y  a  p a ir  

o f  d a y lig h t flu o rescen t tu b es p la ce d  10 in. fr o m  th e  b o tto m  o f  th e  ta n k .

Estimates of growth w ere m a d e , a fter  su ita b le  d ilu tio n  o f  cu ltu res, b y  th e  m eth o d  o f  

H u tn e r, B a c h  &  R o s s  (19 56 ), b y  m ea su rin g  th e  tu rb id ity  w ith  a  K le tt-S u m m e rs o n  

p h o to e le ctric  co lo rim e te r  w ith  a  66 (640-700 m p )  filter. P h o to s y n th e tic  p ig m en ts w ere  

ro u tin e ly  d eterm in ed  b y  e x tra ctio n  o f  eu g len as w ith  3 x 5 - 0  m l. m e th a n o l; th ese ex tra cts  

w ere  p o o le d , the v o lu m e  m a d e to  20 m l. w ith  m eth a n o l a n d  th e  c o lo u r  in ten sity  rea d  

w ith  a  K le tt-S u m m e rs o n  co lo rim e ter, u sin g  th e  sam e 66 filter. A b s o lu te  va lu es, w h ere 

g iv en , w ere  d eterm in ed  b y  th e  m eth o d  d escrib ed  ea rlier (D u b a sh  &  R e g e , 1967).

Counts o f euglenas w ere m a d e  in  a  L e v y  b lo o d  c o u n tin g  ch am b er a fter  im m o b iliz in g  

th e  o rgan ism s b y  a d d in g  a  d ro p  o f  ch lo ro fo rm .

RESULTS

Effect o f antimetabolites on chlorophyll synthesis
It w a s o b served  th a t a ll th e  a n a lo g u e s  o f  u ra c il tried  an d  2 ,6 -d iam in o -p u rin e  in h ib i

te d  th e  synthesis o f  ch lo ro p h y ll in  susp en sion s o f  th e  eu glen a. B e n z im id a zo le  w a s  

w ith o u t effe ct; 6 -m erca p to p u rin e  sh o w e d  a  s ligh t s tim u la tio n ; eth io n in e, a t  h ig h er 

co n ce n tra tio n , w a s a lso  in h ib ito ry  (T a b le  1). T h e  effects o f  5 -b ro m o - a n d  5-n itro-



u racil w ere  a n n u lle d  b y  u ra c il a n d  th y m in e ; th o se  o f  5 -flu o ro - an d  5 -th io -u ra cil w ere 

n o t (T a b le  2). T h e  in h ib itio n  b y  eth io n in e  w a s co m p le te ly  a n n u lle d  b y  m eth io n in e. 

T h e  in c o rp o ra tio n  o f  eth io n in e  in to  th e  eu glen as sh o w e d  a  la g  p e rio d ; sh o rt-term  e x 

p o su re  to  th is a n a lo g u e  b e fo re  illu m in a tio n  d id  n o t in h ib it c h lo ro p h y ll synthesis 
(T a b le  3).
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T a b le  1. Effect o f analogues o f purines, pyrimidines and amino acids on chlorophyll 
synthesis in resting etiolated Euglena gracilis var. bacillaris

Inhibition of
A d d itio n  to  n o n -p ro life ra tio n C o n c e n tra tio n  o f  ch lo ro p h y ll synthesis

m ed iu m a d d itio n (% )

N o n e _ 0
5-B ro m o -u rac il t f  37 '4
5 -T h io -u rac il 1 1 47’5
5 -N itro -u ra c il j 400 fig.jmi. a

1 24-6
5 -F lu o ro -u rac il J l 26-7
2 ,6 -D iam in o p u rin e  t 1f 3 6 0
6 -M ercap to p u rin e  [ IO^3 M — 14-0
B enzim idazo le J 1 2-8
E th io n in e 2 m g./m l. 69-2

Table 2. Effect o f uracil analogues on chlorophyll synthesis by etiolated Euglena
gracilis var. bacillaris: annulment by uracil and thymine

N e t syn thesis o f
A d d itio n  to  n o n -p ro life ra tio n ch lo ro p h y ll/m g .

m ed iu m d ry  w t eug lenas* / In h ib itio n  A n n u lm en t
(400 /tg ./m l.) 72 h r  m /tg. (% ) (% )

N o n e 1812 _ —

5 -B rom o-uracil (B U ) IIO I 37-4 —

5 -T h io -u rac il (T U ) 964 47 '5 —

5 -N itro -u ra c il (N U ) 1376 24-6 —

5 -F lu o ro -u rac il (F U ) 1330 26-7 —

U rac il (U ) 1796 1 0 —

T h y m in e  (Th) 1536 I 5'5 —

B U  +  U 1697 6-5 85-0
B U  +  T li 1468 19-0 49-1
T U + U 1009 44-5 6-4
T U  +  T h 917 49'5 - 4*2
N U + U 1812 0 100
N U + T h 1514 1 6 6 32*6
F U  +  U 1399 23-0 13*9
F U  +  T h 1005 44 '5 -6 6 * 5

* D ry  w eigh ts o f  eug lenas w ere  ca lcu la ted  f ro m  c o u n ts  acco rd in g  to  th e  re la tio n sh ip  suggested  by
K irk  (1962).

Effect o f antimetabolites on the growth o f Euglena gracilis var. bacillaris
In view of the effect of these various antimetabolite analogues on chlorophyll synthesis

in non-proliferation conditions, their influence on growth was studied. To verify
w h eth er th e  effect o n  g ro w th  w a s d u e o n ly  to  in terferen ce  w ith  ch lo ro p h y ll b io sy n th esis, 

th e  studies w ere  exten d ed  to  d a rk -g ro w n  cu ltu re s as w ell. T a b le  4  sh o w s th a t a ll p u rin e  

a n d  p y rim id in e  a n a lo g u e s  tested  w ere  m o re  in h ib ito ry  in  th e  d a rk  th a n  in  th e  lig h t. 

T h e  o rga n ism  th u s ap p e ared  to  use p a th w a y s  fo r  c a rb o h y d ra te  m eta b o lism  w h ich  w ere
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d ifferen t in  th e  h e te ro tro p h ic  a n d  p h o to sy n th e tic  ph ases. T h e  p o ssib ility  o f  lig h t 

in sta b ility  o f  som e o f  the co m p o u n d s ca n n o t, h o w e ver, b e  p reclu d ed . W h e th e r  such 

an  a ctio n  in d icates th a t th ese a n a lo g u e s  m ig h t h a m p er in  som e w a y  th e  u tiliz a tio n  o f  

g lu co se  as a  so u rce  o f  en ergy  w a s ex a m in ed  b y  exp erim en ts design ed  to  test th e  effects 

o f  v a rio u s  b re a k d o w n  p ro d u cts  o f  g lu co se  a n d  the K re b s  cy c le  in term ed iates in  the 

presen ce o f  th ese an tim etab o lites. T a b le  5 sh o w s the effect o f  the K r e b s  cy c le  in ter

m ed iates o n  the g ro w th  o f  E u g len a  in  th e  presen ce a n d  absen ce o f  8 -azagu an in e. T h e

T a b le  3. Effect o f ethionine on chlorophyll synthesis in non-proliferating 
etiolated Euglena gracilis var. bacillaris organisms: annulment by methionine

E u g lenas w ere g ro w n  h e te ro tro p h ica lly  in  th e  d a rk  fo r  7 days, h arvested , w ashed  a n d  
resuspended  in  w ater. E q u a l sam ples w ere used  fo r  th e  d ifferen t trea tm en ts . Illu m in a tio n  w as 
fo r  96 h r ,  th e  ch lo ro p h y lls  w ere ex trac ted  w ith  m e th an o l as d escribed  in  th e  tex t. K le tt 
read in g s w ere ta k e n  w ith  th e  66 filter. P re -exposu re  w as effected b y  su spend ing  th e  e tio la ted  
euglenas in  n o n -p ro life ra tio n  m ed iu m  co n ta in in g  th e  ad d itio n s  a t  2 m g ./m l.; th e  sam e 
co n cen tra tio n  w as used  d u rin g  illum ina tion .

C h lo ro p h y ll
index In h ib itio n  A n n u lm en t

T re a tm e n t 1(K lett units) (% ) (% )

1. B lan k 162 — —

2. N o n -p ro life ra tio n  m e d iu m + eth io n in e 50 69'2 —

3. E ug lenas exposed  to  e th io n in e  fo r  15 m in ., w ashed  a n d  
ta k e n  u p  in  n o n -p ro life ra tio n  m ed ium 161 0 _

4. E ug lenas exposed  to  e th io n in e  fo r  15 m in ., cen trifu g ed  
a n d  ta k e n  u p  in  n o n -p ro life ra tio n  m ed iu m  w ith o u t 
w ash ing 93 42-5

5. N o n -p ro life ra tio n  m e d iu m + e th io n in e  +  m eth ion ine 161 0 100
6. E ug lenas exposed  to  e th io n in e + m eth io n in e  fo r  15 m in ., 

w ashed  a n d  ta k e n  u p  in  n o n -p ro life ra tio n  m ed ium 165 0
7. E ug lenas exposed  to  e th io n in e + m eth io n in e  fo r  15 m in ., 

cen trifu g ed  a n d  ta k e n  u p  in  n o n -p ro life ra tio n  m ed ium  
w ith o u t w ash ing 165 0

8. E ug lenas exposed  first to  e th io n in e  fo r  15 m in ., th en  to  
m eth io n in e  fo r  15 m in ., w ashed  a n d  ta k e n  u p  in  
n o n -p ro life ra tio n  m ed ium 165 0

9. E ug len as exposed  to  e th io n in e  fo r  15 m in ., w ashed  an d  
ta k e n  u p  in  n o n -p ro life ra tio n  m ed iu m  c o n ta in in g  
m eth io n in e 167 0

10. N o n -p ro life ra tio n  m ed ium -(-m eth ion ine 167 0 —

T a b le  4. Effect o f purine and pyrimidine antimetabolite analogues on 
the light and dark growth o f Euglena gracilis var. bacillaris

%  In h ib itio n  o f  g row th  in
C o n c e n tra tio n  r A

A n alo g u e  ad d ed (X I03- m) L ig h t D a rk

N o n e — 0 0
5-B rom o-uracil 1-048 4-0 43-6
5-T hio-uracil 1-560 2-8 8-5
5 -N itro -u rac il 1*272 4 '4 5-6
5 -F lu o ro -u rac il 1-526 97-9 100

0-153 27*2 7i-i
8-A zaguanine I-3 I 4 1 9 4 53'5
8 -A zaxan th ine 1-304 0 5 0
8-A zaaden ine 1-470 19-4 49-3



in h ib itio n  d u e to  8 -azagu an in e w a s less ev id en t in  the d a rk  in  th e  p resen ce o f  la c ta te  

o r  « -k eto g lu ta ra te  a n d  w a s co m p lete ly  o v e rco m e  b y  c itra te , a lth o u g h  th ese co m p o u n d s  

c a n n o t rep la ce  g lu co se  in  th e  m ed iu m  w ith  g ro w th  stim u la to ry  a ctio n . In  th e  lig h t, 

8 -azagu an in e w a s co m p le te ly  in effective  in  th e  presen ce o f  a -k e to g lu ta ra te  a n d  c itra te . 

I t  w as fu rth e r  o b serve d  th a t m a n y  o f  th e  c a rb o n  co m p o u n d s stim u la ted  g ro w th  o f  

th e  o rga n ism  in  th e  lig h t a lth o u g h  so m e o f  these c o u ld  n o t b e  u tilized  in  th e  d a rk .

T a b le  5. Effect o f Krebs cycle intermediates on the 8-azaguanine inhibition 
o f growth o f Euglena gracilis var. bacillaris

G ro w th  (K le tt u n its  a t  660 mp )
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W ith  8-azaguan ine  
W ith o u t 8 -azaguan ine  ,---------------------------------*------------

K reb s  cycle ac id  ad ded*
(1 % )

t
D a rk

A

L ig h t D a rk
In h ib itio n

(% ) L ig h t
In h ib itio n

(% )
N o n e 79 286 42 4 6 9 264 7-6
G lucose 298 422 142 52-4 345 18-4
P yru v a te 48 126 23 52-0 114 9 '5
L ac ta te 85 350 70 17-6 305 13-0
Succinate 115 422 53 54-0 252 40-3
M a la te 95 422 48 4 9 5 320 24-1
a -K e to g lu ta ra te 27 194 22 18-6 208 - T O
^ -G ly c e ro p h o sp h a te 54 211 36 33-4 100 52-6
F u m a ra te 168 350 76 54'7 234 33’i
C itra te 65 325 64 0 348 - T O

* A d d itio n s  o f  K reb s  in te rm ed ia tes  w ere to  th e  b asa l m ed iu m  co n ta in in g  g lu tam a te  (1 %) a n d  
m a la te  (0-2 / ) ,  b u t  w ith o u t glucose.

Adaptation to the presence o f antimetabolites
W h e n  eu glen as g ro w n  in  presen ce o f  8 -azagu an in e w ere  u sed  to  s tu d y  th e ir  c h lo ro 

p h yll-sy n th e siz in g  c a p a c ity , it  w a s o b serve d  th a t 8 -azagu an in e w a s n o t  as in h ib ito ry  

to  th e  syn th esis o f  c h lo ro p h y ll as it  w a s to  eu glen as g ro w n  in  absen ce o f  th is a n a lo g u e . 

T a b le s  6 a n d  7  sh o w  th a t n o t  o n ly  w ere  th e  a n a lo g u e s  in effective  in  m o st o f  th e  cases 

tr ied , b u t 8 -azad erivatives o f  gu an in e a n d  x an th in e, a n d  S '-m ethylcystein e a c tu a lly  

stim u la ted  the synthesis o f  ch lo ro p h y ll w h en  eu glen as g ro w n  in  th e  d a rk  in  th e  p res

en ce  o f  th e  a n tim e ta b o lite  a n a lo g u e  w ere  illu m in ated  in  a  n o n -p ro life ra tio n  m ed iu m  

in  the co n tin u ed  p resen ce o f  the sam e (T a b le  6). T h e  effect o f  5 -b ro m o -u ra cil ad d itio n  

to  the g ro w th  m ed iu m  in  th e  d a rk  w a s to  en h a n ce synthesis o f  ch lo ro p h y ll w h en  

etio la te d  eu glen as w ere illu m in ated  in  a  n o n -p ro life ra tio n  m ed iu m  w ith  o r  w ith o u t th is 

a n a lo g u e ; 5 -b ro m o -u ra cil, h o w e ver, in h ib ited  ch lo ro p h y ll synthesis in  n o rm a l e t io 

la ted  eu glen as (T a b le  1). W ith  5 -n itro -u ra cil, w ith  8 -azad erivatives o f  gu an in e and  

x an th in e, a n d  w ith  A -m eth ylcyste in e  th ere w a s o n ly  a n  in crease  in  c h lo ro p h y ll synthesis 

w h en  th e  illu m in a tio n  in  n o n -p ro life ra tio n  m ed iu m  w a s  a lso  co n tin u ed  in  th e  presen ce 

o f  th e  in h ib ito r. I t  w a s th o u g h t th a t th is e ffect m a y  h a v e  b een  d u e to  som e so rt o f  

a d a p ta tio n  o f  th e  eu g len as to  th e  in h ib ito r  d u rin g  th e  g ro w th  p h ase . A fte r  7 d a y s ’ 

g ro w th  in  th e  d a rk  in  th e  presen ce o f  in h ib ito r  a  seco n d  tran sfer  in  th e  sam e m ed iu m  

b ro u g h t a b o u t a  d ecrease in  th e  d egree o f  in h ib itio n  in  th e  case  o f  8 -azaxan th in e  a n d  

S’-m eth ylcystein e, w h ereas th e  in h ib itio n  w a s  in crea sed  in  th e  case  o f  8 -azagu an in e. 

T h ese  results a re  g iv en  in  T a b le  7.
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T a b le  6. Effect o f continued presence o f purine and pyrimidine antimetabolite analogues 
on chlorophyll synthesis in non-proliferating etiolated organisms o f Euglena gracilis var. 
bacillaris grovm in the presence o f the analogue: adaptation to certain analogues

C o n c e n tra tio n  in % C h lo ro p h y ll syn thesized  p er
th e  g ro w th  a n d eug lena  in  72 h r  in  n o n -

n o n -p ro life ra tio n D a rk p ro life ra tio n  m ed iu m
m edium G ro w th r~--------------- ---A----------------------\

A n alo g u e ( X IO-3 m) (K lett) A lone + A n alo g u e

N o n e ■-- 142 100 100
5-B rom o-uracil 1-048 80 128-1 126-0
5-T h io -u rac il 1-560 130 78-3 77-o
5 -N itro -u rac il 1*272 134 65-8 72*0
5 -F lu o ro -u rac il 1-526 0 0 0
8-A zaguan ine I-3 I4 66 96-0 129-5
8 -A zaxan th ine 1-304 135 72-8 85-5
8-A zaaden ine 1-470 72 91-3 78-3
S -M ethy lcyste ine 1-480 124 77.3 90-4

T a b le  7. Effect o f continued presence o f antimetabolite growth inhibitors 
on the growth o f Euglena gracilis var. bacillaris

D a rk -g rc w n  eug lenas in  p resence  o f  th e  in h ib ito r  w ere d ilu ted  to  th e  sam e cell c o u n t a n d  
used  as in o cu la  fo r  g ro w th  in  presence  o r  absence  o f  th e  in h ib ito r  as ind ica ted .

G ro w th  stud ies w ere  d o n e  in  th e  d a rk  o n  a  g lucose-supp lem en ted  g ro w th  m ed iu m  fo r  
7 days.

D G *  eug lenas in o cu la ted  in

C o n c e n tra tio n In h ib itio n B asal m ed ium
in  th e o f B asa l m ed ium + ad d itio n
g ro w th D a rk g ro w th A --- — A

m edium G ro w th (I) G ro w th I G ro w th  I
A d d itio n ( x  i o ~ 3 m ) (K le tt) ( % ) (K le tt) ( % ) (K le tt)  ( % )

N o n e ■----- 156 0 298 0 298 0
8 -A zaxan th ine 1-304 143 8-5 315 - 7 289 3
8 -A zag u an in e I-3 I 4 I l6 25-6 286 4 134 55
5 -M ethy lcysteine 1-480 135 13-5 284 5 269 IO

* D G  =  d a rk -g ro w n  eug lenas in  presence  o f  in h ib ito r.

Mutagenic effect o f prolonged exposure to antimetabolite 
analogues o f certain bases

S eller &  C o llin g e  (196 5) d em o n strated  th a t 5 -b ro m o -u ra cil gets in co rp o ra te d  in to  

th e  eu glen as d u rin g  c h lo ro p la s t re p lica tio n  le a d in g  to  m u ta ge n ic  ch an ges a n d  g iv in g  

rise to  b le ach ed  co lo n ie s. T h e  effect o f  5 -flu o ro - a n d  5 -b ro m o - a n a lo g u e s  o f  u ra c il 

w a s stu d ied  o n  n o n -p ro life ra tin g  susp en sion s o f  E u g len a  in  th e  ligh t. L o n g  ex p o su res 

to  th ese b ase  a n a lo g u e s  b ro u g h t a b o u t certa in  m u ta g e n ic  ch an ges in  E u g le n a  as 

ev in ced  w h en  these o rga n ism s w ere  su b cu ltu red  in  a  g lu co se-su p p lem en ted  b a sa l 

m ed iu m  in  th e  lig h t. E x p o su re  o f  green  o r  etio la te d  eu glen as fo r  144 h r to  5 -flu o ro - 

u ra c il g a v e  p u re  w h ite  cu ltu res w h en  a  sm all p o p u la tio n  o f  th e  eu glen as un  ie rg o in g  

trea tm en t w a s  in o cu la te d  in to  a  g lu co se -co n ta in in g  g ro w th  m ed iu m ; tb* j cu ltu re s  

w ere  100 %  b le ach ed . T h e  sam e effect w a s a lso  o b served  w ith  5 -b ro m o -u ra cil, b u t  th e  

b le a ch in g  w a s n o t 100 % . T h e  5 -flu o ro -u racil trea ted  cu ltu res w ere  p e rm a n e n tly  

b le a ch ed  a n d  n ever regain ed  even  a  p a rt o f  th e ir  c h lo ro p h y ll w h en  su b seq u en tly  gro w n



in  th e  lig h t fo r  m a n y  tran sfers. O n  th e  o th er h an d , 5 -b ro m o -u ra cil-trea te d  cu ltu res, 

o r  cu ltu res trea ted  w ith  5 -flu o ro -u racil fo r  less th a n  144 h r  w ere n o t co m p lete ly  o r  

p e rm a n e n tly  b le ach ed  a n d  retu rn ed  to  th e  o rig in a l green  state  g ra d u a lly  a fter  the 

a n a lo g u e  w a s w ith h eld  fro m  the g ro w th  m ed iu m . T h e  results o f  th is exp erim en t are  
su m m a rized  in  T a b le  8.

T a b le  8. Effect o f 5-fluoro-uracil and 5-bromo-uracil on non-proliferating Euglena gracilis 
var. bacillaris: loss o f the photosynthetic apparatus on prolonged exposure to 5-fluoro- 
uracil

Chlorophyll formation in Euglena 289

T h e  eu g len a  p o p u la tio n s  w ere exposed  to  th e  base  an tim e tab o lite  analo g u es d u rin g  th e  
n o n -p ro life ra tio n  p e rio d  w hereafte r 2 d ro p s  o f  a  1 /50 d ilu ted  eug lena  su spension  w as used  
as ino cu lu m .

C o lo u r  o f  cu ltu res a f te r  7 -day 
g row th  in  light.

C o n c en tra -  T im e o f  exposu re  to  ligh t (hr)*
T yp e  o f  eug lenas suspended A d d itio n  to tio n  o f -----------A -----------------------------

in  n o n -p ro life ra tio n n o n -p ro life ra tio n a d d itio n 0 24 72 144
m ed iu m m edium (m g. %) C o lo u r f

D a rk -g ro w n  e tio la ted N o n e — G G G L G

5-F lu o ro -u rac il 200 G G G W f
50 G G G W

5-B rom o-uracil 200 G G G L G
50 G G G L G

L ig h t-g ro w n  green N o n e — G G G L G

5-F lu o ro -u rac il 200 G G G W
50 G G G W

5-B rom o-uracil 200 G G G P Y
50 G G G P Y

* T im e o f  exp o su re  to  an a lo g u e  in  th e  ligh t in  n o n -p ro life ra tio n  m ed ium  b efo re  tran sfe rrin g  a  1/50 
d ilu ted  in o cu lu m  to  a  g lucose-supp lem en ted  g ro w th  m edium , 

t  G  =  g reen ; L G  =  ligh t g reen ; P Y  =  p a le  yellow ; W  =  w hite, 
t  W h ite  cu ltu res p e rm an en tly  b leached .

DISCUSSION

L y m a n , E p ste in  &  S ch iff (19 6 1) su ggested  th e  im p lica tio n  o f  se lf-rep ro d u cin g  c y to 

p la sm ic  n u cleo p ro te in s  d u rin g  the fo rm a tio n  o f  c h lo ro p la sts  in  Euglena gracilis. 
U ltra v io le t  ra d ia tio n  p reven ts th e  tran sm issio n  o f  the ch lo ro p la sts  o f  E u g len a  to  their 

p ro g e n y ; th e  p ro cess, w h ich  sh o w s p e ak s o f  effectiven ess a t  260 a n d  280 m/t, ca n  b e  

p h o to -re a ctiv a te d  a n d  these cy to p la sm ic  en tities a re  rep licated  a t d iv isio n  an d  c o n tro l 

th e  fo rm a tio n  o f  c h lo ro p la sts  (Schifif, L y m a n  &  E p ste in , 196 1). T h is  cy to p la sm ic  

fa c to r  w as th o u g h t to  b e  D N A  (L eff, M a n d e l, E p ste in  &  Sch iff, 1963); su b seq u en t 

w o r k  h as d efin ite ly  estab lish ed  th e  p resen ce o f  c h lo ro p la s tic  D N A  in  E u g le n a  (E del- 

m an , C o w a n , E p ste in  &  S ch iff, 1964; B ra w erm a n  &  E isen stad t, 19 6 1; R a y  &  H a n a w a lt, 

1964, 196 5: E d e lm a n , S c h iff  &  E p stein , 196 5; R a y , 1965). T h e  in h ib itio n  o f  c h lo ro 

p h yll synthesis in  restin g  E u g len a  b y  a c tin o m y cin -D  suggests a  D N A -d e p e n d a n t 

synthesis o f  R N A  d u rin g  c h lo ro p la s t d ev e lo p m e n t ( M c C a lla  &  A lla n , 1964).

T h e  in h ib itio n  o f  ch lo ro p h y ll synthesis b y  5 -b ro m o -u ra cil an d  its a n n u lm en t b y  

u racil or th y m in e sh o w s th a t th ere is p o ss ib ly  a  de novo synthesis o f  n u cleo p ro tein s

G. Microb. 481 9
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o ccu rr in g  d u rin g  the d ev elo p m e n t o f  c h lo ro p la sts  in  restin g  etio la te d  eu glen as a n d  th is 

in  som e m an n er is c lo se ly  asso ciated  w ith  the synthesis o f  ch lo ro p h y ll. T h e se  n u cleo - 

p ro te in s are p resu m a b ly  in v o lv e d  in  th e  synthesis o f  specific p ro te in s: e ith er the 

en zym es requ ired  fo r  p h o to sy n th esis , an d /or the p ro te in  in v o lve d  in  the c h lo ro p h y ll-  

p ro te in  co m p lex . T h e  in h ib itio n  o f  g reen in g b y  eth io n in e  an d  its an n u lm en t b y  m e th io 

n in e a lso  sh o w s th a t such  p ro tein s are  p o ssib ly  b ein g  fo rm e d  de novo d u rin g  illu m in a 

tio n  o f  d a rk -g ro w n  o rgan ism s. H o w e v e r, a cc o rd in g  to  G ib s o n , N e u b e rg e r  &  T a it  

(19 6 2  h), th e  in h ib itio n  o f  ch lo ro p h y ll synthesis b y  eth io n in e, in  Rhodopseudomonas 
spheroides, is lik e ly  to  be d u e to  in h ib itio n  b y  co m p e titio n  w ith  m eth io n in e  o f  the 

fo rm a tio n  o f  the m eth yl ester g ro u p  o f  ch lo ro p h y ll. T h e  fo rm a tio n  o f  N A D P -r e q u ir in g  

g ly cera ld eh y d e-3 -p h o sp h ate  d eh y d ro ge n a se  d u rin g  ch lo ro p la s t fo rm a tio n  w a s sh o w n  

b y  F u lle r  &  G ib b s  (1959) a n d  B ra w erm an  &  K ö n ig s b e r g  (i9 6 0 ). T h is  en zym e is 

ch ara cte rize d  b y  its absen ce fro m  d a rk -g ro w n  co lo u rle ss  eu g len as an d  its syn th esis is 

b lo ck e d  b y  a n y  agen t, ch em ica l o r  p h ysica l, w h ich  b lo ck s  ch lo ro p la s t fo rm a tio n . T h e  

de novo synthesis o f  the p ro te in  in v o lv e d  in the c h lo ro p h y ll-p ro te in  c o m p le x  is a lso  

su ggested  since a n y  b lo ck a g e  in  the synthesis o f  th is p ro te in , as w ith  eth io n in e, w o u ld  

p rev en t c h lo ro p h y ll fo rm a tio n  sim p ly  b ecau se  th e  ch lo ro p h y ll w o u ld  h a v e  n o  p ro te in  

to  w h ich  to  a tta ch . A  sim ilar m ech an ism  o f  in h ib itio n  b y  strep to m ycin  w a s suggested  

b y  K ir k  (1962). T h e  b re a k d o w n  o f  ex istin g  p ro tein s an d  p ep tid es to  a m in o  a cid s w h ich  

a re  then  u tilized  fo r  synthesis o f  ch lo ro p la s t p ro te in  w as a lso  suggested  b y  K ir k  (1962) 

in  co n tra st to  a  h yp o th esis  su ggested  b y  B ra w erm an  &  C h a r g a ff  (1959 a) th a t there 

w as an  a ctu a l tran sfer o f  in ta c t p ro te in s fro m  the so lu b le  fra ctio n  to  the ch lo ro p la s t 

fractio n . G ib s o n  et al. (1962 a , b) su ggested  th a t the p o rp h yrin  ex cretio n  b y  Rhodo
pseudomonas spheroides in  th e  p resen ce o f  eth io n in e  w as du e to  its in terferen ce w ith  

th e  u tiliza tio n  o r  syn thesis o f  m eth ion in e.

A ll  the a n tim e tab o lite  a n a lo g u e s  o f  bases tested  here w ere m o re  in h ib ito ry  to  the 

g ro w th  o f  Euglena gracilis v a r . bacillaris in  the d a rk  th a n  in the ligh t. T h is  suggests 

th a t the ob served  effect on  g ro w th  w as du e m o re  lik e ly  to  th e  in a b ility  o f  th e  euglen as 

to  u tilize  g lu co se  rath er th a n  to  their a b ility  to  p h o to sy n th es ize  it. It is a p p a ren t th at 

the m etab o lic  p attern  o f  the organ ism s is m a rk ed ly  in flu en ced  b y  the m o d e  o f  life , 

p h o to sy n th e tic  o r  oth erw ise . H o w  fa r  the sta b ility  o f  the an tim e tab o lite  co m p o u n d s, 

o r  the p e rm e ab ility  o f  th e  eu glen as to  these is affected  in  ligh t is n o t k n o w n . In  the 

lig h t, A T P  is gen erated  b y  th e  p ro cess o f  p h o to sy n th etic  p h o sp h o ry la tio n  an d  the 

o rgan ism s d o  n o t requ ire  to  m eta b o lize  g lu co se  to  derive en ergy. In  the d a rk , w h ere 

A T P  fo rm a tio n  d ep en ds en tire ly  on  g lu co se  u tiliza tio n , th is in h ib itio n  is m o re  p r o 

n o u n ced . T h e  d a rk -in h ib itio n  b y  8 -azagu an in e w s o v erco m e to  som e exten t b y  certain  

K r e b s ’s cyc le  in term ed iates lik e  la c ta te  a n d  a -k e to g lu ta ra te  a n d  co m p lete ly  b y  citrate . 

D u rin g  the fo rm a tio n  o f  ch lo ro p la sts  b y  n o n -p ro lifera tin g  etio la ted  Euglena gracilis 
o rgan ism s, th e  ch lo ro p h y ll-less  eu g len as in  th e  in itia l stages h a ve  to  rely  on  ex o g en o u s 

g lu co se  as so ls  so u rce o f  A T P  u n til such  tim e as th ey  syn thesize en o u g h  ch lo ro p h y ll 

to  d erive  en ergy  fro m  o th er p a th w a y s  such  as p h o to sy n th e tic  p h o sp h o ry la tio n .

T h e  w o rk  o f  S ch er &  C o llin g e  (1965) w h ich  su ggested  the in co rp o ra tio n  o f  5 -b ro m o - 

u racil in to  the p la stid  m a teria l d u rin g  ch lo ro p la s t rep lica tio n  p ro v id e s a n o th er e x 

p la n a tio n  to  th e  m o d e  o f  in h ib itio n  o f  green in g b y  these b ase  an a lo gu es. T h a t  su ch  

a n  in co rp o ra tio n  ta k es p la ce  is m a n ifested  b y  the fo rm a tio n  o f  b leach ed  co lo n ie s , 

in d icatin g  m u tagen esis. 5 -F lu o ro -u ra c il-trea te d  eu glen as a lso  give rise to  b le a ch ed  

cu ltu res, a lth o u g h  5 -flu o ro -u racil d o es n o t to ta lly  in h ib it th e  green in g o f  restin g  e tio -
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la ted  eu glen as a t a  co n ce n tra tio n  a t w h ich  th is a n a lo g u e  exerts a  p e rm a n e n t b le ach in g  

effect o n  cu ltu res d erived  even  fro m  green  eu glen as. T h is  suggests th a t the site o f  

a ctio n  o f  5 -flu o ro -u racil is a t a  stage b e fo re  th e  a ccu m u la tio n  o f  th e  ‘ d a rk -p re c u rs o r ’ 

o f  ch lo ro p h y ll. I t  is, h o w e ver, n o t c le a r  w h eth er 5 -flu o ro -u racil in terferes w ith  the 

fo rm a tio n  o r  fu n ctio n in g  o f  th e  c h lo ro p la s tic  satellite  D N A  o f  E u g len a  o r  p ro d u ces  

d ra stic  m e ta b o lic  ch an ges b y  a ffectin g  the n u clea r  D N A .  5 -F lu o ro -u ra c il is k n o w n  to  

in h ib it D N A  synthesis b y  b ein g  co n v erted  to  th e  d e o x y rib o tid e  w h ich  is a  p o ten t 

in h ib ito r  o f  th y m id y la te  syn th etase a ctiv ity  (H eid e lb erg er, 1963). T h y m id in e  h as been 

sh o w n  to  a n n u l the in h ib itio n  o f  g ro w th  o f  Escherichia coli b y  5 -flu o ro -u racil (M a n k o d i,

1964). 5 -F lu o ro -u ra c il is a lso  k n o w n  to  b e  in co rp o ra te d  in to  R N A , ren d e rin g  it  

in efficient in  d ire ctin g  n o rm a l p ro te in  synthesis (N a k a d a  &  M a g a sa n ik , 1964). 5- 

B ro m o -u ra cil h ad  a  sim ilar effect, th o u g h  less p ro n o u n ce d  w ith  Euglena gracilis v a r . 

bacillaris, and fu rth e r  e xp o su res u p  to  312  h r  fa ile d  to  b rin g  a b o u t co m p lete  b le ach in g . 

T h e  5 -flu o ro -u racil b le ach in g  o f  E u g len a  is a n a lo g o u s  to  the b le ach in g  effects p re v io u sly  

o b served  b y  exp o su res to  strep to m y cin  (P ro v a s o li et al. 1948; J iro vec, 1949; P ro v a s o li, 

H u tn e r &  P in tn er, 19 5 1), an tih istam in es (Z a h a ls k y , H u tn er, K e a n e  &  B u rger, 1962), 

fu ra d a n tin  (M c C a lla  1962), O -m eth ylth reo n in e (A a ro n so n  &  B en sky, 1962), e ry th ro m y 

cin  (E b rin g er, 1962), h e a t (B ra w erm an  &  C h a rg a ff, 19596), sh o rt-term  u ltra v io le t 

ra d ia tio n  (L y m a n  et al. 19 6 1; S c h iff  et al. 19 6 1), a n d  M g 2+ sta rva tio n  (D u b a sh  &  R e g e ,

1967). A lth o u g h  the site o f  a ctio n  o f  ea ch  o f  these m u tagen s m a y  be d ifferen t, in  a ll these 

cases th e  p erm a n en t lo ss  o f  p h o to sy n th e tic  a b ility  is p reced ed  b y  a  reversib le  lesion .

E vid en ce  h as been  p resen ted  fo r  the o p e ra tio n  o f  th e  K r e b s  cy c le  in  E u g len a  by 

D a n fo r th  (19 5 3 ); th e  reversa l o f  8 -azagu an in e in h ib itio n  b y  several K r e b s  in term ed i

ates, b o th  in  lig h t as w ell as in  d a rk , in d icates th e  in v o lv e m e n t o f  th is cycle . H o w e v e r, 

th e  o rga n ism  a p p ears to  e m p lo y  p a th w a y s fo r  c a rb o h y d ra te  m etab o lism  w h ich  are 

fu n d a m e n ta lly  d ifferen t in  th e  d a rk  a n d  p h o to sy n th e tic  ph ases. A  p o ss ib ility  o f  g rea te r  

tu rn o v e r  o f  n u cle ic  a cid s  d u rin g  th e  d a rk  a d a p tiv e  p h ase is a lso  in d icated . T h e  

in crea sed  fo rm a tio n  o f  c h lo ro p h y ll on  the co n tin u ed  p resen ce o f  th e  a n a lo g u e s  d u rin g  

c h lo ro p la s t fo rm a tio n  a fter  th e  cells  are  first g ro w n  in  th e  d a rk  in  th e  presence o f  the 

a n a lo g u e  in d icates a  d egree o f  a d a p ta tio n  o f  th e  cells  d u rin g  th e  g ro w th  p h ase  to 

w a rd s the in h ib ito r.
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SU M M A R Y

T h e  a ce to n e-ex tra cta b le  a n tib a cte ria l co m p o n en ts  o f  Isochrysis galbana 
h a v e  been  reso lv ed  b y  p a p e r-ch ro m a to g ra p h y  a n d  b io a u to g ra p h y . T w o  
p ig m en ted  p ro d u cts  w ith  sim ilar a n tib a cte ria l p ro p erties  w ere  o b ta in ed  w h ich  
w ere  te n ta tiv e ly  id en tified  fro m  th eir  a b so rp tio n  sp ectra  as ch lo ro p h y ll a d e
riv a tives , p ro b a b ly  p h eo p h y tin  a an d  an  a ty p ic a l ch lo ro p h y llid e  a.

I N T R O D U C T I O N

A  su rvey  o f  m a rin e  p la n k to n ic  a lg a e  fo r  a n tib a cte ria l a ctiv ity  (D u ff, B ru ce  &  

A n tia , 1966) reve a led  a  w id e  ran ge  a n d  d egree o f  a c tiv ity  in  several a lg a l species, o f  

w h ich  a  d ia to m  Skeletonema costatum a n d  the c h ry so p h y te  Isochrysis galbana ap p e ared  

m o st p ro m isin g  fo r  fu rth er ex a m in a tio n . T h e  s tu d y  o f  I. galbana lea d  to  th e  c h a ra c

te riza tio n  o f  th e  p ro d u cts  resp o n sib le  fo r  th e  o b served  a ctiv ity . T h e  reso lu tio n  o f  

a ce to n e  e x tra cts  o f  th is a lg a  in to  tw o  active  co m p o n en ts a n d  th eir  id en tifica tio n  as 

d e r iv a tiv e s  o f  ch lo ro p h y ll a are rep o rte d  in  th is p ap er.

M E T H O D S

Algal culture and extracts. Isochrysis galbana P a r k e  w a s g ro w n  in  a x e n ic  cu ltu re  

a n d  the a lg a l m a teria l w a s h a rvested  a n d  d ried  as d escrib ed  b y  A n tia  &  K a lm a k o ff

(1 9 6 5 ).
A lg a l  e x tra cts  w ere  p rep ared  b y  th ree m eth o d s. M e th o d  (a) in v o lv e d  seq u en tia l 

ex tra ctio n s  w ith  th ree so lv en t system s (a ce to n e; c h lo ro fo rm ; c h lo r o fo r m + m eth a n o l 

(1  + 1 ,  v/v)) a t  r o o m  tem p eratu re  as d escrib ed  b y  D u ff  et al. (1966). M e th o d  (b) w a s 

s im ila r  to  m eth o d  {a) b u t w ith  th e  e x tra ctio n  w ith  ea ch  so lv en t system  rep eated  tw ice  

b e fo re  u sin g  th e  n ex t so lv en t in  th e  sequen ce. M e th o d  (c) in v o lv e d  seq u en tia l S o x h le t 

ex tra ctio n s  (6 h r each ) o f  a lg a l cell p o w d e r  (100 m g.) w ith  the sam e so lv e n t system s 

(25 m l. sam p les); ea ch  so lv en t e x tra ct w a s co n cen tra ted  in vacuo to  a  2 m l. eq u iva len t 

o f  th e  e x tra cts  o b ta in ed  b y  the o th er m eth o d s. T h e  ra tio  o f  th e  w eig h t o f  a lg a l m ateria l 

to  fin al vo lu m e  o f  e x tra ct u sed  in  a ctiv ity  tests w a s ta k e n  as a  m easu re o f  th is eq u iv a 

lence. A l l  e x tra cts  w ere sto red  a t -  30° a n d  w ere p ro te cted  fr o m  d ire ct lig h t a t a ll 

tim es.



Activity tests. S even  strain s o f  th e  test b a cteria  sh o w in g  h ig h  sen sitiv ity  a ga in st 

Isochrysis galbana w ere ch o sen  fro m  th e  o rgan ism s p rev io u sly  su rveyed  ( D u ff  et al. 
1966) w ith  a  v ie w  to  o b ta in in g  a  fa ir  rep resen tatio n  o f  th e  a ctiv ity  sp ectru m ; th e y  are 

listed  in  T a b le  1. In  ad d itio n , a  fresh ly  iso la ted  orga n ism  (Staphylococcus aureus c  

fro m  a  p a tien t w ith  ch ro n ic  fu ru n cu lo sis) w a s in clu d ed . A c t iv ity  test m eth o d s w ere  

as u sed  in  th e  ea rlier su rvey. ( D u ff  et al. 1966).

Paper chromatography and bioautography o f algal extracts. A ll  so lven ts (m o stly  

a n a ly tica l rea gen t grade) w ere d istilled  b e fo re  use. A s  fa r  as p o ssib le , a ll o p era tio n s  

w ere  d o n e in  su b d u ed  lig h t o r  in  the d a rk . A  cm .2 g rid  system  w as m a rk ed  o n  a  15 cm .2 

a re a  o f  a  W h a tm a n  n o . 1 ch ro m a to g ra p h y  p a p e r  sheet (25 cm .2) a n d  a  la b e llin g  

system  w a s d evised  to  en able  la ter  id en tifica tio n  o f  ea ch  square. A  sam ple (0-05 m l.)  

o f  ex tra ct w as ap p lied  to  the p o in t o f  ch ro m a to g ra p h ic  orig in  ta k en  a t the cen tre  o f  a  

c o m e r  sq u are o f  th e  grid . T w o -d im en sio n a l descen d in g ch ro m a to g ra p h y  w a s u sed  

w ith  4 %  (v/v) p ro p a n -1-o l in  lig h t p e tro leu m  (b .p . 6o-8o°) as  d ev e lo p in g  so lv en t in  

th e  first d im en sio n  an d  30 %  (v/v) c h lo ro fo rm  in  lig h t p e tro leu m  (b .p . 6o-8o°) in  th e  

seco n d  d im en sion . T h e  ch ro m ato g ram s w ere d ev elo p e d  fo r  1 h r in  ea ch  d im en sio n , 

d ried  an d  tran sferred  to  a  sterile co n ta in er. T e st p la tes w ere p rep ared  fo r  b io a u to 

g ra p h y  b y  the sam e m eth o d s used  ea rlie r  fo r  testin g  ex tra ct-ch a rg ed  d iscs ( D u ff  et al. 
1966). O n ly  Brevibacterium sp. c - 7 b  an d  Micrococcus sp. c - 5 4 b  w ere u sed  as test 

organ ism s. T h e  d ev elo p e d  ch ro m a to g ra m  w a s c u t a sep tica lly  in to  1 x 5  cm . strip s 

a lo n g  th e  lines o f  the m a rk ed  grid  an d  p la ce d  on  the su rface o f  the seeded test p lates, 

w h ich  w ere  then  in cu b a ted  an d  exam in ed  as rep o rted  b y  D u ff  et al. (1966). A re a s  

o f  in h ib itio n  w ere re lated  to  ch ro m a to g ra p h ic  RF va lu es fro m  the g rid  id en tificatio n  

m ark s.

T h e  areas k n o w n  to  b e  a ctiv e  w ere  cu t fro m  su b seq u en t c h ro m a to g ra m s a n d  

ex tra cte d  w ith  d ie th y l ether. T h ese  elu ates w ere co n cen trated  to  a  v o lu m e  eq u iva len t 

to  th a t o f  th e  o r ig in a l a lg a l ex tra ct, fo r  q u a n tita tiv e  co m p a riso n  o f  a ctiv ity  b y  d isc  

tests (T a b le  1). A b s o r p tio n  sp ectra  o f  th e  elu ates w ere  m easu red  on  a  B e ck m a n  D B - G  

g ra tin g  sp ectro p h o to m ete r  fitted  w ith  a  lin e a r lo g  10 in. p o ten tio m etric  reco rd er.

2 9 4  D . L. B R U C E ,  D .  C. B. D U F F  A N D  N. J. A N T I A

R E S U L T S

A  c o m p a riso n  o f  th e  th ree m eth o d s o f  e x tra ctio n  o f  th e  a lg a  sh o w ed  th a t ex h a u stiv e  

a ceto n e e x tra ctio n  b y  eith er m eth o d  (b o r  c) w a s sufficien t to  rem o v e a lm o st a ll the 

a ctiv e  co m p o n en ts o f  the a lg a  a n d  th a t su b seq u en tia l e x tra ctio n  w ith  th e  o th er 

so lven ts w a s un n ecessary. S in ce the h igh er tem p eratu re  (70 -75°) o f  the S o x h le t 

e x tra ctio n  d id  n o t a p p e a r  to  b e  d eleterio u s to  th e  a ctiv e  co m p o n en ts, m eth o d  (c) w a s  

ch o sen  fo r  a ll su b seq u en t e x tra ct p rep ara tio n s  b eca u se  o f  its  co n ven ien ce.

T h e  b io a u to g ra p h y  o f  ace to n e  e x tra cts  o f  th e  a lg a  sh o w ed  th a t a ll th e  a n tib a cte ria l 

a c t iv ity  w a s a sso ciated  w ith  tw o  p igm en ted  co m p o n en ts w h ich  a p p e ared  to  b e  ea sily  

sep a ra b le  b y  a d eq u a te  d ev elo p m e n t o f  th e  ch ro m a to g ra m  in  th e  first d im en sio n  o n ly . 

S u b seq u en t u n id im en sio n al c h ro m a to g ra p h y  o f  the ex tra cts  g a v e  g o o d  sep a ra tio n  o f  

th e  slo w er-m o v in g  co m p o n en t (A, RF 0-35) in  a b o u t 2-5 h r, b u t req u ired  4  h r  fo r  c o m 

p lete  sep a ra tio n  o f  th e  fa ster-m o vin g  co m p o n e n t (B, R,, 0-9). S in ce c o m p o n e n t A w a s 

u n sta b le  on  p ro lo n g e d  ch ro m a to g ra p h y , it  w a s p referred  to  ru n  sep arate  c h ro m a to 

gra m s fo r  iso la tio n  o f  these co m p o u n d s b y  e lu tio n  a n d  to  use the m in im u m  p e rio d  o f  

d ev e lo p m e n t req u ired  fo r  co m p lete  sep a ra tio n  o f  each.
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F ig . i .  A b so rp tio n  sp e c tra  o f  c o m p o u n d  A, ethy l ch lo ro p h y llid e  a (from  H o lt &  Jacobs, 
1954), a n d  a ty p ica l ch lo ro p h y llid e  a (from  B a rre tt &  Jeffrey, 1964) in  d ie thy l e th e r  re p re 
sen ted  by  curves I , I I , a n d  I I I  respectively.

Table 1. Growth inhibition o f bacteria from whole extracts o f 
Isochrysis galbana and their active components

T est c o n c e n tra tio n  o f  th e  ac tive  co m p o n en ts  w as eq u iv a len t to  th a t  p re sen t in  th e  w hole ex trac t.

D egrees o f  in h ib it io n t

T est b ac te ria
A cetone
ex trac t* C o m p o u n d  A C o m p o u n d  B

T erres tr ia l s tra in s :
Streptococcus faecalis — s s
Staphylococcus aureus c s s s
S. aureus E s s s
S. aureus M s s s

M a rin e  s tra in s :
Flavobacterium sp . P -4b m m m
Brevibacterium sp . 0 7  b V m m
Micrococcus sp . 0 5 4  b V m m
Micrococcus sp . P-59 m m m

* P re p a re d  by  e x tra c tio n  m e th o d  c (see text).
f  G ro w th  in h ib itio n  w as classified in to  th ree  ca tegories based  o n  d iam eter o f  in h ib itio n  zones as 

fo llow s: v, very  ac tive ( >  1 - 5  cm .); m , m o d era te ly  ac tiv e  (  >  10 <  1 - 5  c m .); s, slightly  ac tive  
( <  i-o c m .) .
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T h e  a ctiv ities  ob served  fro m  th e  iso la ted  co m p o u n d s A an d  B  a n d  fro m  th e  o rig in al 

ace to n e  ex tra cts  are  su m m arized  in T a b le  i .  T h e  results shov/ th a t little  lo ss  o r  ch an ge  

o f  a c tiv ity  w a s in cu rred  d u rin g  th e  reso lu tio n  o f  ex tra cts  an d  th a t the iso la ted  c o m 

p o u n d s possess th e  sam e ran ge an d  sim ilar degrees o f  a ctiv ity . C o m p o u n d s  A an d  B  

sh o w ed  b lue-green  a n d  grey-green  hues, resp ectively , on  p a p e r-ch ro m ato g ram s an d  

th e ir  lo catio n s  co rresp o n d ed  c lo se ly  to  th o se o f  ch lo ro p h y llid e  a an d  p h e o p h y tin  a 
o b served  b y  Jeffrey (19 6 1) o n  sim ilarly  d ev elo p e d  tw o -d im en sio n al c h ro m a to g ra m s o f
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F ig . 2. A b so rp tio n  sp e c tra  o f  co m p o u n d  B  a n d  p h eo p h y tin  a  (from  S m ith  &  B enitez, 1955) 
in  d ie thy l e ther, rep re sen ted  by curves IV  a n d  V  respectively.

T a b le  2. Absorption maxima o f active components o f Isochrysis galbana and 
some chlorophyll a derivatives

A ll m ax im a (m/i) a re  re p o rte d  fo r  d iethyl e th e r  so lu tions.

A b so rp tio n  m ax im a (m ¡1)

C o m p o u n d  A 660 613 573 536 506 428 410

E th y l ch lo ro p h y llid e  a* 6S9-660 613-614 574-576 530-532 — 428-429 410
A ty p ica l ch lo ro p h y llid e  a f 660 615 573 530 — 429 ~ 4 I 5
C o m p o u n d  B 668 612 562 536 504 468 408
P h eo p h y tin  a t 667 609-5 560 534 505 471 408-5

* H o lt &  Ja co b s  (1954). t  B a rre tt  & Jeffrey (1964). i  S m ith  &  B enitez (1955).

m arin e a lg a l p igm en ts. T h e  first-d im en sio n  R F va lu es o f  0-38 a n d  0-87 rep o rted  b y  th is  

a u th o r  fo r  ch lo ro p h y llid e  a a n d  p h eo p h ytin  a are a lso  in  c lo se  agreem en t w ith  th o se  

o b ta in ed  b y  u s fo r  co m p o u n d s A (RF, 0-35) a n d  B  ( RF, 0-9). T h ese  clues to  the id en tity  

o f  the active  co m p o u n d s w ere verified  b y  their a b so rp tio n  sp ectra  (F ig s  1, 2). T h e  c lo se  

co rresp o n d en ce in th e  a b so rp tio n  o f  co m p o u n d  B  w ith  th a t p rev io u sly  rep o rte d  fo r



p h eo p h ytin  a (F ig . 2, T a b le  2) su p p o rts  the ch ro m a to g ra p h ic  ev id en ce  th a t these tw o  

co m p o u n d s m a y  b e  id en tica l. T h e  a b so rp tio n  o f  co m p o u n d  A is v e ry  lik e  th a t o f  eth yl 

ch lo ro p h y llid e  a b u t sh o w s som e sign ifican t d ifferen ces (F ig . 1 an d  T a b le  2). R e ce n tly , 

an  a ty p ica l ch lo ro p h y llid e  a w a s rep o rted  to  be p ro d u ced  b y  som e p la n k to n ic  a lg a e, 

w h ich  d iffered  sp ectro sco p ica lly  fro m  the sta n d a rd  ch lo ro p h y llid e  a in  th e  S o ret b a n d  

reg io n  a n d  in  the ra tio  o f  the a b so rb a n ce  o f  th e  b lu e  m a xim a  to  the red  m a xim a  

(B arre tt &  Jeffrey, 1964). T h e  sp ectru m  o f  c o m p o u n d  A resem bles th a t o f  th e  a ty p ica l 

ch lo ro p h y llid e  a in  the ratio s o f  the a b so rb an ce  o f  the b lu e  m a x im a  (428 a n d  410  m/i) 

to  the red  m a xim u m  (660 m/i) b u t differs in the lo c a tio n  o f  the m in o r b lu e  m a xim u m  

(410 m/i) w h ich  is in  c lo ser  agreem en t w ith  th a t o f  the stan d ard  ch lo ro p h y llid e  (see 

F ig . 2, T a b le  2). C o m p o u n d  A sh o w s a  m in o r m a xim u m  a t 506 m/i w h ich  is ab sen t 

fro m  the sp ectra  o f  b o th  ch lo ro p h y llid e s. A lth o u g h  n o t id en tica l w ith  eith er c h lo ro 

p h yllid e, th e  o v e ra ll sp ectra l resem b lan ce an d  the ch ro m a to g ra p h ic  evid en ce in d icate  

th a t co m p o u n d  A m a y  b e  a  h ith e rto  u n ch a racterized  c h lo ro p h y llid e  a. T h e  recen t 

fin d in g o f  several ‘ isom ers ’ o f  c h lo ro p h y ll a  in  C h lo re lla  (M ic h e l-W o lw e rtz  &  S iro n v a l,

1965) a n tic ip a tes the o ccu rren ce  o f  a  n u m b er o f  a ty p ica l ch lo ro p h y llid e s  in  a lgae.
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DISCUSSION

T h e  an tib a cte ria l a ctiv ity  o f  c h lo ro p h y ll d erivatives fro m  a lg a e  has been  p rev io u sly  

rep o rted . Jorgen sen  (1962) o b served  gro w th -in h ib itio n  o f  Bacillus subtilis fro m  p h o to - 

o x id ized  c h lo ro p h y llid e s  a n d  p h e o p h y tin -lik e  su b stan ces p ro d u ced  b y  th ree species 

o f  u n ice llu lar  C h lo ro p h y c e a e ; the a ctiv e  su bstan ces w ere n o t c le a r ly  id en tified  a n d  

p h e o p h y tin  a w a s stated  to  be in active . S ieb u rth  (1965) rep o rted  som e evid en ce w h ich  

su ggested  th a t p a rt o f  the w id e-sp ectru m  a ctiv ity  o f  the d ia to m  Skeletonema costatum 
m ig h t b e  due to  ch lo ro p h y ll d erivatives (p resu m a b ly  a  ch lo ro p h y llid e  an d  its p h o to 

o x id a tio n  p ro d u ct). T h e  p resen t fin d in g o f  a ctiv e  ch lo ro p h y ll a d erivatives in  Isochrysis 
galbana exten d s th e  list o f  a lg a l classes w h ich  p ro d u ce  su ch  an tib io tics  to  th e  C h ry so -  

p h ycea e  an d  ad d s w e ig h t to  the su ggestion s o f  Jorgen sen  (1962) a n d  S ieb u rth  (196 5) 

th a t a ctiv e  ‘ c h lo ro p h y llid e s  ’ m a y  p la y  a  sign ifican t a n tib a cte ria l ro le  in  the m icro b ia l 

e c o lo g y  o f  n atu ra l w aters.

T h e  earlier in v estig a to rs h a v e  g en era lly  con sid ered  the a ctiv e  ‘ ch lo ro p h y llid e s  ’ to  b e  

d eg ra d a tio n  p ro d u cts  o f  ch lo ro p h y ll p ro d u ce d  b y  sen escent o r  a u to ly sed  o rgan ism s. 

T h e  cu ltu re  o f  Isochrysis galbana used in  the p resent w o r k  w as h arvested  to w a rd s th e  

end o f  ex p o n e n tia l g ro w th  an d  co u ld  n o t be co n sid ered  to  b e  senescent, a lth o u g h  th e  

p o ssib ility  th a t a  sm all p ro p o rtio n  o f  o rgan ism s w ere u n d e rg o in g  p rem atu re  a ge in g  a n d  

a u to ly sis  is n o t ex clu d ed . It d o es seem  th a t b io a c tiv e  ch lo ro p h y ll d erivatives m a y  a lso  b e 

p ro d u ce d  b y  a lg a e  d u rin g  a ctiv e  g ro w th . T h a t  c h lo ro p h y llid e s  m a y  n o t n ecessarily  b e  

p ro d u cts  o f  c h lo ro p h y ll ca ta b o lism  is su ggested  b y  in sp ectio n  o f  th e  scattered  evid en ce 

su ch  as th e  fin d in g o f  h ig h ly  a ctiv e  ch lo ro p h y lla se  system s in  m arin e a lg a e  (B arre tt &  

Jeffrey, 1964) an d  th e  o b serv a tio n  th a t ch lo ro p h y llid e  a m a y  b e  an  in tegra l p a rt o f  a 

m a jo r  fo rm  o f  in vivo ch lo ro p h y ll (S iro n va l, M ic h e l-W o lw e rtz  &  M a d sen , 1965).

B a rre tt &  Jeffrey  (1964) d id  n o t find  in  Isochrysis galbana the ch lo ro p h y lla se  system  

w h ich  w a s sh o w n  in  o th er a lg a e  to  p ro d u ce  th e  a ty p ica l c h lo ro p h y llid e  a m en tio n ed  

earlier (see R esu lts). T h is  con firm s o u r co n clu sio n , based  o n  sp ectra l d ifferen ces, th a t th e  

a n tib a cteria l ch lo ro p h y llid e  a (co m p o u n d  A) is n o t id en tica l w ith  the B a rre tt-J effrey  

ch lo ro p h y llid e . O u r  fin d in g o f  the an tib a cte ria l a ctiv ity  o f  p h eo p h ytin  a fro m  I, galbana
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is surp risin g  a n d  requires ve rifica tio n  b y  tests o n  th e  co m p o u n d  iso la ted  fr o m  o th er 

sou rces, since Jorgen sen  (1962) fo u n d  it  to  b e  in a ctiv e  a ga in st B acillu s subtilis  a n d  y et 

h e  o b ta in ed  p h eo p h ytin -lik e  su bstan ces fro m  C h lo re lla , Scen ed esm u s, a n d  C h la m y - 

d o m o n a s w h ich  in h ib ited  g ro w th  o f  th is b acteriu m  u n d e r illu m in a tio n  b u t n o t  in  the 

d a rk .

T h e  fin a n cia l assistan ce received  fro m  th e  N a tio n a l R e sea rch  C o u n c il o f  C a n a d a  

b y  tw o  o f  th e  au th o rs (D . L . B. a n d  D . C . B . D .)  in  su p p o rt o f  th is stu d y  is g ra te fu lly  

a ck n o w led ge d .

D. L. B R U C E ,  D .  C. B. D U F F  A N D  N . J .  A N T I A
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SUMMARY

In  several b acteria l species the o ccu rren ce  o f  co m p eten ce  in  tra n sfo rm a tio n  
is s trictly  related  to  th e  p ro d u ctio n  o f  a  co m p eten ce  fa c to r  (c.f.). In  the 
p resen t w o r k  th is fa c to r  w a s iso lated  fro m  th e  cell su rface o f  S trep to co ccu s 
g ro u p  H  strain  challis b y  the cen trifu g a tio n  o f  co m p e ten t b acteria  at p H  2-0, 
fo llo w e d  b y  th erm a l sh o ck . S trep to co cc i o f  strain  w icky  a d so rb  c.f. iso la ted  
fro m  th e  challis o rgan ism s b ecau se  su p ern a tan t flu id s co n ta in in g  c .f. lose  
th eir  a ctiv ity  a fter  h a v in g  been  in  co n ta c t w ith  o rgan ism s. It  w as p o ssib le  to  
4 tear o f f  ’ a ga in  fr o m  such  organ ism s o f  stra in  w icky  the c .f. th ey  h ad  a d so rb ed . 
T h e  re-iso lated  c .f. w a s still a ctiv e  in  the tra n sfo rm a tio n  system s used.

S o m e b io ch e m ica l p ro p erties o f  the c .f. fro m  strain  challis are described . 
T h e  fa c to r  w a s re la tiv e ly  h ea t resistan t a n d  sen sitive to  p ro te o ly tic  en zym es. 
S tre p to co cca l c .f. o r  a  frag m en t o f  it  seem s to  be a  p ro te in  o r  p o ly p ep tid e  o f  
fa ir ly  lo w  m o le c u la r  w eigh t. T h is  stre p to co cca l c .f. is p ro b a b ly  d ifferen t fro m  
th e  p n e u m o co cca l c .f.

INTRODUCTION

T h e  in co rp o ra tio n  o f  D N A  in  b a cteria l tra n sfo rm a tio n  d ep en ds o n  th e  occu rren ce  

in  recip ien t cells  o f  a  tran sien t co m p eten ce  state. T h e  e lu c id a tio n  o f  the m ech an ism  

o f  co m p eten ce— th a t is to  say, th e  m ech an ism  o f  in co rp o ra tio n  o f  D N A — is a  b io 

lo g ic a lly  im p o rta n t p ro b lem .

R e ce n tly  it  h as b een  sh o w n  th a t the a p p e ara n ce  o f  co m p eten ce  is s trictly  re

la ted  to  the p ro d u ctio n  b y  the cells o f  a  sp ecia l co m p e ten ce  fa c to r  (c .f.) (F a k u la  &  

W a lc z a k , 1963; F e lk n e r  &  W y ss, 1964; T o m a s z  &  H o tch k iss , 1964; C h a r p a k  &  

D ed o n d e r, 19 6 5; T o m a s z  &  M o sse r , 1966).

In  S tre p to co ccu s  g ro u p  H  strain  challis P a k u la  &  W a lc z a k  (1963) d isco ve red  an d  

o b served  c .f. in  the su p ern atan ts o f  cu ltu res a fter  th e  cells h ad  excreted  it  in to  a  rich , 

un defin ed  m ed iu m , a lre a d y  co n ta in in g  several d ifferen t p o ly p ep tid e s. U n d e r  co n d i

tio n s w h ich  p ro d u ce  co m p eten ce  an d  tra n sfo rm a tio n  o f  o th er s trep to co cci a n d  o f  

p n eu m o co cc i it is im p o ssib le  to  get a  co m p e ten t p o p u la tio n  an d  th u s tra n sfo rm a tio n  

in  S trep to co ccu s  strain  w icky  (P a k u la , 1965). T h is  strain  can  b e  tran sfo rm ed  o n ly  in  

the p resen ce o f  the c .f. p ro d u ce d  b y  strain  challis.
It  w as recen tly  rep o rted  th a t it is p o ssib le  ‘ to  te ar  o f f ’ th e  c .f. fro m  the cell su rface  

o f  Bacillus subtilis a n d  p n eu m o co cci. S o m e b io ch em ica l p ro p erties o f  the b o th  fa cto rs  

h a ve  been d escrib ed  (C h a r p a k  &  D ed o n d e r, 196 5; T o m a s z  &  M o sser , 1966).

In  the p resent w o r k , the c .f. fro m  th e  su rface  o f  co c c i o f  strain  challis w as iso la ted  

a n d  a p relim in ary  b io ch em ica l ch a ra cte riza tio n  m ade.
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METHODS

Bacterial strains. T h e  tran sfo rm ab le  strain  challis o f  S trep to co ccu s  g ro u p  H , 

sensitive to  strep to m y cin , w a s used  to  o b ta in  the co m p eten ce  fa cto r. A  m u ta n t o f  

strain  challis resistan t to  2 m g. strep tom ycin /m l. served  as d o n o r  o f  tra n sfo rm in g  

D N A . S trep to co ccu s  g ro u p  H  strain  w icky  w a s used  as recip ien t. B o th  th ese strains 

o rig in ated  fro m  D r  P a k u la ’ s co llectio n .

DNA preparation. D N A  w a s  ex tra cted  fro m  strain  challis cu ltu res b y  a  m eth od  

d escrib ed  in  P a k u la , P ie ch o w sk a , B a n k o w s k a  &  W a lc z a k  (1962). T h is  m eth o d  in 

v o lv e d  lysis o f  cells b y  th e  ly tic  fa c to r  fro m  a  cu ltu re  o f  Streptomyces albus a n d  

iso la tio n  a n d  p u rifica tio n  o f  the D N A  a cco rd in g  to  th e  p ro ced u re  e la b o ra te d  b y  

M a rm u r (19 6 1).

Media. F o r  th e  p ro d u ctio n  o f  c .f. b y  strain  challis an d  fo r  th e  tra n sfo rm a tio n  o f  

strain  w icky , tw o  m ed ia  em p lo ye d  b y  P a k u la  &  W a lc z a k  (1963) an d  P a k u la  (1965) 

w ere u se d : E T 3 (1 %  D ifc o  N e o p e p to n e , 0-5 %  D ifc o  y ea st e xtract, 0-5 % N a C l ,  0-17 %  

K 2H P O , an d  o-2 %  g lu co se  in  d istilled  w ater) an d  H E , w h ich  d iffered  fro m  E T  3 b y  

th e  rep lacem en t o f  w a ter  w ith  b e e f h ea rt extract. T h e  p H  o f  b o th  m ed ia  w a s ad ju sted  

to  7-6. T h e  m ed ia  w ere  sterilized  b y  filtra tio n  th ro u g h  a glass filter G -5  o r  th ro u g h  a 

S eitz  filter. A lb u m in  (0-2 % ) w a s a lw a y s  ad d ed  to  b o th  m ed ia  to  o b ta in  c .f. fro m  strain  

challis a n d  tran sfo rm atio n  in  strain  w ick y .
Transformation procedure and measurement o f the activity o f the competence factor 

A n  o v ern ig h t cu ltu re  o f  stra in  w icky  in  h o rse  b lo o d  b ro th  w as in o cu la te d  at 
4 x 106 c o c c i'm l. in to  E T  3 o r  H E  m edium  an d  in cu b ated  fo r  90 m in. a t 3 7 0 in  a  w a ter  

b ath . A fte r  this p e rio d , 1 7 5  m l. o f  the cu ltu re  w a s su p plem en ted  w ith  0-5 m l. o f  a 

su ita b le  d ilu tio n  o f  treated  an d  u n treated  c .f. (first p o sitive  co n tro l) a n d  in cu b ated  fo r  

30 m in. a t 3 70. A t  th is tim e, 0-25 m l. o f  tran sfo rm in g  D N A  (10  /tg./ml.) w as ad d e d  to 

th e  m ixtu re  a n d  in cu b ated  15 m in ., th en  d eo x y rib o n u cle a se  (‘ D istre p ta za  ’— a b o u t 

20 u./m l.) w as a d d e d  to  sto p  the rea ctio n . A fte rw a rd s  the cu ltu re  w a s in cu b a ted  fo r  

an a d d itio n a l 120 m in . fo r  p h e n o ty p ic  exp ression  o f  th e  tran sfo rm ed  m arker.

Im m ed ia te ly  a fter  th e  a d d itio n  o f  D N A , a  c o u n t w a s m a d e o f  th e  n u m b er o f  v ia b le  

co lo n y -fo rm in g  un its. A fte r  p h en o ty p ic  exp ression , the n u m ber o f  strep tom ycin - 

resistan t tran sfo rm an ts w as determ in ed  o n  b lo o d  a g a r  p la te s  co n ta in in g  250 /ig./ml. 

o f  strep tom ycin .

A s  a  secon d  p o sitive  co n tro l, the tra n sfo rm a tio n  o f  strain  w icky  p ro v o k e d  by 
P a k u la ’ s ty p e  o f  su p ern atan t co n ta in in g  c .f. (P a k u la  &  W a lc z a k , 1963) w as p e rfo rm ed  

in  each  exp erim en t. A s  a  n ega tiv e  co n tro l in  each  exp erim en t, p h y s io lo g ica l saline w as 
ad d e d  to  the rea ctio n  m ixtu re  in  p la ce  o f  c .f.

T h e  m eth o d  o f  ‘ tearin g  o f f ’ c .f. is describ ed  b e lo w . E a ch  sam ple o f  c .f., b e fo re  

b ein g  u sed  in  th e  exp erim en ts, w a s ch ara cte rize d  b y  the d eterm in atio n  o f  the y ie ld  o f  

a tra n sfo rm a tio n  o f  strain  w icky  p e rfo rm ed  in  the presence o f  co n tro lled  c .f. in 

10 %  (v/v) co n cen tratio n .

Reagents. D ih y d ro stre p to m y cin  su lp h ate  (‘ P o lf a ’), d eo x y rib o n u cle ase  ( ‘ D is tre p 

ta z a  ’- ‘ B io m e d ’), p ro n ase  (‘ C a lb io c h e m ’), p a p a in  (‘ D e m b a c h ’), tryp sin  ( ‘ M e r c k ’), 

p a n crea tin  (‘ C a lb io c h e m ’), ly s o z y m e  ( ‘ R e a n a l ’) an d  rib o n u clease  (‘ B D H ’) w ere  used.
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RESULTS

Preparation o f competence factor.
A n  o v ern igh t cu ltu re  o f  stra in  challis in  h o rse  b lo o d  b ro th  w a s in o cu la ted  a t 

4'3  x  io 6 cocci/m l. in to  a  q u a n tity  (u su a lly  2 1.) o f  E T 3 o r  H E  m ed iu m  w ith  a lb u m in . 

T h e  cu ltu re  w a s  in cu b ated , u su a lly  fo r  100 m in ., in  a  w a te r  b a th  a t  3 7 0. E a c h  b a tch  o f

C u ltu re  20 m in . b e fo re  com peten ce  p e a k
I
f

C e n trifu g a tio n , w ash ing  (3X) in  physio l, sa lin e  p H  7-6
I

B a c te r ia + H 20  dest. (1/100 o f  in itia l vol.) p H  2-o (H C 1)

I
4-

T h erm a l sh o c k  6o°— 10 m in . C occi th e n  cen trifuged

l
S u p e rn a ta n t N o . 1 n eu tra lized  (N a O H ) to  p H  7-6

F ig . 1. M e th o d  o f  ‘tea rin g  o f f ’ c.f. f ro m  S trep to co ccu s s tra in  challis. A n  a m o u n t o f  E T  3 
o r  H E  m ed iu m  c o n ta in in g  0-2 %  a lb u m in  w as in o c u la te d  w ith  a n  overn ig h t cu ltu re  c f  th e  
s tra in  challis in  h o rse  b lo o d  b ro th . A t th e  beg in n in g  o f  th e  in c u b a tio n  th e  m ed iu m  
co n ta in ed  a b o u t 4-3 x  io 8 cocci/m l. T h e  cu ltu re  w as in c u b a te d  fo r  a  su itab le  p e r io d  o f  tim e 
(usually  100 m in .) in  a  w a te r  b a th  a t  370.

E T  3 o r  H E  m ed iu m  u sed  fo r  th e  p re p a ra tio n  o f  c .f. w a s th o ro u g h ly  tested , b y  d eter

m in in g  th e  tim e a t w h ich  th e  p e a k  o f  th e  co m p eten ce  o ccu rred . F u rth e r  d eta ils  o f  the 

p ro ced u re  fo r  ‘ te arin g  o f f ’ c .f. fro m  strain  challis d evised  d u rin g  th e  co u rse  o f  th e  

p resen t s tu d y  a re  sh o w n  in  F ig . 1.

W e  d id  n o t  su cceed  in  iso la tin g  the strain  challis c .f. b y  th e  m eth o d  u sed  for p n eu 

m o c o c ci b y  c en trifu g a tio n  in  p h y s io lo g ic a l s a lin e + p h o sp h a te  b u ffe r+ 2 -m e rca p to e -  

th a n o l (p H  7-5) (T o m a sz  &  M o sser, 1966).

Optimal period o f contact.
T h e  su p ern a tan t fra c tio n  o f  m ed ia  co n ta in in g  stre p to co cca l c .f. o b ta in ed  b y  P a k u la  

&  W a lc z a k  (1963) requ ires a b o u t 30 m in . o f  c o n ta c t w ith  strain  w icky  cells  to  p r o 

d u ce  th e  m a xim u m  y ie ld  o f  tra n sfo rm a tio n . T o  fin d  th e  o p tim u m  tim e o f  c o n ta c t fo r  

th e  c .f. p rep ared  a cco rd in g  to  th e  m eth o d  d escrib ed  a b o v e , 10 %  o f ‘ to rn  o f f ’ c .f. w as 

a d d e d  to  sam p les ta k e n  fro m  the sam e cu ltu re  o f  stra in  w ick y . A fte r  in cu b a tio n  fo r  

th e  tim es as in d ica ted  in  F ig . 2, th e  c o lo n y  c o u n t a n d  th e  n u m b er o f  tran sfo rm an ts 

w ere d eterm in ed.

F ig u re  2 sh o w s th a t th e  o p tim a l tim e o f  c o n ta c t b etw een  th e  c .f. a n d  strain  w icky  
is a lso  a b o u t 30 m in.

Effect o f competence factor concentration on yield o f transformants.
T o  test th e  re latio n sh ip  b etw een  tra n sfo rm a tio n  y ie ld  a n d  th e  co n cen tra tio n  o f  c .f. 

ad d e d  to  th e  recip ien t cells  in  a  tra n sfo rm in g  m ed iu m , 0-5 m l. o f  p h o sp h a te  b u ffer  

co n ta in in g  va r io u s  co n cen tratio n s o f  c .f. w a s  ad d e d  to  sam ples o f  th e  sam e cu ltu re  o f  

stra in  w icky, a n d  a fter  30 m in. in cu b a tio n  the n u m b er o f  tran sfo rm an ts w a s d eterm in ed. 

F ig u re  3 presen ts the resu lts o f  su ch  a n  ex p erim en t w ith  th e  use o f  o n e o f  o u r
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su p ern atan ts n o . i  (see F ig . i )  as c .f. U s in g  this c .f. io  %  (v/v) co n cen tratio n  o f  the fa cto r  

w a s satu ratin g. T h is  co n cen tratio n  w a s  sa tu ratin g  in  the m a jo rity  o f  o u r p rep a ra tio n s , 

a lth o u g h  in  som e p rep ara tio n s  15 o r  20 %  (v/v) o f  c .f. w a s requ ired  to  rea ch  sa tu ratio n .

Effect o f proteolytic enzymes.
S en sitiv ity  o f  th e  co m p eten ce  fa c to r  to  v a r io u s  en zym es w as stu d ied  to  o b ta in  som e 

in fo rm a tio n  a b o u t th e  ch em ical n atu re  o f  th e  fa cto r.

In  th ese exp erim en ts, p resen ted  in  T a b le  1, 0-4 m l. o f  c .f. w as in cu b ated  a t 3 7 0 w ith  

o -1 m l. o f  th e  g iven  e n zym e a t the d esired  c o n cen tratio n  fo r  th e  p e rio d  o f  tim e in d ic a te d . 

T h e n  1 7 5  m l. o f  strain  w i c k y  cu ltu re  p rep ared  in  th e  u su a l m an n er w as ad d e d  to  

th is sam ple and in cu b ated  fo r  30 m in. a t  3 7 0. T h e  rem ain in g c .f. a c t iv ity  w a s assayed

T a b le  1. Enzyme sensitivity o f competence factor from  
Streptococcus strain c h a l l i s

0 4  ml. of cf. was incubated with o-i ml. of the given enzyme in desired concentration at 3 7 0 
for the indicated period of time. Then 1-7 5  ml. of strain wicky culture prepared in the 
usual manner was added to this sample and incubated for 30 min. at 3 70. Afterwards a 
transformation was performed as described under Methods.

Percentage of residual c.f. activity
Concentra- after treatment

tion t---------------------------- A

Enzyme Og./ml.) 10  min. 90  min. 180  min
I IO — —

Pronase IO — 0 —

IOO — — 0

I 63 — —

Trypsin IO — 5-0 —

IOO — 1-7 0

I IOO — —

Pancreatin IO — 14-7 —

IOO — 0-25 0-4
I IOO — —

Papain 10 — 3-0 —

IOO — 0 0 4

10  min. 30 min.
I 100 —

Lysozyme 5 IOO —
10 — IOO

I 100 —

RNAse 5 100 —

IO — IOO

b y  tra n sfo rm a tio n  o f  strain  w i c k y  as d escrib ed  p rev io u sly . T h u s, d u rin g  th e  p e rio d  

o f  treatm en t w ith  c .f. a n d  tra n sfo rm a tio n , an  en zym e w as present, b u t  in  a  c o n c e n tra 

t io n  five  tim es lo w e r  th a n  th a t a t th e  b egin n in g o f  the exp erim en t. T o  test i f  the 

d ecrease in  the y ie ld  o f  tran sfo rm an ts d em o n strated  in  T a b le  1 w a s indeed  d u e to  

e n zy m a tic  d estru ctio n  o f  c .f. d u rin g  in cu b a tio n  o f  th e  fa c to r  w ith  th e  en zym e b e fo re  

trea tm en t a n d  tra n sfo rm a tio n , sp ecial co n tro l exp erim en ts w ere  carried  o u t. In  th ese 

exp erim en ts, a  30 m in. ex p o su re  o f  strain  w i c k y  to  c .f. w a s p e rfo rm ed  in  the presen ce 

o f  io /tg ./m l o f  tryp sin , p a p a in , o r  p an crea tin . A ft e r  th is p erio d , th e  cells  w ere  

cen trifu g ed , resusp en ded  in  fresh  tra n sfo rm a tio n  m ed iu m  an d  tra n sfo rm a tio n  w as



carried  ou t. T h e  y ie ld  o f  tran sfo rm an ts in  these exp erim en ts w a s n o rm a l o r  o n ly  

sligh tly  lo w e r  (a b o u t i o  % ) th a n  in  p o sitiv e  co n tro ls  trea ted  in  th e  sam e m an n er. T h e  

results o f  th ese exp erim en ts ju s t ify  th e  c o n c lu sio n  th a t th e  strep to co cca l c .f. is sensitive 

to  p ro te o ly tic  en zym es. T e rm in a tio n  o f  try p sin  trea tm en t o f  c .f. b y  th e  a d d itio n  o f  

so y b ea n  tryp sin  in h ib ito r  d o es n o t  p reven t in h ib itio n  o f  a c tiv a tio n  in  the case o f  

s im ila r  o b serva tio n s  o n  p n e u m o co cca l co m p eten ce  fa c to r  (T o m a sz  &  M o sser , 1966).

A ft e r  10 m in . o f  c o n ta c t b etw een  c .f. a n d  th e  e n zym es a t  a  co n cen tra tio n  o f  1 /tg./m l., 

o n ly  p ro n a se  d estro y ed  th e  a c tiv ity  o f  th e  fa c to r. T ry p sin  decreased  its  a c tiv ity  u p  to  

a b o u t 35 % , w h ile  p a n crea tin  a n d  p a p a in  w ere n o t a ctiv e  in  these co n d itio n s. N in e ty  

m in utes c o n ta c t b etw een  c .f. a n d  th e  en zym es a t  a  co n ce n tra tio n  o f  10 /tg./m l. cau sed  

a lm o st co m p lete  d estru ctio n  o f  c .f. a ctiv ity . T h e  p n e u m o co c c a l fa c to r  is a lso  v e ry  

sen sitive to  p ro te o ly tic  en zym es (T o m a sz  &  M o sser, 1966). S u btilisin , ch y m o tryp sin , 

a n d  tryp sin  a t  a  co n cen tra tio n  o f  1 /tg./ml. in a ctiv a te  it  co m p lete ly  a fter  10 m in . T h is  

d ifferen ce in d icates th a t the tw o  fa cto rs  d iffer in  en zym e sen sitiv ity. L y s o z y m e  an d  

rib o n u c le a se  d o  n o t in a ctiv a te  eith er o f  th e  co m p e ten ce  fa cto rs.
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Period of contact with c.f. c.f. in HE transforming Time of heating (min.)
(min.) medium (%)

Fig. 2  Fig. 3 Fig. 4

Fig. 2. Optimal period of contact (before DNA addition) of strain wicky with competence 
factor ‘torn off’ from cell surface: A, number of viable bacteria (log.); B, number of 
transformants (log.). To the samples taken from the same culture of strain wicky, the c.f.
1 0 % (v/v) was added. Then, all samples were incubated for different periods of time. After 
the periods indicated in the figure, the numbers of viable centres and transformants were 
determined.
Fig. 3 . Dependence of yield of reaction (%) in strain wicky on c.f. concentration in 
HE transforming medium. To the samples of the same culture of strain wicky, 0-5 ml. of 
phosphate buffer containing various concentrations of c.f. was added and after 30 min. 
incubation and transformation the yield of reaction was determined.
Fig. 4 . Sensitivity to temperature (ioo°) of c.f. from strain challis. An amount of non- 
diluted c.f. was heated to 100°. After the periods indicated in the figure the samples of c.f. 
were taken, immediately diluted to 7-5 % (v/v) and added to the recipient cells. Then, a 
transformation reaction was performed. The concentration of c.f. used in these experiments 
was a non-saturating one.

H eat-inactivation o f  the com petence fa c to r  

T h e  p u rp o se  o f  th is exp erim en t w a s to  co m p a re  th e  h ea t-sen sitiv ity  o f  o u r c .f. w ith  

the sen sitiv ity  o f  strep to co cca l c .f. rep o rte d  b y  P a k u la  &  W a lc z a k  (1963), p n e u m o co cca l 

c .f. (T o m a sz  &  M o sser , 1966) a n d  B acillus subtilis  c .f. (C h a r p a k  &  D ed o n d e r, 1965).
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In  th is exp erim en t, a  n o n -sa tu ratin g  co n cen tra tio n  (i.e. 7-5 % , v/v) o f  h ea te d  c .f. 

w a s u sed  to  ev o k e  tra n sfo rm a tio n . U n d ilu te d  c .f. w as h ea ted  to  io o °  a n d  a fter  the 

tim es in d icated  in  F ig . 4  sam p les w ere ta k en , im m ed iate ly  d ilu ted  to  th e  a b o v e- 

m en tio n ed  n o n -sa tu ratin g  co n ce n tra tio n  a n d  ad d e d  to  the recip ien t cells  a n d  its 

a c tiv ity  assayed  b y  th e  tra n sfo rm a tio n  m eth o d . T h e  results w ere  co m p a re d  w ith  the 

resu lt o f  a  c o n tro l exp erim en t p e rfo rm ed  in  p a ra lle l in  w h ich  an  u n h ea ted , su ita b ly  

d ilu ted  sa m p le  o f  th e  sam e c .f. w a s used.

T h e  results in  F ig . 4 sh o w  th a t th e  fa c to r  w a s re lativ e ly  h ea t-resista n t: 10 m in. 

ex p o su re  to  100° resu lted  in  th e  lo ss  o f  o n ly  a b o u t 22 %  o f  its a ctiv ity . C o m p le te  loss 

o f  a ctiv ity  o n ly  o ccu rred  a fter  90 m in . h ea tin g  a t  io o ° . T h e  c .f. fro m  strain  c h a l l i s  
is m u ch  m o re  h eat-resistan t th a n  p n e u m o co cca l c .f., w h ich  lo s t  a ll its a c tiv ity  a fter  

20 m in . a t io o °  (T o m a sz  &  M o sse r , 1966). T h e  c .f . fro m  th e  M a rb u rg  strain  o f  B acillus  

subtilis  is a lso  m u ch  m o re  h eat-sensitive. I t  lo s t  co m p lete  a c tiv ity  a fter  5 m in . a t  io o °  

(C h a rp a k  &  D e d o n d e r , 1965).

A t  — 1 5 0, th e  stre p to co cca l fa c to r  co n serv ed  a ctiv ity  fo r  5 -7  d a ys. A lk a liz a tio n  and  

sto ra ge  in  a lk a li a t  p H  11 p ro lo n g s  a c tiv ity  u p  to  a b o u t 20 d ays.

F ro m  these exp erim en ts w e  m a y  co n c lu d e , fro m  its re lativ e  h e a t resistan ce, th a t (1) 

s trep to co cca l c .f. is o r  co n ta in s a  p ro te in  o r  p o ly p e p tid e  o f  lo w  m o le cu la r  w eig h t, an d  

(2) th a t strep to co cca l c .f. is p ro b a b ly  d ifferen t fro m  p n e u m o co c c a l c .f.

W e w o u ld  lik e  to  th a n k  P ro fe sso r  D . S h u g a r  a n d  P ro fe sso r  P . S za fra n sk i fo r  

v a lu a b le  d iscu ssio n  d u rin g  th e  p re p a ra tio n  o f  th is m a n u scrip t, an d  J. N a le c z  fo r  

excellen t tech n ica l assistan ce.

REFERENCES

Charpak, M. & D edonder, R. (19 6 5). Production d’un ‘facteur de competence’ soluble par 
Bacillus subtilis Marburg ind 16 8 . C. r. hebd. Séanc. Acad. Sci., Paris. 2 6 0 , 5 6 3 8 .

F elkner, I. C. & Wyss, O. (196 4). A substance produced by competent Bacillus cereus 569 cells that 
affects transformability. Biochim. biophys. Res. Comm. 1 6 , 9 4 .

Marmur, J. ( 1 9 6 1). A procedure for isolation of deoxyribonucleic acid from micro-organisms. J. 
molec. Biol. 3 , 208.

Pakula, R. (19 6 5). Production of competence-provoking factor and development of competence of a 
transformable Streptococcus in serum-free media. Can. J. Microbiol. 1 1 . 8 n .

Pakula, R. & Walczak, W. (19 6 3). On the nature of competence of transformable streptococci. 
J. gen. Microbiol. 3 1 , 1 2 5 .

Pakula, R., Piechowska, M., Bankowska, E. & Walczak, W. (1962). A characteristic of DNA 
mediated transformation system of two streptococcal strains. Acta microbiol. poi. 1 1 , 2 0 5 .

Tomasz, A. & H otchkiss, R. D. (1964). Regulation of the transformability of pneumococcal cultures 
by macromolecular cell products. Proc. natn. Acad. Sci. U.S.A. 5 1 , 480 .

Tomasz, A. & Mosser, J. L. (196 6). On the nature of the pneumococcal activator substance. Proc. 
natn. Acad. Sci., U.S.A. 5 5 , 58 .



/ .  gen. Microbiol. (1967), 48, 305-308
Printed in Great Britain

305

Lack of Swelling and
Shrinking of Pityrosporum ovale in Media o f Different Osmotic 

Pressures and its Relationship with Survival in the 
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SUMMARY

Pityrosporum ovale d id  n o t sh o w  th e  n o rm a l sw ellin g  an d  sh rin k in g  such 
as is u n d e rg o n e b y  Saccharomyces cerevisiae in  m ed ia  o f  d ifferen t o sm o tic  
pressures. Pityrosporum ovale sh ran k  s ligh tly  in  m ed ia  b e lo w  0-33 o sm o la r  an d  
rem ain ed  a t co n sta n t vo lu m e  betw een  0-33 an d  3-4 o sm o la r, w h ile  S. cerevisiae 
sw elled  b e lo w  o - io  o sm o la r  a n d  sh ran k  m a rk e d ly  a n d  p ro g re ssive ly  fro m  
0-33 to  3-4 o sm o la r. T h e  resistance o f  P. ovale to  th is effect is b elieved  ~.o be 
asso ciated  w ith  its su rv iv a l o n  th e  scalp  in  a n  en viro n m en t lo w  in  w a ter  
an d  h igh  in  sa lt fro m  sw eat, an d  to  b e  a  p ro p e rty  o f  th e  rem ark ab le  c o n 
stru ctio n  o f  its  cell w a ll as  reve aled  b y  e lectro n  m icro sco p y.

INT RO DU C TI ON

W h e n  sw a b s are ta k e n  o f  h u m a n  sk in  a n d  scalp , large  n u m bers o f  b acteria , m a in ly  

m icro co cci, can  b e  cu ltiv a te d  (P ach tm a n , V ic k e r  &  B ru n n er, 1954). T h e re  are  tw o  

m a in  m ech an ism s w h e re b y  b a cteria  are  elim in ated  fro m  the skin  su rface, n a m e ly  d e

h y d ra tio n  a n d  the ge rm icid al a c tiv ity  o f  u n satu ra ted  fa tty  a cid s secreted  in  th e  seb u m . 

T h e  tw o  m ech an ism s h a v e  b een  fo u n d  to  b e  effective  sep arately , a cc o rd in g  to  th e  

species o f  b a cteria  (R ick e tts , S q u ire  &  T o p le y , 19 51). H o w eve r, th e  scalp s o f  a  

sign ifican t p ro p o rtio n  o f  the p o p u la tio n  a lso  su p p o rt la rg e  n u m bers o f  th e  lip o p h ilic  

y ea st, Pityrosporum ovale, w h ich  h as often  been  a sso ciated  w ith  d a n d ru ff (B en h am , 

194 5; S p o o r, T r a u b  &  B ell, 1954). T h is  o rga n ism  w a s o r ig in a lly  g ro w n  o n  co m m ercia l 

o le ic  a cid  a n d  is resistan t to  th e  fu n g ic id a l p ro p erties  o f  u n satu rated  fa tty  acid s. Its  

su rv iv a l in  th e  a lm o st co m p lete  absen ce o f  w a ter  is m o re  d ifficu lt to  u n d erstan d . O n  

the scalp  th is m u st m ean  g ro w th  an d  m eta b o lism  in  a  m ed iu m  o f  v e ry  h igh  o sm o tic  

pressu re, as th e  w a ter, b u t n o t  th e  salts, in  th e  sw eat ev ap o rate s off. Y e a s t  cells in  c o m 

m o n  w ith  G ra m -p o sitiv e  b a cte r ia  c a n n o t b e  p la sm o ly sed  b u t sw ell a n d  sh rin k  as a  

w h o le  in  so lu tio n s o f  d ifferen t o sm o tic  p ressures (M itch e ll &  M o y le , 1956; O r s k o v , 

1945).
METHODS

Pityrosporum ovale 9265/3, w h ich  h a d  o r ig in a lly  b een  iso la ted  fro m  a  h u m a n  sca lp  

in  th is la b o r a to ry  an d  w h ich  is in d istin gu ish ab le  m o rp h o lo g ic a lly  a n d  b io ch e m ica lly  

fro m  P. ovale ty p e  cu ltu res 3073 a n d  3074 o b ta in ed  fro m  th e  L o n d o n  S ch o o l o f  H y g ie n e  

a n d  T ro p ic a l M e d ic in e , w a s  m a in ta in e d  o n  L ittm a n  o x -g a ll’a g a r  slop es (O x o id ). B u lk
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cu ltu res w ere  p rep ared  a t 3 7 0 w ith  sh a k in g  in  a  m ed iu m  m a d e  u p  fro m : 3 m g. p a lm itic  

a c id , 8 m l. 0 0224 M -am m onium  ch lo rid e , 15 m l. salts so lu tio n  a n d  2 m l. gro w th - 

fa c to r  so lu tio n  o f  S ch u ltz  &  M c M a n u s  (1950), 0-2 m l. trace  elem en t so lu tio n  o f  

S k e rm a n  &  S in g le to n  (1964), 3 m l. p h o sp h a te  b u ffer (p H  5-0; S ch u ltz , M c M a n u s  &  

P o m b e r, 1949), 1 m l. m eth io n in e  so lu tio n  c o n ta in in g  eq u iv . 1 m g. sulphur/m l. w h ich  

h a d  been  sterilized  b y  filtra tio n ; to ta l v o lu m e  19-2 m l. T o  th is w as ad d e d  1 g. e g g -y o lk  

lec ith in  (9 5-10 0  %  p u re, B ritish  D r u g  H o u ses L td .)  w h ich  served  to  em u lsify  the 

p a lm itic  a cid  an d  to  p ro v id e  fa rth e r  u n id en tified  w a ter-so lu b le  g ro w th  fa cto rs . T h e

306

Osmolarity of NaCI solutions

I--------1--------1-------- 1_____ I_____ I_____ I_____ I_____ I_____ I_____ I
1 - 2 3 4  5 6 7 8 9  10

Concentration of NaCI solution (%, w/v)

Fig. :. Swelling and shrinking of cells in media of different osmotic pressure.

sam e effect can  b e  p ro d u ce d  b y  so d iu m  ta u ro ch o la te  (67 %  p u re, D ifco ) . B y  th e  a d d i

tio n  o f  1 g. e g g -y o lk  lecith in , 62 m g. d ry  w eig h t o f  o rga n ism  w as p ro d u ced  in  48 h r  as 

co m p a re d  w ith  170 m g. d ry  w eig h t o b ta in ed  b y  B en h a m  (194 5) in  4 -6  w eeks in  a  salts 

m ed iu m . Saccharom yces cerevisiae  456 (U n ile v e r  R e sea rch  L a b o r a to ry , C o lw o r th  

H o u se , S h a rn b ro o k , B ed fo rd sh ire) w a s  used as a  co n tro l organ ism . B u lk  cu ltu res w ere 

g ro w n  in  m a lt e x tra ct b ro th  (O x o id ) a t  29°.

T h e  sw ellin g  an d  sh rin k in g  o f  th e  o rgan ism s in  salin e o f  d ifferen t o sm o la rities  w as 

d eterm in ed  b y  th e  m eth o d  o f  0 r s k o v  (194 5). O rga n ism s w ere h arvested , w a sh ed  three 

tim es w ith  15 m l. 0 .9  %  N a C I  so lu tio n  an d  resu sp en d ed  in  0-5 m l. 0-9 %  N a C I  s o lu 

tio n . T h is  susp en sion  w a s th en  p la ce d  in  a  sta n d a rd  h a e m a to crit tu b e  a n d  cen trifu g ed  

to  co n stan t p a ck e d -ce ll vo lu m e  in  an  M .S .E . S u p e r-M in o r  cen trifu g e  w ith  a  sw in g-o u t 

h ead , a t  m a xim u m  speed. O n e m in u te w a s a ll th a t w a s n ecessary  to  o b ta in  a  c o n s ta n t 

p a ck e d -ce ll v o lu m e . T h e  h a em a to crit rea d in g  w a s th en  ta k e n  im m ed iate ly , sin ce y ea st



cells  a re  elastic. T h e  su p ern a tan t liq u id  w as a sp irated  o f f  a n d  th e  sam e o rgan ism s 

su sp en ded  in  0-5 m l. lo ts  o f  N a C l  so lu tio n s o f  d ifferen t o sm o la rities  an d  the p a c k e d  

ce ll vo lu m es a g a in  d eterm in ed.
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R E S U L T S

T h e  sw ellin g  a n d  sh rin k in g  o f  th e  cells in  m ed ia  o f  d ifferen t o sm o la rities  is sh o w n  in 

F ig . 1 , fo r  on e exp erim en t w ith  ea ch  species o f  y east. T o  c a lc u la te  th e  tru e  v o lu m e  o f  

the y e a st cells b y  su b tra ctin g  the v o lu m e  o f  N a C l  so lu tio n  ro u n d  th e  ce lls , it  w a s 

a ssu m ed  as an  a p p ro x im a tio n  th a t a ll the cells w ere  sp h erical. I f  r is the rad iu s o f  the 

h a em a to crit tu b e  (1-5  m m .), th e  vo lu m e  o f  cells  +  in terstitical sa lt so lu tio n  is n r2h, 

w h ere h  is th e  h a e m a to c rit rea d in g  in  m m . A t  m a xim u m  p a c k in g , th e  vo lu m e  ta k en  

u p  b y  n spheres o f  rad iu s R  is 6R 3n =  n r2h. T h u s  R 3n can  b e  ca lcu la te d  as nr"hl6. T h e  

tru e vo lu m e s o f  th e  cells  ca n  th en  be c a lcu la te d  as 4/37LR3« a n d  exp ressed  as a  p e r

cen tag e  o f  th e  o rig in a l vo lu m e  o f  the cells in  0-9 %  N a C l  so lu tio n .

D IS C U S S IO N

It is seen in  F ig . 1 th a t Saccharom yces cerevisiae  sw elled  in  N a C l so lu tio n s o f  ve ry  

lo w  o sm o tic  p ressu re a n d  sh ran k  in  so lu tio n s o f  h igh  o sm o tic  pressure. B etw een  o-i 

an d  0-3 o sm o la r  n o  sw ellin g  o r  sh rin k in g  o ccu rred . T h is  cu rv e  is v e ry  sim ilar to  th a t 

o b ta in ed  b y  0 r s k o v  (194 5) w h o  used  m a lo n a m id e , a  so lu te  w h ich  d id  n o t p erm eate  in to  

th e  cells. In  co n tra st, P ityrosporum  ovale  sh ran k  in  N a C l so lu tio n s o f  lo w  o sm o tic  

p ressu re a n d  m a in ta in e d  a  co n sta n t cell v o lu m e  in  so lu tio n s o f  h igh  o sm o tic  pressure. 

T h u s  P . ovale  d o es n o t ex h ib it th e  n o rm a l sh rin k in g  o f  y e a st cells in  so lu tio n s o f  h igh  

o sm o tic  p ressu re, w h ich  is the c o n d itio n  th a t o ccu rs on  the scalp . T h e  in tern a l o sm o tic  

pressu re o f  G ra m -n e g a tiv e  b a cte r ia  is a b o u t 5 a tm o sp h eres a n d  th a t o f  G ra m -p o sitiv e  

b a cte r ia  a b o u t 20 a tm o sp h eres; th a t o f  yea st cells is a lso  k n o w n  to  be h igh  (M itch e ll 

&  M o y le , 1956). T h is  h ig h  in tern al o sm o tic  pressu re is m a in ta in ed  b y  th e  ce ll w a ll 

w h o se  fu n ctio n  is to  stren gth en  th e  cell, p e rm e a b ility  b e in g  regu la ted  b y  th e  lip o p ro te in  

cy to p la sm ic  m em b ra n e ju s t  in sid e th e  ce ll w a ll. E le ctro n  m icro sc o p y  h as sh o w n  th a t 

th e  ce ll w a lls  o f  P . orbiculare  (B a rfa ta n i, M u n n  &  S ch je id e , 1964) an d  P . ovale (S w ift &  

D u n b a r, 19 6 5; S w ift, 1966) are  rem ark ab le , b e in g  v e ry  th ic k  an d  co rru g a te d  o n  the 

in sid e o n ly  in  cro ss-sectio n . E x a m in a tio n  o f  the su rface  o f  frag m en ted  cells  h as sh o w n  

th a t th ese co rru g a tio n s  o f  P . ovale  are  a series o f  rid ges w h ich  fo rm  a sp ira l n et-w o rk  

o v er  the su rface  o f  the cell fro m  on e end to  th e  oth er. B etw een  8 a n d  14 c o rru g a tio n s  

co n v erge  o n  th e  sin gle b u d  scar  an d  on  th e  o th er p o le  o f  th e  o rgan ism . E a c h  c o rru g a 

tio n  a p p ears to  sp ira l th ro u g h  on e co m p lete  tu rn , i.e . th ro u g h  360° in  trav ersin g  the 

len g th  o f  the o rgan ism . I t  is c o n c lu d e d  th a t these stru ctu res a p p e a r to  a cc o u n t fo r  the 

ex trem e r ig id ity  o f  the ce ll w a ll o f  P . ovale  an d  its su rv iv a l in  m ed ia  o f  h igh  o sm o tic  

pressure.
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SUMMARY

T h e  p ro p erties  o f  a  b acterio c in  d erived  fr o m  Lactobacillus fermenti 
stra in  466 w ere in v estig a ted . T h e  b a cterio c in  w a s p resen t in  lo w  titre  in  
su p ern a tan t flu id s fro m  o v ern ig h t b ro th  cu ltu res a n d  w as n o t in d u c ib le  b y  
u ltra v io le t rad ia tio n . I t  w as p u rified  an d  co n cen tra ted  to  a  titre o f  1/1000 b y  
d ia lysis , ch ro m a to g ra p h y  o n  S ep h ad ex  G 1 0 0  a n d  ca lc iu m  p h o sp h a te  gel 
co lu m n s. T h e  b a cterio c in  is h eat stab le , an d  sen sitive to  tryp sin  an d  pepsin  
b u t n o t to  ly so zy m e. N o  m ig ra tio n  w a s d em o n strated  in  e lectro p h o re tic  fields 
in  a g a r  gel. E le ctro n  m icro sco p y  o f  th e  b a cte r io c in  d id  n o t sh o w  a n y  p h ag e 
co m p o n en ts. T h e  b a cte r io c in  is a  m a cro m o le cu la r  lip o c a rb o h y d ra te  p ro te in  
w h ich  con sists o f  16 a m in o  acid s, fo u r  su gars, h ex o sam in e an d  p h o sp h o ru s.
T h e  b io lo g ic a l a c tiv ity  o f  th is c o m p le x  is d ep en d en t o n  its  s tru ctu ra l in tegrity .

INT RO DU C TI ON

B a cterio c in s  as defin ed  b y  R eeves (196 5) are  p ro d u ce d  b y  h o m o ferm e n tativ e  an d  

h etero ferm en tative  species o f  th e  gen u s Lactobacillus (de K le r k  &  C o e tze e , 196 1). 

T h e  in cid en ce  o f  b a cte r io c in o g e n y  in  Lactobacillus fermenti is 15-5 %  (de K le r k , 1967). 

A l l  th e  L. fermenti b a cterio c in s  h a v e  an  id en tica l h o s t ran ge an d  attem p ts to  iso la te  

resista n t m u ta n ts h a v e  b een  u n su ccessfu l. T h is  h as p reclu d ed  th e  c la ssificatio n  o f  

th ese b a cterio c in s  b y  cross-resistan ce tests (F re d ericq , 1948). C o lic in s  K  (G o e b e l &  

B a rry , 1958), V  (H u tto n  &  G o e b e l, 19 6 1, 1962), F  (E 2) (R eeves, 1963), A  (B arry , 

E ve rh a rt, A b b o t  &  G ra h a m , 1965), I  (K e e n e , 1966) a n d  th e  u n classified  co lic in  

S G 7 1 0  (N iisk e , H o se l, V e n n e r  &  Z in n e r, 1957) a re  co m p lex es o f  lip id , ca rb o h y d ra te  

a n d  p ro te in . M e g a c in  2 16  (H o lla n d , 196 1) an d  a  p y o c in  (H o m m a  &  S u zu k i, 1964) are  

p rotein s. T h e  sp ecific  ch em ical n atu re  o f  a ll o th er  b acterio c in s is u n k n o w n  (H in sd ill &  

G o e b e l, 1964; R eeves, 1965). T h e  p u rp o se  o f  th e  p resen t in v estig a tio n  w as the p u rifica 

tio n  a n d  ch em ical an a lysis  o f  o n e o f  the a p p a ren tly  h o m o gen eo u s g ro u p  o f  L. fermenti 
b acterio c in s.

METHODS

Media. T h e  liq u id  m ed iu m  used  w a s the M R S  b ro th  o f  d e M a n , R o g o s a  &  S h arp e 

(i9 6 0 ) freed  fro m  h igh  m o le cu la r  w e ig h t co n stitu en ts b y  d ialysis (tu b in g  size 18/32, 

V is k in g  C o .,  C h ic a g o , 111., U .S .A .)  u n d e r n ega tiv e  p ressure. S o lid  m ed iu m  w a s M R S  

b ro th  d iffu sate  +  2 %  (w/v) agar.

Bacterial strains. T h e  b a cte r io c in o g e n ic  Lactobacillus fermenti strain  466, the 

in d icato r  L. fermenti stra in  f  1 an d  o th er in d ica to r  strain s w ere d escrib ed  b y  de K le r k  

&  C o e tze e  (19 6 1). C u ltu re s  w ere  in cu b a ted  as p re v io u sly  d escrib ed  (de K le r k , 1967).
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Preparation o f bacteriocin. C ru d e  p rep ara tio n s  o f  b acterio c in  w ere o b ta in e d  b y  

o v ern igh t g ro w th  o f  th e  b a cterio c in o g en ic  strain  a t  37° in  b ro th  d iffu sate  m ed iu m . 

T h e  cu ltu re  w a s cen trifu g ed , th e  su p ern a tan t flu id  sterilized  w ith  c h lo ro fo rm  an d  

co n cen trated  in  a  ro ta ry  e v a p o ra to r  a t  40°. T h e  co n cen trate  w a s d ia ly sed  a g a in st d e

io n ized  w a ter  to  re m o v e  n u trien ts a n d  sm all m o le cu la r  w eig h t b a cteria l p ro d u cts  in 

th e  d iffusate. T h e  vo lu m e  o f  the d ialysis  residue w a s  fu rth er d ecreased  b y  e v a p o ra tio n  

an d  th en  d ia ly sed  a ga in st o - i m - K C I  +  o -05 M-tris +  H C l  b u ffer (p H  7-5).

Purification o f bacteriocin. C ru d e  b a cte r io c in  w a s  p u rified  b y  gel filtra tio n  on  S ep h a- 

d ex  G 100. S am p les (2 m l.) w ere  ap p lied  to  co lu m n s (50 cm . x  2-5 cm .) an d  e lu ted  w ith  

o -i m - K C I + o -05 M-tris +  H C l b u ffer (p H  7-5). C o lu m n  effluents w ere  co lle cted  in  5 m l. 

fra c tio n s  a n d  a ssa yed  fo r  a ctiv ity  an d  the ex tin ctio n  a t 280 mu, d eterm in ed. H ig h  titre  

fra c tio n s  w ere p o o le d  an d  cen trifu g ed  a t 200,000 g  fo r  15  m in. to  rem o v e  b a cte r ia l 

d eb ris. T h e  su p ern a tan t flu id  co n cen trated , d ia ly sed  a ga in st b u ffer an d  the d ia ly sis  

resid u e filtered  th ro u g h  S ep h ad ex  o r  ch ro m a to g ra p h e d  on  ca lc iu m  p h o sp h a te  gel 

co lu m n s.

Adsorption chromatography o f bacteriocin on calcium phosphate gel. P recip itate d  

ca lc iu m  p h o sp h a te  w as p rep ared  a cco rd in g  to  T ise liu s , H jerten  &  L e v in  (1956), sus

p en d ed  in  1 n M -so d iu m  p h o sp h a te  b u ffer  (p H  6-8) a n d  a p p lied  to  a  c h ro m a to g ra p h y  

tu b e  (o-8 cm . x  12 cm .). A  sam p le (2 m l. e q u iv ., 10 m g. d ry  w t) o f  p a rtly  p u rified  

b a cterio c in  w a s d ia ly sed  a ga in st 1 m M -sodium  p h o sp h a te  (p H  6-8) a n d  a p p lied  to  th e  

co lu m n . T h e  b a cte r io c in  w a s e lu ted  w ith  1 m M -sodium  p h o sp h a te  b u ffer  (p H  6-8) a n d  

step-w ise e lu tio n  w ith  10, 50 an d  200 m M -sodium  p h o sp h a te  b u ffer  so lu tio n s (p H  6-8; 

50 m l. o f  ea ch  co n cen tratio n ) w a s co n tin u ed . F ra c tio n s  (5 m l.) w ere  co lle cted  an d  

assa yed  fo r  a ctiv ity  a n d  the ex tin ctio n  a t 280 m/t d eterm in ed.

Ultraviolet induction o f bacteriocin. Lactobacillus fermenti strain  466 organ ism s 

fro m  a  20 m l. o v ern ig h t b ro th  cu ltu re  w ere  d ep o sited  b y  cen trifu g atio n  a n d  re

susp en ded  in  an e q u a l vo lu m e  o f  sterile d istilled  w a ter  in  a  P etri d ish. T h e  su sp en sion  

w a s irra d ia te d  w ith  a  30 W . H a n o v ia  S terilam p  (w a velen g th  2537 A )  fro m  a  h eig h t 

o f  25 cm . A t  in terva ls  o f  5, 10, 15, 25, 40 sec., sam p les o f  4  m l. w ere  p ip etted  in to  

20 m l. w a rm ed  b ro th  a n d  in cu b a ted  o v ern ig h t in  the d a rk . T h e  su p ern a tan t flu id s o f  

these cu ltu res w ere  sterilized  w ith  c h lo ro fo rm  an d  assayed  fo r  b a cter io c in  a ctiv ity .

Assay o f the bacteriocin. T h is  w a s d o n e  b y  sp o ttin g  d ro p s o f  tw o -fo ld  serial 

d ilu tio n s o f  th e  m a teria l in  M R S  b ro th  on  to  a g a r  p la tes seeded w ith  th e  in d ica to r  

strain  an d  in cu b a ted  o v ern igh t a t 3 7 0. T h e  h igh est in h ib ito ry  d ilu tio n  w as th e  titre.

Analysis o f bacteriocin
P u rified  b a c te r io c in  w as d ia ly sed  a ga in st rep eated  ch an ges o f  d istilled  w a ter  an d  

e v a p o ra te d  to  co n sta n t d ry  w eig h t u n d er red u ced  pressu re o v er  P 20 6. T h e  b a cter io c in  

(84-1 m g.) w as th en  d isso lved  in  d istilled  w a te r  (25 m l.).

S am p les (0-2 m l.) o f  b a cter io c in  p re p a ra tio n  w ere  treated  w ith  3 N -N a O H  (o -i m l.) 

a n d  th e  p ro te in  co n ten t m easu red  b y  th e  m eth o d  o f  L o w ry , R o se b ro u g h , F a r r  &  

R a n d a ll (19 5 1), w ith  cry sta llin e  b o v in e  a lb u m in  (A rm o u r  P h a rm a ce u tica l C o .,  

K a n k a k e e , 111., U .S .A .)  as stan dard .

T o ta l  n itro g en  w a s determ in ed  b y  a  m icro -K je ld a h l tech n iqu e (B allan tin e, 19 5 7).

D e o x y r ib o n u cle ic  a c id  ( D N A )  an d  r ib o n u c le ic  a cid  ( R N A )  w ere d eterm in ed  b y  the 

m eth o d s o f  B u rto n  (1956) a n d  D isch e  &  B o re n freu n d  (19 5 7), resp ectively .

B a cte r io c in  (6-728 m g.) w a s h y d ro ly se d  in  a  sealed  tu b e  fo r  24 h r  w ith  6 n -H C I

310
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(5 m l.) a t 105°. T h e  acid  w as ev a p o ra te d  in vacuo o v er so lid  P 20 5 an d  N a O H , an d  th e  

am in o  a cid  c o m p o sitio n  d eterm in ed  w ith  a  B eck m a n  a u to m a tic  a m in o  acid  a n a lyse r, 

M o d e l 12 0 B .

B a cterio c in  (3 m l.) w as trea ted  w ith  12 N -p erch lo ric  acid  (0-36 m l.) and  le ft a t  o° fo r  

16 hr. T h e  p rec ip ita te d  p ro te in  w a s rem o ved  b y  cen trifu g atio n  a n d  to ta l p h o sp h a te  in 

th e  su p ern a tan t flu id  estim ated  b y  the m eth o d  o f  G o m o r i (1942).

Estimation o f lipids. T h e  to ta l lip id  co n ten t o f  b a cter io c in  so lu tio n  (10  m l.) w a s  

d eterm in ed  a cc o rd in g  to  S a lto n  (1953). T h e  p ro ced u re  con sisted  o f  h y d ro ly sis  w ith  

6 n -H C I  fo r  8 h r a t io o ° , fo llo w e d  b y  ether e x tra ctio n  o f  the h y d ro ly sa te .

Hexosamine estimation. S am p les (2 m l.) o f  b a cterio c in  so lu tio n  w ere  h y d ro ly se d  in  

sealed  tu b es w ith  4 n -H C I  fo r  15 hr a t io o ° . T h e  a cid  w as e v a p o ra te d  in vacuo o v e r  

so lid  P 20 5 an d  N a O H , an d  the liberated  h ex o sam in e sep arated  fro m  in te rfe rin g  

su b stan ces (su gars an d  lipids) b y  ca tio n  ex ch a n g e ch ro m a to g ra p h y  on  co lu m n s 

(1 cm . x 10 cm .) o f  A m b e r lite  I R  120 (H + -form ) resin. T h e  h ex o sam in e w as e lu ted  

w ith  2 n -H C I  a n d  estim ated  a cc o rd in g  to B o a s  (19 53 ), w ith  g lu co sa m in e  h y d ro ch lo r id e  

(B ritish  D r u g  H o u ses L td . ; B D H )  as stan d ard .

Liberation o f carbohydrates. T h e  b a cterio c in  so lu tio n  (2-0 m l.) w as h y d ro ly se d  fo r  

2 hr a t io o °  in  a  fin al co n cen tratio n  o f  2 N -H 2S 0 4 and  the h y d ro ly sa te  ap p lied  to  a  

co lu m n  (1 cm . x 10 cm .) o f  A m b e r lite  I R  120 (H + -form ) catio n  ex ch a n g e resin  (W eib u ll 

&  B ergstro m , 1958). N e u tra l sugars w ere elu ted  w ith  w a te r  a n d  co n cen tra ted  u n d er 

red u ced  pressure b e lo w  40° to  a  sm all v o lu m e . T h e  su gar so lu tio n  w a s tran sferred  

q u a n tita tiv e ly  to  a  5 m l. stan d ard  flask  a n d  m a d e to  v o lu m e .

Paper chromatography o f carbohydrates. O n e-d im en sio n a l d escen d in g c h ro m a to 

g ra p h y  w as d o n e  o n  W h a tm a n  n o . 1 filter p a p e r w ith  2 ,4 ,6 -trim eth ylp yrid in e as 

so lv en t (P artrid g e, 1948). D( +  )-G a la c to se , D (+ )-g lu c o s e , D( +  )-m an n o se  an d  

L (+ )-r h a m n o s e  (B ritish  D ru g  H o u ses L td .)  w ere  u sed  as referen ces. A ft e r  d e v e lo p 

in g  the c h ro m a to g ra m s fo r  40 h r, the so lv en t w a s  rem o ved  b y  ev a p o ra tio n  and  

the c h ro m a to g ra m s sp ra ye d  w ith  p -a n isid in e  p h o sp h a te  in  eth a n o l (M u k h e rje e  &  

S riv a sta v a , 1952).

Quantitative estimation o f carbohydrate components. A  sa m p le  (0-5 m l.) o f  th e  

su g ar e x tra ct w a s a p p lied  as a  b an d  (10  cm . w ide) in  th e  cen tre  an d  8 cm . fr o m  the 

to p  o f  W h a tm a n  n o. 1 filter p a p e r  (30 cm . x  57 cm .) to g eth er w ith  tw o  g u id e  sp o ts,

5 cm . fro m  ea ch  ed ge, to  w h ich  50 p i. o f  su g ar e x tra ct w ere  a p p lied . T h is  c h ro m a to 

g ra m  a n d  a b la n k  w ere  d ev elo p e d  fo r  40 h r in  2 ,4 ,6 -trim eth ylp yrid in e  an d  d ried  f o r  

16 h r a t  r o o m  tem p eratu re . T h e  p o sitio n s o f  th e  sep arated  su gars on  the gu id e  strips: 

w ere  reve aled  b y  th e  reagen t and  the c o rresp o n d in g  areas excised  fro m  th e  ex p eri

m en ta l a n d  b la n k  ch ro m a to g ra m . S u ga rs and b la n k s w ere  q u a n tita tiv e ly  e lu ted  fr o m  

ea ch  strip  w ith  d istilled  w a ter  in to  m ea su rin g  cy lin d ers (5 m l.) a cc o rd in g  to  D en t:

(19 4 7). E lu tio n  w a s sto p p e d  w h en  2 m l. o f  so lv en t h a d  b een  co lle cted  a n d  sa m p le s  

(1 m l.) w ere  assa yed  fo r  su g ar co n cen tra tio n  b y  th e  an th ro n e m eth o d  o f  S co tt &  

M e lv in  (1953).
Dissociation o f protein and carbohydrate fractions. T h e  p h en o l m eth o d  o f  G o e b e l

6  B arry  (1958) an d  h y d ro ly tic  tech n iqu es (K n o x  &  H a ll, 1965) w ere u sed  in  

a ttem p ts to  d isso ciate  p ro te in  an d  c a rb o h y d ra te  co m p o n en ts  o f  th e  b a c te r io c in  

resp ectively .
Sedimentation o f bacteriocin. T h is  w a s d o n e  a t 59780 rev./m in. a t  20e in  the A N - D  

ro to r  o f  a  S p in co  m o d el E  u ltra-cen trifu g e. A  so lu tio n  o f  a b o u t 1 %  p u rified
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b a cte r io c in  w as used  in  a  12 m m . sta n d a rd  cell a n d  p h o to g ra p h s w ere ta k e n  a t  8 m in. 

in terva ls , w ith  schlieren  o p tics.

A ctio n  o f  enzym es on bacteriocin

L ysozy m e. B a cte r io c in  so lu tio n  (3 m g./m l.) w a s in cu b a ted  a t 3 7 0 w ith  an  eq u al 

vo lu m e  o f  ly so zy m e  ( B D H ; 100 /tg./m l.) in  o -i M -am m onium  a ce tate  fo r  5 hr.

P epsin. B a cte r io c in  so lu tio n  (3 m g./m l.) w a s in cu b a ted  a t 3 7 0 w ith  an  e q u a l vo lu m e  

o f  crysta llin e  pep sin  ( B D H ; 1 m g./m l.) in 0-02 n -H C I  fo r  24 hr. A fte r  d ig e stio n  the 

m ix tu re  w a s ad ju sted  to  p H  7-0 w ith  o -i N -N a O H .

Trypsin. B a cte r io c in  so lu tio n  (3 m g./m l.) w a s in cu b a ted  a t 3 7 0 w ith  an  eq u a l v o lu m e  

o f  cry sta llin e  try p sin  ( B D H ; 0-5 m g./m l.) in  200 m M -sodium  p h o sp h a te  b u ffer  (p H  7-5) 

fo r  3 hr. C o n tro l exp erim en ts w ere  d o n e  w ith o u t en zym es a n d  b a cterio c in  titres 

d eterm in ed.
O th er investigations

A ctio n  o f  urea on bacteriocin. B a cte r io c in  w a s d isso lv ed  in  a  fin a l co n cen tra tio n  o f  

6 M-urea. C o n tro ls  co n sisted  o f  b a cter io c in  in  w a ter  an d  a 6 M-urea so lu tio n . A ft e r  

16 h r  a t  3 7 0 th e  so lu tio n s w ere  assayed .

Chrom atography on ion-exchange resins. T h is  w a s d o n e  o n  A m b e r lite  I R  410  

( C l '- fo r m )  a n io n  a n d  A m b e r lite  I R  120 (H + -form ) ca tio n  exch an g e resins.

A gar electrophoresis. A g a r  e lectro p h o resis  o f  p u rified  b a cterio c in  a t  p H  5-2 an d  

p H  8-5 w as d o n e  b y  th e  m eth o d  o f  M a re , C o e tz e e  &  d e  K le r k  (1964).

E lectron  m icroscopy. P u rified  b a cter io c in  d isso lv ed  in  d istilled  w a te r  w a s n e g a tiv e ly  

sta in ed  w ith  n eu tra l p o ta ssiu m  p h o sp h o tu n g sta te  (B ren n er &  H o rn e , 1959). S am p les 

w ere  m o u n ted  o n  ca rb o n  su p p o rt film s b y  a  sp rea d in g  tech n iq u e (B ra d le y , 1962) and  

ex a m in ed  w ith  a  P h ilip s E M  200 electro n  m icro sco p e.

R E S U L T S

Isolation o f  p u re bacteriocin

S u p e rn ata n t flu ids o f  o v ern ig h t cu ltu res o f  L acto b a cillu s ferm en ti  strain  466 in  the 

M R S  d iffu sate  m ed iu m  h ad  in h ib ito ry  titres o f  1/4. T h is  m ed iu m  d id  n o t co n ta in  

m o lecu les w ith  a  w eig h t ex ceed in g  10,000 (L eg g ett B ailey , 1962) an d  fa c ilita te d  the 

sep a ra tio n  o f  th e  b a cter io c in  w h ich  w a s n o t  d iffu sib le  th ro u g h  th e  V is k in g  tu b in g  

(d e  K le r k  &  C o e tze e , 196 1). B a cte r io c in  p ro d u ctio n  w a s n o t en h an ced  b y  u ltra v io le t 

irra d ia tio n . O n e  litre  o f  cru d e  b a cte r io c in  w a s p u rified  an d  co n cen trated  to  2 m l. w ith  

a  titre  o f  i / i c o o , th is represented  a  re co v e ry  o f  40-60 % . T h e  p rim a ry  sep a ra tio n  o f  

fra c tio n s  o n  S ep h ad ex  (F ig . 1) an d  fu rth er p u rifica tio n  o n  ca lc iu m  p h o sp h a te  gel 

(F ig . 2) are  sh o w n . In  b o th  grap h s tw o  p e ak s a re  present. T h e  first h a d  an  a b so rp tio n  

m a xim u m  o f  2 77  m/i a n d  co n ta in ed  a ll the a ctiv ity . T h e  secon d  p e a k  rep resen ted  

b a cteria l p ro te in  an d  b ro th  con stitu en ts, a n d  w a s  v ir tu a lly  absen t a fter  rep a ssa ge  

th ro u g h  eith er co lu m n . U ltra ce n tr ifu g a tio n  o f  th e  p u rified  b a cterio c in  reve aled  a  sin gle 
p e a k  w ith  an  S 20 w v a lu e  o f  2-8.

C h em ica l com position

T h e  ch em ical c o m p o sitio n  o f  the b a cterio c in  is sh o w n  in  T a b le  1. I t  co n sisted  

m a in ly  o f  ca rb o h y d ra te , p ro te in  a n d  lip id , w ith  lesser a m o u n ts o f  h ex o sam in e a n d  

p h o sp h o ru s, an d  w a s free fro m  n u cle ic  acids. T h e  ca rb o h y d ra te  fra c tio n  (T a b le  2) 

c o n ta in e d  fo u r  su g a rs; th e  m a n n o se  co n ten t b ein g  56-7 % . T h e  p ro te in  fra c tio n  c o n 



ta in ed  16 a m in o  acid s (T a b le  3). A la n in e , g lycin e, serine a n d  the a c id ic  a m in o  a cid s 

w ere  p resen t in  the h igh est co n cen tratio n s.

P rop erties o f  the bacteriocin

P u rified  b a cterio c in  w as a  flu ffy , w h ite  a m o rp h o u s p o w d er  freely  so lu b le  in  w a ter. 

A q u e o u s  so lu tio n s k e p t a t r o o m  tem p eratu re  fo r  several d a ys  sh o w ed  n o  lo ss o f  a ctiv ity  

a n d  n eu tral so lu tio n s w ith sto o d  h ea tin g  a t 96° fo r  30 m in. A c t iv ity  w a s co m p lete ly  

d estro y ed  b y  tryp sin  an d  w as decreased  to  h a lf  w h en  trea ted  w ith  p ep sin  fo r  24 h r. 

T h e  b a cterio c in  w a s u n affected  b y  ly so zy m e. P h en o l d id  n o t sp lit a  p ro te in  w ith  

b a cter io c in  a c tiv ity  fro m  the c o m p le x ; th is co rresp o n d s to  th e  findin gs o f  B a rry  et al. 

(1965) w ith  co lic in  A .  A tte m p ts  to  sep arate  th e  c a rb o h y d ra te  m o iety  b y  h y d ro ly s is  

w ith  h o t o - i N -sulphuric a cid  o r  w a rm  10 %  (w/v) tr ich lo ro a ce tic  acid  resu lted  in  to ta l
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F ra c tio n  n o . F ra c tio n  n o .

F ig . 1 F ig . 2

F ig . 1. C h ro m a to g ra p h y  o f  c ru d e  b ac te rio c in  o f  La ctobacillus ferm en ti 466 o n  S ephadex  
G - io o . A  2 m l. sam p le  ( titre : 1/1000) w as ap p lied  to  th e  co lu m n  a n d  e lu ted  w ith  o -i M -KC1+
0  05 M -tris+ H C 1 buffer (p H  7-5). F ra c tio n s  (5 m l.) w ere co llec ted  a n d  assayed  f o r : • -------• ,
ex tin c tio n ; a n d  ■ -------■ . in h ib ito ry  activ ity .

F ig . 2. C h ro m a to g ra p h y  o f  b ac te rio c in  o f  Lactobacillus ferm en ti 466 o n  ca lc ium  p hospha te , 
gel. P a rtia lly  pu rified  b ac te rio c in  w as c o n cen tra ted  a n d  d ialysed  ag a in s t 1 mM-sodiumi 
p h o sp h a te  buffer (p H  6-8). A  2 m l. sam p le  ( titre : 1/1000) w as ap p lied  to  th e  co lu m n  and! 
stepw ise e lu tio n  d o n e  w ith  so d iu m  p h o sp h a te  b u ffer (p H  6-8) a t  c o n cen tra tio n s  o f  1, 10, 50
a n d  200 m M . F ra c tio n s  (5 m l.) w ere co llec ted  a n d  assayed  fo r :  • -------® , ex tin c tio n ; a n d
■------■, inhibitory activity, (a) 1 mM, (b) 10 mM, (c) 50 m M ,  (d) 2oomM-sodium p h o sp h a te .

T a b le  1. C h em ica l com position o f  bacteriocin o f  L actoba cillu s  

ferm en ti strain 466

(% ) (%>

N itro g en 4-96 C a rb o h y d ra te 53-20
P ro te in 23-80 H exosam ine o-8o
L ip id 20-80 P h o sp h o ru s 0-30

T a b le  2. Carbohydrate com position o f  bacteriocin o f  Lactobacillus: 

ferm en ti strain 466

G alac to se
G lucose

(%)
1 9 4
16-7

M a n n o se
R h a m n o se

(%)
56-7

7-2.

T
it

re
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in a c tiv a tio n . E x tra ctio n  o f  a  b a cte r io c in  so lu tio n  w ith  ch lo ro fo rm  o r eth er rem o v ed  

n o  lip id  m a teria l an d  d id  n o t a ffect a ctiv ity . T h e  b a cterio c in  a ctiv ity  w a s a lso  u n affected  

b y  trea tm en t w ith  urea. A g a r  e lectro p h o resis  a t d ifferen t p H  va lu es sh o w ed  n o  m ig ra 

tio n  o f  the b a cterio c in  w h en  several d ifferen t Lactobacillus fermenti strain s w ere used  

a s  in d icato rs . A n io n  a n d  ca tio n  ex ch a n g e  resins d id  n o t reta in  the b acterio c in . E le ctro n  

m icro sco p ic  e x a m in a tio n  sh o w ed  o n ly  a m o rp h o u s m aterial.

T a b le  3. Amino acid composition o f the protein fraction o f bacteriocin o f 
Lactobacillus fermenti strain 466

A m in o  acid
R esid u es/1 000 to ta l am in o  

ac id  residues

L ysine 57'3
H istid in e 18-9
A rg in ine 29-0
A sp a rta te 100-1
T h reo n in e* 87-6
Serine* i o i -o

G lu ta m a te 92-3
P ro lin e 47-2

R esid u es/1 000 to ta l a m in o  
A m in o  ac id  ac id  residues

G lycine 111*2
A lan in e 134-3
V aline 56-0
M e th io n in e 4 '5
Iso leucine 37-6
L eucine 64-0
T yro sin e 30-7
P hen y la lan in e 28-3

* C o rrec ted  fo r  loss d u rin g  hydrolysis.

DISCUSSION

Lactobacillus fermenti strain  466 p ro d u ces a  sin gle  b acterio c in , w h ich  is n o n -in d u 

c ib le  b y  u ltra v io le t rad ia tio n . T h e  b a cterio c in  d iffers in  the latter resp ect fro m  m eg acin  

2 16  (H o lla n d , 19 6 1), co lic in  F  (R eeves, 1963) a n d  p y o c in  (H o rn m a &  S u zu k i, 1964). 

I t  is a  lip o c a rb o h y d ra te  p ro te in  sim ilar in  gen era l co m p o sitio n  to  co lic in s (H in sd ill &  

G o e b e l, 19641. A tte m p ts  to  iso la te  an  a ctiv e  p ro te in  fra c tio n  fro m  th e  co m p le x  w ere 

u n su ccessfu l a lth o u g h  th e  p h en o l m eth o d  ru p tu res c o v a le n t b o n d s (H o lla n d , 19 6 1) 

a n d  an  a ctiv e  p ro te in  w a s sp lit fro m  the co lic in  K  co m p le x  in  th is w a y  (G o e b e l &  

B a rry , 1958). M ild  tech n iqu es o f  h y d ro ly sis  w h ich  sp lit su g ar p h o sp h a te  b o n d s to  

release a  c a rb o h y d ra te  fra c tio n  (K n o x  &  H a ll, 1965) d estro y ed  the b io lo g ic a l a c tiv ity  

o f  th e  b acterio c in . T h ese  fin d in gs su p p o rt the co n c lu sio n  th a t a ctiv ity  d ep en ds o n  th e  

in tegrity  o f  the lip o c a rb o h y d ra te  p ro te in  co m p lex . T h e  ch em ical co m p o sitio n  o f  o n ly  

o n e  o f  th e  b a cte r io c in s  p ro d u ce d  b y  G ra m -p o sitiv e  o rgan ism s, m eg acin  2 16  (H o lla n d , 

19 6 1), is k n o w n ; th is is a  p ro te in  w ith  traces o f  p h o sp h o ru s a n d  ca rb o h y d ra te . T h e  

en tero cin  o f  Streptococcus zymogenes (B ro c k  &  D a v ie , 1963) is p o ss ib ly  a  p ro te in  

(H a m o n , 1964) w ith  a  lip id  co m p o n en t. T h e  16 a m in o  acid s o f  th e  Lactobacillus 
fermenti strain  466 b a cterio c in  co rresp o n d  to  th o se o f  m eg acin  216  (H o lla n d , 19 6 1), b u t 

th e  co n cen tra tio n  o f  a c id ic  am in o  a cid s in th e  la tter  b acterio c in  is h igh er. T h e  lacto - 

b acillu s  b a cterio c in  has a  trace  o f  m eth io n in e  w h ilst cystein e/cystine are  absent. T h is  

suggests th a t the th ree-d im en sio n al stru ctu re o f  th e  m a cro m o lecu le  d oes n o t  d ep en d  

o n  th e  p resen ce o f  d isu lp h id e  lin k a g es. T h e  a ctiv ity  o f  th is b acterio c in  is p ro b a b ly  

in d ep en d en t o f  h y d ro g e n  b o n d s since it  is n o t a ffected  b y  h igh  co n cen tratio n s o f  urea.

T h e  absen ce o f  m ig ra tio n  in  an  e lectric  field  a t d ifferen t p H  va lu es  w a s u n ex p ecte d  

s in ce  th e  d ica rb o x y lic  a m in o  acid s, asp a rtate  and  g lu tam a te, p red o m in ate . T h e  

b a cterio c in  d iffu sed  th ro u g h  o-8 %  (w/v) a g a r  (de K le r k , 1967) a n d  its e le c tro p h o re tic  

im m o b ility  d id  n o t resu lt fro m  in a b ility  to  p en etrate  the a g a r  la ttice . T h e  fa ilu re  o f



io n -ex ch a n ge  resins to  reta in  th e  b a cterio c in  con firm s its  la c k  o f  n et io n ic  ch a rg e : 

its io n ic  g ro u p s m a y  b e  m a sk e d  b y  lip id .

H o m m a  &  S u zu k i (1964) iso la ted  a  ce ll-w a ll p ro te in  w ith  b a cte r io c in  a c tiv ity  fro m  

Pseudom onas aeruginosa. C e ll  w a lls  o f  L acto b a cillu s ferm en ti  co n ta in  g a la cto se , g lu co se , 

g lu co sa m in e  an d  a sp a rtate , g lu tam a te , a lan in e  a n d  lysin e  (Ik a w a  &  S n ell, i960). T h e  

b a cterio c in  o f  L . ferm en ti  strain  466 differs in  co m p o sitio n  fro m  its cell w a ll a n d  is 

m u ch  m o re  co m p lex .

T h is  w o r k  w a s su p p o rted  b y  gran ts to  P ro fe sso r  J. N . C o e tze e  fro m  the S o u th  

A fr ic a n  C o u n c il fo r  S cien tific  a n d  In d u stria l R e sea rch .
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