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Release of Influenza Virus Neuraminidase by Caseinase C 
of Streptomyces albus g
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SU M M A R Y

When concentrated purified influenza virus PR 8 was incubated at 37° with caseinase C in phosphate buffer at pH 7 and ionic strength 0-01 or 0-1, the neuraminidase activity was released from the virus particle and progressively destroyed. Under these conditions a material was released from virus which neutralized the haemagglutination inhibiting antibodies of anti-PR 8 rabbit serum. This material and neuraminidase, released by caseinase C, were both sedimented by centrifugation at 125,000 g. Neither was adsorbed to fowl red cells. After 4-hr incubation with caseinase C in phosphate buffer at pH 7 and ionic strength 0-1, the infectivity of influenza virus PR 8 suspension was considerably decreased, but its haemagghrina- ting activity was unchanged and remained bound to the virus particles. Under these conditions, most of the surface projections of the virus particles were removed.
IN T R O D U C T IO N

We reported (Reginster, 1965 a) that when influenza virus PR 8 was incubated 
for 4 hr at 37° with caseinase C in ionic strength 0 01 pH 7 phosphate buffer, the 
infectivity, the haemagglutinating activity and the neuraminidase activity were 
destroyed and the serological properties of the virus suspension were modified. 
When the time of incubation was decreased to 1 hr, the infectivity and the haemag
glutinating activity decreased significantly, but the neuraminidase was unchanged 
(Reginster, 1965a). Caseinase C alters the surface of virus particle, removing its 
typical projections (Reginster, 19656) and liberating at least two fragments dis
tinguishable by their sedimentation constants and biological properties (Reginster, 
1965 c). In the present paper, we describe the effect of caseinase C on influenza 
virus PR 8 neuraminidase and discuss the relationship between neuraminidase, 
haemagglutinating activity, serological properties and infectivity of virus PR 8.

M E T H O D S
Concentration and purification of virus PR 8, production of anti-PR 8 rabbit 

serum and techniques for measuring haemagglutinating activity, infectivity, 
neuraminidase activity and ability to neutralize haemagglutination inhibiting anti
bodies were as described by Reginster (1965a) Two preparations of caseinase C, 
kindly supplied by Dr J. M. Ghuysen, were used ; they behaved identically. Incu
bations of virus PR 8 with caseinase C were done in pH 7 phosphate buffer, at 
either 0-01 or 0-1 ionic strength ( f t ) .  Caseinase C was used at a final concentration
V o l. 42, JYo. 2, w a s  is s u e d  1 A p r i l  1966
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of 35 caseinolytic units. One caseinolytic unit was defined as the amount of enzymic 
preparations which digests 50 % of the casein present in 0-5 ml. of standard solution 
(0-2 % soluble casein in 0-05 m-K2P 04) within 15 min. of incubation at 37°. The 
casein left after enzymic digestion was measured by trichloroacetic acid pre
cipitation (4-5 ml. of 1 % trichloroacetic acid solution added to the 0-5 ml. assay). 
Untreated control suspensions of virus PR 8 were obtained by incubating the virus 
in buffer without caseinase C. The neuraminidase activity of material obtained after 
incubation of virus PR 8 with caseinase C or after high speed centrifugation of 
untreated suspensions was expressed as the concentration of control suspension 
which would have the same neuraminidase activity. This concentration, expressed 
as a percentage of the undiluted control suspension, was graphically determined 
in each experiment from the curve showing the neuraminidase activity of the corre
sponding control suspension as a function of virus concentration (Reginster, 
1965a).

Pellets and supernatant fluids from virus suspensions were obtained by centri
fugation for 1 hr at 31,000g in the swinging bucket rotor SW 39 of a Spinco model L 
centrifuge (20,000 rev./min.) The 5 ml. tubes were filled with undiluted suspensions 
adjusted, when necessary to /t 0T by adding concentrated phosphate buffer (pH 7) 
or with virus suspensions diluted 1/5 in saline. The supernatant fluids were collected 
with a syringe and needle. The activities of the supernatant fluids wrere measured 
in the 4 ml. first collected, the bottom 1 ml. being discarded. The pellets were 
resuspended in a volume of diluent suitable for comparison with the corresponding 
supernatant and with the uncentrifuged suspension of virus.

Adsorption to red cells was done as follows. Samples of virus suspensions, un
treated by caseinase C, or samples of supernatant fluids and pellets from these 
suspensions, were diluted 1/5 in saline and mixed with 20% (v/v) packed fowl red 
cells. After 15 min. at room temperature, mixtures were centrifuged (15 min. at 
1500g) and the supernatant fluids collected.

R E S U L T S
R e le a s e  o f  n e u r a m in id a s e

Concentrated purified virus PR 8 was incubated at 37° for various times with 
caseinase C at ¡i 0-01 or ¡i 0T ; corresponding control suspensions were prepared. 
The neuraminidase activity was measured, either in the uncentrifuged caseinase C 
treated virus suspensions, in the supernatant fluids or in the pellets of caseinase C 
treated and control untreated suspensions (Table 1). When collecting supernatant 
fluids and pellets of control virus suspensions, about 60% of the neuraminidase 
activity of the uncentrifuged suspensions was recovered; about 90 % of this activity 
was associated with the pellet.

The neuraminidase activity of virus suspensions previously incubated for 1 hr 
or less at a 0-01 or /t 01 with caseinase C was equal to, or higher than, the neura
minidase activity of untreated suspensions. When these suspensions were centri
fuged, all the neuraminidase activity was recovered and was associated up to 90 %, 
with the supernatant fluid. After incubation for 2 hr or more with caseinase C 
at n 0-01, the neuraminidase activity decreased significantly. When the incubation 
with caseinase C lasted 90 min. or more at ¡i 0T, the neuraminidase activity (whole
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virus suspension, or supernatant plus pellet) was unchanged in 5 out of 6 experi
ments. The neuraminidase activity bound to the virus particles diminished as the 
length of incubation with caseinase C increased (Table 1, Expt. 8). After 60 min. 
with caseinase C at p  0-01, there was very little neuraminidase hound to the virus 
particles (Table 1, Expts. 1, 4, 5). Nevertheless, after 60 or 90 min. with caseinase 
C at p  0-1, the neuraminidase activity associated with the virus particles corre
sponded to the activity of the untreated control suspension diluted from about 
1/5 to 1/3 (Table 1, Expts. 6, 8, 12).

Ability of neuraminidase to adsorb to red cells 
Concentrated purified virus PR 8 was incubated at 37° with or without caseinase 

C at p  0-1. These suspensions were centrifuged and the neuraminidase activity of 
supernatant fluid or pellet, or of both, was measured before and after red cells 
adsorption. The neuraminidase activity in the pellets of untreated control sus
pensions was decreased about 10-fold by red-cell adsorption and the low activity 
found in the supernatant fluid of the same suspensions was completely removed 
(Table 1, Expt. 8, 9). Red-cell adsorption did not modify significantly the neura
minidase activity of the supernatant fluids of virus suspensions pre-incubated with 
caseinase C, but it abolished or decreased considerably the neuraminidase activity 
found in the pellets of the corresponding control suspensions (Table 1, Expts. 6,8,12).

Table 3. Injectivity of PR 8 virus incubated at 37° for 4 hr in phosphate 
buffer (pH 7; p 0-1) with or without caseinase C
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In fe c tiv i ty  a f te r  in cu b ation
W ith o u t caseinase C W ith caseinase C

E x p t. log. ID  50 S ta n d a rd log. ID  50 S ta n d a rd
(no.) in  1 m l. e rro r in  1 m l. error

10 6 1 5 ± 0 1 1 4-55 ± 0 1 5
11 8-48 +  0 1 1 5 0 0 +  0 1 3

Properties of PR 8 virus suspensions after release of neuraminidase 
Haemagglutinating activity. Concentrated purified virus PR 8 was incubated at 

37° with or without caseinase C, at p  0-01 and at p  0-1. The haemagglutinating 
activity was measured in these suspensions, in their supernatant fluids and pellets, 
adsorbed and unadsorbed by fowl red cells (Table 2). After 30 min. at p  0-01, and 
after 1, 2 or 4 hr at p 0-1, the haemagglutinating activity of the virus suspensions 
incubated with caseinase C was the same as that of the control suspensions. The 
haemagglutinating activity of all these suspensions was bound to material in the 
pellets. The supernatant fluids contained less than 10% of the haemagglutinating 
activity of the corresponding uncentrifuged suspensions. Red-cell adsorption 
decreased considerably the haemagglutinating activity of any virus suspension, 
supernatant fluid or pellet material as well.

Infectivity. Concentrated purified virus PR 8 was incubated for 4 hr at 37° with 
or without caseinase C at p  0-1 (Table 3). The infectivity of the virus incubated 
with caseinase C was < 3%  the infectivity of the virus incubated in buffer alone.
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Release of material neutralizing haem agglutination inhibition. Concentrated purified 
virus PR 8 was incubated at 37° in ¡i 0-1 buffer for 1, 2 or 4 hr with caseinase C, 
and for 4 hr without caseinase C. Haemagglutination inhibition neutralizing, haem- 
agglutinating and neuraminidase activities were titrated in the supernatant fluids 
of these suspensions (Table 1, 2 Expt. 8). There was twice as much haemagglutina
tion inhibition neutralizing material in the supernatant fluid of the virus suspension 
pre-incubated for 4 hr with caseinase C as in the supernatant of the same suspension 
incubated for only 1 hr with caseinase C, and 4 times as much as in the supernatant

S u p e rn a ta n ts  (d ilu tions)

F ig . 1. N eu tra liza tio n  o f h a e m a g g lu tin a tio n  in h ib itin g  an tibo d ies  o f P R  8 r a b b it  a n t i 
seru m  b y  th e  s u p e rn a ta n t fluid  from  v iru s  P R  8 suspension  p re -in cu b a te d  a t  37° fc r 
4 h r. in  ¡i 0-1, p H  7 p h o sp h a te  bu ffer (I ) ; o r fo r 1 h r. (XX), 2 h r. ( I l l ) ,  4 h r. (IV ) in  /t 0 1 ,  
p H  7 p h o sp h a te  buffer +  case inase C (see E x p t.  no. 8). QJ], H ae m ag g lu tin a tio n  in  th e  
p resence of d ilu e n t; □ , in  th e  p resence o f s u p e rn a ta n t flu id  ad so rb ed ; ■ , in  th e  p re 
sence o f s u p e rn a ta n t fluid unadsorbed .

fluid of the untreated suspension (Fig. 1). Red-cell adsorption abolished the activity 
of the supernatant fluid of the control suspension, decreased by 50 % the activity of 
the supernatant fluid of the virus suspension pre-incubated for 1 hr with caseinase C, 
but did not decrease the activity of the supernatant fluid of virus suspensions 
treated for 2 or 4 hr with caseinase C (Fig. 1).
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Sedimentation of neuraminidase and haemagglutination inhibition 

neutralizing activities from supernatant of caseinase C treated virus suspension 
The sedimentation was done twice, by centrifugation at 125,000g (39-000 rev./ 

min., swinging bucket rotor S.W. 39, Spinco Model L centrifuge) of 5 ml. super
natant fluid from concentrated purified virus PR 8 pre-incubated for 1 hr with 
caseinase C. In one experiment (Tables 1, 2, Expt. 5), the supernatant fluid was 
obtained after caseinase C treatment at y  0-01 ; it was centrifuged for 10 hr at 
125,000g. In the other experiment (Tables 1, 2, Expt. 12), the supernatant fluid 
was obtained after caseinase C treatment at 0-1 ; it was centrifuged for 12 hr at 
125,000g. In both cases, a thin pellet was obtained. The supernatant fluids were 
collected with a syringe and needle. In experiment number 5, 4 ml. of supernatant 
were removed and the pellet was resuspended in the 1 ml. fluid left in the tube. In 
experiment number 12, 4-5 ml. of supernatant were removed and the pellet re
suspended in 0-5 ml. bottom fluid. The haemagglutination inhibition neutralizing 
and neuraminidase activities of these fractions were measured and compared to the 
activities of samples of the corresponding preparations kept at 4° during the pro
longed high-speed centrifugation (Table 4). In experiment number 5, 100% of the 
neuraminidase and 80 % of the haemagglutination inhibition neutralizing activities 
were recovered; bottom fractions contained 100% of the neuraminidase activity 
and 72 % of the haemagglutination inhibition neutralizing activity. In experiment 
number 12, 100% of the neuraminidase and 90% of the haemagglutination inhi
bition neutralizing activities were recovered ; bottom fraction contained 80 % of the 
neuraminidase activity and 75 % of the haemagglutination inhibition neutralizing 
activity.

Table 4. Sedimentation of neuraminidase and haemagglutination inhibition 
neutralizing activities released by caseinase C treatment of PR 8 virus

F ra c tio n  co llected  
a f te r  125,00 g  
cen trifu g a tio n

N eu ram in id ase  ac tiv ity *t N
E x p t.  5 f  E x p t. 12:|;

H ae m ag g lu tin a tio n  
in h ib itio n  n eu tra liz in g  

ac tiv ity *
E x p t. 5 f  E x p t. 12 i

S u p e rn a ta n t fluid  2
B o tto m  frac tio n  102

10 35 15
72 80 75

* As %  o f th e  a c tiv i ty  o f th e  m a te r ia l n o t cen trifu g ed  a t  125,000g; f  10-hr ce n trifu g a tio n  a t  
125 ,000g; i  12-hr c e n trifu g a tio n  a t  125,000g.

Morphology of the virus particles treated by caseinase C at y  0-1
Concentrated purified PR 8 virus was incubated for 1 or 4 hr at 37° with caseinase 

C at y  0-1. After this treatment, the virus particles were sedimented by centri
fugation for 1 hr at 31,000g. They were then resuspended in water, mixed with an 
equal volume of potassium phosphotungstate solution (2%, pH 7) and examined 
with a Siemens Elmiskop I electron microscope. Controls for infectivity, neurami
nidase activity and haemagglutinating activity were done in parallel in the 4 hr 
experiment (Tables 1-3, Expt. 11). Haemagglutinating activity and neuraminidase 
activity only were checked in the 1 hr incubation experiment (Tables 1 and 2, 
Expt. 12) but the neuraminidase and the haemagglutination inhibition neutralizing



material released by the virus particles were sedimented by 12 hr centrifugation at 
125,000g (Table 4).

After 4 hr incubation, some virus particles looked unaltered, some had lost a most 
all their surface projections. The majority had fewer projections than normal virus 
particles (PI. lA).  After 1 hr incubation, mcst virus particles had no obvious 
alteration of their surface, although some had lost a few projections (PI. IB).
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DISCUSSION

By incubating influenza virus PR 8 with caseinase C at :wo ionic strengths 
(Reginster 1965 a, and this paper) we found quantitative but not qualitative 
differences in the modifications of the virus properties. This does not imply that all 
the effects of the caseinase C preparations are due to one enzyme. Haemagglutina- 
tion is obviously related to the surface projections of the virus. Indeed, when 
electron micrographs showed virus particles completely lacking their normal surface 
projections (Reginster, 19656) the haemaggluAnating activity was considerably 
decreased. Nevertheless, the surface of most of the virus particles can be con
siderably freed from surface projections without modification of haemagglutinating 
ability as measured by the standard technique. This fits in well with the idea that 
the surface of the virus is made up of repeating units, two of which, when suitably 
located, would suffice to link two red cells together.

By high speed centrifugation we succeeded in concentrating at the same rate 
free neuraminidase and haemagglutination inhibition neutralizing material. Thus 
caseinase C split up superficial layers of influenza virus either into subunits differing 
in their biological properties but sedimenting under the same conditions, or more 
likely into subunits carrying at least neuraminidase and haemagglutination 
inhibition neutralizing activities. Sedimentation analysis revealed the presence of 
6 S material in virus PR 8 suspension treated for 1 hr by caseinase C at u 0-01 
(Reginster, 1965c). The weight of one surface projection, calculated on the basis of 
Horne & Wildv’s mensurations (1963) and by assuming that it is made of protein, 
is 90,000. It appears from Greenberg’s table (1951) that this weight is not incon
sistent with a sedimentation constant of 6 S. Haemagglutination, although related 
to the surface projections, does not seem to be located on the site responsible for 
neutralization of haemagglutination inhibition or for neuraminidase activity since 
adsorption to red cells did not modify these activities when they were released 
from the virus particles by caseinase C. This would mean that the inhibition of 
haemagglutination by antibodies is a ‘steric’ one (Fazekas de St Groth, 1963) since 
the antigenic sites responsible for fixation of antibodies do not adsorb to red cells. 
The question of identity or non-identity of the sites responsible for neuraminidase 
activity and neutralization of haemagglutination inhibition still remains un
answered. It has been, so far, impossible to determine what degree of integrity of 
the virus surface is necessary for full infectivity of the virus particle because 
accurate quantitative data are lacking.

Mayron, Robert, Winzler & Rafelson (1961) obtained separation of neuraminidase 
from virus PR 8 by trypsin treatment. This neuraminidase did not haemagluti- 
nate nor block agglutination of red cells by ‘indicator’ Lee virus. It has been, so 
far, impossible to establish complete comparison between the effects of trypsin and
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of caseinase C. Nevertheless, trypsin is able to release surface projections of an 
influenza virus strain highly sensitive to its action (Borecky, Lackovic & Mrena, 
1964), as is caseinase C action on PR 8 strain.
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The Intracellular Accumulation of 14C-streptomycin by 
Escherichia coli strain b  in Relation to its 

Growth-Inhibitory Effect
By MARGOT KOGUT, J. W. LIGHTBOWN and P. ISAACSON

National Institute for Medical Research, The Ridgeway,
Mill Hill, London, N. IV. 7

(Received 5 July 1965)
SU M M A R Y

The intracellular concentrations of 14C-streptomycin accumulated by Escherichia coli strain b during growth in the presence of different extracellular concentrations of the compound have been measured. They increased logarithmically with time at rates proportional to the logarithm of the extracellular concentration; the growth rates declined linearly with time at rates which were also proportional to the extracellular concentrations. Thus the same decrease in growth rate resulted from different intracellular concentrations of streptomycin, according to the conditions of uptake. After removal of extracellular streptomycin, the growth rates remained constant for several hours, during which time 40-60% of the total cell-bound radioactivity was lost. Of the radioactivity lost from the organisms during growth after removal of extracellular streptomycin, 50-80 % was recovered from culture filtrates but did not behave as streptomycin with respect to adsorption to charcoal.

IN T R O D U C T IO N
In two papers we reported (Kogut, Lightbown & Isaacson, 1965 a, b) that when 

aerobic cultures of Escherichia coli strain b were taken after addition of dihydro
streptomycin in the early logarithmic phase, and treated to remove extracellular 
antibiotic before growth has ceased (Hancock, 1962a) they continued to grow at 
exponential but decreased rates for several hours, after which the growth rates 
increased and gradually returned to those of controls. From the results of study of 
this inhibited growth in the absence of extracellular antibiotic (by extinction 
measurements, viable counts, direct microscopic observations) we concluded that 
the extent of diminution in growth rates of treated populations should reflect the 
mean dihydrostreptomycin concentration at the sites of inhibition at the time of 
removal of extracellular antibiotic. We further inferred that chis might be only a 
fraction of the total intracellular dihydrostreptomycin concentration, which might 
vary within the treated populations. Thus, we postulated that intracellular strepto
mycin can be in two phases, namely, an inhibitory fraction—presumably bound 
to the ribosomes, (Flaks, Cox & White, 1962; Spotts & Stanier. 1961; Davies, 1964; 
Cox, White & Flaks, 1964), and a non-inhibitory ‘pool’ fraction whose size would 
differ between different fractions of the population, and which could be transferred 
to the inhibitory sites according to the availability of these and to the size of the
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‘pool’. This view implied that the concentrations of streptomycin in these two 
phases must be governed, at least in part, by independent factors.

In a detailed study of the intracellular accumulation of 14C-streptomycin by a 
number of micro-organisms, Hancock (1962a, b) described some of the factors which 
govern this, and stated (Hancock, 19626) that ‘death of Bacillus megaterimr does 
not appear to follow inevitably the attainment of a certain intracellular concen
tration of streptomycin, since at lower (extracellular) streptomycin concentrations 
the organisms were killed after a smaller amount of streptomycin had been taken 
up, and vice versa’. The intracellular concentrations of 14C-streptomycin measured 
in his experiments, at the time when growth ceased, would have comprised both the 
phases postulated above. Hancock also reported that in lysed protoplast prepara
tions from B. megaterium grown in the presence of 14C-streptomyein, the proportion 
of radioactivity which sedimented with the nbosomal fraction constituted from 
50 to 99% of the total radioactivity in different preparations. However, various 
extraction procedures designed to break the osmotic barrier and to disrupt different 
kinds of bonds, did not produce any differential or sequential release of intra
cellular streptomycin from the organisms. Hancock concluded that ‘breakage of 
the osmotic barrier is necessary but not sufficient to release bound streptomycin’.

In the present work, by using a small amount of 14C-streptomycin of low specific 
activity, available to us, we have measured its intracellular accumulation from 
different external concentrations and examined the quantitative relationships 
between such intracellular concentrations of streptomycin and decreases in growth 
rates after removal of extracellular antibiotie (Kogut, Lightbown & Isaacson, 
1965a, b). Parts of this study have been published (Kogut & Lightbown, 1964a).

M E T H O D S
Cultures. The organism, Escherichia coli strain b , its maintenance, growth media 

and conditions, the preparation of inocula, procedure for removing extracellular 
streptomycin and measurements of growth and growth rates were as described by 
Kogut, Lightbown & Isaacson (1965a, b).

Labelled streptomycin and measurement of radioactivity. 14C-streptomycin was the 
CaCl2 complex, kindly provided by Dr C. Rosenblum (Merck, Sharpe and Dohme, 
Rahway, New Jersey, U.S.A.) with a specific activity of 0-054 pC/mg. The material, 
dissolved in 25 ml. of water, was assayed by the plate diffusion technique (Humphrey 
& Lightbown, 1952) against the International Standard of Streptomycin, and found 
to contain 700 i.u./ml. Radioactivity was determined in a Nuclear Chicago, Model 
D 47 ultrathin-window counter, giving background activity of less than 2 c.p.m. 
The 14C-streptomycin preparation gave 17 c.p.m./i.u. = 17 c.p.m .fig. streptomycin 
base (Humphrey, Lightbown & Mussett, 1959). Non-radioactive streptomycin 
CaCl2 complex was obtained from Glaxo Laboratories Ltd. and contained 673 pg. 
base/mg.

Intracellular concentrations of 14C-streptomycin were defined and measured as 
follows. After addition of labelled streptomycin to aerobically growing cultures of 
Escherichia coli b  in the early logarithmic phase, samples containing equiv. 1-3 mg. 
dry wt. organisms were removed at the appropriate times and filtered on a Milli- 
pore membrane filter of 0-22 p pore size and 2-9 cm. diameter. As it is known that
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streptomycin can be strongly, but non-specifically, adsorbed to bacteria, but can in 
this form be readily removed by washing in media of high ionic strength (Hancock, 
1962a; Plotz, Dubin & Davis, 1961), the organisms were washed three times on the 
filter with a total of one half their original volume of growth medium containing 
unlabelled streptomycin 50 //g./ml. to remove and exchange any adsorbed radio
activity. We determined in preliminary experiments that no further radioactive 
material was removed from the organisms by repeating such washing. The retained 
radioactivity is what we here define as ‘intracellular’. The membranes with the 
organisms were dried in air and fixed to aluminium planchet. A minimum of 1000 
counts were obtained from each sample, and the values corrected for background 
counts. When necessary, adjustment for infinite thinness was made by means of a 
calibration graph prepared from a culture of E. coli b, labelled with 14C-glycine.
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R E S U L T S
The intracellular accumulation of streptomycin and decrease in growth rates

As already reported (Kogut, Lightbown & Isaacson, 1965 a), the extent cf growth 
inhibition (as % of control rates) produced by dihydrostreptomycin treatment of 
Escherichia coli b under conditions where intracellular accumulation is known to 
occur (Hancock, 1962 a) and measured after removal of extracellular antibiotic, is a 
linear function of the duration of previous aerobic growth in a given concentration 
of antibiotic. We had suggested that this might directly reflect the intracellular 
antibiotic accumulation if this were also linear with time. However, intracellular 
accumulation (in the sense defined above) of radioactive label by aerobically 
growing cultures of Escherichia coli b, after addition of 14C-streptomycin during 
the early exponential phase of growth was not linear with time. Figure 1 shows the 
time courses of decrease in growth rates and of intracellular concentrations of 
labelled streptomycin (c.p.m./mg. dry wt. organisms) after treatment with different 
external concentrations of the antibiotic. The rate of accumulation apparently 
increased with duration of growth in the presence of streptomycin, but it also 
seemed to vary with the external concentration of antibiotic in the medium, and to 
increase more rapidly with time at the higher external concentrations. Figure 2 
shows the relationship between intracellular concentrations of 14C-streptomycin 
and the % inhibition of growth rates for four different initial concentrations of 
streptomycin in the medium. Because of the low specific activity of the strepto
mycin preparation, and the apparently very low intracellular concentrations which 
were effectively growth-inhibitory under these conditions, it was not possible to 
measure intracellular concentrations associated with slight decreases in growth rate 
(by less than 40 %). With the higher external concentrations of antibiotic, there was 
the additional difficulty of the rapid progress of growth inhibition. However, in all 
four cases, the relationship between inhibition of growth rates and intracellular 
concentrations resembled a saturation curve; the intracellular concentration 
approached asymptotically the value for complete growth inhibition. The shapes of 
the four curves, for the four external concentrations of streptomycin used, also 
appear to differ, suggesting that the intracellular concentrations associated with a 
given decrease in growth rate varied with the extracellular concentrations from 
which they were accumulated, as suggested by Hancock '19626) for Bacillus
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T im e o f g ro w th  in  th e  p resence o f T im e o f g ro w th  in  th e  p resence of
s tre p to m y c in  (m in.) s tre p to m y c in  (m in.)

F ig . 1. T im e course o f in h ib itio n  o f g ro w th  ra te  a n d  o f in trac e llu la r accu m u la tio n  
of ra d io a c tiv e  label, d u rin g  g ro w th  in  d ifferen t co n cen tra tio n s  o f "C -s trep to m y c in . 
(a )  %  in h ib itio n  o f g ro w th  ra te . (6) C ell-bound ra d io a c tiv ity . 14C -strep tom y cin  concen
tra tio n s  in  th e  m ed iu m : x -------x ,  ® — — ® , 15 /¿g./m l., tw o  sep a ra te  ex p erim en ts ;
O -------O , 2 0 /¿g./m l. ; A ------- A  =  3 0 /¿g./m l.; ■ -------■ , 4 0 /¿g./m l.
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F ig . 2. R ed u c tio n  in  g ro w th  ra te  as a  fu n c tio n  o f in trac e llu la r s tre p to m y c in  concen
tra tio n s . 14C -s trep tom y cin  co n cen tra tio n s  in  th e  m ed iu m  from  w hich  in trac e llu la r
accu m u la tio n  to o k  p lace : x -------x ,  1 5 /¿g./m l.; O ------- O , 2 0 /¿g./m l.; A ------- A ,
30 /¿g./m l.; ■ -------■ , 40 /¿g./m l.
F ig . 3. D ouble recip rocal p lo t o f d a ta  in  F ig . 2.



megaterium. These differences are more clearly shown by transforming the data in 
Fig. 2 to double reciprocal plots, as in Fig. 3. Although it is not possible to evaluate 
the slopes precisely, because of the difficulties in obtaining a full range of measure
ments, the figure indicates four different slopes. This would confirm that a given 
reduction in growth rate can result from different intracellular concentrations of 
streptomycin, when the extracellular concentrations from which they are accumu
lated vary.

Loss of intracellular streptomycin during inhibited growth. We have also shown 
previously (Kogut et al. 1965b) that after cultures of Escherichia coli b were treated 
as described, periods of exponential growth at decreased rates were followed by 
recovery of most individuals in such cultures. Such recovery of growth rates was 
not due to continued uninhibited growth of portions of such created populations. 
Further, we inferred from the relationship between time of onset of recovery and 
inhibition of growth rates that recovery could not be the consequence of a given 
amount of cell synthesis. At its simplest, it might be due to a time-dependent loss of 
dihydrostreptomycin from the cells, either by degradation or ‘leakage1. In the 
present study, therefore, we have followed the intracellular concentrations of 14C- 
streptomycin during the periods of exponential growth at decreased rates, as illu
strated in Fig. 4. The cell-bound radioactivity (expressed as c.p.m./mg. dry wt. 
organisms of original culture at the time of removal of extracellular streptomycin)
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Table 1. Loss of cell-bound radioactivity during exponential growth of Escherichia coli b 
at decreased rates, after removal of extracellular streptomycin

A fte r re m o v a l o f ex trac e llu la r s tre p to m y cin
In tra c e llu la r  c o n c e n tra tio n s : 
c .p .m ./m g . d ry  w t. o rgan ism  

a t  f i ltra tio n  tim e
T re a tm e n t w ith  s tre p to m y c in % ,--------------A--------------^

,---- A ------ N decrease L o s t
C oncen- o f A t onset d u rin g
tr a t io n T im e g ro w th A t of in h ib ite d

E x p t. (/ '« •/n il.) (m in.) ra te filtra tio n reco very g ro w th %  lo st
1 15 100 41 1-82 0-91 0-91 50
1 15 115 50 2-11 1-07 1-04 49
1 15 135 56 2-66 1-60 1-06 40
2 15 110 61 3 0 9 1-47 1-62 52
1 15 155 64 2-64 1-42 1-22 46
2 15 160 77 7-21 — — —
3 20 65 49 2-60 1-54 1-06 41
4 20 95 70 4-57 2-17 2-40 51
3 20 87 71 5-54 2-99 2-55 46
3 20 107 87 8-45 3-72 4-73 56
5 20 108 88 8-05 — — —

3 20 170 100 15-4 — — —
6 30 55 64 4-77 — — —

7 30 65 76 6-31 3-41 2-90 46
6 30 75 90 10-90 4-23 6-67 62
7 30 89 96 1 3 0 4 5-15 7-89 60
8 40 45 66 7-22 2-89 4-33 60
8 40 55 89 10-60 4-37 6-23 59
8 40 65 98 16-5 — — —



decreased at an approximately exponential rate with time. Table 1 shows the intra
cellular concentrations of streptomycin at the time of removal of extracellular 
streptomycin and those at the beginning of the recovery phase, in cultures treated 
with different external concentrations of 14C-streptomycin for various periods, and 
the resulting decreases in growth rates. The intracellular streptomycin concen
trations are referred to dry wt. organisms present at the time of removal of extra
cellular streptomycin as above, so that the apparent loss of cell-bound antibiotic 
during growth is genuine and not an artifact due to continued cell synthesis. 
Although the growth rates and initial intracellular streptomycin concentrations 
varied widely in the different cultures (over an approximately 9 to 12-fold range), 
the percentage of the initially-fixed streptomycin which was ‘lost’ during the 
periods of inhibited growth by the various cultures varied only between 40 and 60 %.

338 M. K ogttt, J .  W. Lightbown and P. I saacson

T im e a f te r  filtra tio n  (m in.) 
F ig . 4

X 10
£ >i32£G3 O 
& 8 o £

7-5

■ e o 50
> , !  

•S gbt CD 2-5
~E.cSA O i _L

F ig

25 50 75 100
In h ib itio n  o f g ro w th  ra te  ( % ) 

F ig . 6
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rem o v al o f s tre p to m y c in  from  th e  m ed ium . A -------A , log2/ i S00; O ------ O , in trace llu la r
s tre p to m y c in  as c.p .m ./m g . d ry  w t. o rgan ism  a t  th e  tim e  o f rem ov al o f ex trace llu la r 
s trep tom y cin .
F ig . 5. E x te n t  o f decrease in  g row th  ra te  o f E sch erich ia  coli b  a n d  ce ll-bound  ‘^ - s t r e p to 
m y cin  re ta in e d  a t  o n se t o f recovery  phase . Sym bols re fe r to  iaC -s tiep tom y cin  concen
tra tio n s  from  w hich  accu m u la tio n  to o k  p lace : x -------x ,  15 /¿g./m l.; O ------- O , 20 /yg./
m l.; A ------ A , 30 /¿g./m l.; ■ ------- ■ , 40 /¿g./ml.
F ig . 6. E x te n t  o f decrease in  g ro w th  ra te  a n d  ce ll-bound  14C -strep tom ycin  lo st d u rin g  
in h ib ite d  g ro w th , before o n se t o f recovery . Sym bols re fe r to  “ C -strep tom y cin  concen
tra tio n s  from  w hich  accu m u la tio n  to o k  p la c e : x ----- -X  , 15 /¿g ./m l.; O ------ O , 20 /¿ g . /m .;
A ------ A ,  30 /¿g ./m l.; ■ ------- ■ . 40 /¿g./ml.

Such losses of cell-bound radioactivity during continued growth in absence of 
extracellular streptomycin might have occurred by several mechanisms. In the 
first place, they might have been due to lysis of some individuals in treated popu
lations, more probably those with the greatest intracellular concentrations of anti
biotic. A small degree of lysis, say less than 10-15% of the population, would not 
necessarily be detected by the extinction measurements. However, if such small 
proportions of the population were to account for 4 0 - 6 0 %  of the total i n i t i a l  
intracellular streptomycin concentrations of the population it would mean that the 
intracellular concentrations of these organisms would have to be many times higher 
than the population mean. It would also suggest that the actual concentrations 
which produced lysis would vary (over a 9 to 12-fold range; see above) with the



total intracellular concentrations. Further, it is difficult to see why such losses, if 
they occurred by lysis of some individuals with exceptionally high intracellular 
streptomycin concentrations, should proceed for several hours when the extra
cellular streptomycin concentrations must be negligible, as compared to those from 
which accumulation originally took place.

The intracellular streptomycin concentrations, associated with a given decrease 
in growth rate, vary with the extracellular concentration from which accumulation 
took place. This suggests that increasing portions of intracellular streptomycin are 
non-inhibitory when the extracellular concentrations are increased; in other words 
that intracellular streptomycin contains a non-inhibitory ‘pool’ fraction. The 
subsequent loss of cell-bound radioactivity during inhibited growth could, therefore, 
be from such ‘non-inhibitory’ antibiotic or from the ‘inhibitory’ fraction. In the 
former case, were the losses to represent all of the ‘ pools ’ then the streptomycin 
retained should represent the inhibitory fraction, tightly bound to the sites of 
inhibition. This reasoning demands that the lowest values for streptomycin retained 
must represent the maximum values for the ‘inhibitory’ fraction. Figure 5 shows 
the cell-bound streptomycin, retained at the onset of recovery (again expressed as 
c.p.m./mg. dry wt. organism in the original culture) against the % decrease in 
growth rates. The lowest values, mainly those from experiments where accumulation 
took place from 15 fig. streptomycin/ml. culture, give a straight line which goes 
through the origin and extrapolates to approximately 2-2 c.p.m./mg. dry wt. 
organism for complete growth inhibition. It could be argued, therefore, that this 
line represents the minimun ‘inhibitory’ concentration of intracellular strepto
mycin. The fact that the values obtained in some of the experiments, where 
intracellular accumulation occurred from higher external concentrations of 
streptomycin, diverge from this line, might mean that in these cultures parts of 
the ‘pools’ were retained at the times when the final measurements were made 
(approximately at the time of onset of recovery).

If, on the other hand, the losses of intracellular streptomycin during inhibited 
growth occurred by breakdown or degradation of the ‘ inhibitory ’ fraction of anti
biotic, then the maximum amounts lost at onset of recovery would represent 
minimum values for the concentration of streptomycin initially at the inhibition 
sites. In general, one would expect that if the ‘ inhibitory ’ fraction were gradually 
lost during growth, the growth rates should show a continuous recovery. Since they 
do not, but remain exponential for several hours, one might assume that combina
tion with inhibition sites amounts to irreversible inactivation of these, in which case 
the loss of such an ‘inhibitory’ fraction need not affect the growth rates. Figure 6 
relates the amounts of cell-bound radioactivity lost during inhibited growth until 
the onset of recovery, to the degree of decrease in growth rates. It indicates that 
in this case the size of the ‘inhibitory’ fraction would increase exponentially with 
increasing inhibitory effect.

Recovery of radioactivity from culture filtrates at the end of inhibited growth
We tried to recover the radioactivity lost from the organisms in the culture 

filtrates collected at the end of the phase of exponential inhibited growth. Since the 
total amounts of radioactivity involved were very small, and to gain some idea 
whether the lost radioactivity still behaved as streptomycin, we treated the culture
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filtrates with activated charcoal, and counted the radioactivity adsorbed to this. 
In a preliminary experiment to test the adsorption of streptomycin to charcoal, a 
culture of Escherichia coli b was grown in the usual medium to the middle of the 
logarithmic phase (about equiv. 0-3 mg. dry wt. organism/ml.) and after removal 
of the organisms, streptomycin calcium chloride complex (to 200 jug. base/ml.) was 
dissolved in the filtrate. Three 10 ml. portions, each containing 2-0 mg. strepto
mycin, were treated with 100, 150 and 200 mg. charcoal, respectively. After filtra
tion, the streptomycin in the filtrate was estimated, after appropriate dilution, by 
the plate diffusion assay (Humphrey & Lightbown, 1952). Table 2 shows the results. 
Thus, 99% of the streptomycin in the culture filtrate was adsorbed by 100 times its 
weight of charcoal.
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Table 2. Adsorption of streptomycin to charcoal from culture 
filtrate of Escherichia coli n

C ultu re  filtra te  (nil.) 10 10 10
S trep to m y c in  CaCl2 ad d ed  (m g. base) 2 2 2
C harcoal ad d ed  (m g.) 100 150 200
W eigh t ra tio , charco al: s trep to m y cin 50 75 10C
S trep to m y c in  ( /<,g.) le ft in  f i ltra te  a f te r  rem ov al o f 59-2 24-7 17-9

charcoal
S trep to m y c in  adso rbed  on  charcoal ( % ) 9 7 1 98-8 9 8 1

Table 3. Radioactivity adsorbed to charcoal from filtrates of Escherichia coli b cultures 
ich ich had been treated ■ with UC-streptomycin and continued to grow after removal of 
extracellular streptomycin

F ilt ra te  1 F ilt ra te  2
V olum e of f i ltra te  (m l.) 19 V olum e o f f iltra te  (ml.) 20-5
M axim um  ex p ec ted  ra d io a c tiv ity M axim um  ex p ec ted  ra d io a c tiv ity

from  am o u n ts  o f cell-bound from  am o u n ts  o f cell-bound
ra d io a c tiv ity  lo st ra d io a c tiv ity  lo st

As c.p .m . 20 A s c.p.m . 6-1
As fig . s tre p to m y cin 1-18 As fig . s trep to m y cin 0-36

C harcoal t r e a tm e n t
c.p.m . on  charco al c.p .m . on  charcoal

0-2 m g. charcoal, le ft 20 m in. a t 1-3 1 0  m g. charcoal, occasional 2-3
20° sh ak ing  20 m in . a t  20°

+  1-5 m g. charco al occasional 4-63 +  20 fig . cold s tre p to m y cin , le ft 2-35
shak ing , 30 m in . a t  20° 18 h r. occasional shak ing , + 2 1  

m g. charcoal, shaken  fo r 30 m in. 
a t  20°

+  2 1  m g. charcoal, left w ith  
sh ak in g  50 m in  a t  20° 

F il t ra te  w as lo st

3 0 8

T o ta ls  recovered 9 1 4-95

The filtrates from two of the streptomycin-treated cultures, after re-suspension 
in streptomycin-free media and inhibited growth during which radioactivity was 
lost from the organisms, were assayed for radioactivity. After storage at — 403 thev 
were treated with charcoal and the radioactivity adsorbed to the charcoal counted 
(Table 3). In this case, up to 80% of the radioactivity lost from the organisms



341
during inhibited growth after treatment with 14C-streptomycin, was recovered 
from the filtrates. However, comparison of the data in Tables 2 and 3 shows that this 
radioactive material did not behave like streptomycin with respect to adsorption to 
charcoal. In filtrate 1, a weight ratio of charcoal/streptomycin (estimated on the 
basis of streptomycin lost from the organisms) of 165, adsorbed only 6-5 % of the 
calculated maximum, and 14% of the total radioactivity which was finally re
covered, for which a weight ratio (charcoal/streptomycin) of about 7600 was used. 
In filtrate 2, the weight ratio of charcoal/streptomycin lost from the organisms was 
about 8000 and adsorbed 80% of the calculated maximum radioactivity which 
could have been present. In this experiment unlabelled streptomycin, 20 fig. base, 
was added to the filtrate after the first charcoal treatment and allowed to stand 
overnight to facilitate desorption of radioactive material which might have been 
adsorbed to the glass of the vessel. The possibility that this difference in adsorption 
to charcoal between the control experiment and the treated samples might have 
been due to differences in the culture filtrates from which adsorption tcok place 
cannot be excluded. Although in the control experiment a filtrate from Escherichia 
coli b  which had grown in the same medium for about the same number of genera
tions was used, this culture had not grown in presence of streptcmycin. It is possible 
that there was a difference in the metabolism and/or excreted products as between 
streptomycin-treated and control cultures which affected the adsorption of strepto
mycin from such filtrates to charcoal. The alternative view that the radioactive 
material lost from the organisms was not in the form of free streptomycin, but some 
degradation product or complex with other cell-constituents seems equally likely. 
The concentrations were too low to allow biological assay.
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D IS C U S S IO N
This work was undertaken to test the inference from other observations (Kogut 

et at. 1965 a, b) and from a review of the literature (Kogut & Lightbown, 1964 b) that 
intracellular streptomycin and dihydrostreptomycin can be in two phases, an 
‘inhibitory fraction’ tightly bound to the sites of inhibition and a ‘ non-inhibitory 
pool fraction ’, and that the uptake into these two fractions must be governed, at 
least in part, by independent factors. None of the earlier studies on the intracellular 
accumulation of streptomycin by several bacterial species, as well as algae (Pramer 
1956; Litwak & Pramer, 1957; Szybalski & Mashima, 1959; Hancock, 1962«, b; 
Hurwitz & Rosano, 1962) dealt with rates of uptake from different external con
centrations and quantitative comparisons between intracellular concentrations and 
antibiotic effects. However, Hurwitz & Rosano (1962) proposed that ‘binding’or 
uptake of streptomycin by Escherichia coli b  can be in three phases; (1) adsorption 
which is rapid, reversible and not related to the antibiotic action; (2) a second phase, 
claimed to occur ‘prior to killing’ and presumably before cessation of growth (see 
Kogut et al., 19656, for discussion of the relation between so-called ‘killing’ and 
growth inhibition) which was thought to be the ‘ effective ’ intracellular concentra
tion ; (3) a third phase which was thought to occur after the organisms were rendered 
non-viable, but which was shown to be different in character from the uptake of 
streptomycin exhibited by organisms previously killed by heat cr toluene treatment.

We have sought to exclude the first, adsorption, phase by washing procedures,
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and have defined as ‘intracellular’ the radioactivity accumulated during growth in 
presence of 14C-streptomycin which cannot be removed from the organisms by 
washing in growth medium containing excess of unlabelled streptomycin, as first 
proposed by Hancock (1962a). Whilst the present paper was in preparation, Dr It. 
Hancock (personal communication) reported on a ‘non-exchangeable fraction of 
bound streptomycin in Escherichia coli’. His use of ditritiostreptomycin of much 
higher specific activity than the 14C-streptomycin used by us, provided a more 
sensitive system for the study of the early stages of streptomycin uptake. Dr 
Hancock’s uptake curve for Escherichia coli ml 35, from 3H-streptomycin 25 ,«g./ml. 
extending over 25-30 min. is very different from ours. Although his washing experi
ment showed that 50 m//g. 3H-streptomycin/mg. dry wt, organism was regained 
after two washings, (hence defined as the ‘non-exchangeable fraction of bound 
streptomvcin’) the uptake curve showed that this amount was found within the 
first few minutes, after which the curve became approximately linear. In our experi
ments, the cultures might also have contained such a relatively small rapidly bound 
fraction (presumably residual adsorbed streptomycin) and Hancock’s uptake 
curve would approximately fit ours for 30 /tg. streptomycin/ml. external concen
tration (Fig. 1).

Most of our ‘intracellular accumulation’, however, overlaps the phases 2 and 3 
of Hurwitz & Rosano (1962). Like these authors, we found that intracellular accu
mulation was not linear with duration of exposure to streptomycin, but we also 
found that it was not a linear function of the degree of decrease in growth rate. This 
degree of decrease in growth rate (i.e. the inhibitory effect) was, however, linearly 
related to the duration of growth in a given streptomycin concentration and the 
slopes of these linear rates were proportional to the logarithms of the external 
streptomycin concentrations. We previously inferred that the ‘inhibitory effect’ 
must be a direct result of the ‘ effective concentration ’ of inhibitor, namely, its 
concentration at inhibition sites. This inference involves the assumption that the 
number or concentration of inhibition sites is the same as in controls. It would 
perhaps be more legitimate to say that the residual growth rates, which must of 
course also be a linear function of the duration of treatment, reflect the lack of 
combination between inhibitory sites and streptomycin. The fact that the same 
residual growth rate can exist with different intracellular streptomycin concen
trations, and the fact that, after removal of extracellular streptomycin, the residual 
growth rates remain constant for several hours, must mean that under all these 
conditions the concentration of uncombined sites is constant. We have inferred 
that a non-inhibitory ’pool ’ fraction (possibly phase 3 of Hurwitz & Rosano, 1962) 
is accumulated more or less simultaneously with an ‘inhibitory’ streptomycin 
fraction which combines with the inhibition sites (presumably the ribosomes), 
but at different rates. By equating ‘non-inhibitory’ with ‘pool’ material, we are 
alluding to its possible function; the term ‘pool’ does not exclude combination with 
some cellular constituents. The proportion of intracellular streptomycin in these 
two fractions would accordingly vary with the duration of exposure and with the 
extracellular streptomycin concentrations from which accumulation takes place. 
After removal of extracellular streptomycin, transfer from the ‘pool’ to newly 
synthesized sites (ribosomes) must proceed at rates which would keep the concen
tration of uncombined sites constant until the onset of recovery. If the total con
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centration of inhibition or combining sites were constant and the same as in controls, 
this would mean that such transfer was not a simple equilibrium process. However, 
the total concentration of inhibitory or combining sites need not be constant and 
the same as in controls, when cultures are exposed to streptomycin. Several workers 
(Erdos & Ullmann, 1959; Flaks et al. 1962; Hancock, personal communication; 
Dubin, Hancock & Davis, 1963; Hahn et al. 1962) have reported that synthesis of 
some RNA fractions is stimulated on addition of streptomycin to growing cultures; 
the evidence is conflicting as to which RNA components are affected. Our obser
vations would fit the hypothesis that on intracellular uptake of streptomycin, the 
synthesis of RNA material, including ribosomes or precursors of ribosomes, is 
stimulated, so that the concentrations of streptomycin in combination with this 
material increase logarithmically with time, whilst the concentration of uncombined 
active ribosomes would decrease linearly with time during growth in streptomycin- 
containing medium. In this case, after removal of extracellular streptomycin, the 
further synthesis of ribosomes might be at rates governed by the combined strepto
mycin fraction, with transfer occurring from this to the new sites, but without 
liberation of active sites. The rates of transfer could then be proportional to the 
concentration of streptomycin in the ‘pool’ or combined fraction. The constancy 
of growth rates after removal of extracellular streptomycin might also be explained 
if the synthesis of ‘active’ ribosomes were strictly dependent on the presence or 
functioning of active ribosomes. In this case, no transfer from any ‘pool’ or other 
sites would be involved.

The loss of cell-bound radioactivity after removal of extracellular streptomycin 
could provide a reasonable explanation of the recovery phenomenon. If only active 
ribosomes were replicated and no transfer from ‘ pool ’ fractions took place, recovery 
might occur if some ribosomes were re-activated or synthesized from liberated pre
cursors, by loss of cell-bound streptomycin. Such ‘re-activation’ would have to 
occur only occasionally, since about 50 % of the intracellular radioactivity can be 
lost from the organisms before the recovery of growth rates becomes apparent. 
However, if the constancy of growth rates after removal of extracellular strepto
mycin involves transfer of intracellular antibiotic from ‘pool’ or ‘combined’ 
fractions to newly synthesized ribosomes, recovery could start when rate of transfer, 
due to depletion of this fraction, became slower than synthesis of new sites.

Several workers have estimated the ‘minimum lethal’ or ‘growth-inhibitory’ 
concentration of streptomycin inside organisms. This was reported to be 3 x 105 
molecules/organism for Escherichia coli b (Hurwitz & Rosano, 1962), 5 x 104 mole- 
cules/organism for Bacillus megaterium (Hancock, 19626) and 2 x 104 molecules/ 
organism for E. coli, ml 35 (Dr R. Hancock, personal communication). We have 
obtained minimum values of streptomycin retained by E. coli b at the beginning of 
recovery, which extrapolate to 3 x 104 molecules/organism at complete growth 
inhibition (2-2 c.p.m./mg. dry wt. = 0-13 /ig. streptomycin/3 x 109 organisms). 
These values could amount to a few molecules/ribosome; 1-2 molecules of strepto- 
mycin/ribosome will inhibit polypeptide synthesis in vitro by ribosomal prepara
tions from a sensitive strain of E. coli (Flaks et al. 1962). Since the ribosome content 
of bacteria has been shown to vary with growth rate (Kjeldgaard & Kurland, 1963; 
Rossett, Monier & Julien, 1964), the ‘effective inhibitory concentrations of 
streptomycin/organisms, namely those required to inactivate enough ribosomes to
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stop growth, might well vary with growth conditions. We suggest that they may also
vary because the synthesis of ribosomes might vary with streptomycin treatment.

Our thanks are due to Mr M. Wilkins for efficient and willing technical assistance.
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The Role of Penicillin Acylase in the Resistance of 
Gram-Negative Bacteria to Penicillins
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SU M M A R Y

The resistance of 148 clinical isolates of Gram-negative bacteria to ampicillin and benzylpenicillin was determined in serial-dilution sensitivity tests, together with the extent of inactivation of the penicillins, and the production of 6-aminopenicillanic acid (6-APA). Many of the cultures were resistant to the penicillins and inactivated the compounds, but only one culture, a strain of Escherichia coli, showed penicillin acylase activity, as indicated by the production of 6-APA. However, the cultural conditions prevailing in serial-dilution tests, namely, stationary culture at 37°, although favourable for the functioning of penicillin acylases, were shown to be highly unfavourable for production of the enzyme by coliform bacteria.
IN T R O D U C T IO N

The resistance of certain Gram-negative bacteria to ampicillin and benzyl- 
penicillin has been shown to be associated with the destruction of the penicillins by 
the /Mactamase (penicillinase, Fig. 1) activity of these organisms (Ayliffe, 1963; 
Percival, Brumfitt & de Louvois, 1963; Sutherland, 1964). However, the occurrence 
of penicillin acylase activity, leading to the hydrolysis of penicillins with the pro
duction of the relatively inactive 6-aminopenicillanic acid (6-APA) (Fig. 1) has 
been reported in many species of Gram-negative bacteria (Kaufmann & Bauer, 
1960; Rolinson et al. 1960; Claridge, Gourevitch & Lein, 1960; Huang, Seto & Shull, 
1963), and resistance to penicillins as a result of penicillin acylase activity has been 
described by English, McBride & Huang (1960) and by Holt & Stewart (1964a). 
The latter authors reported that 40% of 310 clinical strains of Escherichia coli 
examined produced penicillin amidase (penicillin acylase), but the properties of the 
enzyme extracted from one of these cultures, E. coli ncib 9465, (Holt & Stewart, 
19646) differed very markedly from those of the penicillin acylases produced by 
other strains of E. coli (Rolinson et al. 1960; Kaufmann, Bauer & Offe, 1960; 
Kaufmann & Bauer, 1964).

The experiments described here were designed to investigate the occurrence of 
penicillin acylase activity among Gram-negative bacteria of clinical origin and to 
ascertain the role of this enzyme in the resistance of bacteria tc penicillins. Because 
optimum cultural conditions for the formation of penicillin acylase by Escherichia 
coli (Kaufmann & Bauer, 1964) are different from those prevailing in antibiotic 
sensitivity tests, a lack of activity in these tests might be due either to intrinsic 
inability of the organism to form the enzyme or to the cultural conditions being 
unfavourable for production of penicillin acylase. Accordingly, the Gram-negative
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bacteria used in these experiments were examined for penicillin acylase activity, 
not only in the serial-dilution tests employed routinely for the determination of 
bacterial sensitivity to antibiotics, but also in experiments using cultural conditions 
found to be especially favourable for the formation of penicillin acylase by Entero-
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bacteriaceae. It was hoped by this means to obtain a true measure of the occurrence 
of penicillin acylase among Gram-negative bacteria. Three strains of E. coli reported 
by Holt & Stewart (1964a, b) to be penicillin acylase-producing cultures were also 
included in the studies reported here.
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Bacterial cultures. A total of 148 strains of Gram-negative bacteria which were 
predominantly resistant to ampicillin and benzylpenicillin were obtained from 
several hospitals. In addition, ten strains of bacteria of non-clinical origin known 
to produce penicillin acylase were included in these experiments.

Effects of cultural conditions on penicillin acylase formation in Escherichia coli, 
strain c 975. Conical flasks (500 ml.) containing 50 ml. of medium were inoculated 
with 0-5 ml. of an overnight nutrient broth culture of a clinical strain of E. coli, 
c 975. The cultures were incubated stationary or on a rotary shaker, at 26° or 37° 
(see Table 1 for details). After 18 hr sodium benzylpenicillin was added to all flasks 
to a final concentration of 1 mg. penicillin/ml. The penicillin was added in m /4 

phosphate bulfer (pH 8-5) as penicillin acylase is known to be most active under 
alkaline conditions (Rolinson et al. 1960). All flasks were shaken for 4 hr at 30° after 
which samples were assayed for 6-APA as described below. The following media were 
employed:

(a) Yeatex medium consisting of 2-5% Yeatex paste (Standard grade, English 
Grains Ltd., Shobnall Road, Burton-on-Trent, Notts.) in water, adjusted to pH 7-0.

(b) Yeatex medium + 0-15 % phenylacetic acid. This acid was dissolved in NaOH 
to give a 5% solution at pH 7-0 which was added to the Yeatex medium to the 
desired concentration, and the whole was adjusted to pH 7-0 before sterilization at 
15 lb./sq. in. for 15 min.

(c) Nutrient broth (Oxoid no. 2) adjusted to pH 7-0.
(d) Nutrient broth +  0-15% phenylacetic acid as in (h).
Measurement of antibacterial activity. Minimal inhibitory concentrations of 

ampicillin and benzylpenicillin required to inhibit growth of the test bacteria were 
measured by two-fold serial dilution in nutrient broth (Oxoid no. 2). The penicillins 
were incorporated in graded concentrations in 5 ml. volumes of nutrient broth which 
were inoculated with one drop (0-03 ml.) of an overnight culture of the test organism. 
Inhibitory concentrations were determined after overnight incubation at 37°.

Measurement of penicillin destruction in penicillin sensitivity tests. The destruction 
of penicillins in the antibacterial tests described above was estimated by micro
biological assay of residual penicillin with an agar diffusion method (Sutherland, 
1964). Certain samples were also examined for /7-lactamase activity by chromatogra
phic examination for penicilloic acids.

Penicillin acylase activity in penicillin sensitivity tests. Samples were taken from 
cultures containing the highest concentration of penicillin allowing growth after 
overnight incubation and these were examined for 6-APA.

Penicillin acylase in shaken flask cultures. Two 500 ml. conical flasks containing 
50 ml. of a solution consisting of 2-5 % Yeatex paste and sodium phenylacetate at a 
final concentration equivalent to 0-1% phenylacetic acid were inoculated with 0-5 
ml. of an overnight nutrient broth culture of the test organism. The flasks were 
shaken on a rotary shaker (1 in. throw) at 24° for 24 hr Ten ml. of a 6 mg./ml. 
solution of sodium benzylpenicillin in m /4 phosphate buffer (pH 8-5) were added to 
one of the flasks to give a concentration of 1 mg./ml. penicillin. A similar quantity 
of ampicillin was added to the second flask. The flasks were transferred to a rotary 
shaker and shaken at 30°. After 4 hr 0-5 ml. of «-butyl acetate was added to each
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flask and the shaking was continued for a further hour by which time the cultures 
were non-viable. The flasks were assayed for 6-APA content by paper chromato
graphy as described below. Solutions of benzylpenicillin and ampicillin were also 
chromatographed to provide standards for the estimation of the amount of residual 
penicillin in the reaction mixtures.

Analytical methods. Detection and estimation of 6-APA. Filter paper strips, 
Whatman no. 1, 1 cm. wide, were spotted in duplicate with 6 /A. of the samples 
under test. The benzylpenicillin reaction mixtures were chromatographed with a 
butanol + ethanol solvent system («-butanol + ethanol + water 4 +  1 +  5 v/v top 
phase). Ampicillin reaction mixtures were chromatographed in a butanol + acetic 
acid solvent system («-butanol + acetic acid +  water, 12 +  3 +  5 v/v). In both cases 
chromatography was carried out overnight at 5°. The chromatograms were dried 
at 40° and one of each pair was sprayed with 5% aqueous sodium bicarbonate, 5% 
phenylacetyl chloride in acetone and 5 % aqueous sodium bicarbonate, consecutively, 
to convert 6-APA into benzylpenicillin (Batchelor, Doyle, Naylor & Rolinson, 1959). 
The zones of ampicillin, benzylpenicillin and phenylacetylated 6-APA were located 
by placing dried chromatograms on nutrient agar seeded with a spore suspension of 
B. subtilis a tcc  6633 and incubated at 37°. The appearance on only the phenyl
acetylated chromatogram of an antibacterial zone at the RF given below was taken 
to indicate the presence of 6-APA. Solutions of 6-APA in m /20 , pH 7, phosphate 
buffer were also chromatographed alongside samples of reaction mixtures so as to 
provide standards for the estimation of 6-APA. On the phenylacetylated chroma
tograms a solution of 6-APA 5 fig./ml. yielded an inhibition zone 14-15 mm. wide 
at an RF of about 0-44 in butanol + acetic acid and 16-18 mm. wide at an R, of 
about 0T2 in butanol +  ethanol. Under these conditions 6-APA 1 /tg./ml. could be 
detected. Phenylacetylated chromatograms of the benzylpenicillin and ampicillin 
solutions showed no zones of 6-APA. Benzylpenicillin had an RF of 0-39 in butanol +  
ethanol and ampicillin an RF of 0-74 in butanol + acetic acid.

Detection of penicilloic acids. Test samples (6-30 /d.), containing about 3 fig. 
penicilloic acid were applied to sheets of Whatman No. 1 chromatography paper and 
3 fig. of the penicilloic acids of ampicillin, benzylpenicillin and 6-APA were also 
treated in the same way, as standards. The penicilloic acids were prepared in two 
ways. In the first method 5 mg. of penicillin or 6-APA in 5 ml. of water was treated 
with 0-75 ml. of 5 N-NaOH for 30 min. at 37°, after which the solution was neutra
lized with 0-75 ml. of 5 n-HCI and the volume made up to 10 ml. with water. In 
the second method 5 mg. cf penicillin or 6-APA in 5 ml. m /2 0  phosphate buffer 
(pH 7) was treated for 30 min. at 37° with 1 ml. of the supernatant fluid of a penicil
linase (/?-lactamase)-producing culture of Bacillus cereus, after which the volume was 
adjusted to 10 ml. The chromatograms were developed with a butanol +  pyridine 
solvent («-butanol +  pyridine +  water, 1 + 1 + 1 v/v) overnight at 5° after which they 
were dried at 40° and sprayed with the starch +  iodine +  acetic acid spray described 
by Thomas (1961), to reveal white penicilloic acid zones on a dark background. The 
approximate RF values of the various compounds in the above solvent system were:

Benzylpenicillin 0-75 Ampicillin penicilloic acid 0 37Ampicillin
Benzylpenicilloic acid

0-62
0-51

6-APA penicilloic acid 0-28
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Factors affecting penicillin acylase formation by Escherichia coli c 975 
The results given in Table 1 illustrate the effect of cultural conditions on the 

formation of penicillin acylase in Escherichia coli c 975, one of the clinical strains of 
bacteria examined. Under the most favourable conditions, namely, growth at 26° 
in a shaken flask of Yeatex medium containing phenylacetic acid, all the available 
benzylpenicillin was converted to 6-APA. It can be seen that the cultural conditions 
had a significant effect on the amount of growth, but enzyme formation was not 
necessarily proportional to bacterial growth. For example, the shaken cultures 
grown in nutrient broth at 26° and at 37° produced similar quantities of bacteria, 
but the penicillin acylase activity of the culture grown at 26° was at least a hundred
fold greater than that of the culture grown at 37°. Likewise, the growth-promoting 
effect of phenylacetic acid did not account entirely for the observed increase in 
enzyme activity.

Table 1. Effect of cultural conditions on the productioti of penicillin 
acylase by a clinical isolate of Escherichia coli c 975

E . co li c 975 w as g row n fo r 18 h r  u n d e r th e  co nditions show n below , a f te r  w hich  te n z y l-  
pen icillin  to  a  final co n ce n tra tio n  o f 1 m g ./m l. w as ad d ed  to  each  flask. T h e  cu ltu res  
w ere in c u b a te d  a t  30° fo r 4 h r , w hen  th e  co n ce n tra tio n  o f 6-A PA  w as m easured .

C u ltu ra l conditions G ro w th  : E n z y m e
______A_---------- \ 0 -1 5% d ry  w t. a c t iv i ty :

T em pera- p heny lace tic b a c te r ia 6-A PA
B asa l m ed ium tu re A era tio n ac id (m g./m l.) (/tg ./m l.)

2-5 %  n u tr ie n t  b ro th  p H  7 0 37° S ta tic A b sen t 0-38 T race
37° S haken A b sen t 1 1 3 T race
26° S ta tic A b sen t 0-33 18
26° S haken A b sen t 1-39 100
26° S haken P re se n t 2 1 4 515

2-5 %  Y ea te x  p H  7-0 26° S haken P re se n t 3-6 635

Distribution of minimal inhibitory concentrations 
The organisms tested for sensitivity to ampicillin and benzylpenicillin, together 

with the respective minimal inhibitory concentrations, are shown in Table 2. 
Because the organisms used in this wrork were predominantly resistant to the 
penicillins the proportion sensitive to the penicillins in these tests was smaller than 
is typical of strains encountered routinely in clinical practice (Sutherland & 
Rolinson, 1964; Sutherland & Batchelor, 1964).

Penicillin acylase activity in penicillin sensitivity tests 
In the sensitivity tests with 148 clinical cultures of bacteria, 133 strains (90%) 

destroyed benzylpenicillin and 91 strains (61%) caused some destruction of 
ampicillin. However, only one culture, Escherichia coli 1 187, showed any penicillin 
acylase in these tests. With this culture a trace of 6-APA (<  1 /tg./ml.) was 
detected in the test with benzylpenicillin but none was found with ampicillin. The 
conditions of pH (alkaline) and temperature (37°) prevailing in these sensitivity 
tests were favourable for penicillin acylase activity (Rolinson et al. 1960), hence 
lack of enzyme activity in these tests was due to absence of the enzyme.
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Formation of penicillin acylase by clinical strains of Gram-negative 
bacteria in shaken flask cultures

Of the 148 clinical strains of Gram-negative bacteria tested in the shaken flask 
test with Yeatex medium containing phenylacetic acid, ten strains were found to 
show penicillin acylase activity (see Table 3). Most of these strains formed large 
amounts of 6-APA from benzylpenicillin and ampicillin but the ratio of penicillin 
acylase activities against the two substrates varied from culture to culture. One 
of the reasons for this is the simultaneous production of penicillin acylase and /?- 
lactamase in some cultures. For example, with benzylpenicillin as substrate, far 
less than the theoretical maximum yield of 6-APA (viz. 608 /ig./ml.) was obtained 
from cultures of Escherichia coli 1 187 and c 975, although the amount of residual 
benzylpenicillin in the reaction mixture had fallen to zero, suggesting that some 
other penicillin-destroying factor, such as /5-lactamase, was operating. However, 
when ampicillin was used as substrate for these two cultures, the yields of 6-APA 
were greater and residual ampicillin was present presumably because it was not 
destroyed by //-lactamase. These results are consistent with the greater stability of 
ampicillin to penicillinase (//-lactamase) activities of certain Gram-negative bacteria 
(Ayliffe, 1963: Percival, Brumfitt & de Louvois, 1963; Smith, 1963; Sutherland, 
1964). Where the penicillin acylase activity of cultures was not complicated by the 
presence of /7-lactamase, as evidenced by the presence of substantial quantities of 
residual benzylpenicillin, viz. Escherichia coli 1 199 and Proteus rettgeri c, benzyl
penicillin was a better substrate for penicillin acylase than arnpiciflin. Cultures of
E. coli t 432 and P. rettgeri a, d, g and i, incubated with benzylpenicillin contained 
more than 200 fig.¡ml. 6-APA, and low levels of residual penicillin, suggesting that 
penicillin acylase was the predominant enzyme, although the presence of some 
/7-lactamase activity cannot be ruled out. Of these cultures, E. coli t 432 would 
appear to be the most active penicillin acylase producer judging by the high yield 
of 6-APA obtained from ampicillin.

The results in Table 3 also include data obtained with these cultures in the serial- 
dilution sensitivity tests. Although all ten strains produced penicillin acylase in 
the shaken culture test, this enzyme was absent in serial-dilution tests except in the 
case of Escherichia coli 1 187 for which a trace of 6-APA was detected. These cultures 
were also examined in the serial-dilution tests for the presence of penicilloic acids. 
In all cultures where there was significant destruction of the penicillin, the cognate 
penicilloic acid was detected signifying //-lactamase activity. In no case was the 
penicilloic acid of 6-APA observed.

Com oarative tests with known penicillin acylase-produdng bacteria 
The yields of 6-APA produced by ten strains of saprophytic bacteria in penicillin 

acylase-producing shaken culture tests are shown in Table 3. Comparison of the yields 
of 6-APA with the amount of residual benzyl penicillin or ampicillin showed that 
two strains of Alcaligenes faecalis (brl 1237 and brl 1238) produced high penicillin 
acylase activity and in view of the high residual penicillin values, little or no /?- 
lactamase activity. Three strains of Escherichia coli (xcib 8742, ncib 8741 and 
brl 1009) also produced high amounts of penicillin acylase but as the residual benzyl-



penicillin values were of a low order it is possible that /Mactamase was also present. The remaining bacteria demonstrated lower penicillin acylase activity and with 
A. faecalis n c i b  8156, which produced only 6-APA 3-5 /tg./ml., substantial /?- lactamase activity was present.In serial-dilution tests with these cultures, penicillin acylase activity was not observed with any of the strains of Escherichia coli. Small amounts of 6-APA were detected with Alcaligenes faecalis in the tests with benzylpenicillin and only one of these strains produced 6-APA in the test with ampicillin. A trace of 6-APA was found in the culture of Pseudomonas pyocyanea b r l  1058 incubated with ampicillin. In no instance did the 6-APA measured account for all of the penicillin destruction observed in the sensitivity tests indicating that /?-lactamase activity was also present.

Destruction of penicillins by Escherichia coli n c ib  9464, 
n c ib  9465 and n c ib  9466

Cultures of Escherichia coli n c i b  9464 n c i b  9465 and n c i b  9466, reported by Holt & Stewart (1964a, b) to produce 6-APA from penicillins, were obtained from the National Collection of Industrial Bacteria. All three cultures were resistant to
Table 4. Destruction of penicillins by Escherichia coli n c ib  9464, 

n c ib  9465 and n c ib  9466 in sensitivity tests
M inim al in h ib ito ry  co n cen tra tio n s  o f b en zy lpen ic illin  a n d  6 -A P A  re q u ired  to  in h ib it th e  
g ro w th  o f E . co li ncib 9464, ncib 9465, a n d  ncib 9466 fo r 18 h r  a t  37° w ere d e te rm in e d  b y  
seria l d ilu tio n  in  n u tr ie n t  b ro th . A fte r o v e rn ig h t in cu b a tio n , re sidu al a n tib io tic  a c tiv i ty  
w as m easu red  b y  m icrobiological assay , a n d  6-A PA  a n d  penicillo ic ac id  p ro d u c tio n  in  th e  
benzy lpen ic illin  se n s itiv ity  te s ts  w as d e te rm in ed  b y  ch ro m ato g ra p h y

G ro w th  a n d  pen icillin  co n cen tra tio n  
(/tg ./m l.) a f te r  in cu b a tio n  a t  37° 

fo r 18 h r.
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S tra in P enic illin 500* °50 125 50 25 12 5 5 0
E sch erich ia  coli B enzylpen icillin + + + + + + +

ncib 9464 o t 0 0
6-A PA — — — + + + +

36 16 10 4-2
E . coli ncib 9465 B enzylpen icillin + + + + + + +

Of 0 0
6-A PA — — — + + + +

33 18 7-6 3-8
E . co li ncib 9466 B enzylpen icillin — + + + + + +

360 Of 0
6-A PA — — — + + + +

38 19 6 1 3-8
+  =  g ro w th ; — =  no  g ro w th .
* T h e  co n ce n tra tio n s  re p resen t th e  in itia l co n cen tra tio n s  (/tg ./m l.) o f pen icillins p rio r to  

in cu b a tio n  w ith  th e  cu ltu res .
f  C h ro m ato grap h ic  e x a m in a tio n  o f th ese  cu ltu res  show ed large zones c f  benzy lpen icillo ic ac id  

a n d  no  tra c e  o f 6-A PA.

benzylpenicillin in serial-dilution tests and brought about complete destruction of the penicillin in these tests (Table 4). Chromatographic examination of these cultures failed to show the presence of 6-APA but, did show benzylpenicilloic acid.



Destruction of benzylpenicillin in these serial-dilution tests was due therefore to penicillinase (/Mactamase) activity. In contrast, 6-APA was highly stable to these cultures of E. coli, there being little or no destruction of the compound in the serial - dilution tests (Table 4). Moreover, when these strains of E. coli were grown under • conditions favourable for penicillin acylase production as described in the Methods, no trace of penicillin acylase activity was detected in reactions with benzylpenicillin. However, chromatographic examination of the reaction mixtures showed the presence of benzylpenicilloic acid, indicating /5-lactamase activity.As the three strains of Escherichia coli failed to show penicillin acylase activity in the tests described above, E. coli n c i b  9465 was cultured and tested under the conditions reported by Holt & Stewart (19646). Thus, the organism was grown for 48 hr at 37° in nutrient broth containing benzylpenicillin 100 /tg./ml., but after incubation of the 48-hr old culture with benzylpenicillin at 4-0°, pH 5-5, no trace of 6 -APA was detected. Instead, chromatographic examination of the reaction mixtures at pH 5-5 showed the presence of large amounts of benzylpenicilloic acid and a small amount of benzylpenilloic acid, the the decarboxylation product of benzylpenicilloic acid (PI. 1 ). Similarly, a dialysed, freeze-dried specimen of enzyme prepared from E. coli n c i b  9465 as described by Holt & Stewart (19646) failed to show penicillin acylase activity, but destroyed benzylpenicillin as a result of /iliac t am ase activity.
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D IS C U SS IO N
In the experiments described here many of the strains of Gram-negative bacteria used were resistant to ampicillin and benzylpenicillin and were capable of destroying these penicillins in the serial-dilution sensitivity tests, but in only one case, a strain of Escherichia coli 1 187, was there any evidence of penicillin acylase activity, namely the production of 6-APA from benzylpenicillin. In this series of tests, therefore, penicillin acylase activity was not a significant factor in the penicillin resistance shown by these cultures. Even with E. coli 1 187, in which penicillin acylase was present, penicillin destruction was due primarily to /Mactamase activity.It has been our previous experience in this laboratory that production of penicillin acylase by non-clinical strains of Escherichia coli is favoured by low temperature, vigorous aeration and the addition of phenylacetic acid to the medium. The results reported here indicate that these cultural conditions are also favourable for the production of penicillin acylase by bacteria of clinical origin. Even so, out of 148 cultures of clinical bacteria tested, only ten cultures, four strains of E. coli and six strains of Proteus rettgeri, converted ampicillin and benzylpenicillin to 6 -APA under these conditions. It is evident, therefore, that only a relatively small number of Gram-negative bacteria of clinical origin are capable of producing penicillin acylase. Moreover, these results confirm that the conditions prevailing in sensitivity tests where the bacteria are cultured at alkaline pH at 37° in stationary culture, although favourable for the functioning of the enzyme (Rolinson et al. 1960), are most unfavourable for penicillin acylase formation. Hence, most strains of penicillin acylase-producing bacteria are unable to produce the enzyme in serial-dilution tests, but may instead bring about destruction of penicillins by /Mactamase activity.The resistance of bacteria to penicillins as a result of penicillin acylase activity



355
has been described by English et al. (1960) but few details of experimental conditions or extent of occurrence were given. More recently, Holt & Stewart (1964a, b) have reported penicillin acylase activity to play a significant role in bacterial resistance to penicillins and have described the occurrence of penicillin acylase activity in 40 % of clinical strains of coliform bacteria grown in normal nutrient media at 37°. However, we have been unable to demonstrate penicillin acylase activity with cultures of Escherichia coli n c i b  9464, n c i b  9465 and n c i b  9466 reported by Holt & Stewart (1964a, h) to be active penicillin acylase-producing cultures. On the contrary, we have found that the inactivation of penicillin by these strains was due solely to /?-lactamase activity with the formation of the cognate penicilloic acid.

The reason for the striking discrepancy between the results reported here with 
Escherichia coli n c i b  9464, n c i b  9465 and n c i b  9466 and those reported by Holt & 
Stewart (1964a, b) would appear to be due to the fact that Holt & Stewart classified 
as penicillin acylase-producing bacteria, cultures which inactivated benzylpenicillin 
but not 6-APA. However, it is known that 6-APA is usually more stable to the 
penicillinases (/Mactamases) of bacteria than is benzylpenicillin (Percival, Brumfitt & 
de Louvois, 1963; Smith & Hamilton-Miller, 1963). Hence, ^-lactamase producing 
strains of E. coli might well destroy benzylpenicillin much more rapidly than 6-APA 
and this is the case with E. coli n c i b  9464, n c i b  9465 and n c i b  9466. The most 
satisfactory way of detecting the presence of penicillin acylase is by demonstrating 
the product of the reaction, 6-APA. This is most conveniently done by detecting 
the 6-APA on chromatograms of reaction mixtures by making use of the unique 
property of conversion of 6-APA to a biologically-active substance after treatment 
with phenylacetyl chloride. The incidence of penicillin acylase among clinical strains 
of E. coli reported by Holt & Stewart (1964 a, b) must be regarded as being erroneously 
high.

There seems little doubt that in typical antibiotic sensitivity tests with clinical 
strains of Gram-negative bacteria, penicillin acylase activity is seldom seen, not 
only because of the limited number of cultures capable of producing 6-APA from 
ampicillin or benzylpenicillin, but also because of the unfavourable cultural con
ditions in serial-dilution tests for the production of penicillin acylase by bacteria. 
Penicillin acylase activity is thus not a factor normally responsible for resistance 
of Gram-negative bacteria to ampicillin and benzylpenicillin.

We are grateful to Mrs M. V. Hart and Mrs E. Fairclough for skilled technical 
assistance and to Dr G. N. Rolinson for helpful advice and criticism.
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E X P L A N A T IO N  O F  P L A T E
C h rom ato gram  show ing  th e  d eg rad a tio n  o f benzy lpen ic illin  b y  E sch erich ia  co li ncib 9465

C hro m ato g rap h y  s y s te m : n -b u tan o l +  p y rid in e  +  w ate r, 1 +  1 +  1 v /v . D escending. W h a tm a n  N o. 1. 
R u n  o v e rn ig h t a t  5°. S ta rch  +  iod ine sp ray . Sam ples 1 -5  ap p lied  a t  tw o  spo ts /o rig in , i.e. 12-16  ¡A. 
R eac tio n  m ix tu re s  1 -5  consisted  o f 1 vol. o f sod ium  benzy lpen ic illin  3000 /¿g./m l. in  0-2 M -acetate 
buffer (p H  5-5) p lus 5 vol. o f one o f th e  follow ing, a d ju s te d  to  p H  5-5 a n d  in cu b a te d  fo r 5 h r  a t  
37°.
1. 40-hr cu ltu re  of ncib 9465 grow n s ta tica lly  a t  37° in  n u tr ie n t b ro th  co n ta in ing  benzy lpenicillin- 
100 /(g./m l.
2. E . coli cen trifug ed  from  1 vol. o f above c u ltu re  a n d  resu sp en d ed  in  1 vol o f 0-2 M-acetate buffer 
(pH  5-5).
3. F il t ra te  o b ta in ed  a f te r  cen trifug in g  a n d  m em b ran e  filtering  above cu ltu re .
4. F reeze-d ried  m a te ria l p rep a red  as in  3 a n d  re c o n s titu te d  a t  double  orig inal co n cen tra tio n .
5. 0-2 M -acetate b uffer (p H  5-5).
6. B enzylpenicilloic ac id  500 /(g./m l. p rep a red  b y  tre a tm e n t o f benzy lpen icillin  w ith  /3-lactam ase 
o b ta in ed  from  B . cereus (one spo t/o rig in ).
I  =  benzy lpen ic illin , I I ,  =  benzy lpen illo ic  ac id , I I I ,  =  benzy lpen icillo ic acid .
B u tan o l +  eth an o l +  w a te r  ch ro m o to gram s o f reac tio n  m ix tu re s  1 -5  d id  n o t reveal an y  6-A PA  
a f te r  p h e n y la ce ty la tio n  a n d  co n tac tin g  w ith  ag a r seeded  w ith  B . sn b lih s .  A 6-A PA  zone w as 
d e te c ted  fo r a  5 «g./m l. 6 -A PA  so lu tion .
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Thiosulphate Metabolism and Rhodanese in 
Chromatium sp. strain d

B y  A. J. SMITH* a n d  JUNE LASCELLES 
M ic r o b io lo g y  U n i t ,  D e p a r tm e n t  o f  B io c h e m is t r y ,  U n iv e r s i t y  o f  O x fo r d

(R e c e iv e d  27  A u g u s t  1965)

SU M M A R Y
Suspensions of Chromatium n oxidized thiosulphate completely to sulphate (in the light) under anaerobic conditions in the presence of carbon dioxide. During the oxidation, intracellular sulphur accumulated transiently and sulphate production followed a biphasic pattern. Using inner- 35S-thiosulphate, the initial burst of sulphate production, which accounted for about half of the total yield, occurred principally at the expense of the inner (S03-) atom of thiosulphate; there was no intracellular accumulation of labelled sulphur. The radioactivity from outer-35S-thiosulphate accumulated transiently within the organisms and was transferred to sulphate at a rate which was similar to the second phase of sulphate production; most of the outer (S-) atom therefore passed through the stage of endogenous sulphur. Extracts of the organism catalysed the cyanolysis of thiosulphate to give sulphite and thiocyanate. An assay for this enzyme, rhodanese, based on the spontaneous reduction of 2 ,6-diehlorophenol-indophenol by sulphite was developed. The enzyme was also detected in extracts of Athiorhodaceae. The enzyme was partially purified from extracts of Chromatium d  and resolved into two active fractions. It is concluded that endogenous sulphur is an intermediate in the oxidation of thiosulphate by Chromatium d  and that the cleavage of the S—S bond in the molecule is a key step in the oxidation process. Rhodanese, which catalyses this type of reaction, may be concerned in this cleavage.

IN T R O D U C T IO N
Photosynthetic sulphur bacteria assimilate carbon dioxide into cell material under anaerobic conditions in the light with the concomitant oxidation of a variety of reduced inorganic sulphur compounds to sulphate or to an intermediate oxidation product such as sulphur (van Niel, 1 9 3 1 ; Larsen, 19 5 2 , 19 5 3 ). The ability of purple sulphur bacteria (Thiorhodaceae) to accumulate globules of sulphur intracellularly during autotrophic growth on sulphide and thiosulphate is a characteristic feature of these organisms (van Niel, 1 9 3 1 , 19 3 6 ; Eymers & Wassink, 19 3 7 ). Tie role of endogenous sulphur in the oxidation of thiosulphate by Thiorhodaceae is uncertain.The oxidation of inorganic sulphur compounds has been studied more intensively with thiobacilli which oxidize them under aerobic conditions in the dark to sulphate or intermediate oxidation products such as polythionates and elementary sulphur. The accumulation of extracellular sulphur during such processes has been variously attributed to biological reactions (Starkey, 19 3 5 ; Peck, 1960) and to spontaneous
* P re se n t ad d ress: B ac te rio lo gy  D e p a r tm e n t, U n iv e rs ity  o f C alifornia, B erke ley , C alifornia, 

U .S .A .
23-2



reactions (Tamiya, Haga & Huzisige, 1941; Vishniac, 1952; Rittenberg & London, 1964). The results of experiments both with whole organisms and with extracts has led to two differing schools of thought concerning the mechanism of the initial attack on thiosulphate:(1 ) the oxidative coupling of two molecules to give tetratliionate (Trudinger, 1958, 1959; Vishniac & Santer, 1957; Rittenberg & London, 1964);(2) the reductive cleavage of one molecule to give sulphide and sulphite (Peck, 1960; Peck & Fisher, 1962).In the present work, the metabolism of thiosulphate and other inorganic sulphur compounds has been studied in the purple sulphur bacterium Chromatium strain d  to establish the mechanism of thiosulphate oxidation and the role of intracellular sulphur in this process. In the course of this work thiosulphate sulphur-transferase activity was demonstrated in extracts. This enzyme catalyses the cyanide-dependent cleavage of thiosulphate to form thiocyanate and sulphite (equation 1 ) and has been extensively studied with purified preparations from mammalian sources such as liver and kidney (Green & Westley, 1961; Westley & Nakamoto, 1962). In the presence of reduced lipoic acid (Lip(SH)2) the enzyme catalyses the reductive cleavage of thiosulphate (equation 2 ); lipoyl persulphide is an intermediate in this reaction (Villarejo & Westley, 1963a, 1963ft).
S2032- + CN--^S032- + CNS-, (1 )SSH

. /S2032_-|-Lip(SH)2 S032_ + Lip -> Lip(S)2 + S2_. (2 )
\SH

Thiosulphate sulphur-transferase EC 2 .8 .1 .1 . (which will be referred to as rhodanese) has been partially purified from Chromatium d  and its possible relevance to thiosulphate metabolism has been examined. This work has been briefly reported elsewhere (Smith, 1964, 1965).
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M E T H O D S
O rgan ism s. The culture of C hrom atium  sp. strain d  and its maintenance as stab cultures on the thiosulphate + salts medium have been previously described (Hurlbert & Lascelles, 1963). This organism was used throughout these studies except in the investigations with extracts where the Athiorhodaceae, R h o d o sp irillu m  rubrum  and Rhodopseudom onas spheroides were also used. These organisms were grown anaerobically in the light on the malate + glutamate medium described by Lascelles(1959) fortified in the case of R h o d o sp irillu m  rubrum  with yeast extract (0-2 %, w/v).
M e d ia . The thiosulphate +  bicarbonate +  salts medium used for the growth of 

Chromatium d  was that described by Hurlbert & Lascelles (1963). In some experi
ments organic substrates were used in place of thiosulphate, as described previously.

Grow th o f cu ltures. In preparing organisms for experiments with suspensions and cell-free extracts the inoculum was taken from a stab culture or from a liquid culture for volumes in excess of 1 1 . (approximately 1 ml. of liquid culture/100 ml. of medium). The cultures were incubated in completely filled glass-stoppered bottles at 34° in a light cabinet fitted with banks of 15 W. tungsten lamps. The organisms were free of endogenous sulphur and fully grown after 2-4 days.
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For the quantitative investigation of growth on various inorganic sulphur compounds, sulphide (0-0 1 %, w/v) and thiosulphate (up to 0-3%. w/v) were omitted from the complete salts medium and replaced by the appropriate sulphur compound The inoculum, taken from a liquid culture, gave an initial concentration equiv. 30 mg. protein/1.; for growth on endogenous sulphur, the initial concentration equiv. was 70 mg. protein/1. The inoculated medium was incubated in Roux bottles under oxygen-free nitrogen in a glass-sided water bath at 34° illuminated with 150 W. tungsten lamps 15 cm. from the bath; the light intensity was approximately 150 ft.c. at the surface of the vessel. The densities of the cultures were measured at the end of growth as protein determined by the biuret method described by Hurlbert & Lascelles (1963). The protein:dry weight ratios of organisms grown on various inorganic sulphur compounds were in the range 0-5-0-6.
Preparation and incubation of suspensions. Organisms were normally harvested from the thiosulphate + salts medium at the end of growth when largely free of endogenous sulphur by centrifuging at 2500 g  for 15 min., washed twice in about one-fifth the original culture volume of 0-04 M-potassium phosphate buffer (pH 7-5) and resuspended in 0T M-potassium phosphate buffer (pH 6-75) containing sodium bicarbonate (60 him) and sodium thiosulphate (2-40 mm). Suspensions were incubated at 34° and gassed continuously with N2 + 5% C02; the final pH was 7-3. For investigations at low intensities of illumination, suspensions containing up to 2-0 mg. protein/ml. were incubated in flat-sided glass bottles in a glass-sided water bath as described above. Incubations at higher intensities of illumination (up to 500 ft.c. at the level of the suspension) were made in a photosynthetic Warburg tank (American Instrument Co., Inc., Washington, D.C.) illuminated from below with a bank of twelve 10 0 W. tungsten lamps coupled to a rheostat. Suspensions containing 0-2-0-5 mg. of protein/ml. were incubated in this bath in flat- bottomed conical flasks shaken transversely at 10 0 eye./min. with an amplitude of 4 cm.
Preparation of extracts. Organisms were normally harvested at the end of growth when largely free of endogenous sulphur by centrifuging at 2500 g  for 15 min., washed twice in one-tenth the original culture volume of 0-04 M-potassium phosphate buffer (pH 6 T) and resuspended in the same buffer at concentrations to 50 mg. protein/ml. Crude extracts were prepared by the French press or by ultrasonic treatment (Hurlbert & Lascelles, 1963). They were centrifuged at 18,000 g  for 

20 min. to remove whole organisms and debris. Cell breakage and all subsequent fractionations were done at 0-5°; extracts and extract fractions were stored at 
- 20° .

Assay for rhodanese. The reaction mixture contained, in a volume of 3 ml.: tris buffer (pH 8-7), 300 /¿mole; sodium thiosulphate, 150 /¿moles; half neutralized sodium cyanide (NaCN/HCl, 2-5/1., mole/mole), 150-240 /¿moles; 2 ,6-dichloro- phenol-indophenol (DCIP), 0-5 /¿mole; W-methylphenazoniummethosulphate (PMS), 0-25 mg.; enzyme preparation equivalent to 0-5 mg. of crude extract protein. The reaction was initiated by the addition of cyanide to the otherwise complete reaction mixture. The reference cuvette contained the complete reaction mixture without thiosulphate. DCIP reduction was followed at room temperature (18-20°) using a recording double-beam grating spectrophotometer (Optica type CF4DR Optica U.K. Ltd., Gateshead-on-Tyne, England). The millimolar extinction coeffi

Sulphur metabolism and rhodanese in chromatium
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cient of DCIP at 600 m/t is 19-1 (Basford & Huennekens, 1955). The unit of enzyme activity was defined as the amount of enzyme which catalysed the reduction of 30 m/imole of DCIP/min.

P u r ific a tio n  o f rhodanese. Particle-bound pigment was removed from the extract prepared from 1 2  1. of fully grown culture by centrifuging at 100,000 g  for 60 min. in a Spinco model L ultracentrifuge. The supernatant fraction was treated with 5% (w/v) streptomycin sulphate (Glaxo Laboratories Ltd., Greenford, England) in 0-04 M-potassium phosphate buffer (pH 6 vl) to a final concentration of 0-6 mg. of streptomycin sulphate/mg. extract protein. Precipitated nucleic acid was removed after 15 min. by centrifuging at 18,000 g  for 20 min. Protein was precipitated from the supernatant fluid with saturated ammonium sulphate (pH 7-0) at a final concentration of 90 % saturation (by volume). After 30 min., the precipitated protein was removed by centrifuging at ! 8 ,000g for 20 min., and was redissolved in a minimum amount of 0-04 M-potassium phosphate buffer (pH 6-1). The concentrated protein fraction was applied to a column (35 x 1-5 cm.) of Sephadex G75 (Pharmacia) and eluted with 0.01 M-potassium phosphate buffer (pH 6-1). The enzyme recovered from the column was transferred to a column (10 x 1-5 cm.) of DEAE-DE50 cellulose (Whatmans.). Protein was eluted with potassium phosphate buffer (pH 6T) using a concentration gradient (10-500 mM); the flow rate was 2 ml./min. and the eluate was collected in 5 ml. fractions.
A n a ly t ic a l methods. With crude extracts, protein was precipitated and pigments 

were removed by heating the samples to 65° with 5 ml. of acid ethanol (400 ml. of 
ethanol, 5 ml. of glacial acetic acid and 10 0 ml. of water). The extraction procedure 
was repeated at least twice. The protein suspension was collected by centrifuging 
and the protein determination carried out as described by Hurlbert & Lascelles(1963). Protein determinations at all stages of extract fractionation after the 
removal of pigments from the crude extract were made by u.v. absorption (Layne, 1957).

The concentrations of thiosulphate and sulphate in suspensions were determined 
using samples of the supernatant fluid after the organisms had been removed by 
centrifuging. Thiosulphate was determined titrimetrically with standardized iodine, 
and by the methods of Schoon (1959) and Sorbo (1957). Sulphate was determined 
by the method of Gleen & Quastel (1953).

An approximate estimate of the accumulation of sulphur within the organisms 
in a suspension oxidizing thiosulphate was made by following the change in tur
bidity of the suspension with an EEL photoelectric colorimeter with a neutral 
density filter (Evans Electroselenium Ltd., Halstead, Essex, England.).

Phosphate was determined by the method of Taussky & Shorr (1953).
M easurem ent o f 3iS  h i the organism s and  su lphate in  suspensions. For determination of radioactivity in the organisms, samples of suspension containing 0-06 mg. protein were drawn through cellulose plastic filters under vacuum (Millipore filters of pore size 0-65 ,« held in a Pyrex microanalysis filter-holder; Millipore Filter Corporation, Bedford, Mass., U.S.A.). The organisms on the filter were washed with water. Samples for the determination of 33S in the sulphate were centrifuged to remove the organisms. Supernatant fluid containing up to 6 //mole sulphate was made up to 9 ml. with water and mixed with 1 ml. of reagent (15 g. of barium chloride and4-8 ml. of concentrated hydrochloric acid in 100 ml. of water); samples of the sus



pension containing up to 0-7 mg. dry weight of barium sulphate were drawn through cellulose plastic filters under vacuum and washed with water.The filter pads containing organisms and barium sulphate were dried at room temperature and glued to aluminium foil planchets. Samples were counted with an end-window Geiger-Miiller tube (EHM25, General Electric Co., England) in a lead castle coupled to an Ecko Automatic Scaler (type N530D, Ecko Electronics Ltd., England). Self-absorption was negligible and the counts were corrected for background. The efficiency of counting was approximately 3-5%.
Chem icals. Tetrathionate was prepared by the method of Gi man (1946).The sodium salts of inorganic sulphur compounds were used throughout these studies.
35S-thiosulphates were obtained from the Radiochemical Centre (Amersham, Bucks., England). The original specific activities were in the range 1 0 -2 0  me.///mole.
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R E S U L T S
G row th o f C krom atium  d

Autotrophic growth of the organism was supported by sulphide, sulphur, thio
sulphate and sulphite (Table 1); intracellular sulphur accumulated transiently 
during growth on sulphide and thiosulphate and such endogenous stores of sulphur 
supported the further growth of the organism on the salts medium in the absence

Table 1. Grow th o f C krom atium  d  on in o rg an ic  su lp h u r com pounds

T he b asa l sa lts  m ed ium , co n ta in in g  0 -5 %  N a H C 0 3, w as sup p lem en ted  w ith  th io su l
p h a te , su lph ide, su lp h ite  o r te tra th io n a te , each  a t  a  final co n ce n tra tio n  o f 4  mM. O rg an 
ism s th a t  w ere in  th e  s ta t io n a ry  p hase  a n d  la rgely  free  o f su lp h u r w ere u sed  as th e  
inocu lum . In  th e  e x p e rim en t show ing  g ro w th  on  endogenous su lp h u r, o rgan ism s w ere 
h a rv e s te d  d u rin g  g ro w th  on  th io su lp h a te  w hen  p ack ed  w ith  su lp h u r a n d  u sed  as th e  in o 
cu lu m  fo r s te rile  su lp h ur-free  sa lts  m ed iu m  (see M ethods section). A n o th e r sam ple o f 
th ese  o rgan ism s w as in c u b a te d  in  th e  suspension  m ed ium  a t  a  c o n ce n tra tio n  o f 1 5 mg. 
p ro te in /m l. fo r sev era l h o u rs ; th e  su lp h a te  p ro d u ced  w as d e te rm in ed  a n d  u sed  as a 
m easu re  o f th e  in trac e llu la r su lp h u r. G ro w th  w as e s tim a te d  as th e  increase in  p ro te in ,
w hen  th e  cu ltu res  h a d  reach ed  th e  s ta t io n a ry  phase.

G ro w th  y ield R ed u c in g  ca p a c ity
S u lp h u r com pound (mg. p ro te in /m m ole) (electrons/m olecule)

T h io su lp h a te 27 8
Sulph ide 27 8
S u lp h ite 6 2
S u lp h u r (endogenous) 19 6
T e tra th io n a te N o g ro w th 14
T e tra th io n a te  -f th io su lp h a te N o g ro w th -

of added sulphur compounds (Table 1). Tetrathionate did not support nhe auto
trophic growth of the organism and the polythionate inhibited the growth of the 
organism on thiosulphate (Table 1 ). It also inhibited growth on organic compounds 
such as pyruvate and succinate.

Under autotrophic conditions the extent of growth was dependent on the amount 
of sulphur compound in the medium and, on a molar basis, was proportional to the 
number of electrons released during oxidation of the sulphur compound to sulphate 
(Table 1).
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O x id ation  o f in o rg an ic  su lp h u r com pounds by suspensions o f 
Chrom atium  d

T h iosu lphate  ox idation . Suspensions of inorganic grown organisms in phosphate buffer and bicarbonate, at pH 7-3, oxidized thiosulphate completely to sulphate under anaerobic conditions in the light (Fig. 1 ). The production of sulphate from thiosulphate followed a biphasic pattern. The rapid disappearance of thiosulphate was accompanied by the rapid production of up to 60 % of the theoretical yield of sulphate and the intracellular accumulation of sulphur. When thiosulphate had disappeared, sulphate was produced at a much slower rate, presumably from the endogenous sulphur which had accumulated during the initial period. Under these conditions, tetrathionate was not detected in suspensions during thiosulphate oxidation. The rates of thiosulphate disappearance and of sulphur accumulation were dependent on the intensity of illumination in the range 0 -2 0 0  ft.c. Above the light saturation point, the rate of thiosulphate disappearance was strictly dependent on the density of the suspension. The kinetics of thiosulphate utilization and sulphate production by suspensions were, however, similar at both low (150 ft.c.) and high (500 ft.c.) intensities of illumination.
Table 2. T h io su lphate  ox idation  by suspensions o f organism s under 

va rio us cond itions

O rganism s grow n o n  th io su lp h a te  w ere h a rv e s te d  a n d  resusp en d ed  to  a  d en s ity  o f 
1-5 m g. p ro te in /m l. in  th e  suspension  m ed iu m  co n ta in in g  th io su lp h a te  (2 mM). T h e sus
pension  w as in cu b a te d  a t  a  lig h t in te n s ity  o f 150 f t .c ., w ith  a  gas p h ase  o f N 2/5 %  COs o r 
a i r /C 0 2.

T h io su lp h a te  S u lp h a te  p ro du ced
d isap pearance  a f te r  20 h r

C onditions (/¿m ole/hr/m l.) (%  th eo re tica l)
A naerob ic  d a rk  
A naerob ic  lig h t 
A erobic, d a rk  
A erobic, lig h t

0 0
2-9 96
2-2 62
5-3 72

The oxidation of thiosulphate was not affected by the omission of phosphate, by the addition of organic compounds (pyruvate, 10 mM; succinate, 10 mM), or by the presence of considerable amounts of endogenous sulphur within the organisms of the suspension. Under anaerobic conditions, thiosulphate did not disappear in the absence of the physiological oxidant, bicarbonate, or in the dark. Under aerobic conditions (gas phase, air/C02), however, thiosulphate oxidation by suspensions was not light-dependent but was increased by illumination (Table 2 ).
O x idation  o f other in o rg an ic  su lp h u r com pounds. Suspensions of thiosulphate- 

grown organisms harvested during growth, when they contained considerable 
amounts of intracellular sulphur, oxidized this endogenous sulphur to sulphate 
under anaerobic conditions in the light. Sulphate production was accompanied 
by a fall in the turbidity of the suspension (Fig. 2). The fact that organisms oxidized 
endogenous sulphur to sulphate enabled an estimate to be made of the magnitude 
of sulphur accumulation during growth on thiosulphate. Determination of the 
sulphate produced by organisms harvested when they contained much intracellular
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Fig. 1. O x id a tio n  o f th io su lp h a te  b y  a  suspension  o f C hrom atiu m  D. A  suspension  o f 
th io su lp h a te -g ro w n  o rgan ism s co n ta in in g  0-25 m g. o f p ro te in /m l. w as in c u b a te d  u n d e r 
an aero b ic  con ditio n s a t  a  lig h t in te n s ity  o f 500 ft.c . in  th e  p resence o f th io su lp h a te  
(2 m M ) .  T h io su lp h a te  (— A — ) d isap pearance , su lp h u r accu m u la tio n  a n d  su lp h a te
(— O — ) p ro d u c tio n  w ere d e te rm in ed , as described  in  th e  M ethods section.
F ig . 2. O x id a tio n  o f endogenous su lp h u r. A  suspension  o f th io su lp h ate -g ro w n  organ ism s 
(0-25 m g. o f p ro te in /m l.) co n ta in in g  endogenous su lp h u r w as in c u b a te d  u n d e r an aero b ic  
co nditions a t  a  lig h t in te n s ity  o f 500 ft.c . S u lp h u r (--■ --) u tiliza tio n  a n d  su lp h a te  
(— O — ) p ro d u c tio n  w ere de te rm in ed .

Table 3. O x id ation  o f in o rg an ic  su lp h u r com pounds by suspensions o f
organism s

S uspensions o f th io su lp h a te -g ro w n  organ ism s (1-5 m g. o f p ro te in /m l.) w ere in cu b a te d  
u n d e r an aero b ic  con d itio n s a t  a  lig h t in te n s ity  o f 150 f t.c . w ith  th e  a p p ro p r ia te  su lp h u r 
co m p ou nd — sulp h id e  (10 m u ), su lp h ite  (10 m M ) ,  th io su lp h a te  (10 m M )  o r exogenous 
e lem e n ta ry  su lp h u r. In  th e  ex p erim en t show ing th e  o x id a tio n  o f endogenous su lp h ur, 
th e  o rgan ism s co n ta in e d  m u ch  in trac e llu la r su lp h u r w hen  h a rv es te d . T he ra te  o f su lp h ite  
o x id a tio n  w as co rrec ted  fo r th e  spo n tan eo us  re ac tio n  a n d  th e  figures q u o te d  fo r th io su l
p h a te  re fe r to  th e  firs t a n d  second  p hases  o f su lp h a te  p ro du ctio n .

S u lp h u r co m pound  
T h io su lp h a te

Sulph ide
S u lp h u r (exogenous) 

(endogenous)
S u lp h ite

R a te  o f su lp h a te  
p ro d u c tio n  

(/¿m ole/hr/m l.) 
6-2 
1 1  
10
0- 4
1- 4 
5-4

sulphur showed that endogenous sulphur accounted for up to 27 % of the dry weight of the organisms.Sulphide, exogenous sulphur and sulphite were oxidized to sulphate by the suspensions (Table 3). Sulphur accumulated intracellularly during the oxidation of sulphide but not of sulphite. The suspensions did not oxidize tetrathionate to sulphate under anaerobic conditions in the light.
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O x id ation  o f 35S-th iosu lphates

The kinetics of thiosulphate utilization and of sulphate production suggested that the accumulation of intracellular sulphur represented an intermediate stage in the oxidation of thiosulphate to sulphate by the suspensions. This possibility was examined with 35S-thiosulphate labelled in the inner (S03-) and outer (S-) atoms. The magnitude of intracellular sulphur accumulation and the origin of this sulphur was also determined by such isotopic techniques. Radioactivity was measured in the sulphate produced and in the organisms of the suspensions (as described in the Methods section).

F ig . 3a . F ig . 3b.
F ig . 3. L ab ellin g  o f o rgan ism s a n d  su lp h a te  in  suspensions ox idizing  35S -th io su lp h ates. 
S im ilar suspensions o f  th io su lp h ate -g ro w n  o rgan ism s co n ta in in g  0 2 5  m g. p ro te in /n J . 
w ere in cu b a te d  u n d e r an aero b ic  co nditions a t  a  lig h t in te n s ity  o f 500 ft.c . in  th e  p resence 
of (a) in n e r (S 0 3-) a n d  (6) o u te r  (S-) labe lled  th io su lp h a te  (4 m j i ;  0-1 /iC.//(mole). T he 
am o u n ts  o f ra d io a c tiv ity  in  th e  su lp h a te  (— O — ) frac tio n  a n d  in  th e  o rgan ism s (— ■ — ) 
w ere d e te rm in ed . T h e  a rro w  in d ica te s  th e  com p letio n  o f th io su lp h a te  u tiliza tio n .

O x id ation  o f S - S5S 0 32~. The radioactivity of the thiosulphate was rapidly transferred to the sulphate fraction, during thiosulphate disappearance; on the completion of thiosulphate utilization, more than 90 % of the 36S added originally as thiosulphate was in the sulphate fraction (Fig. 3 a ). There was negligible accumulation of radioactivity in the organisms.
O x idation  o f 3BS - S 0 32~. During thiosulphate utilization, the organisms were labelled rapidly; on the completion of thiosulphate disappearance this labelling had reached a peak value equivalent to 80% of the radioactivity added initially as thiosulphate (Fig. 3b). As the incubation continued, 35S accumulated in the sulphate fraction at the expense of the radioactivity within the organisms.The labelling of the organisms during the oxidation of outer-labelled thiosulphate coincided with the change in turbidity of the suspension. Turbidity changes have been used in this work as a rough measure of intracellular sulphur accumulation during thiosulphate oxidation by suspensions (Fig. 1 ) in place of the lengthy analytical methods used by other workers (van Niel, 1936; Truper & Schlegel, 1964).
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The thiosulphate-cleaving enzyme (rhodanese )

Crude extracts of the organism catalysed a cyanide-dependent cleavage of thio
sulphate to thiocyanate and sulphite, an activity attributed to the enzyme rho
danese. This reaction did not occur with heated extracts.

Rhodanese assay. An assay for the enzyme based on the spontaneous reduction 
of DCIP by sulphite in the presence of PMS was developed and used to investigate 
the properties of the enzyme in crude extracts and to follow activity during enzyme 
fractionation : S20 32~ + CN- -> CNS- + S 0 32-,

SO32- +  DCIP S 0 42-  +  reduced DCIP.
With partially purified pig kidney rhodanese (Westley & Green, 1959), this assay method was compared with the standard assay for the mammalian enzyme. The reaction mixture used in the conventional enzyme assay (Sorbo, 1963) was supplemented with DCIP (0-5 /¿mole/3 ml.) and PMS (0-25 mg./3 ml.) and dye reduction was followed spectrophotometrically. Enzyme activity using the dye reduction method was 25 % lower than that given by the standard method, but the dye reduction system had the advantage of greater rapidity and sensitivity.

Table 4. Rhodanese activity in extracts of photosynthetic bacteria
E x tra c ts  w ere p re p a re d  from  organ ism s h a rv e s te d  to w ard s  th e  en d  o f g ro w th . T he 

a c tiv i ty  o f th e  enzym e in  e x tra c ts  w as d e te rm in ed  u sing  sam ples co n ta in in g  0 2 5  m g. 
p ro te in /m l. a n d  th e  valu es  w ere co rrec ted  fo r h ea t-s ta b le  a c tiv ity .

E n zy m e a c tiv ity
O rganism G row th  su b s tra te (u n its /m g . o f p ro te in )

C hrom atiu m  d s 2o 32- + c o 2 9
C hrom atiu m  D P y ru v a te 8
C hrom atiu m  n S uccina te 7
R h o d o sp ir illu m M alate  +  g lu ta m a te  +  0-2 %

ru b ru m
R h odop seu d om on a s

y e a s t e x tra c t 5
sp h ero id es M alate  +  g lu ta m a te 5 5

Properties of the rhodanese activity of crude extracts. The rhodanese activity of crude extracts of the organism was optimal at pH 8-7 and the Michaelis constants of the enzyme for thiosulphate and cyanide were 0-6 and 20 mM respectively. The enzyme was insensitive to EDTA (10 mM), fluoride (10 mu), azide (10 m:.i), thiocyanate (10 mM), cadmium ions (1 mM), arsenite (1 mM) and iodoacetats (1 mM). Tetrathionate (10-40 itim) added before or after the initiation of the reaction with cyanide inhibited the enzyme-dependent reduction of DCIP.The enzyme was found in extracts of Chromatium d grown on succinate and pyruvate and of anaerobically grown Rhodospirillum rubrum and Rhoiopseudo- 
monas spheroides. The amounts of enzyme in the extracts of the Athiorhodaceae were approximately half that in the extracts of inorganic grown Chromatium d (Table 4). The activity of the bacterial extracts was less than that in the pig kidney extract; this gave a value of 44 units/mg. protein when assayed in the same way.

Partial purification of the enzyme. The enzyme in crude extracts of inorganic grown Chromatium d was partially purified in a six-stage process (Table 5)
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aaT3O

F ig . 4. C h ro m a to g rap h y  o f rh o danese  o n  D E A E  cellulose. T h e  p ro te in  frac tio n  from  s tag e  
V  w as ap p lied  to  a  co lum n o f D E A E  cellulose. 15 %  o f  th e  to ta l  enzym e recovered  p assed  
th ro u g h  th e  co lum n a t  low ionic s tre n g th  (colum n frac tio ns  10-15  te rm e d  frac tio n  A ); th e  
rem ain d er o f th e  enzym ic a c tiv i ty  w as e lu ted  from  th e  co lum n w ith  350-400 m il buffer
(colum n frac tio n s  49 -57  te rm e d  frac tio n  B ). P ro te in  (----- ), b u ffer co n ce n tra tio n  (------- )
a n d  enzym e a c tiv i ty  (-------) w ere d e te rm in ed .

Table 5. Partial purification of the rhodanese activity in crude extracts
o f Chromatium d

T h e d e ta ils  o f th e  in d iv id u a l s teps  a re  g iven  in  M ethods. 5 m l. o f th e  co n ce n tra ted  
p ro te in  frac tio n  from  s tag e  IV  w ere ap p lied  to  th e  co lum n o f S ep liadex  before ch ro m o ta-
g rap h y  on D E A E  cellulose.

P ro d u c t T o ta l T o ta l
Specific
a c tiv i ty

vo lum e p ro te in enzym e (u n its /m g .
S tage  T re a tm e n t (m l.) (mg-) (un its) p ro te in )

I  F re n c h  press 30 1050 12000 11
I I  H igh-speed  cen trifu g a tio n 25 450 8550 19

I I I  S tre p to m y c in  su lp h a te
IV  A m m onium  su lp h a te

28 336 7050 21
0 -9 0  %  sa tu ra tio n 13 325 6120 19

V  D esaltin g  w ith  S ep had ex 12 124 2107 917
V I C hro m ato g rap h y  on  D E A E  cellulose

F ra c tio n  A  nos. (10-15) 30 0-5 148 296
F ra c tio n  B  (nos. 49-57) 45 22 887 40
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involving differential centrifuging, the precipitation of nucleic acid and enzyme with streptomycin sulphate and ammonium sulphate respectively, gel filtration on Sephadex and column chromatography on substituted celluloses. The enzyme was recovered from DEAE cellulose as well as from CM cellulose in two distinct fractions (Fig. 4). The smaller fraction (A) was unstable during storage and unsuitable for further study; the enzyme in the other fraction (B) was similar in optimum pH, Michaelis constant for thiosulphate and inhibition by tetrathionate to the activity of crude extracts. The enzyme in fraction B, after dialysis, was eluted from DEAE cellulose as a single peak of activity.

Sulphur metabolism and rhodanese in chromatium

D IS C U SS IO N
The growth of Chromatium sp. strain d  under autotrophic conditions on sulphide, thiosulphate, exogenous sulphur, and sulphite confirmed the observations of van Niel (1931). The ability to grow on thiosulphate is a feature which Chromatium d  has in common with the small Thiorhodaceae (thiopedia and thiocapsa species) and Chlorobium thiosulphatophilum and which distinguishes it from the large purple sulphur bacteria (Chromatium okenii, C. warmingii, Thiospirillum jenense) and 

Chlorobium limicola (see Truper & Schlegel, 1964). Tetrathionate, a suggested intermediate in the microbial oxidation of thiosulphate, did not support the growth of Chromatium d  under autotrophic conditions.Various workers have reported the intracellular accumulation of sulphur during the growth of Thiorhodaceae on sulphide and thiosulphate (van Niel, 1931, 1936; Eymers & Wassink, 1937). Sulphur accumulation was a characteristic feature of the growth of Chromatium d  on sulphide and thiosulphate and of the oxidation of these sulphur compounds by suspensions of the organism. This sulphur is an endogenous counterpart of the exogenous sulphur compounds required for autotrophic growth as it supported the further growth of the organism in a sulphur-free medium. Endogenous sulphur accounted for up to 27 % of the dry weight of the organism; similar amounts of sulphur accumulate in other Thiorhodaceae during growth on sulphide (van Niel, 1936; Truper & Schlegel, 1964). The chemical nature of this endogenous sulphur is not known. Intracellular sulphur bears some analogy to poly-/?-hydroxybutyrate, which accumulates in photosynthetic bacteria during growth under certain conditions on organic media (Stanier, Doudoroff, Kunisawa & Contopoulou, 1959; Doudoroff & Stanier, 1959). Endogenous sulphur resembles the polymer in the magnitude of accumulation, in its requirements for utilization and in its ability to support further growth. Both accumulants are a potential source of reducing power within the organism although poly-/f-hydroxybutyrate is also a source of fixed carbon.During thiosulphate utilization by suspensions of Chromatium d , the inner (S03-) atom was rapidly oxidized to sulphate whilst the outer (S-) atom largely accumulated as endogenous sulphur. On the completion of thiosulphate disappearance, more than 90 % of the inner atom and 15 % of the outer atom of thiosulphate were in the sulphate fraction; the remainder of the outer atom was within the organisms and was oxidized to sulphate at a relatively slow rate compared with the inner atom. At least 80 % of the outer atom of thiosulphate passed through the stage of endogenous sulphur, implying that it was an intermediate in the oxidation
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of thiosulphate to sulphate by Chromatium D. Endogenous sulphur has a similar intermediate role in the oxidation of sulphide by Chromatium okenii (Truper, 1964). In the present work the results indicated that the inner and outer sulphur atoms of thiosulphate were oxidized at different rates and therefore independently to sulphate. This requires the separation of the two sulphur atoms of thiosulphate at an early stage in the oxidation process. The fact that Chromatium d  grew on, and oxidized, sulphide, sulphur and sulphite but not tetrathionate was consistent with the key role envisaged for thiosulphate cleavage in the oxidation process (Fig. 5). The role of rhodanese in the oxidation of thiosulphate by Chromatium d  remains to be proved, especially since the enzyme was also found in Athiorhodaceae. It could, however, be concerned in the initial cleavage reaction. A double displacement mechanism has recently been proposed for the reaction catalysed by the mammalian enzyme (Green & Westley, 1961; Westley & Nakamoto, 1962; Villarejo & Westley, 1963a, b) involving the formation of an enzyme-sulphur intermediate.

The enzyme is regenerated in a reaction with an acceptor molecule such as cyanide 
or reduced lipoic acid. In the case of the oxidation of thiosulphate by Chromatium 
d , a reaction mechanism is envisaged in which a physiological acceptor reacts with 
an enzyme-sulphur intermediate to give sulphur or a closely related compound. 
Reactions other than the cyanide-dependent cleavage of thiosulphate catalysed by 
Chromatium rhodanese have yet to be demonstrated.Although the mechanism of the oxidation of inorganic sulphur compounds by coloured and colourless sulphur bacteria are apparently different in detail, the oxidation process in both groups of organisms is closely associated with the production of reducing power for the fixation of carbon dioxide and subsequent biosynthetic reactions. The growth yields of Chromatium d  in media containing a variety of reduced inorganic sulphur compounds were consistent with the electron donor role of the sulphur compound in bacterial photosynthesis (van Niel, 1931). The nature of the electron acceptors directly involved in the oxidation of sulphur compounds by Chromatium d  is, however, unknown.

This research was aided by a grant from the Department of Scientific and Indus
trial Research and from the Rockefeller Foundation. A.J.S. wishes to thank the 
Agricultural Research Council for a Research Studentship.
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The Role of Tetrathionate in the Oxidation of 
Thiosulphate by Chromatium sp. strain d
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SU M M A R Y

Sulphate was progressively replaced by tetrathionate as the end product of thiosulphate oxidation by suspensions of Chromatium d when the pH value was decreased from 7-3 to 6-25; tetrathionate was not itself oxidized to sulphate within this range. The effect of pH value on the oxidation of endogenous sulphur was less marked than on the production of sulphate from thiosulphate. Extracts of Chromatium d  catalysed the oxidation of thiosulphate to tetrathionate in the presence of ferricyanide; pH 5-0 was the optimum of the purified enzyme. Tetrathionate inhibited growth and the complete oxidation of thiosulphate by suspensions. At pH 6-75 where sulphur accumulated during thiosulphate utilization and sulphate and tetrathionate were formed, added tetrathionate inhibited the accumulation of endogenous sulphur but not the production of tetrathionate from thiosulphate. Tetrathionate had no effect on the oxidation of endogenous sulphur by suspensions. It is concluded that in Chromatium d  thiosulphate is metabolized by two alternative pathways depending on the conditions: (1 ) the cleavage of one molecule of thiosulphate in a reaction similar to that catalysed by thiosulphate sulphur-transferase E.C.2 .8 .1 .1 . (rhodanese); (2 ) the oxidative coupling of two molecules of thiosulphate to give tetrathionate, catalysed by the thiosulphate-oxidizing enzyme which only operates at low pH values.
IN T R O D U C T IO N

Tetrathionate has been suggested as an intermediate in the light-dependent oxidation of thiosulphate to sulphate by purple sulphur bacteria (van Niel, 1936; Eymers & Wassink, 1937; Wassink, 1941). The evidence, largely indirect, was based on the kinetics of carbon dioxide uptake by suspensions of purple sulphur bacteria in the presence of thiosulphate. In similar studies with Chlorobium 
thiosulphatophilum which grows on sulphide and thiosulohate but not on tetrathionate, Larsen (1952, 1953) reported that tetrathionate was oxidized by suspensions with the concomitant fixation of carbon dioxide. He suggested that tetrathionate might be an intermediate in the oxidation of thiosulphate by this organism. Manometric studies, however, gave no indication of an accumulation of tetrathionate during thiosulphate oxidation.Tetrathionate not only supports the chemo-autotrophic growth of several species of Thiobacillus, but also accumulates during their growth on other inorganic sulphur compounds (Parker & Prisk, 1953; Pratt, 1958; Pankliurst, 1964). Several

* P re se n t ad d ress: B ac te rio lo gy  D e p a r tm e n t, U n iv e rs ity  o f C alifornia, B erkeley , C alifornia, 
U .S.A .

24 G. Microb. 42
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workers have reported the accumulation of tetrathionate during the oxidation of 
sulphur compounds by suspensions of thiobacilli (Vishniac, 1952; Baalsrud & 
Baalsrud, 1954; Vishniac & Santer, 1957; Trudinger, 1959; Jones & Happold, 1961).

Extracts of Thiobacillus thioparus and T. thio-oxidans have recently been shown 
to catalyse the oxidation of sulphide, thiosulphate, tetrathionate, trithionate and 
sulphite to sulphate (Rittenberg & London, 1964). Tetrathionate was identified as 
a likely intermediate in the oxidation of sulphide and thiosulphate. Extracts of 
Thiobacillus X  contain an enzyme which catalyses the oxidation of thiosulphate 
to tetrathionate (Trudinger, 1958); by using soluble and particulate cytochrome 
preparations isolated from crude extracts, thiosulphate oxidation has been coupled 
to the uptake of oxygen. This enzyme is thought to catalyse the initial step in the 
oxidation of thiosulphate by Thiobacillus.

In the present work, the production of tetrathionate from thiosulphate and the 
effect of tetrathionate on the complete oxidation of thiosulphate and endogenous 
sulphur by Chromatium strain d were investigated to establish the role, if any, 
of polythionate in the oxidation of thiosulphate to sulphate. Extracts were used 
to provide an enzymological basis for the observation made with intact organisms.
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M E T H O D S
Organisms, media and growth of cultures. The culture of Chromatium sp. strain d 

was grown as described by Smith & Lascelles, (1966). This organism was used 
throughout these studies except in some experiments with extracts cf the 
Athiorhodaceae Rhodospirillum ruhrum and Rhodopseudomonas spheroides. These 
organisms were grown as described previously (Smith & Lascelles, 1966).

Preparation and incubation of suspensions. Organisms for suspensions were prepared and incubated as described previously (Smith & Lascelles, 1966). In the investigation of the effect of pH value on the oxidation of sulphur compounds, the concentration of sodium bicarbonate was decreased to 3 him and the pH value of the potassium phosphate buffer chosen so as to give the required final pH value when gassed with N2 95% (v/v) + C02 5% (v/v).
Assay of the thiosulphate-oxidizing enzyme. Extracts were prepared as described by Smith & Lascelles (1966) except that the washed organisms were finally suspended in 0 04 M-potassium phosphate buffer (pH 7-5). A modification of the Trudinger (1961) assay was used. The reaction mixture contained, in a volume of 3 ml.: acetate buffer (pH 5-5), 350 /¿moles; sodium thiosulphate, 25 /¿moles; potassium ferricyanide, 7-5 /¿moles; enzyme preparation equivalent to 1-5 mg. protein of crude extract. The reaction was started by the adding of enzyme. The reference cuvette contained the complete reaction mixture without thiosulphate. Ferricyanide reduction was followed at room temperature (18 to 20°) by using a recording double-beam grating spectrophotometer (Optica CF4DR, Optica U.K. Ltd., Gateshead-on-Tyne, England). The millimolar extinction coefficient of ferricyanide at 418 m̂  is 1-0 (Ibers & Davidson, 1951), and a unit of enzyme activity was defined as the amount which catalysed the reduction of 1 /¿mole ferricyanide/min.
Purification of the thiosulphate-oxidizing enzyme. Particle-bound pigment was 

removed from the extract prepared from 12 1. fully grown culture by centrifugation 
at 10 0,000 g  for 60 min. in a Spinco model L ultracentrifuge. The supernatant
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fluid fraction of the extract was treated with 5% (w/v) streptomycin sulphate (Glaxo Laboratories Ltd., Greenford, England) in 0-04 M-potassium phosphate buffer (pH 7-5) to give a final concentration of 1 mg. streptomycin sulphate/mg. extract protein. Precipitated nucleic acid was removed after 15 min. by centrifugation at 18,000 g  for 20 min. The supernatant fluid was adjusted to pH 4-6 with N-hydrochloric acid and precipitated protein removed after 5 min. by centrifugation at 18,000 g  for 10  min. The supernatant fluid was adjusted to pH 7-0 with N-sodium hydroxide. The enzyme was precipitated by 35-55% of saturation (by volume) with ammonium sulphate. Precipitated protein was removed after 30 min. by centrifugation at 18,000 g  for 20 min. and dissolved in a minimum amount of 0-04 M-potassium phosphate buffer (pH 7-0). After dialysis for 12 hr against mM- potassium phosphate buffer (pH 7-0), the concentrated enzyme preparation was applied to a column (15 x 1-5 cm.) of DEAE-DE50 cellulose (Whatman, Colnbrook, England). Protein was eluted with potassium phosphate buffer (pH 7-0) by using a concentration gradient (1-2 0 0  mu); the flow rate was 1 ml./min. and the eluate was collected in 5 ml. fractions.

Analytical methods. Protein, phosphate, thiosulphate, sulphate and endo
genous sulphur were determined as described previously (Smith & Lascelles, 1966). 
The amount of tetrathionate in suspensions was determined by the method of 
Sorbo (1957) in samples of the supernatant medium after the organisms had 
been removed by centrifugation.

Chromatography of inorganic sulphur compounds. Thiosulphate and polythionates 
were separated by descending chromatography on Whatman no. 1 paper with the 
solvent systems described by Skarzynski & Szczepkowski (1959) and Trudinger (1959). The chromatograms were dried at room temperature and the sulphur 
compounds located by the method of Trevelyan (1950).

Inorganic sulphur compounds. Sodium salts were used throughout these studies.

R E S U L T S
Effect of pH value on growth and the oxidation of inorganic sulphur

compounds
Chromatium d grew well on the thiosulphate + salts medium at pH 7-3 whereas the organism did not grow on the same medium at pH 6-5. Growth on pyruvate showed a similar dependence on the pH value of the medium.
Effect of pH value on the oxidation of thiosulphate. At pH 7-3, suspensions of organisms oxidized thiosulphate completely to sulphate under anaerobic conditions in the light in the presence of bicarbonate ; there was a transient accumulation of sulphur within the organisms (Fig. 1 ). At pH 6-25, thiosulphate disappearance was more rapid than at pH 7-3 but sulphate production was less than 25% of the theoretical (Fig. 1 ) and an accumulation of sulphur within the organisms was not observed. Tetrathionate was found chromatographically in suspensions oxidizing thiosulphate at pH 6-25; there was no trace of poly- thionate in suspensions oxidizing thiosulphate at pH 7-3. The pattern of tetrathionate production in suspensions oxidizing thiosulphate at various pH values was established by using a quantitative method for determining polythionate (Fig. 1). As the pH value was decreased the amount of tetrathionate produced

Thiosulphate and chromatium
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from thiosulphate increased until, at pH 6.25, it was the principal product of thiosulphate utilization. At each pH value, the sum of tetrathionate + sulphate produced accounted quantitatively for the thiosulphate used by the suspensions.Tetrathionate, whether produced from thiosulphate by suspensions under acidic conditions (Fig. 1 ) or added to suspensions in the absence of thiosulphate, was not oxidized to sulphate in the range pH T-3-6-25.There was no disappearance of thiosulphate or production of polythionates in suspensions of heat-killed organisms or in the absence of organisms between pH 7-3 and pH 6-25. The lowering of the pH of suspensions was therefore accompanied by a fundamental change in the pattern of thiosulphate oxidation; sulphur accumulation and sulphate production were progressively replaced by the conversion of thiosulphate to tetrathionate.

Effect of pH on the oxidation of endogenous sulphur. Suspensions of organisms 
containing considerable amounts of intracellular sulphur oxidized this sulphur to

T im e (hr)
F ig . 1. E ffec t o f p H  v alu e  on  th e  o x id a tio n  o f th io su lp h a te  b y  suspensions. Suspensions 
o f th io su lp h ate -g ro w n  o rgan ism s co n ta in in g  0-25 m g. p ro te in /m l. w ere in cu b a te d  a t  
variou s pH  valu es  u n d e r an aero b ic  con ditio n s w ith  a  ligh t in te n s ity  o f 500 ft.c . in  th e  
p resence o f th io su lp h a te  (2 niM). T h io su lp h a te  (— A — ) d isap pearance , su lp h u r 
(—  ■  — ) a n d  te tra th io n a te  (—  • — ) accu m u la tio n  an d  su lp h a te  (— O — ) p ro d u ctio n  
were dete rm in ed .

Table 1 . Effect of pH value on the oxidation of endogenous sulphur
Suspensions o f th io su lp h ate -g ro w n  C lirom atium  d  co n ta in in g  in .rac e llu la r su lp h u r 

(equ iv . 0-25 m g. p ro te in /m l.) were in cu b a te d  a t  various p H  values u n d e r anaerob ic  
conditions a t  a  lig h t in te n s ity  o f 500 ft.c . T h e  su lp h a te  p ro d u ced  a f te r  in cu b a tio n  fo r 
1 h r  a n d  8 h r  w as d e te rm in ed . T h e  figures in  p aren theses  re fe r to  su lp h a te  p ro du ctio n  
b y  suspensions o f su lp h ur-free  o rgan ism s ox idizing  th io su lp h a te  ( 2  h i m )  u n d e r sim ilar 
conditions.

p H
T im e ,----------------------*----------------------,
(h r) 7-3 6-75 6-25

S id p h a te  p ro d u c tio n  (/¿m ole/hr/m l.)
1 1-2 1-2 1-2

(1-5) (1-2) (0 1 )
8 3 1 3 1 2-3

(4 0 ) (3-2) (0-4)
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sulphate under anaerobic conditions in the light (Smith & Lascelles, 1966). The effect of pH value on the oxidation of endogenous sulphur was less marked than its effect on the production of sulphate from thiosulphate (Table 1 ). Sulphate appeared to be the only product of endogenous sulphur oxidation by suspensions in the range pH 7-3-6-25.

Thiosulphate and chromatium

Tetrathionate production by extracts
Extracts of Chromatium d catalysed the rapid and complete oxidation of thiosulphate to tetrathionate in the presence of potassium ferricyanide according to the equation 2S203’-  + 2Fe(CN)63- -> S406*- + 2Fe(CN)6«- 

The reaction did not occur with heated extracts.
Properties of the thiosulphate-oxidizing enzyme. The optimum pH value of the reaction catalysed by crude extracts was below 5-5. The enzyme in crude extracts was insensitive to EDTA (10  msi), fluoride (10 mil), iodoacetate (10  nui) and arsenite (1 mil); azide (10  mi) decreased the reaction rate by 50%. The Michaelis constant of the enzyme for thiosulphate was 1-5 mu. Extracts did not catalyse the reduction of ferricyanide when thiosulphate was replaced by tetrathionate.Extracts of Chromatium d grown on organic carbon had about half the activity of extracts from thiosulphate-grown organisms; the enzyme was not found in extracts of Rhod osp irillum . rub rum  or Rhodopseudom onas sphercides.

Table 2 . Purification of the thiosulphate-oxidizing enzyme of 
Chromatium d

T he d e ta ils  o f th e  in d iv id u a l s teps  a re  g iven  in  M ethods. F iv e  m l. o f th e  d ialysed  
p ro te in  frac tio n  were ap p lied  to  th e  co lum n o f D E A E  cellulose.

S tage T re a tm e n t
P ro d u c t
volum e

(m l.)
T o ta l

p ro te in
(mg-)

T o ta l
enzym e
(un its)

Specific
a c tiv ity

(un its /m g .
p ro te in )

I F re n c h  press 27 1350 1000 0-7
I I H igh-speed  cen trifug a tio n 22 572 853 1-5
I I I S tre p to m y c in  su lp h a te 24 480 804 1-7
IV A cid  p rec ip ita tio n 24 209 670 3-2
V A m m onium  su lp h a te 5-2 85 624 7-3
V I

(35-55  %  sa tu ra tio n ) 
D ialysis 0 0 85 521 6-1

V II
(F ra c tio n s  15-19)

C h ro m ato g rap h y  on  D E A E  25 3-2 253 79

Purification
cellulose

of thiosulphate-oxidizing enzyme. The enzyme from extracts ofthiosulphate-grown Chromatium d was partially purified in a seven stage process (Table 2 ) which involved column chromatography on DEAE cellulose. The thiosulphate-cleaving and thiosulphate-oxidizing enzymes were completely separated on the column of substituted cellulose (Fig. 2 ). The reaction catalysed by the 
10 0-fold purified enzyme was optimumal at pH 5-0 (Fig. 3).



Effect of tetrathionate on the oxidation of inorganic sulphur compounds
Tetrathionate did not support the growth of Chromatium d under autotrophic conditions and it inhibited the growth of the organism on the thiosulphate- salts medium as well as on organic media (Smith & Lascelles, 1966). Thiosulphate utilization and sulphur accumulation by suspensions at pH 7-3 were inhibited by
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F ig . 2. C hro m a to g rap h y  o f th e  th io su lp h ate -o x id iz in g  enzym e on  D E A E  cellulose. 
T he p ro te in  frac tio n  from  stage V I w as ap p lied  to  a  co lum n o f D E A E -D E  50 cellulose. 
T h e  th io su lp h ate -o x id iz in g  enzym e w as e lu ted  w ith  7 5 -90  i r a  b uffer (colum n frac tio ns  
15-19) w h ils t rh o danese  w as e lu ted  from  th e  co lum n w ith  10-35 m M  buffer (colum n
frac tio n s  5 -9 ). P ro te in  ( --------- ), enzym e a c tiv i ty  (------- ), a n d  buffer co n cen tra tio n
( ----------- ) w ere d e te rm in ed .
F ig . 3. O p tim u m  p H  v a lu e  o f th e  th io su lp h ate -o x id iz in g  enzym e. P h o sp h a te  (full 
sym bols) an d  a c e ta te  (open  sym bols) buffers o f th e  a p p ro p ria te  p H  w ere used  in  th e
d e te rm in a tio n  o f th e  a c tiv i ty  o f th e  enzym e in  a  crude e x tra c t ( ------------ ) an d  in  a
purified  p re p a ra tio n  (-------) from  th e  D E A E  cellulose colum n. P ro te in  w as p rec ip ita te d
from  reac tio n  m ix tu re s  co n ta in in g  c rud e  e x tra c t below  p H  5-5.

Table 3. Effect of tetrathionate on thiosulphate utilization and sulphur 
accumulation by Chromatium d  at pH 7-3 and 6-25

Suspensions o f th io su lp h a te -g ro w n  C hrom atiu m  d  (equ iv . 0-25 m g. p ro te in /m l.) a t  
p H  7-3 o r p H  6-25 w ere in c u b a te d  a t  a  lig h t in te n s ity  o f 500 ft.c . u n d e r a n a c ro tic  
co nditions w ith  th io su lp h a te  (5 m M )  a n d  variou s co n cen tra tio n s  o f te tra th io n a te .

T e tra th io n a te T h iosu lph ate S u lph u r accu m u la tio n
co n cen tra tio n u tiliza tio n (m ax im um  tu rb id ity

p H (/¿moles/ml.) (/uno les/h r/m l.) change)
7-3 0 2-7 12-8

2-5 0-6 2-8
5 0-3 0-9

6-25 0 4-8 0
2-5 4-6 0
5 4-2 0
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tetrathionate (Table 3); the inhibition was non-competitive and reversed by washing. The effect of tetrathionate on thiosulphate disappearance was much less at pH 6-25 than at pH 7-3 (Table 3). At the intermediate value pH 6-75, where sulphur accumulated transiently and sulphate and tetrathionate were the products of thiosulphate oxidation, sulphur accumulation was markedly inhibited by added tetrathionate, whereas tetrathionate production from thiosulphate was, if anything, increased (Fig. 4). Added tetrathionate had no effect on the oxidation of endogenous sulphur by suspensions. Tetrathionate reacts spontaneously with sulphide and sulphite and this prevented a study of its effect on the oxidation of these compounds.

Thiosulphate and chromatium

3
o

Fig. 4. D ifferen tia l effect o f ad d ed  te tra th io n a te  o n  th e  accu m u la tio n  o f su lp h u r (a) 
a n d  te tra th io n a te  (b ) a t  p H  6-75. Suspensions o f th io su lp h a te -g ro w n  o rgan ism s con
ta in in g  0-2 m g. p ro te in /m l. w ere in c u b a te d  an aero b ica lly  in  th e  lig h t a t  p H  6-75 in  th e  
p resence o f th io su lp h a te  (6 m si) a n d  v ario u s  co n ce n tra tio n s  o f te tra th io n a te :  lO m ii 
(—  ■ — ), 1 h im  (— A — ) a n d  none (— O — )•

D IS C U SS IO N
Chromatium d unlike Thiobacillus thio-oxidans did not grow on inorganic media at pH 6-5. Nevertheless, suspensions of Chromatium d  utilized thiosulphate at pH values below 6-5. Sulphur accumulation and sulphate production were, however, greatly decreased at pH 6'25; the yield of sulphate under these conditions was less than 25% of the theoretical. Tetrathionate was the principal product of thiosulphate utilization at pH 6-25 whereas at pH 7-3 there was no detectable accumulation of tetrathionate during thiosulphate oxidation. Two possible explanations of the accumulation of tetrathionate at acid pH values were: (1) the accumulation of tetrathionate, a possible intermediate in thiosulphate oxidation, was due to the inactivity at acid pH of the enzymes for its further oxidation; (2 ) tetrathionate was the product of an enzyme reaction which was only functional at low pH values. The fact that tetrathionate was not oxidized in the range 7-3-6-25 favoured the second explanation.
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Extracts of Chromatium d contained a soluble enzyme distinct from rhocanese 

which catalysed the oxidation of thiosulphate to tetrathionate. Such an enzyme was 
described by Trudinger (1958) in extracts from Thiobacillus strain x. The enzyme 
in crude extracts of Chromatium d was only slightly active at pH 7-0; the purified 
enzyme had an optimum at pH 5-0. In view of its properties it is likely that this 
enzyme is involved in the production of tetrathionate from thiosulphate by intact 
organisms at low pH values.The inhibition by tetrathionate of thiosulphate utilization and of sulphur accumulation at pH 7-3 was an additional complicating factor. At the intermediate value pH 6-75. where both sulphate and tetrathionate were products of thiosulphate oxidation, added tetrathionate inhibited the intracellular accumulation of sulphur but did not affect the production of tetrathionate from thiosulphate.

pH 7-3

pH 6-25

F ig . 5. T he o x id a tio n  o f th io su lp h a te  b y  C hrom atiu m  d .

In contrast, tetrathionate had no effect on the oxidation of endogenous sulphur. The site of the inhibition of the conversion of thiosulphate to sulphate was therefore likely to be at a stage before the oxidation of endogenous sulphur. The results of this and other work (Smith & Lascelles, 1966) suggested that thiosulphate was metabolized by the two mechanisms outlined in the scheme shown in Fig. 5, one catalysed by a rhodanese-like enzyme and the other by the thiosulphate- oxidizing enzyme.Wassink, Katz & Dorrestein (1941) investigated the fixation of carbon dioxide by suspensions of a species of C hrom atium  and found it to be most rapid at pH 6-3 in the presence of excess thiosulphate. At this pH value carbon dioxide fixation was accompanied by the production of alkali (measured by chemical binding of carbon dioxide) which was attributed to the conversion of thiosulphate to tetrathionate. On this basis, tetrathionate was proposed as an intermediate in thiosulphate oxidation. In the present work direct analysis for thiosulphate and its oxidation products has shown that lowering from pH 7-3 to 6-25 resulted in a fundamental change in the reactions for the oxidation of thiosulphate in which sulphate was replaced by tetrathionate as the end-product of oxidation. Wassink(1941) correctly interpreted the results of his experiments at pH 6-3 in terms of the oxidation of thiosulphate to tetrathionate; his investigation, based only on measurement of carbon dioxide fixation, did not however reveal the change in the pattern of thiosulphate oxidation which accompanied the change in pH. Since
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fixation of carbon dioxide can apparently be coupled to the conversion of thio
sulphate to tetrathionate at a pH value where growth is not possible, this oxidation 
process might be of some importance to the organism. The change from sulphate 
to tetrathionate production at acid pH values would be beneficial to an organism 
oxidizing thiosulphate in that acidic products would be replaced by the production 
of alkali: (1) complete oxidation: Na2S20 3 ^  Na2S 0 4 +  H2S04; (2) incomplete 
oxidation: 2Na2S20 3-s- Na2S40 6 + 2Na0H.

The inhibition of the complete oxidation of thiosulphate by tetrathionate would 
also prevent the further production of acidic oxidation products, whilst permitting 
the assimilation of carbon dioxide coupled to the oxidation of thiosulphate to 
tetrathionate.

The author wishes to thank Dr June Lascelles for advice and encouragement 
during this work and the Agricultural Research Council for a postgraduate 
Research Studentship.
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Extracellular Polysaccharides and Classification 
of the Genus Lipomyces

B y  M. E. SLODKI a n d  L. J. WICKERHAM
Northern Regional Research Laboratory,* Peoria, III., U.S.A.

(Received 1  September 1965)
SU M M A R Y

Strains classified as Lipomyces lipoferus and L. starkeyi produce specific extracellular acidic heteropoly saccharides. The polymer from L. lipoferus contains mannose and glucuronic acid; the polymer from L. starkeyi contains, in addition, galactose and a trisaccharide. This trisaccharide is composed of mannose and glucuronic acid in the molar ratio 1 :2 . The difference in polysaccharide composition may be the most significant physiological basis yet discovered for separation of species in the genus Lipomyces.
IN T R O D U C T IO N

During a survey of extracellular yeast polysaccharides, strains designated as 
Lipomyces starkeyi Lodder et Kreger-van Rij and L. lipoferus (den Dooren de Jong) Lodder et Kreger-van Rij were found to produce different extracellular polymers. Taxonomic differences based on assimilation tests are not clear-cut in this ascomycete genus. Reinforcement of these data by differences in macromolecular composition and structure, which must in turn reflect genetic distinctions, ought to be of value in species identification. The finding of distinct differences in the extracellular heteropolysaccharides produced by lipomyces strains suggests a basis for separation of the genus into two species.

M E T H O D S
The organisms were grown in yeast extract-)-malt extract-(-peptone medium containing 5% glucose hydrate as previously described (Slodki, Wickerham & Bandoni, 1966). Polymers were isolated from cell-free culture liquors by precipitation with 1 -2—1-5 volumes of methanol. At these methanol concentrations, precipitation of polymer required addition of a small amount of potassium acetate. The reprecipitated polymers were taken up in water, dialysed and lyophilized.Methods used for paper chromatographic analysis and determination of component ratios are described elsewhere (Slodki et al. 1966).

R E S U L T S
Table 1  lists the optical rotations and approximate molar ratios of O-acetyl, total hexose and glucuronic acid. Mannose and galactose both occur in the polymers from Lipomyces starkeyi. Mannose is the only hexose present in the L.
* A  la b o ra to ry  o f th e  N o r th e rn  U tiliz a tio n  R esearch  a n d  D ev e lo p m en t D iv is ion , A g ricu ltu ra l 

R esea rch  Service, U .S . D e p a r tm e n t o f A g ricu ltu re .
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lip o feru s polymers. The difference in hexose composition alone does not account 
for the optical rotations of the two polymer types. As shown in Fig. 1, hydrolysates 
of the L .  s ta rk ey i polysaccharides also contain a characteristic acidic oligosaccharide 
that gives, on paper chromatograms, a deep red-brown stain with the o-amino- 
diphenyl spray reagent (Timmell, Glaudemans & Currie, 1956). Data in Table 1 
and Fig. 1 also serve to characterize culture nrtu, y -6333 as belonging to L .  lip o feru s. 
Previous taxonomic criteria, based largely on assimilation tests (Wickerham, 1951) 
failed to place this organism definitively in either lipomyces species.

Table 1 . P ro p e rtie s  o f lipom yces species and  po lysaccharides

H exoses p resen t M olar ra tio s
L ac to se  P o ly- r A r ---- A---- X

Species Source
NRRi* assim i- 

no . la tio n
m er

yield* M î t
M an
nose

G alac
tose

A ce ty l : H exose : G lucuro
n a te

L . s ta rk e y i S ta rk ey  74 y -1388 + 1 01 0° + + 0-9 2-2 1
L . s ta rk e y i S ta rk ey  7 4 b y -2543 - 0-80 -  4° + + 0-6 2-0 1
L . lip o feru s A. C. T hayson y -1351 + 0-56 +  42° + — 1 1 2-5 1
L . lip o feru s T y p e  s tra in , cbs y -2542 + 0-33 +  40° + — 1 1 3 0 1
L . starkeyi% D av id  Jo n es y -6333 - 0-93 +  54° + — 1-2 2 0 1

^ g. 100 m l. cu ltu re . t  c, 0-5, w a te r.
% C lassification  accord ing  to  B ra d y  & Jo n es  (1964).

A preliminary attempt was made to ascertain the nature of the acidic oligosaccharide in the L ip om yces starkey i y -2543 polysaccharide. A small portion of the polymer (37 mg.) was hydrolyzed in 2 n-HC1 (2 ml., boiling water bath, 1  hr). After neutralization to pH 4-2 with Ag2C03, the mixture was filtered and then decationized by passage through an Amberlite IR-12 0  (H+) column. The acidic solution was allowed to percolate into a Dowex 1-4 X, acetate, 200-400 mesh microcolumn (VanEtten & McGrew, 1957). Elution of the column was done with an acetic acid gradient established by passing 1-5 M-acetic acid into 125 ml. water. The fractions (5-7 ml.) were examined for the presence of carbohydrate by the phenol + sulphuric acid reagent (DuBois et a l. 1956). After pooling, the various peaks were examined by paper chromatography. The free hexoses, mannose and galactose, were not adsorbed and were present in approximately equal amounts. As shown by hydrolysis and paper chromatography, the oligosaccharides in the two major elution peaks contained only mannose and glucuronic acid. This composition was confirmed by the sulphuric acid+carbazoletest (Gregory, 1960) for uronicacid and by the sulphuric acid + cysteine test (Dische, Shettles & Osnos, 1949) for hexoses. The latter test confirmed the presence of galactose in the unadsorbed fraction only and indicated that this hexose must not be involved in relatively stable uronide linkages.The first peak eluted consisted primarily of an aldobiuronic acid contaminated with a much smaller amount of free glucuronic acid. On paper chromatograms, the aldobiuronic acid had the characteristics of 2-0-(/?-D-glucopyranosyluronic acid-D-mannose) (Slodki et a l. 1966; Sloneker & Jeanes, 1962). These characteristics include an orange-brown spot with the o-aminodiphenyl spray, a yellow colour with the periodate Schiff spray (Hardy & Buchanan, 1963) and no reaction with alkaline triphenyltetrazolium (Wallenfels, 1950). The occurrence of the aldobiuronic
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acid is not surprising. Previous experience at the Northern Laboratory has been 
that microbial polysaccharides which contain glucuronic acid and mannose 
generally possess this disaccharide (J. H. Sloneker, personal communication).

Classification of Lipomyces

Glucuronolactone

Mannose

¡Galactose

Glucuronic acid

¡Trisaccharide

I Start

Fig. 1. C hrom ato gram  o f lipom yccs p o lysacch aride h y d ro ly za tes . D escending  irrig a 
tio n  in  e th y l a c e ta te  +  ace tic  ac id  +  p y rid in e  +  w a te r  (5 +  1 + 5  +  3, v /v ) fo r 16 h r ;  
o -am inod ipheny l sp ra y  re a g e n t (S lodki et a l. 1966). S tra in s  n r r l  y -13S8 a n d  y  2543 were 
d es ig n a ted  L . s ta r k e y i : s tra in s  y -1351 a n d  y -2542 w ere classified as L . lipo feru s.

The second peak contained a single component, the oligosaccharide, giving a red-brown spot on chromatograms sprayed with o-aminodiphenyl. The reducing end group was determined by alkaline iodine titration (Slodki, 1963); a mannose:
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glucuronic acid:reducing group molar ratio l-0:2-0:l-l was obtained. Based on 
the glucuronic acid analysis, the free acid form gave [a]“ + 30° (c, 0-23, water). 
On paper chromatograms, the substance is tetrazolium negative and gives a 
yellow spot with the periodate Schiff reagent. Hydrolysis and paper chromato
graphy gave spots visualized by the spray reagents which corresponded to mannose, 
glucuronic acid and the aldobiuronic acid of the first peak. Thus, the trisaccharide 
is probably glucuronic acid a-linked to 2-0-(/?-D-glucopyranosyluronie acid)- 
D-mannose.

DISCUSSION
Assignment of lipomyces strains to either of the two species comprising the 

genus has been difficult on the basis of morphological and taxonomic criteria. The 
principal criterion for separating lipomyces strains has been the ability of L. 
lipoferus and the inability of L. starkeyi to assimilate lactose (Lodder & Kreger-van 
Rij, 1952). Culture n r r l  y -6333  received from D. Jones under the name L. starkeyi 
did not assimilate lactose. In our experience this strain is unusually weak in its 
ability to assimilate compounds in still medium. Even shaking does not permit 
assimilation of more than trace amounts of xylose, erythritol, dulcitol, sorbitol, 
a-methylglucoside, and salicin, although these compounds are strongly assimilated 
by strains classified by various investigators as either L. lipoferus or L. starkeyi. 
Brady & Jones (1964) have classified Jones strain as L. starkeyi. Though it does 
not assimilate lactose, its polymer is like that of the L. lipoferus strains, which are 
recognized as belonging to a separate species (Lodder & Kreger-van Rij, 1952) 
because they assimilate lactose. Connell, Skinner & Hurd (1954) suggested that 
the two species should be considered as one, because they believed that no 
clear means had been found to differentiate strains at the species level. It is 
perhaps fortunate that lipomyces strains produce one or the other of two distinc
tive extracellular polysaccharides differing not only in a particular component 
sugar (galactose), but also in respect to intrinsic polymer structure. This difference 
represents strong evidence that at least two distinctive species comprise the 
genus Lipomyces.

Among our data from routine taxonomic studies we have found no easily de
termined characteristic that correlates with the difference in composition of the 
polymers. In any event, this work casts additional doubt on the validity of sepa
rating the two species of the genus Lipomyces on the basis of lactose assimilation.
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The Growth and Respiration of Nitrosocystis oceanus at 
Different Partial Pressures of Oxygen

B y K. GUNDERSEN*
Scripps Institution of Oceanography, University of California,

San Diego, La Jolla, California, U.S.A.
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SUMMARY
The following effects of different partial pressures of oxygen p(0 £) on the growth and on the oxidation of ammonium to nitrite by Nitrosocystis oceanus in liquid and on solid sea-water media were observed. Nearly pure 

0 2 was toxic to the organism when it was exposed to the oxygen on agar medium. In normal air the growth on agar medium was variable; usually a large proportion of the inoculum organisms never started to divide. At low p( 0 2) values the formation of microcolonies took place. In liquid medium the organism was less affected by high p(02) values than on agar. The lower limit of oxygen concentration which permitted oxidation of ammonium in liquid medium corresponded to about 0-05 ml. 0 2/l. In respiration experiments a high p(0 2) in the gas phase resulted in twice as much oxygen uptake at the beginning as from air. Respiration at low^(02) was comparatively high. These results seem to indicate that the inorganic respiration is accelerated by an increased p{0 2) whereas growth is inhibited. Possible explanations are discussed.

INTRODUCTION
In an extensive search for organisms transforming ammonium to nitrite in the 

open ocean Watson (1961) showed the participation of a hithert i unknown nitrifying 
bacterium in this process. This organism oxidized ammonium to nitrite in an 
inorganic sea-water medium and assimilated carbon dioxide as sole carbon source. 
The organism therefore was classified as an obligately autotrophic nitrifier related 
to the soil nitrosomonas type of organisms. Since cysts were formed in liquid media 
the organism was placed with the genus Nitrosocystis as a new species, N. oceanus; 
morphological and physiological characteristics were given by Watson (19626) and 
by Murray & Watson (1963, 1965).

The present paper deals with the effects of different partial pressures of oxygen 
p(0 2) on Nitrosocystis oceanus.

METHODS
The organism. A culture of Nitrosocystis oceanus (Watson's strain; Watson, 1962«) 

was used. The culture was purified from a heterotrophic contaminant by picking 
single isolated colonies which had developed on agar medium after incubation at 
low p(02).

* Present address: D epartm ent of Clinical Bacteriology, University of Gothenburg, Gothen
burg SV, Sweden.
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Media. Stock cultures and liquid experimental cultures were grown in sea-water 

medium consisting of 2 g. NH4C1, 0-1 g. K2H P04, 5-0 g. CaC03 in a mixture of 
750 ml. aged sea water and 250 ml. distilled water; pH 7-6. Solid media were 
prepared from this liquid medium by adding 10 g. ‘Ion-agar’ no. 2 (Oxoid)/l. For 
shaken cultures with dense suspensions of organisms a medium buffered with 
m/15 phosphate (pH 7-5), and with 3-3 g. NaHC03/l. rather than with CaC03, was 
used.

The purity of the Nitrosocystis oceanus cultures was tested occasionally by 
transfer to a standard medium for marine heterotrophs which consisted of 5-0 g. 
Bacto peptone, 0T g. FeP04, 15-0 g. Bacto agar in a mixture of 750 ml. aged sea 
water and 250 ml. distilled water; pH 7-5-7-6.

Batch cultures. To obtain large crops of organism, cultures were prepared in 15-1. 
volumes of the liquid medium in 20-1. Pyrex flasks equipped with aeration and 
sampling devices. The inoculum consisted of 200 ml. of an actively nitrifying 
culture. Initially the batch culture was stirred with a Teflon-coated magnetic bar, 
but when growth was well established air filtered through a glasswool column was 
blown through the culture. As ammonium was consumed the pH value tended to 
decrease and more sterile NH4C1 and CaC03 were added. Later it was necessary to 
add NaHCOa to keep the pH above 7. In the most successful of a series of batch 
cultures a final crop of 5 x 109 organisms/ml. was obtained in 5 weeks. The organisms 
were harvested by centrifugation in a Sorvall continuous-flow centrifuge at 
10,000 rev./min. after the particulate CaC03 had been allowed to settle. The 
organisms were washed free from ammonium and nitrite with sterilized 75% (v/v) 
sea water in distilled water. A reddish-brown sediment was obtained which was 
stored in 75 % sea water at 4°. The ammonium-oxidizing capability of cold-stored 
suspensions of organisms decreased slowly, but it was found safe to use the organisms 
for respiration studies within 4 weeks after harvest.

Incubation. All incubations, when not otherwise stated, were made in darkness at 
room temperature (25° + 3°). Anaerobic jars and desiccators were used as incubation 
chambers when growth in gas mixtures with different p(02) values was investigated. 
The ratio of gas volume to total culture volume in the jars always exceeded 100. 
Cultures to be shaken during incubation were prepared in 250 ml. Erlenmeyer flasks 
with bored rubber stoppers equipped with a short piece of glass tubing attached to 
a vacuum rubber hose closable with a clamp. Sterile glycerol was used to secure 
tightness between stopper and flask neck. When gas mixtures other than air were 
used in the flasks a slight under-pressure served to keep the stoppers tight and as a 
check that tightness had been maintained during the experiment. A rotary shaker 
with an amplitude of 2 cm. and turning at 300 rev./min. was used.

Counts of organisms were determined either by serial (decimal) dilutions in liquid 
medium followed by a check on nitrite production after 14 days-incubation, or by 
direct counting of the organisms in a Petroff-Hauser bacteria counter.

Nitrite determinations were made in a Spectronic 20 spectrophotometer at 540 va.fi 
after colour development with sulphanilamide and Ar-(l-naphthyl)-ethylenedi amine 
solutions. In experiments where nitrite was to be determined in agar, the plates were 
poured with 20 ml. of agar medium. At the time of analysis the agar was cut into 
two pieces with a knife and the one half (about 10 ml.) further divided into smaller 
pieces and quantitatively transferred to 90 ml. nitrite-free water in a covered



beaker. After at least 2 hr of soaking the nitrite was determined as described above. 
The second half of the agar culture was used for microscopic examination.

Respiration studies. Oxygen uptake measurements were made in a conventional 
Warburg apparatus with 15 ml. flasks at 28°. When oxygen pressures other than 
atmospheric were used, the flask + manometer system was evacuated to a calculated 
pressure and refilled to atmospheric pressure with oxygen or nitrogen as desired 
while the flasks were shaking in the water bath. The organism suspensions were 
tipped from the side-arm of the flasks at zero time. Nitrite-N in the reaction mixtures 
was determined immediately after the conclusion of the last reading of the mano
meters.

Gas mixtures. When p(0 2) values different from that in air were used, the calcu
lated volume of air was replaced after evacuation by pure nitrogen (N2 minimum 
99-996%, v/v; The Liquid Carbonic Corp., San Diego, Calif., U.S.A.) or by oxygen 
(grade medically pure; Victor Equipment Co., Los Angeles, Calif., U.S.A.). The 
oxygen pressures given in the text and the tables below refer to the partial pressures 
of oxygen in the gas phase in the incubation jars or Warburg flasks. For convenience 
the relationship between the different partial pressures of oxygen in the gas phase 
most frequently used and oxygen dissolved at equilibrium in water of a salinity of 
25 %0 (which is close to the salinity of the media used) at 25° is given in Table 1- 
An oxygen-free atmosphere was obtained by placing a dish with freshly mixed 
NaOH-f pyrogallol in the incubation jar, evacuating to approximately 25 mm. Hg 
and refLling with nitrogen. In the Warburg flasks oxygen was similarly removed by 
adding 0-2 ml. of the NaOH + pyrogallol mixture to the centre well instead of KOH.

Respiration of Nitrosocystis oceanus 389

Table 1 . Oxygen dissolved in water of 25 %a salinity at 25° when in equilibrium with 
atmospheres of different partial pressures of oxygen, p{02)

Gas phase Dissolved oxygen
----------------A -----------------  ------------------------------ A________________

P ( o 2) o2
(mm. Hg) (%  v / v ) ml./l. mg./l. M M

6S4 90 22-4 32-0 1 0
160 (air) 21 5-2 7-5 0-23

16 2 1 0-52 0-75 0023
5-3 0-7 017 0-25 0007
1-0 0-21 0 05 008 0002

RESULTS
Growth and nitrite production in liquid medium

Early experiments showed that the oxidation of ammonium by Nifrosocystis 
oceanus in liquid shaken cultures was slower than in stationary cultures at the same 
temperature. There was also better growth and more dividing organisms in the 
static cultures than in the shaken ones. This observation was followed up by a 
series of experiments designed to examine what effect the oxygenation of the sea
water medium might have on the growth of N. oceanus and on the oxidation of 
ammonium to nitrite. Since the mechanical shaking of the cultures was thought to 
introduce uncontrollable effects on these processes, it was decided to make the 
experiments with stationary cultures under atmospheres of different p(0 2) values.

25-2
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F ig u re  1 sh o w s t h a t  t h e  o x id a t io n  o f  a m m o n iu m  to o k  p la c e  o v e r  a  w id e  r a n g e  o f  

o x y g e n  c o n c e n tra t io n s .  M a x im u m  o x id a t io n  to o k  p la c e  w ith  n o rm a l a i r  a s  g a s  p h a se . 
S m a ll b u t  s ig n if ic a n t  a m o u n ts  o f  n i t r i t e  ( a b o u t  a  d o u b lin g  o f  t h e  a m o u n t  c a r r ie d  
o v e r  f ro m  t h e  in o c u lu m )  w e re  p ro d u c e d  a t  th e  tw o  lo w e s t p(O .J v a lu e s ;  h o w e v e r, 
i t  c a n n o t  b e  e x c lu d e d  t h a t  th is  n i t r i t e  w a s  p re fo rm e d  b y  th e  o rg a n ism s  a n d  h a d  
m e re ly  le a k e d  f ro m  th e m  in to  th e  c u l tu re  flu id  d u r in g  in c u b a t io n .

T a b le  2 . Growth of Nitrosocystis oceanus and production of nitrite 
in liquid static cultures incubated at different p(02) values

F irst 2 weeks N ext 2 weeks
XCX-N Growth P( o 2) NO,-N Growth

(mm. Hg) (//g./ml.) index* (mm. Hg) (/tg./ml.) index*
684 0-5 1 684 0-7 1

160 3 0 3
5-3 10 2

100 (air) 15 2 3 684 600 5
160 51 0 5

5-3 300 4
5 3 31 o 084 4-7 3

160 10 0 4
5-3 4-5 3

* The grow th  index is based on the appearance of nitrite  in decimal dilutions in liquid medium 
from the original cultures. 1 means last positive tube dilution 10 1; 2, dilution 10-2, etc. The test 
was made after 14-day incubation of the dilution tubes.

Table 2 shows the results of an experiment where three sets of identical cultures 
had first been kept for 2 weeks at three different oxygen pressures and then changed 
to higher and to lower p(02) values for the following 2 weeks. An initial incubation 
at p(02) 684 mm. Hg harmed the organisms severely, resulting in less growth and 
less nitrite production duringthe subsequent incubation at lowerp(02), and complete 
stagnation of the cultures kept continuously at this pressure. One further feature of 
this experiment was that the higher p(02) seemed to stimulate nitrite production 
and growth in those cultures which had initially been incubated in air. Short-term 
experiments with shaken cultures also showed clearly that oxygen stimulated the 
oxidation of ammonium to nitrite but at the same time inhibited the growth of the 
organism.

Growth and nitrite production on agar medium
The sensitivity of Nitrosocystis oceanus to oxygen was most clearly demonstrated 

when the organism on agar medium was exposed to the gas. The growth w»as 
completely inhibited in an atmosphere of p(0 2) 684 mm. Hg. The inhibition was 
irreversible since subsequent incubation in an atmosphere of lower p(02) which 
should otherwise have permitted growth did not result in resumed growth.

When plates on which growth had already been established during a period of 
incubation in air or at lower p(02) were subjected to the higher p(02), growth was 
also inhibited, but the oxidation of ammonium to nitrite continued, and at an 
increased rate (Table 3).

In air growth was very irregular; usually it was considerably delayed and took 
place only after a lag of 3 weeks or more (Fig. 2). On the other hand, the growth of
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Nitrosocystis oceanus at low p(0 2) was always rapid, with a lag period of less than 
1 week (Fig. 2; Table 4). A p(0 2) corresponding to about one-tenth of the p(02) of 
air was optimal for growth on agar medium, although considerable growth was 
sometimes obtained as low as p(0 2) 5-3 mm. Hg.

Growth and nitrite production in agar cultures incubated at the same p(0 2) 
throughout a 4-week period as compared with growth and nitrite production in 
cultures incubated at higher or lower p(03) from the third week are shown in 
Table 3.

Respiration of Nitrosocystis oceanus

Fig. 1 Fig. 2
Fig. 1. N itrite production by Nitrosocystis oceanus in liquid sea-water medium incubated 
for 2 weeks under atm ospheres of different values of p (0 2). The dissolved oxygen values 
(ml. Oj/l.) corresponding to  the p (O,) of the gas phase a t  equilibrium are added in the 
abscissa.
Fig. 2. N itrite production by Nitrosocystis oceanus grown on agar medium in air (O), 
a t  p(0 2) 16 mm. Hg ( J  ) and a t  p (0 ,)  684 mm. Hg (9).

Table 3. Growth of Nitrosocystis oceanus and nitrite production on 
agar medium after incubation at different p(02) values
First 2 weeks N ext 2 weeks

Growth

p(02) n o 2-n
(mm. Hg) (/rg./ml.) 

684 0-2*

160 (air) 2-4

5-3 1-9

Growth
Colony

Colonies diam eter
per field (/1 )
Scattered single cells

1 0  13-8

0-9 11-9

V{ o 2) n o 2-n
(mm. Hg) (/tg./ml.)

684 0-2
160 0-2

5-3 0-2
684 350
160 27-0

5-3 18-1
684 21-2
160 21-2

5-3 140

lonies
Colony

diam eter
r field (/*)
0 —

0 —

0 —
0-8 140
10 46-2
0-9 40-8
0-5 11-6
10 41-5
0-8 37-4

* From  the inoculum.
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Table 4 shows clearly what took place on the agar media during incubation in air 

and at low p{0 2). On the low-oxygen plates the organism had already passed through 
three generations after 1 week whereas only half of the organisms grown in air had 
started to divide (most probably the apparent onset of growth in the latter case was 
false: the organisms may well have been in the dividing stage in the inoculum,

Table 4. Comparison o f  growth of Nitrosocystis oceanus on agar 
plates incubated in air (A) and at p{02) 5-3 mm. Hg (B )

7 days 28 days
A B A B

Colonies/field: 2-4* 2-5 0 12 2-9
Organisms/eolony : 1-5 81 — —
Colony diam eter (/*): — — 86-5 34-7
* Mean values from 25 microscopical fields/plate: two plates.

Table 5. Oxygen consumption and nitrite production by washed suspensions 
of Nitrosocystis oceanus at different values of p(02)

To each W arburg flask was added 1 ml. organism suspension equiv. 0-2 mg. dry w t.; 
plus: to  flask no. 1 , 2 ml. buffer; to  flask no. 2, 1 ml. buffer + 1 ml. N H 4C1, 150ir.M; 
to  flask no. 3,1 ml. NH 4C1,150 not, +  1 ml. N aH C 03, 15 nui. Total volume 3-0 ml. +  0-2 ml. 
20 % KOH in the centre well, +  pyrogallol also for the anaerobic flasks. The organism 
suspensions as well as the ammonium and bicarbonate solutions were made up in 
m/15 phosphate buffer-)-3%  (w/v) NaCl, pH  7-0. B ath  tem perature 28°. Shaking ra te  
65 strokes/min. D uration of experiment 6 hr.

Oxygen consumed N itrite produced
p (o 2) ,---------- A —------- \ f  A -----------1 O»*

(mm. Hg) Flask no. /'!• / (M m • n / , M n o 2-

684 1 (endogenous) 9 0-39 0-7 005 —
2 164 7-32 67-8 4-85 1-4.3
3 171 7-64 74-0 5-29 1-39

160 (air) 1 (endogenous) 4 0-18 0-3 002 —
2 141 6-30 62-5 4-46 1-38
3 153 6-82 69-5 4-96 1-35

16 1 (endogenous) 4 018 0-3 0 02 —2 126 5-62 561 401 1*37
3 137 610 58-3 4 16 1-43

0 1 (endogenous) O — 002 — —2 0 — 002 — —
3 0 — 002 — —

* Corrected for endogenous values.

which had been taken from an actively nitrifying culture). The number of micro- 
colonies/field agreed well after the first week. After 4 weeks, however, only the low- 
oxygen plates had the original number of colonies, whereas most of the air-grown 
‘colonies’ had disappeared. On the other hand, the very few colonies which had 
developed were considerably larger than the colonies on the plates incubated at 
low p(02).
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Although Nitrosocystis oceanus was able to proliferate at quite low p(0 2), strict 

anaerobiosis was as harmful to the organism as a high p(02) ; growth did not occur 
in air at low p(0 2) when plates inoculated with N. oceanus had first been incubated 
for 2 weeks in the complete absence of oxygen.

Respiration of Nitrosocystis oceanus

Respiration experiments
The consumption of oxygen and the production of nitrite in systems of four 

different p(0 2) values are shown in Table 5. As expected, no nitrite was formed in 
the complete absence of oxygen. With the highest p(02) oxygen was taken up twice 
as fast as from normal air during the first 30 min. of the experiment, but this high 
rate of respiration did not persist (Fig. 3). With a p(0 2) corresponding to one-tenth 
of the p(02) of air the respiration was lower but still surprisingly high in all of a 
series of experiments. More than one-third of the 300 ¡A. oxygen available in these 
flasks was consumed during the experimental period. The respiration generally was 
a little higher in flasks to which carbonate had been added than in flasks without 
any carbonate.

There was very little difference in the ratios 0 2 consumed :N02~ produced, at the 
different p(0 2) values. The observed values decreased slightly below the theoretical 
for the oxidation of ammonium to nitrite:

2NH4C1 + 302 2HN02 + 2HC1 + 2H20,
which gives the 0 2:N02- ratio 1-50.

Addition of reducing substances
The results of the experiments on the agar medium seemed to show that the 

organism was most sensitive to oxygen in the early stages of growth but that when 
growth was first established the organism became less sensitive. Since this might 
have been the result of the production by the organism itself of stabilizing sub
stances, an experiment was run on agar medium to which sterile-filtered 14-day- 
batch culture fluid of Nitrosocystis oceanus (pH 5-8; N 02-N, 324 yg./ml.) was added. 
The culture fluid was adjusted to pH 7-8 before sterilization and diluted in sterile 
medium to give final concentrations 25, 2-5, 0-25 and 0-025 % (v/v). The plates 
were incubated in air and the growth followed microscopically for 2 weeks. The 
culture filtrate enhanced the growth of the organism to some degree; after 2 weeks 
tetrads and microcolonies consisting of 8-32 organisms were observed with the 
highest concentration, whereas the controls and the plates containing more dilute 
culture filtrate hardly showed any growth.

In the next series of experiments three different reducing substances (glutathione, 
Na thioglycollate, L-cysteine) were added to the agar medium in the following final 
concentrations: 0-2, 0-02, 0-002 and 0-0002% (w/v). The plates were incubated in 
air. Cysteine and thioglycollate had no growth-promoting effect whereas 0-02% 
glutathione accelerated division. After 2 weeks the glutathione plates contained a 
large number of colonies, most consisting of 30 or more organisms, as compared to 
the single organisms, pairs and a few tetrads observed on the control plates. Also 
the production of nitrite was high in the 0-02% glutathione plates; the higher 
concentration was inhibitory, the lower without effect (Fig. 4).
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Yeast extract (0-1 %, w/v) also exerted a stimulatory effect on the growth of 

Nitrosocystis oceanus although different from the effect found with glutathione and 
low p(02) values. On yeast extract plates the colonies were fe%v in number but 
considerably larger than in any previous experiment.

Glutathione (°0, w/v) 
Fig. t

Fig. 3. Oxygen uptake by suspensions of Nitrosocystis oceanus exposed to different values 
of p((K) in a Warburg apparatus. Symbols as Fig. 2.
Fig. 4. Growth and nitrite production by Nitrosocystis oceanus on agar medium to which 
different amounts of glutathione had been added. Incubation for 7 days in air. Organisms/ 
colony • ;  X()„-N, O.

DISCUSSION
That oxygen may be toxic to Nitrosocystis oceanus seems to have been well 

established by the present observations. Several other nitrifying bacteria and Thio- 
bacillus thiooxidans have also been found to be irreversibly harmed or strongly 
inhibited by pure oxygen (Meyerhof, 1 9 1 7 ;  Schön, 19 6 5 ; Gundersen, Carlucci & 
Boström, 19 6 6 ). It is a question whether the frequent failure to grow' nitrifiers on 
agar media in air is due to oxygen inhibition. Division will take place in N. oceanus 
when the p(02) value is somewdiat less than in normal air. However, when growth 
has once been established N. oceanus is no longer so sensitive to oxygen, except 
to very high concentrations. Thus there seems to exist a critical moment in the life 
of the organism during w'hich growth will not begin unless the p(02) is decreased or 
the conditions in the medium made more reducing, e.g. by the addition of certain 
concentrations of glutathione.

It has been suggested (Gundersen, Boström & Carlucci, 1966) that this sensitivity 
to oxygen has to do with the partition of reducing equivalents (electrons and reduced 
NAD or similar hydrogen carrier which have been produced by dehydrogenations of 
the inorganic substrate) between oxygen (energy metabolism) and the assimilatorv 
system. This explanation seems to derive support from a finding by Schön (19 6 5 )
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that in Nitrobacter winogradskyi the assimilation of C02 was completely inhibited by 
95% (v/v) oxygen but not nitrite oxidation. It has been shown in respiration 
experiments with resting suspensions (e.g. Meyerhof, 1917; Hofman & Lees, 1952) 
that the ammonium oxidizers consume 1-5 moles oxygen/mole ammonium oxidized. 
This implies that electrons and reducing equivalents from the substrate react 
readily with oxygen to form water (and a maximum of energy). However, when the 
oxidation of the substrate takes place according to the equation shown above, no 
reducing equivalents are available for the reduction of C02 in assimilation and no 
growth can occur.

The possible significance of the redox potential on the activities of the nitrifying 
bacteria has occasionally been emphasized. ZoBell (1935) observed that growth and 
substrate oxidation of marine nitrifying bacteria had optima at different redox 
potentials, ammonium oxidation being optimal at Eh 0-30 to 0-55 V and growth at 
a somewhat lower potential. The growth-promoting effect of Nahrstoff-Heyden 
(a preparation of egg albumin) on nitrosomonas was ascribed by Kingma Boltjcs 
(1935) as a redox-stabilizing effect of the material. These findings, it is felt, are in 
favour of the explanation of the oxygen inhibition outlined above, but more 
comprehensive measurements of the redox fluctuations in cultures of nitrifying 
bacteria are desirable.

The age and the condition of the inoculum material apparently influences the 
sensitivity of Nitrosocystis oceanus to oxygen. When exposed to air on the surface 
of an agar plate, the majority of the organisms are incapable of growth, and only 
a small fraction may overcome the adverse condition and start dividing. Apparently 
the organism may itself, at a certain active stage of its life, adjust the environment 
in a direction favourable for its growth (provided the p(02) is r ot too high), possibly 
by the production of reducing substances.

The observation that oxygen was considerably less toxic in static liquid cultures 
than on agar medium seems to be explicable by the much shorter diffusion path of 
oxygen in the latter case, resulting in a constant high oxygen concentration at the 
cell surface. Nitrifying bacteria, in spite of their motility and basically aerobic 
nature, never accumulate at the surface of liquid media (as do many other motile 
aerobic bacteria) but are almost exclusively found near the bottom of tubes and 
flasks, eventually adhering to calcium carbonate or other particles. From an eco
logical point of view the finding that Nitrosocystis oceanus is able to oxidize am
monium to nitrite in sea-water medium containing very little dissolved oxygen is 
interesting. It has generally been considered by chemical oceanographers that 
nitrification in the ocean was only possible in well-oxygenated waters. The coinci
dence of nitrite and low oxygen contents usually has been taken as evidence of 
nitrate reduction rather than nitrification (Brandorst, 1959; Braarud & Klem, 1931). 
However, if N. oceanus is widely distributed in the oceans of the world (as may 
reasonably be expected) then the possibility of nitrification in waters (and sediments) 
low in oxygen seems as likely as nitrate reduction except, of course, in completely 
anaerobic environments where nitrate reduction would be the only alternative. 
Virtually nothing is known about the organisms which carry out the final step of 
nitrification in the sea, namely the oxidation of nitrite to nitrate. However, if these 
organisms resemble their soil counterparts (e.g. nitrobacter species) in their 
relation to oxygen (Gundersen, Carlucci & Bostrom, 1966) then the oxidation of

Respiration of Nitrosocystis oceanus



nitrite in the sea would be much slower than the oxidation of ammonium at low 
oxygen concentrations, with the result that nitrite could accumulate until sufficient 
oxygen were again available for the complete nitrification.

This work was made possible through a Sverdrup Post-doctoral Fellowship in 
Oceanography and a travel grant from Anna Ahrenberg’s Foundation for which the 
author is very grateful. The author also wishes to thank Dr C. E. ZoBell, head of 
the Marine Microbiology laboratory at Scripps Institution of Oceanography, for 
his active interest in the work and for much valuable advice.
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SUMMARY
T h e  p a s s iv e  h a e m a g g lu tin a tio n  t e s t  a n d  th e  s e n s it iv ity  o f  th e  h a e m a g 

g lu tin a tio n  in h ib itio n  te s t  w ere  in v e s t ig a te d  b y  u s in g  tw o  p la n t  v iru ses  
(to b a c c o  m o sa ic  v ir u s  a n d  la te n t  c a rn a tio n  v iru s )  a n d  an  in se c t  v iru s , 
t ip u la  ir id e sce n t v ir u s . T h e  m in im u m  q u a n tit ie s  d e te c ta b le  b y  th e se  
m e th o d s  w ere  o f  t h e  o rd e r o f  0-26 to  0 0 15  yg. T h e re  w a s  n o  d ir e c t  a g g lu t i
n a tio n  b y  to b a c c o  m o sa ic  v ir u s  o r t ip u la  ir id e sce n t v iru s  o f  e ry th r o c y te s  
fro m  a  v a r ie t y  o f  a n im a ls .

INTRODUCTION
The passive haemagglutination test (HA) with tanned erythrocytes and the 

related haemagglutination-inhibition test (HI) can be used to detect very small 
quantities of antibody and antigen. These tests are based on the technique of 
Boyden (1 9 5 1)  who found that the treatment of sheep erythrocytes with suitable 
concentrations of tannic acid rendered them capable of adsorbing a variety of 
proteins. The advantages, limitations, sensitivity and specificity of these methods 
have been discussed and illustrated experimentally by Stavitsky (19 54 ). The passive 
haemagglutination technique has been widely used in medical virology (Friedman & 
Bennett, 1 9 5 7 ; Scott, Felton & Barney, 1 9 5 7 ; Benedict & O’Brien, 19 5 8 ; McKenna, 
Zuschek & Frankel, 19 5 8 ; Garabedian, 19 6 5). Matthews (19 5 7) suggested that this 
technique might have applications in plant virology. Passive haemagglutination 
with sb: plant viruses was shown by Saito & Iwata (19 64 ). Their results showed that 
the haemagglutination titre was 100 to 40,000 times higher than the complement- 
fixation titre. They described three methods for detecting virus by the haemag
glutination-inhibition test including a technique in which the y2 globulin frac
tion of the antiserum was purified and used to sensitize the tanned erythrocytes 
which were then agglutinated in the presence of homologous virus. The smallest 
quantity of virus detected was reported to be 10~8 g. Haemagglutination inhibition 
(HI) has been used with insect viruses to detect free virus particles in the h&emocoele 
(MacGregor, 19 56). Although the HA test is of potential value in plant and insect 
virology, the HI test is likely to prove a more useful technique and its sensitivity 
was thought worthy of investigation.

Direct haemagglutination of erythrocytes from a variety of species has been 
reported for several animal viruses and it provides a simple and rapid means of 
virus assay. There are no reports of direct haemagglutination with plant or insect



viruses, so erythrocytes of some common laboratory animals were tested with 
plant and insect viruses. The viruses used were tobacco mosaic virus (TMV), latent 
carnation virus (LCV) and tipula iridescent virus (TIV).
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METHODS
Purificat ion of virus. Highly purified preparations of virus are required in haemag- 

glutination techniques to decrease non-specific reactions. TMV was purified by two 
ammonium sulphate precipitations, followed by two cycles of high- and low-speed 
centrifugation.

Latent carnation virus and its homologous antiserum were kindly supplied by 
Mr M. Hollings, Glasshouse Crops Research Institute, Rustington, Sussex.

TIV was purified by cycles of high- and low-speed centrifugation and finally in a 
sucrose gradient.

Preparation of antisera. Rabbits were immunized with TMV and TIV by a total 
of six intravenous injections, each containing 3 mg. virus and given at 3-day in
tervals. The rabbits were bled 10 days after the last injection and the sera pre
served by the addition of equal volumes of glycerol and stored at 4°.

Passive haemagglutination. Rabbits were bled from the ear and the blood col
lected in Alsever’s solution. The red cells were washed thrice in normal saline and 
after the third washing 1 ml. packed red cells was diluted in 40 ml. phosphate- 
buffered saline (pH 7-2). Three volumes of diluted red cells were incubated with 
three volumes of 1/25,000 tannic acid (Analar) at 37° for 10 min. The tanned red 
cells were then washed with 3 vol. of phosphate buffer (pH 7-2) and finally resus
pended in 2 vol. of normal saline (0-85%, w/v, NaCl).

In sensitizing the tanned red cells, two factors had to be considered: (1) the 
optimal pH value for the reaction; (2) the optimal concentration of antigen/ml. 
tanned red cells. A series of tests was arranged for each antigen, phosphate + citrate 
buffered saline at pH 6-4, 5-8 and 5-0 being used with various dilutions of antigen. 
pH 5-0 was found to be the optimal value for all the viruses. Spontaneous agglutina
tion occurred when too much virus was added to the tanned red cells.

To sensitize 1 ml. tanned red cells, 4-0 ml. buffered saline (pH 5-0), a selected 
concentration of antigen in 0-5 ml. saline and 1 ml. tanned red cells in saline 
were added to a tube in that order and incubated for 20 min. at room tem
perature. The red cells were sedimented by low-speed centrifugation (100g( and 
washed in 1-5 ml. of 1/100 normal rabbit serum diluted in 0-8% saline. The sensi
tized red cells were finally resuspended in 1-5 ml. 1/100 normal rabbit serum.

Control red cells were prepared by adding 0-5 ml. saline to 4-0 ml. buffer (pH 5-0) 
followed by 1 ml. tanned red cells and then treated like the sensitized cells.

Titration of antiserum. Serial 2-fold dilutions of antiserum were made in 9 x75 
mm. tubes using 0-2 ml. antiserum and 0-2 ml. 1/100 normal rabbit serum; 
0-2 ml. normal rabbit serum was added to each tube, bringing the total volume to 
0-4 ml. Samples (0-05 ml.) of sensitized red cells were added to each tube in the 
titration, 0-05 ml. of control cells were added to a tube containing the highest con
centration of antiserum, and the tubes were kept at room temperature. Readings were 
taken after 3 hr and again after 12 hr; the results were interpreted by using the 
standards suggested by Stavitsky (1954).
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Ilaemagglutination inhibition test. Serial 2-fold dilutions of antigen (0-2 ml.) of 

known concentration in 1/100 normal rabbit serum were made in 0-2 ml. of 1/100 
normal rabbit serum. The highest dilution of antiserum which gave marked haemag
glutination was chosen for HI tests and 0-2 ml. of this diluted antiserum was added 
to each tube. Controls consisting of antiserum+ 1/100 normal rabbit serum, virus 
+ 1/100 normal rabbit serum and 1/100 normal rabbit serum alone were arranged 
and all the tubes incubated at 37° for 3 hr; 0-05 ml. of sensitized red cells were then 
added to each tube and readings taken after 3 and 12 hr. The last tube which 
showed no haemagglutination or only doubtful haemagglutination was taken as the 
end-point of the titration.Direct haemagglutination. Perspex plates containing 80 small wells were washed 
before use in the sequence of 2 % caustic soda, tap water, 5 % HC1, tap water and 
thrice in distilled water. Red cells were collected in Alsever solution and washed 
thrice with normal saline. A range of pH values from 4-2 to 8 0, in steps cf 0-2 pH 
unit, was used. Phosphate + citrate buffers were used from pH 4-2 to 6-0 and phos
phate buffers from pH 6-2 to 8-0. 0-5 ml. of each buffer was added to two rows of wells 
in each plate. 0-1 mg. virus in saline was added to the first row and saline alone to the 
second as a control. On the third washing the red cells of the species being tested 
were centrifuged at 500g for 5 min. One ml. of packed red cells was added to 100 ml. 
of saline containing 0-2 % bovine y-globulin to prevent non-specific haemagglutin
ation; 0-5 ml. of diluted red cells were added to each well. The results were clearly 
visible in 1 hr.

Table 1. Haemagglutination by antisera to tipula iridescent vims (T IV ), 
tobacco mosaic virus (TM V ) and latent carnation vims (LCV)

Reciprocal of dilution of antiserum

Haemagglutination with plant and insect viruses

Virus 1,000 2,000 4,000 8,000 16,000 32,000
TIV + + + + + +  +  + + + + + + +  + + + + + + -  +TMV + + + + +  +  +  + +  + + + + +  +  + + + +  + -  + +  +LCV + + + + + + + +  + + + + + + + + + + + -  +  +  +

64,000 128,000 256,000 512,000 1,024,000 2,048,000
TIV + + — — — -

TMV + + + + — — -

LCV + + + + + + + + +  + + + ± —
RESULTS

Passive haemagglutination
All the antisera were found to have very high HA titres and the dilutions were 

started at 1/1000. The antisera were diluted with 1/100 normal rabbit serum. In all 
tests controls of red cells sensitized with saline instead of antigen, and antiserum 
replaced by 1/100 normal rabbit serum, were used and no haemagglutination was 
observed.

The optimal quantities of virus necessary to sensitize 1 ml. red cells were found 
to be: TIV 0-3 mg. virus; TMV 0-23 mg.; LCV 0-05 mg. These quantities did not 
necessarily give the highest titre when reacted with their homologous antisera but 
they did give marked haemagglutination to a dilution very near the end-point.

The results of the HA titrations are given in Table 1 . The TIV antiserum gave a 
titre of 1/32,000, the TMV 1/128,000 and the LCV 1/512,000.
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Haemagglutination inhibition
The sensitivity of the HI test was considerably increased by the selection of the 

highest dilution of antiserum which caused agglutination. The antisera dilutions 
selected were those which gave the last strong HA reaction (+  + + + or + + +) in 
the HA titration and were: TIV 1/16,000; TMV 1/30,000; LCV 1/250,000.

The quantity of virus in the first tube was arbitrarily selected and serial 2-fold 
dilutions made. The results of the test are shown in Table 2. The minimum 
quantity of virus detected by HI was found to be: 0-26 fig. for TIV; 0 015 fig. for 
TMV; 0 024 fig. for LCV.

Direct haemagglutination
TMV did not agglutinate fowl, rabbit, rat, mouse, hamster, human or sheep 

erythrocytes in a range pH 4-2 to pH 8-0 at room temperature. Considerable lysis 
was noted below pH 5-0. TMV and TIV did not agglutinate goose erythrocytes 
between pH 4-2 and 8-0 at 37° or 4°.

Table 2. Dilution end points of tobacco mosaic virus (TMV), tipula iridescent 
virus (T IF) and latent carnation virus (LC V) determined 

by the haemagglutination-inhibition test
Mg.

virus
in Serial double dilutions of virus

first ,-------- -------------------------------------------- A--------------------------------------- —----------\
Virus tube 1 2 3 4 5 6 7 8 9 10
TIV 000012 - -  -  ±  + + + +  +  + +  +  + +  +  + +  +  + +  +  -
TMV 0 00175 - — -  — — — — — +  + +  +  +  +
LCV 000039 - — — — + +  +  + +  +  + +  +  +  + +  +  +  + +  +  +  +

DISCUSSION
The haemagglutination inhibition (HI) test is more sensitive for the detection of 

virus in plant and insect pathology than any existing method. The selection of an 
antiserum dilution very close to the end-point of the haemagglutination (HA) 
titration greatly enhanced the sensitivity of the reaction. The results of HA tests 
were subject to variation but this was decreased by using fresh blood in each 
experiment and an antiserum dilution near the end-point can be used with confidence.

The minimum quantities of virus detected were of the same order as those 
reported by Saito & Iwata (1964) who used sensitization of tanned erythrocytes 
with y2 globulin. The two rod-shaped plant viruses were detectable in slightly lower 
concentration than was the spherical insect virus.

Attempts to obtain direct haemagglutination of tobacco mosaic virus failed, 
though it is possible that erythrocytes from other animals than those tested and at 
wider pH ranges might yield positive results.

Since the HI test is capable of detecting very small quantities of virus it might be 
useful in a study of the early stages of virus synthesis. It would be particularly 
valuable with insect viruses as the only method of assay is by LD50 tests which are 
both time-consuming and equivocal.

J. C. Cunningham was in receipt of an Agricultural Research Council post
graduate studentship during the period of study.
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Loss of Antibiotic Resistance in Staphylococcus aureus 
Resulting from Growth at High Temperature
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SUMMARY

Fifty strains of Staphylococcus aureus resistant to penicillin or tetracycline or both were examined for loss of these two resistances as the result of growth at 43-44°. Twelve strains showed a loss of penicillin resistance under the experimental conditions, and of these twelve, three showed a loss of tetracycline resistance. The two resistances were lost independently; in strains in which both resistances were lost most of the sensitive variants had lost one or other resistance but not both. However, penicillin resistance was lost only in strains that were also tetracycline-resistant and vice versa. All strains in which a loss of resistance occurred had similar phage-typing patterns and all belonged to the ‘52, 52A, 80, 81 complex’ of strains. Not all strains in the complex, however, showed a loss of resistance. Both penicillin and tetracycline resistance were transduced into suitable sensitive recipients. The results showed that the heat-sensitivity of the transduced resistance was the same as in the donor in which the transducing phage was propagated. The results are consistent with the hypothesis that these two resistances are carried by two separate plasmids, at least in certain strains of S. aureus.Nine multiply-resistant strains of Staphylococcus aureus were examined for loss of resistance to antibiotics other than penicillin and tetracycline as the result of growth at elevated temperatures. These ether antibiotics included streptomycin, erythromycin, novobiocin, oleandomycin, neomycin and bacitracin. In no case was any loss of resistance observed.

INTRODUCTION
Penicillin-resistance in most naturally occurring strains of Staphylococcus aureus 

is due to the production of the enzyme penicillinase (Kirby, 1944, 1945). This 
character was believed to be a stable one until Barber (1949) showed that it was 
lost at a rather high rate in old cultures maintained in the laboratory under a 
variety of conditions. Bondi, Kornblum & de Saint Phalle (1953) confirmed this 
finding and showed that growth of the organism at 45° increased the rate of loss of 
penicillinase production. Fairbrother, Parker & Eaton (1954) also found that growth 
at elevated temperatures (44°) increased the rate of loss of penicillin resistance in 
some but not all strains of staphylococci. May, Houghton & Perret (1964) showed 
loss of both penicillin and tetracycline resistance during growth of a strain of S. 
aureus at 43-44°. These two resistances were lost independently; the authors con
cluded that they were probably carried on different plasmids, and that, during 
growth at elevated temperatures, the plasmids failed to replicate at the same rate 
as the bacteria and were therefore ‘diluted out’.

26 G. Microb. 42
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The experiments reported here were done to see whether this phenomenon 

occurred in other strains of staphylococci and whether loss of resistance to anti
biotics other than penicillin and tetracycline was accelerated by growth at elevated 
temperatures.

METHODS
Strains of Staphylococcus aureus. Fifty-two strains of S. aureus chosen from 

material sent to this laboratory for routine phage typing and one propagating 
strain ( p s  80. the propagating strain for typing phage 80) were examined. They 
represented several different phage-typing patterns from fourteen different hospitals, 
and all except one were resistant to penicillin. The majority were also resistant to 
tetracycline and nine of the strains were resistant to other antibiotics. Fifty of the 
strains were examined for loss of resistance to penicillin, or tetracycline, or both 
during growth at 87° and 43-44°. These fifty strains are listed in Table 1. Six of 
these 50 strains and 3 additional multiply-resistant strains were examined for loss 
of resistance to antibiotics other than penicillin and tetracycline. The}7 are listed in 
Table 4.

A single colony was picked from a blood agar culture of each strain. After growth 
in broth it was phage-typed and tested for resistance to antibiotics.

Growth at 43-44°. Overnight broth cultures of the strains were diluted 1/4 in 
fresh nutrient broth and incubated at 37° for l j  hr. writh aeration. Samples (0-04 
ml.) of this were then added to each of two tubes containing 5 0 ml. nutrient broth 
pre-warmed to 37° and to 43-44°, respectively. The tubes were then incubated at 
the appropriate temperature for 5 | hr without aeration. The cultures were then 
suitably diluted so that 0-1 ml. contained 100-200 viable units and this amount 
was spread on nutrient agar plates or on starch agar plates. Plates were incubated 
overnight at 37° and the resulting colonies counted and then tested for loss of anti
biotic resistance.

Testing for antibiotic resistance. Two methods were used to screen colonies for 
penicillin resistance: (a) Suitably diluted cultures were plated on starch agar plates 
and screened for penicillinase production by a modification of Ferret’s iodometric 
method (Perret, 1954). (b) Cultures were plated on nutrient agar plates and the 
colonies replicated on to agar plates containing benzylpenicillin 0-2 /tg./ml.

Resistance to other antibiotics was tested by replicating colonies grown on 
nutrient agar plates to agar plates containing the following concentrations of 
antibiotics: streptomycin calcium chloride, 100 /¿g./ml. (73-5 units/ml.); novo
biocin (sodium salt), 1-0 //g./ml. (0-895 unit/ml.); tetracycline HC1, 5-0 /¿g./ml. 
(5 units/ml.); erythromycin base, 2-0 /fg./ml. (1-8 unit/ml.); oleandomycin phos
phate, 2-0 yg./ml.; neomycin sulphate, 5-0/¿g./ml. (3-4 units/ml.); bacitracin,
5-0 units/ml.

Colonies which failed to appear on the appropriate antibiotic plate or appeared 
to be penicillinase-negative on starch plates were subcultured to nutrient agar 
plates. They were phage-typed to ensure that they corresponded to the parent 
culture and the loss of antibiotic resistance was confirmed by restreaking on the 
appropriate antibiotic-containing agar plate.

Transduction of antibiotic resistance. Penicillinase production and tetracycline 
resistance were transduced to sensitive recipients by using typing phage 80 as trans
ducing phage. The phage was grown on an appropriate resistant donor strain by



Table 1 . Effect of growth at 43-44° on resistance to penicillin and 
tetracycline in strains of Staphylococcus aureus

%  losing resistance during growth
A t 37° A t 43-443

Resistance No. No.
\

Strain to  colonies coloniesno. Phage type P  and T screened ps -ps screened ps Pß
1 80 199 _ _ 56 23-2 _
2 52/52 A/80 219 — — 118 4-2 9-3
3 52/52A/80 200 - - 52 15-3 7-7
4 80/81 201 — — 148 8-1 —
5 52I52AI80I81 361 — — 144 4-1 —
6 52/52A/80/81 241 — — 72 4-1 —
7 52/52 A/80/81 321 — — 345 11 —
8 52/52 A/80 P rTr 364 — — 167 1-7 _
9 52/52 A/80/81 777 — — 1078 8 5 _

10 52/52 A/80 490 — — 380 4 0 _
11 80/81 554 — — 468 7-5 —
12 52/52 A/80 455 — — . 260 2-3 0-413 29/ + 230 — — 128 — _
14 52A/79 407 — 1-0 224 — 1-215 29 512 0-4 — 900 0-2 _
16 52 340 - - 690 — —
17 52A/79 309 — 314 _
18 29 343 — 191 _
19 52/52 A/80/81 275 — 684 _
20 80/81 P rTs 366 — 248 —
21 29/52/52 A/80 350 — 79 —
22 81 240 — 192 _
23 52/80 326 — 248 _
24 81 ' ^470 - 462 —
25 29/52/52 A/80/77 P rTs 139 — 205 _
26 80/81 ps^s 525 - 521 —
27 55/71 P rTr 215 — 0-5 720 0-728 3C pr^s 350 — 180 _
29 3C/55 P rT8 616 - 1680 -
30 83 A 211 — _ 237 _ _
31 53/75/77 183 — — 143 — _
32 7/47/54/75/77/83 A 169 — — 122 — —
33 83 A . P rTr 290 — — 360 — —
34 7/47/54 207 — — 197 — _
35 83 A 400 — — 174 _ _
36 77 544 _ _ 984 _ _
37 83 A "360 - - 292 - -
38 75/77 130 — 188 _
39 77 176 — 98 —
40 47/81 306 — 243 —
41 6/7/47 292 — 200 —
42 77 P rTs 280 — 465 —
43 7/42E/54/81/ + 300 — 450 —
44 77 763 — 1600 —

45 6/7/47 592 — 3000 —
46 6/7/47/53/54/83 A/81J 1520 - 507 -
47 42E/42D-, f210 — — 160 — —
48 N.T. [ P rTr 486 - — 400 - —
49 N.T. I 405 — — 2905 — —
50 N.T. i 96 — — 188 — —

—, no loss observed; • =  no t tested; phage patterns shown in italics were obtained a t  1000 x 
routine test dilution (RTD); N.T. =  not typable. The three strains reported as N.T. (nos. 48, 
49, 50) are the  same as those described by Jevons & Parker (1964) and are common epidemic 
strains. P  =  penicillin; T  =  tetracycline; P s =  penicillin-sensitive; P r =  penicillin-resistant; 
Ts =  tetracycline-sensitive; Tr =  tetracycline-resistant.
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the soft agar layer method of Swanstrom & Adams (1951). After filtration through 
sintered glass filters (A.P.D. 1-5 ¡i), the filtrates were tested for bacterial sterility. 
Sufficient phage was added to log-phase broth cultures of the recipient strain to 
give a multiplicity of infection of from 0-4 to 0-7. After allowing 30 min. for phage 
adsorption the mixtures were centrifuged and the bacteria resuspended in broth 
containing 0-02 M-sodium citrate to prevent further phage adsorption. Incubation 
was continued for a further 2-3 hr before screening for transductants by plating 
the organisms on plates containing either tetracycline 5-0 /¿g./ml. or penicillin 
01
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RESULTS
Table 1 lists the 50 strains of Staphylococcus aureus which were tested for loss of 

resistance to penicillin or tetracycline or both during growth at 43-44°. The phage 
type of the strains and their resistance to the two antibiotics are also shown. 
Thirteen of the 50 strains tested showed a loss of penicillin resistance when grown 
at 43-44°. With twelve of these strains no loss of penicillin resistance was detected 
when the strains were grown at 37°. The loss observed during growth at 43-44° 
can therefore be assumed to have resulted from growth at this higher temperature.

With one strain (no. 15), however, the loss of penicillin resistance that occurred 
during growth at 43-44° was no greater than that observed when the strain was 
grown at 37°. Loss of tetracycline resistance occurred with 5 out of 28 strains 
tested; but with two of these (nos. 14, 27) it was no greater than the rate of spon
taneous loss at 37°. If these three strains be excluded, certain conclusions can be 
drawn: (1) Loss of penicillin resistance as a result of growth at 43-44° occurred 
with greater frequency than loss of tetracycline resistance. (2) Strains which lost 
tetracycline resistance always lost penicillin resistance as well, but these two 
resistances were lost independently, i.e. it was rare to find a clone which had lost 
both resistances, although this did occur occasionally. For example, with strain 
no. 2, loss of resistance to penicillin occurred in 2-5 % of clones, loss of resistance to 
tetracycline in 8 % of clones, loss of resistance to both antibiotics in 1-7 % of clones.

An examination of the phage-typing pattern of those strains in which loss of 
resistance was accelerated by heating revealed that they all belonged to the ‘52, 
52A, 80, 81 complex’. This complex, which comprises strains lysed by various 
mixtures of the four typing-phages (52, 52 A, 80, 81) is believed to contain organisms 
which arose as a result of lysogenizations of a single ‘ basic ’ strain by a number of 
different temperate phages. However, not all members of this complex showed a loss 
in antibiotic resistance when grown at 43-44°. Eighteen such strains were tested 
and six of these (nos. 19, 20, 22, 23, 24, 26) did not show any loss in penicillin 
resistance. None of these six was resistant to tetracycline. On the other hand, all 
of the twelve strains in the complex in which loss of penicillin resistance or tetra
cycline resistance, or both, occurred, were naturally resistant to both antibiotics. 
It seemed possible, therefore, that it was necessary for a strain to be doubly re
sistant and possibly, therefore, to carry two plasmids, for loss of one or both to 
occur during growth at 43-44°.

To test this possibility strain no. 2 (phage pattern 52/52 A/80), which was resistant 
to both penicillin and tetracycline (PrTr) and consistently showed a loss of both re
sistances during growth at 43-44°, was examined further. From this strain two
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PsTr (penicillin-sensitive, tetracycline-resistant) clones and two PrTs (penicillin- 
resistant, tetracycline sensitive) clones were isolated after growth at 43-44°. These 
4 clones, together with the original P'Tr parent, were tested for loss of resistance as 
result of growth at 43-44°. The results are summarized in Table 2. The PT* isolates 
lost their penicillin resistance, and the P8Tr isolates their tetracycline resistance, at 
approximately the same rate as the PrTr parent lost each resistance separately. It 
seems therefore that the presence of more than one plasmid is not necessary for 
this loss to occur.

Antibiotic resistance in staphylococci

Table 2. Loss in antibiotic resistance during growth at 43-44° in a strain of Staphy
lococcus aureus resistant to penicillin and to tetracycline (P'T ') and isolates from this 
strain resistant to penicillin only (PrT ‘ ) and to tetracycline only 'PsTr)

Strain
Strain 2 P rTr 
Strain 2 P  rT8— 1 
Strain 2 P T S—2 
Strain 2 P sTr— l 
S train 2 P 8Tr—2

% losing resistance during 
growth a t  43-44°

Colonies ,-------------------- *--------------------
screened (no.) Penicillin Tetracycline

934
794

1207
601

1360

1 1  2-2 
1-6 
10

2 1
2-4

. =  not done.

Table 3. Loss in antibiotic resistance during growth at 43-44° in strains of Staphy
lococcus aureus transduced to resistance with phage 80/2 and phage 80/80

%  losing transduced 
resistance during

Recipient Transducing Resistance Clone
Colonies
screened

growth a t  43-44°
strain phage transduced no. (no.) Penicillin Tetracycline

Strain 2 P STS 80/2 Penicillin 1 348 6 0
80/2 Penicillin 2 316 2-5

S train 2 P 8T 8 80/80 Penicillin 1 1410 < 0 07
80/80 Penicillin 2 335 < 0-3

Strain 2 P “T S 80/2 Tetracycline 1 541 3-3
80/2 Tetracycline 2 323 4-3

PS 80 P rT8 80/2 Tetracycline 1 1260 11
80/2 Tetracycline 2 987 2 0

. =  not done.

Transduction experiments
Transduction of antibiotic resistance was done with typing phage 80 grown on 

two different donor strains: (1) strain 2, which is PrTr, and in which both resistances 
are susceptible to loss during growth at high temperatures ; (2) p s  80, the propagating 
strain for phage 80 (strain 20 in Table 1) which is penicillin-resistant and tetra
cycline sensitive, and in which the penicillin resistance was not lost during growth 
at 43-44°. These two phage preparations will be referred to as phage 80/2 and 
phage 80/80.

The recipient strains used were (1) a P8TS clone isolated from strain 2 after heat 
treatment. This strain was transduced to penicillin resistance with both phage
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80/2 and phage 80/80, and also to tetracycline resistance with phage 80/2. (2) p s  80, 
the propagating strain for phage 80 (strain 20 in Table 1). This strain was trans
duced to tetracycline resistance with phage 80/2.

Two of each class of transductants were tested for loss of antibiotic resistance 
during growth of 48-44°. The results of these experiments (Table 3) show that the 
heat sensitivity of a particular antibiotic resistance was transduced with the 
resistance itself. Thus, strain 2 P"T* transduced to penicillin resistance by phage 80 
grown in strain 2 PrTr, where the penicillin resistance is sensitive to heat, showed a 
similar loss in penicillin resistance when grown at 43-44°. The same strain, when 
transduced to penicillin resistance by phage 80 grown in strain p s  80, where the 
penicillin resistance was not lost during growth at 43-44°, showed no loss in 
resistance when grown at this elevated temperature. Similarly, both strain 2P’T ' 
and p s  80 P'T8, when transduced to tetracycline resistance by phage 80/2, showed 
a loss in tetracycline resistance wrhen growm at 43-44°. The heat stability of the 
plasmid, therefore, is characteristic of the plasmid itself and seems to be inde
pendent of the cell which carries it.
Table 4. Effect of growth at 43-44° on loss of resistance to streptomycin, erythromycin, 
novobiocin, oleandomycin, neomycin and bacitracin by strains of Staphylococcus aureus

No.
Strain Phage Resistance Growth colonies % losing resistance ~o

pattern pa ttern tem perature screened s* K N v 01 Neo Bae
1 80 P rTrE r 37° 495 —

43-41° 156 -
15 29 P rTrSrE r01r 37° 360 — —  .  —

43-44° 420 - -
16 52 P rTrSrE rNvr 37° 340 — -  -

43-44° 696 - -  -
30 83 A P rT rE rN vr 37° 723 -  -

43-44° 290 -  -
33 83 A P rTrSrE r 37° 197 —

43-44° 498 -
50 n.t. P rT rSrE r 37° 390 — —

43-44° 410 - -
51 83 A P rTrSrE rNvr 37° 505 — —

43-44° 660 -  -
52 n.t. P rT rSrE rNeorBacr 37° 383 — _  _

43-44° 715 - -  -
53 n.t. P rTrSrE rNeor 37° 623 — — —

43-44° 831 — — —

* S, streptom ycin; E , erythrom ycin; Nv, novobiocin; OI, oleandomycin; Neo, neomycin; 
Bac, bacitracin; . =  not done; — =  no loss observed; n .t .  =  not typable.

Effect of growth at 43-44° on loss of resistance to antibiotics 
other than penicillin and tetracycline

Nine strains of Staphylococcus aureus which were resistant to other antibiotics 
in addition to penicillin and tetracycline were examined to see whether growth at 
elevated temperatures accelerated the loss of resistance to these other antibiotics. 
The results are summarized in Table 4. Five strains wrere tested for loss of strepto



mycin resistance; eight strains for loss of erythromycin resistance; three strains 
for loss of novobiocin resistance; one strain for loss of oleandomycin resistance; two 
strains for loss of neomycin resistance and one strain for loss of bacitracin resis
tance. In no case was there a detectable loss of resistance to these antibiotics, either 
during growth at 37° or at 43-44°.
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DISCUSSION
The results reported here confirm those of other workers, particularly those of 

May et al. (1964) and support the hypothesis that resistance to penicillin and 
tetracycline is carried cytoplasmically, at least in some strains of Staphylococcus 
aureus. However, of the 50 strains examined only 12 strains showed a loss of peni
cillin resistance as the result of growth at 43-44°, and of these 12 only three showed 
a loss of tetracycline resistance. The two resistances were lost independently but 
penicillin resistance was lost only in strains that were also tetracycline resistant 
and vice versa.

All strains in which a loss of resistance occurred shared very similar phage
typing patterns (80, 52/52A/80, 80/81, 52/52A/80/81) characteristic of strains in 
the ‘52, 52A, 80, 81 complex’. All the evidence suggests that these strains are 
closely related and that the difference in typing patterns is the result of lysogeniz- 
ation of a single ‘basic’ strain by a series of temperate phages (Asheshov & 
Winkler, 1966). Staphylococcus strain e  169 of May et al. (1£64) had the phage 
pattern 52/52A/80/81 and is, therefore, also a member of this complex of strains. 
In view of this it seemed possible that the loss of two plasmids in these closely 
related strains was a characteristic of the bacteria carrying them and independent 
of the plasmids themselves. The results of the transduction experiment would seem 
to rule this out, however, since they showed that the heat sensitivity of the plasmids 
was transferred together with the antibiotic resistance, which suggests that the heat 
sensitivity is a characteristic of the plasmid itself.

Failure to show a loss of resistance to penicillin or tetracycline in the other 38 
strains may mean that the method used was not sufficiently sensitive (e.g. not 
enough colonies were screened) to detect a lower rate of loss. It seems possible that 
the rate of loss observed as the result of growth at 43-44° simply reflects an in
crease in the normal rate of spontaneous loss which occurs on storage. Two strains 
in which a high rate of loss of penicillin resistance occurred as the result of growth at 
elevated temperature (strains 1 and 2 of Table 1) also showed a very high rate of 
loss of penicillin resistance on storage. In the case of strain 1, £ % of colonies were 
penicillin sensitive after 4-5 months storage at room temperature: during the same 
period 40% of the bacteria in strain 2 showed a similar loss.
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Liberation of Protoplasts from the Mycelium of Phytophthora
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SUMMARY
Spherical protoplast-like bodies were released from the mycelia of Phytophthora cinnamomi and P. parasitica on digestion of their hyphal walls with an extracellular enzyme preparation from Streptomyces sp. in media of appropriate osmotic pressure. Protoplast liberation was observed when using as osmotic stabilizer either sucrose or mannitol ( 0 - 2  m - 0 - 8  m ) :  maximum response at about 0-4 m - 0 - 6  m . Although hyphal wall digestion was always extensive, the amount of protoplast release varied widely under seemingly similar conditions. Protoplasts were liberated from the phytophthora mycelium by two mechanisms: bud-like emergence in which cytoplasm was squeezed through a small pore in the wall usually located at or near a hyphal apex; or intercalary hyphal swelling, which consisted of the swelling and rounding off of short hyphal segments whose walls became progressively thinner until they were no longer visible. Both types of protoplast were osmotically sensitive and disintegrated upon dilution of the suspending media.

INTRODUCTION
A crude extracellular enzyme preparation from Streptomyces sp. strain q m b  814 

(Reese, Smakula & Perlin, 1959) can almost completely dissolve the hyphal walls 
of Phytophthora cinnamomi (Bartnicki-Garcia & Lippman, ~o be published). The 
preparation effectively digested isolated purified hyphal walls as well as the walls 
of living mycelium. The lytic action is believed to be chiefly due to /i-glucanases 
which cleave the major components of the wall, namely cellulose and other glucan(s), 
to soluble carbohydrate molecules of a wide range of sizes. The present work was 
prompted by the availability of this enzyme preparation which is capable of 
rapidly lysing the hyphal walls of phytophthora and a desire to prepare cellular 
forms of phytophthora devoid of cell walls which could be used for studies of cell- 
wall biosynthesis. The release of seemingly wall-free protoplast-like bodies from the 
mycelia of P. cinnamomi and P. parasitica, described here, was attained by digesting 
hyphal walls of living mycelia in an osmotically favourable environment.

METHODS
The strains of Phytophthora cinnamomi and P. parasitica, and the culture media 

used were as described by Bartnicki-Garcia (1966). Protoplast release was followed 
under a bright-field Reichert Zetopan microscope equipped with a Polaroid camera. 
Sterile micro-chambers were improvised with ordinary microscope slides and cover- 
slips. A square frame of silicon lubricant (Dow Corning, high vaccum grease), the
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size of a coverslip, was applied to the centre of a microscope slide. After the slide 
was sterilized in the autoclave, a small piece of mycelium was placed on its centre 
and excess liquid removed with a capillary pipette. The mycelium was rinsed once 
with a drop of enzyme solution. A fresh drop was then added, and a sterile coverslip 
pressed against the silicon grease to form a liquid-tight chamber. Incubations were 
at room temperature (21-26°).

Mycelium for incubation in the micro-chambers was prepared by the following 
technique. A small portion of a mycelial mat from a 7-10-day stationary culture in 
liquid V-8 juice medium (Campbell Soup Co.) was homogenized at slow speed in 
15 ml. of fresh V-8 solution in a Sorvall Omni-mixer for 3 min. The resulting sus
pension of mycelial fragments was poured into a Petri dish and incubated for 1 or 
sometimes 2 days, at 27°. Thus were obtained small actively growing pieces of 
mycelium which could be transferred intact to the micro-chambers with a Pasteur 
pipette.

The streptomvees enzyme preparation was kindly given by Dr E. T. Eeese 
(U.S. Armv. Quartermaster Research and Engineering Centre, Natick, Massa
chusetts). Enzyme solutions containing 120 Cx cellulase units/ml. were made in 
0-05 m  citrate buffer (sodium citrate + citric acid; pH 5-8) or in 0-1 M-phosphate 
buffer (K2HP04 + KH2P04; pH 6-8). Buffers were adjusted to various concen
trations of sucrose (A.R.), mannitol (commercial grade) or KC1 (A.R.) to increase 
the osmotic pressure. Enzyme solutions were sterilized through Millipore filters.

RESULTS
By providing adequate osmotic protection during the enzymic hydrolysis of 

living mycelial walls of Phytophthora cinnamovii or P. parasitica, the formation 
of large spherical protoplast-like bodies was commonly observed (Pis. 1, 2). Proto
plasts were liberated in digestion media which contained mannitol, sucrose or KC1 
as osmotic regulators in citrate or phosphate buffers. Protoplasts appeared in 
sucrose or mannitol concentrations ranging from 0-2 m  to 0-8 m  with better responses 
at about 0-4 m  to 0-6 m . Potassium chloride was similarly effective, except at 0-8 m 
at which concentration no protoplasts were released. Without osmotic stabilizers 
no protoplasts were released; instead, amorphous masses of protoplasm were 
extruded, mainly through the burst tips of some hyphae.

Autolysis of phytophthora mycelium was not detected even after prolonged 
incubation in the micro-chambers. Thus, control specimens containing no Strepto
mvees enzyme, showed no sign of hyphal wall degradation, nor any evidence of 
protoplasm release by either amorphous discharge or protoplast liberation.

Liberated mycelium-protoplasts were usually spherical, but occasionally irregu
larly bulged bodies were also observed (PI. 2, fig. 6). Protoplast size ranged from 10 
to 40 ¡i and was considerably greater than the diameter of the parental hyphae. 
The internal morphology of the protoplasts varied considerably, reflecting in this 
respect the variability of cytoplasmic structure of the hyphae from which they 
derived.

From both phytophthora species, protoplasts appeared by two distinct pro
cesses, namely a bud-like emergence or intercalary hyphal swelling. Early proto
plasts, which under optimum conditions could begin to emerge after incubation 
for 1 hr, were released even before the walls showed any visible sign of digestion

S. Bartnicki-Garcia and E. Lippman



and always emerged in a bud-like manner, i.e. a variable amount of protoplasm was 
squeezed through a small not readily visible pore in the wall, forming on the out
side a growing spherical body. The final size and time of detachment of protoplasts 
varied greatly. Sometimes more than one protoplast was formed on a single hypha 
from what appeared to be a continuous mass of discharging protoplasm (PI. 2, 
fig. 7). The liberation of large protoplasts required the mobilization of protoplasm 
from relatively distant hyphal regions. Thus it was calculated (neglecting volume 
changes due to osmotic pressure differences) that a protoplast 40 ¡i in diameter con
tained protoplasm equivalent to a 1185 ji length of hypha of average diameter 6 //.

In a more advanced digestion stage, i.e. after incubation for 12 hr, when the 
hyphal walls were perceptibily thinner, the appearance by intercalary swelling was 
more common. This consisted of the swelling and rounding off of short hyphal 
segments whose walls became progressively thinner; protoplasm from adjacent 
hyphal regions emptied into the swellings which assumed a spherical form. Several 
such swellings and their resulting protoplast-like bodies could form from a single 
hypha (PI. 2, fig. 8). Careful observation revealed that intercalary protoplasts, 
derived from one hypha, sometimes remained connected in a chain by a barely 
visible thread, presumably the collapsed remnant of the hyphal wall. No cell wall 
was readily evident on the protoplasts themselves.

Protoplasts were stable and retained their external morphology for several days 
when kept in the sealed micro-chambers where they had been liberated. There were, 
however, marked internal changes, such as the cytoplasm becoming coarsely 
granulated.

The osmotic stability of the protoplasts wras tested by running water through the 
micro-chamber (silicon grease omitted). Addition of distilled water caused the 
protoplasts to swell slightly and to burst with disintegration of their membrane, 
which then ceased to be visible. Concomitant with bursting, a spherical vesicle, 
about the original size of the protoplast, was frequently formed. Conceivably these 
vesicles represent swollen cytoplasmic vacuoles and, characteristically, protoplast 
debris remained attached to them from without (PL 2, figs. 9, 10).

The extent of protoplast liberation, from one experiment to the next under 
seemingly similar conditions, was widely variable. However, duplicates within one 
experiment were almost always in agreement. In some rare instances, there was 
observed a massive liberation of protoplasts as illustrated in PI. 2, fig. 5; on other 
occasions, however, complete failure to release protoplasts was encountered. 
Intriguingly, hyphal walls seemed to have been extensively digested in both cases. 
The usual degree of hyphal wall digestion of phytophthora can be appreciated bv 
comparing figs. 1 and 2 of PI. 1.

Protoplasm was not always discharged as protoplasts even under favourable 
osmotic conditions. Thus in a given preparation, obviously suitable for protoplast 
formation since many such bodies were actually formed, certain hyphae would 
discharge their cytoplasm into amorphous masses devoid of a limiting membrane, 
while simultaneously neighbouring hyphae gave normal protoplasts. On one occasion 
cytoplasm was seen to discharge amorphously through the same pore from which 
protoplast had emerged immediately before. On comparing mycelial pieces grown 
for 1 or 2 days no consistent response was obtained indicative of an optimum age 
for protoplast release.

Phytophthoraprotoplasts 413
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Mycelial pieces under digestion were still capable of further growth despite con

comitant extensive wall lysis. This renewed growth was especially noticed after 
incubation for about 24 hr with enzyme solutions containing 0-2 m - to 0-6 M- 
sucrose; it consisted of long branched hyphae with walls of normal appearance 
radially protruding around the periphery of the extensively digested initial mycelial 
piece. That the enzyme preparation was active during the growth of these new 
hyphae may be deduced from the fact that, on continued incubation for another day 
their walls also were lysed, yielding a second crop of intercalary protoplasts. This 
alternating sequence of digestion and growth suggests that the hyphal walls of 
Phytophthora vary in their susceptibility to enzymic attack.

No significant differences in protoplast liberation or behaviour were detected 
between Phytophthora cinnamomi and P. parasitica except that the latter seemed to 
liberate protoplasts somewhat more readily.

DISCUSSION
Protoplast liberation in filamentous fungi was first observed in Neurospora crassa 

(Emerson & Emerson, 1958; Bachmann & Bonner, 1959) by the action of a hemi- 
cellulase preparation of snail digestive juice on its mycelial or conidial walls. 
Subsequently, Villanueva and co-workers released protoplasts and like structures 
from other chitinous filamentous fungi by using snail juice (Rodriguez-Aguirre 
& Villanueva, 1962; Garcia Acha & Villanueva, 1963), or a lytic preparation from a 
streptomyces (Garcia Acha & Villanueva, 1963; Rodriguez-Aguirre, Garcia Acha 
& Villanueva, 1964). The present communication, we believe, is the first to describe 
the artificial release of protoplasts from a fungus with cellulosic walls.

A set of requirements specified by Brenner et al. (1958) to define a bacterial proto
plast could also be extended to fungal protoplasts. The main criterion is the com
plete absence of cell wall from osmotically sensitive spherical protoplasts. The 
spherical bodies released from phytophthora mycelia were osmotically sensitive 
and appeared, under the microscope, to lack most, if not all, of the original cell 
wall; however, definite evidence for absence of cell wall is not available. Whether or 
not the ‘ protoplasts ’ from phytophthora mycelia are entirely devoid of the original 
cell wall may be a question related to their genesis. Thus protoplasts which arise by 
emergence through a pore are probably entirely deprived of cell wall; on the other 
hand, it is possible that some undigested wall remained attached to the membrane 
of protoplasts formed by swelling of hyphal sections. In support of this view, studies 
on the digestion of isolated hyphal walls of phytophthora (Bartnicki-Garcia & 
Lippman; to be published) have indicated that a small portion of the wall was not 
dissolved by the streptomyces enzyme preparation even after digestion for 24 hr 
at 50°.

The phytophthora mycelium is coenocytic; therefore protoplast extrusion may 
involve the artificial separation of a continuous protoplasm to form spherical units 
at the time of liberation; see, for example, the simultaneous emergence of two proto
plasts through separate pores, but both arising from the same protoplasmic mass 
(PI. 2, fig. 7). Bachmann & Bonner (1959) considered the protoplasts from neuro
spora as artifacts since even the protoplasm confined within two septa could give 
rise to more than one protoplast.



Protoplast release from phytophthora mycelia was widely variable under seemingly 
equal conditions even though hyphal walls were always extensively digested. Factors 
other than wall digestion and adequate osmotic pressure must also intervene in the 
successful liberation of a protoplast. The extrusion of protoplasm without a limiting 
membrane and occurring under conditions favourable for protoplast formation 
might he an indication of variations in the fragility of the cytoplasmic membrane 
and of its failure to maintain continuity under the pressure of expulsion.

Phytophthora, like other aquatic Phycomycetes, release during their life cycles 
Hagellated zoospores which may be regarded in some respects as natural proto
plasts. Although zoospores are not quite spherical, and will withstand very low 
osmotic pressure without bursting, they seemingly lack a cell wall. Although the 
internal fine structure of phytophthora zoospores has not yet been reported, 
electron microscopy of thin-sectioned zoospores of other fung: (e.g. Blastocladiella 
entersonii; Cantino, Lovett, Leak & Lythgoe, 1963) indicate the absence of a cell 
wall. Questions then arise as to whether the membrane of an artificial protoplast 
is of the same nature as that of a zoospore and whether phytophthora protoplasts 
are able to regenerate a cell wall de novo.

Phytophthora protoplasts 415
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EXPLAN ATION OF PLATES 
P late 1

Fig. 1. Mycelium of Phytophthora cinnamomi incubated w ith streptomyces enzyme in  phosphate 
0-8 M m annitol buffer. Zero time. ( x 170.)
Fig. 2. Same as fig. 1 after incubation for 68 hr. ( x 170.)
Fig. 3. P rotoplast of P. cinnamomi released in phosphate 0-6 M-mannitol buffer. ( x 825.)
Fig. 4. Protoplasts of P. parasitica released in phosphate 0-6 M-mannitol buffer. ( x 825.)

P late 2
Fig. 5. A bundant release of protoplasts from mycelium of P. cinnamomi after digestion for 1 
day w ith Streptomyces enzyme in phosphate 0-6 M-mannitol buffer. ( x 115.)
Fig. 6. Irregularly shaped protoplast-like bodies from P . cinnamomi produced in same slide as 
th a t of PI. 1, fig. 3. ( x 710.)
Fig. 7. Simultaneous release of two protoplasts from a hyphal tip  of P. parasitica after digestion 
for 2 h r w ith Streptomyces enzyme in phosphate 0-6 M-mannitol buffer. ( x 1140.)
Fig. 8. Chain of protoplasts (right) formed by  intercalary swelling of a hypha from P. cinnamomi 
digested with Streptomyces enzyme in phosphate 0-6 M-mannitol buffer for 1 day. ( x 115.)
Figs. 9, 10. Protoplasts of P . cinnamomi osmotically lysed w ith distilled water. ( x 670.)
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Observations on the Effects of a Chromosome 
Duplication in Aspergillus nidulans
By B. W. BAINBRIDGE* a n d  J. A. ROPER
Department of Genetics, University of Sheffield

(Received 4 October 1965)
SUMMARY

During a study of genetic factors affecting the morphology of Aspergillus nidulans a novel and characteristic variant was observed among the progeny of crosses involving certain morphologically normal parents.This type, which had a diminished linear growth rate, segregated in constant proportion; it was designated ‘crinkled’. It carried a duplication for a chromosome segment as a result of an unequal translocation in one parent. Crinkled colonies showed vegetative instability and sectored types which, in varying degree, approached normal morphology and growth rate. These revertants probably arose by loss of a variable part of the chromosome segment carried in duplicate. The loss occurred from either the translocated or untranslocated segment.
INTRODUCTION

During a study of genetic factors affecting morphology in Aspergillus nidulans a 
novel and characteristic variant, designated ‘ crinkled ’ (cr) ; was observed ; cr types 
posed two main problems. They arose regularly and in constant proportion from 
crosses of particular parents which had normal morphology. Furthermore, cr 
colonies showed vegetative instability in giving sectors which, in varying degree, 
approached normal morphology and growth rate. The present paper describes an 
investigation into the genetic determination of cr and the nature of its instability.

METHODS
The general techniques used in this work were those of Pontecorvo et al. (1953). 

Incubation was at 37°.
Media. Minimal medium (MM), Czapek-Dox with 1 % glucose. Complete medium 

(CM), a complex medium containing yeast extract, hydrolysed casein, hydrolysed 
nucleic acid, vitamins, etc. Solid media contained 2 % agar.

Organisms. Aspergillus nidulans strains were maintained on CM. Details of 
mutant alleles, and their locations, are given by Pontecorvo et al. (1953), Roper 
& Käfer (1957), Käfer (1958) and Warr & Roper (1965). Käfer (1961, 1962a, b,
1965) described the chromosome translocations in many of the currently used 
strains.

The mutants of main importance in this work were: y, yellow conidia; cka, 
chartreuse conidia; zv2 and wS, white conidia; adS and ad20, argl, bil, cys2, lys5,

* Present address: D epartm ent of Microbiology, Queen E lizabeth College, Campden Hill Road, 
London, W. 8.
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nic2 and nic8, paba6, phen2, prol, pyrol and pyroV2, ribol and ribo2, si, s3 and s i2, 
growth requirement, respectively, for adenine, arginine, biotin, cystine, lysine, 
nicotinic acid, p-aminobenzoic acid, phenylalanine, proline, pyridoxin, riboflavine 
and sulphite; sul-ar/20, suppressor of a(120; Acr 1, resistance to acriflavine. Trans
locations are designated by the symbol (T) after the genotype.

Genetic analysis. The general techniques of analysis used were those of Ponte- 
corvo et al. (1953) with modified techniques for ascus dissection (Bainbridge, 1964) 
and for certain crosses (Bainbridge, 1965).

RESULTS
The segregation of crinkled

Table 1 shows the segregations from a number of crosses between particular 
parents with normal morphology. The cr segregants had a characteristic phenotype 
(Pl.l, fig. 1) and a diminished linear growth rate; cr segregants from the five crosses 
were phenotypically indistinguishable, suggesting a common mode of origin. 
However, in case they differed in origin, cr segregants were numbered consecutively 
at isolation.

Table 1. Aspergillus nidulans: segregation of crinkled from 
crosses between morphologically normal parents

Segregants
Parents Normal Crinkled P*

bil ; 0)3; cys2 x y; ad3 s i 398 193 0-7
Ini ; 0)3; cys2 x ribol >/; nicS 192 98 0-8
bil; w3 x sul-ad20 y ad20; Acrl; phen2; pyro4 ; Iys5 ; 

*3; nicS; ribo2
250 108 0-2

bil ; 0)3; pyroVl x s l2 ; pyroi; nic2 294 148 > 0-9
bil; 0)3; pyrol x ribol y; nicS 884 424 0-4
* X2 test for fit to  2 :1  ratio  of norm al: crinkled. Results from the last two crosses were kindly 
supplied by D r J .  R. W arr.

The segregation data were statistically inconsistent with 1:1 or 3:1 ratios but 
showed good agreement with a ratio of 2 normal: 1 cr. This suggested the possibility 
of two freely-recombining interacting genes in which one recombinant class was 
nonviable and the other cr. Ascus analysis was undertaken on only a small scale. 
However, the results indicated inviability of a type which could not be ascribed 
readily either to technique or to chance in viability of a proportion of ascospores. 
From the cross, b ilx y ;  adS; si cys2, four classes of asci were found in the 10 asci 
analysed. Five asci were of type I with 4 spore pairs giving morphologically normal 
colonies; 1 type II ascus with 2 cr, 2 nonviable spore pairs; 2 type III asci with 2 
normal, 1 cr, 1 nonviable spore pairs and 2 type IV asci with 4 nonviable spore pairs. 
These segregation patterns corresponded to asci showing the following spore sizes: 
I, 8 normal; II, 4 normal, 4 small; III, 6 normal, 2 small, and IV, 8 small. Overall 
ascospore viability, both from ascus analysis and random spore platings, was about 
60%.

Two freely-recombining genes with the interactions outlined above would yield 
asci of types, I, II and III but type IV would not be expected and it was necessary
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to seek an explanation of cr in other terms. The data of Käfer showed that in all the 
crosses of Table 1 one or other parent carried a chromosome translocation involving 
linkage groups III and VIII and it seemed reasonable to explore the possible 
association of this translocation and cr. Pritchard (1960; and personal communi
cation) had already reported a strain of Asprergillus nidulans carrying a chromosome 
duplication and with a morphology somewhat similar to cr. Furthermore, from a 
cross in Neurospora crassa involving an unequal translocation in one parent, 
McClintock (1945) reported ascus analysis data similar in patterns of defective 
spores to those given above.

Many crosses were examined for the segregation of cr but consideration will be 
given here only to those crosses involving parents of known status in respect of the 
III—VIII translocation. There were 28 crosses involving 27 different, morpho
logically normal parent strains. Those crosses in which both parents or neither parent 
carried t ie translocation did not yield cr segregants; all crosses in which only one 
parent carried the translocation did yield cr among the progeny.

The segregation data could be accommodated if the translocation were unequal. 
A cross heterozygous for this translocation would yield 25 % of the progeny with a 
deficiency and 25 % with a duplication. The former would certainly be nonviable and 
the latter, presumably, cr. It remained to test this idea and to determine the 
direction of the III-VIII translocation. Mitotic haploidization is used to detect 
heterozygous translocations (Käfer, 1962&). During haploidization of diploid nuclei of 
Aspergillus nidulans there is no crossing-over and markers on the two linkage groups 
involved in a translocation show complete linkage, in contrast to the free recombina
tion expected in translocation-free diploids. However, this first analysis did not 
reveal either the direction or extent of the translocation.

A chromosome duplication in aspergillus

Table 2. Aspergillus nidulans: segregations from crosses 
involving a crinkled parent

Segregants
Cross Normal Crinkled p*

crl4  y \ a d S x b il;  w3; cys2 (T) 73 74 > 0-9
cr l5 prol y x b i l ;  w& ; pyrol2  (T) 48 54 0-5
crl6  y  x b il ; w3; cys2 (T) 102 97 0-7
cr4 bil X y; zt’2; argl 134 143 0-5

(T) indicates a  strain  carrying the  I I I -V I I I  translocation. 
* X2 test for agreem ent w ith 1:1 ratio.

As a first step towards testing the idea of an association of cr and a chromosome 
duplication, cr segregants from various crosses were backcrossed to strains of 
normal morphology with or without the III-VIII translocation. In both types of 
cross the only chromosomal difference between the parental strains of each cross 
was the suspected presence of a duplicated chromosome segment. A 1:1 ratio of cr 
type to normal was therefore expected in the progeny. Table 2 shows a selection 
of the results obtained and these are all consistent with the expected ratio. Certain 
anomalous backcross results, obtained in other crosses, are discussed later.

2 7 G. Microb. 42
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Anomalous segregations of nutritional markers among cr progeny 
Normal and cr progeny from various crosses of normal parents were classified for 

the segregation of a number of nutritional markers. Allele ratios for both morpho
logical classes were 1:1 except in the case of cys2 which is located on the right arm 
of linkage group III. From a cross of an untranslocated strain to a strain carrying 
cys2 and the III-V III translocation, normal and cr segregants were tested for 
cystine requirement. This marker gave a 1 :1 segregation among morphologically 
normal progeny but of 70 cr segregants only 6 required cystine. This suggested that

Morphologically
nomai
parents

cys

cr 29 cys r cys

cys

Fig. 1. Aspergillus nidulans. A diagram m atic representation of the origin of cr and 
revenan ts  of cr. Broken and unbroken lines represent chromosomes I I I  and V III 
respectively.

the second parent in the above cross had a translocation to chromosome VIII of 
the segment of chromosome III which carries cys2. The cr segregants would then 
carry this segment of chromosome III in duplicate (Fig. 1). Most cr segregants 
would be cys2jcys2+ and only those which resulted from crossing-over between cys2 
and the point of translocation, followed by appropriate segregation, would be 
cys2lcys2. The alternative, a translocation from chromosome VIII to chromosome 
III, would have given cr types with duplication of a segment of chromosome VIII. 
In this case at least 50 % of cr segregants would have required cystine. The frequency 
of cr, cystine-requiring segregants gave a measure of the extent of the translocation 
and indicated that cys2 shows about 17 % recombination with the point of break.

A number of cystine-independent cr segregants were selected from crosses 
involving the marker cys2. Each was crossed to a morphologically normal, cystine- 
independent strain with the III-VIII translocation. Several crosses gave no segre
gants requiring cystine and the cr parents in these were presumably cys2+lcys2+. 
Two crosses yielded cystine requirers. Of 25 normal segregants from the cross, 
crl5 p ro lyxb il;  w3; pyro\2, 12 required and 13 were independent of cystine. 
From the cross, cr29 bil ; w2; argl x add, both crinkled and normal segregants were
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classified. The normal segregants were 23 independent and 14 requirers while of 29 
crinkled segregants tested only 1 required cystine. These crosses showed unequi
vocally that certain cr strains were heterozygous cys2/cys2+ and carried, therefore, 
a duplication for a segment of chromosome III.

Instability of cr strains
Table 3 lists further segregations from backcrosses of cr strains and the results 

are in sharp contrast to those of Table 2. These results indicated possible instability 
of cr strains; they were later explained in terms of vegetative instability.

A chromosome duplication in aspergillus

Table 3. Aspergillus nidulans: anomalous results from crosses 
involving a crinkled parent

Segregants
Cross Norm al Crinkled P*

cr6 b il ; adZ x b il ; zv3 (T) 284 137 «  0-001
cr4 b il x bil ; w3; cys‘1 (T) 515 236 <? 0-001
cr4 b il x prol pabad y j 118 10 «  0-001
eri bil x p ro l pahai't y j 308 12 «  0-001
crlO bil ; o>3 adS x prol pabad y 149 71 «  0-001

(T) indicates a  strain  carrying the I I I -V I I I  translocation. 
* x 2 test f°r  agreement w ith 1:1 ratio, 
f  Results from different individual perithecia.

Three cr strains were selected from the cross b il; w>3; cys2 (T) x y , adtS; si. Each 
was inoculated at a single point in the centre of several plates of CM. After 10-days 
incubation more than half of the colonies showed ‘revertant’ sectors (PI. 1 , fig. 2). 
The cr parents had a linear growth rate about 53% that of wild type and the 
revertant sectors ranged between 58 and 97% of wild type. All the revertant 
sectors could still be distinguished from the morphologically normal parents in 
showing some degree of the general phenotypic features of cr. It seemed likely that 
reversion could be explained in one of two ways. Revertants might arise from 
mutations which suppressed, in varying degree, the morphological effects of the 
duplication. Alternatively, there might have been loss at mitosis of a part, pre
sumably a variable part, of one of the chromosome segments carried in duplicate.

A number of cr segregants were selected from the cross bil; wS; cys2 (T) xy; 
w2; argl. These segregants, and revertants derived from them, were classified for 
cystine requirement with the results shown in Table 4. cr strains 34, 35 and 36 are 
presumably cys2jcys2 in genotype; the genotypes of strains 25, 26, 28, 30 and 33 
cannot be determined from the data available; 23, 29 and 31 showed vegetative 
segregation indicating a genotype cys2jcys2+. These results confirmed the dupli
cation, in cr strains, of a segment of chromosome III and they also strongly indi
cated the process of reversion. It seemed highly probable that the revertants arose 
by loss, at mitosis, of part or all of the duplicated chromosome segment. Further
more, cr31 and cr29 segregated both cystine-requiring and cystine-independent 
revertants indicating that the proposed chromosome loss could take place from 
either the translocated or untranslocated segment.

In an attempt to confirm this last point, three of the revertants from cr29 were
27-2
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crossed to morphologically normal strains with or without the III-V III trans
location. The results are shown in Table 5; no distinction was made in classification 
between segregants with revertant and those with wild type morphology. Rever- 
tants 2 and 14 gave segregations consistent with a 2:1 ratio when crossed with an 
untranslocated strain but not when crossed with a strain carrying the translocation. 
The reverse situation obtained for revertant 12. These results could be explained 
in the terms shown diagrammatically in Fig. 1. cr29 is shown with a duplication

Table 4. Aspergillus nidulans: characterization of cr segregants 
and their revertants for cystine requirement

Requirem ent for ( — )/independence 
of ( + )  cystine

B. W . Bainbridge and J .  A. R oper

R evertants
Paren t r----------- A-------- -

cr strain Paren t + -
34 — 0 1
35 — 0 2
36 — 0 2
23 + 0 1

25 + 1 0
26 + 3 0
28 + 1 0
29 + 11 5
30 + 2 0
31 + 1 1

33 + 2 0

The cr parents were segregants from the cross b i l ; w3; cys2 (T) x y ;  w2; argl.

Table 5. Aspergillus nidula7is: segregations from crosses 
of cr revertants

Cross to  y; adS (T) Cross to  n&ol y; nicS
Revertant* N orm alf Crinkled Pi N orm alf Crinkled P Ì

2 165 10 <4 0 001 226 114 > 0-9
12 104 51 O'9 199 3 «  0 001
14 221 7 <  0 001 202 125 005

* Spontaneous revertants from cr29 bil ; m2; cys2jcys2+; argl.
f  R evertants and normal were similar in morphology and were not distinguished in classification, 
f  X2 test for agreement w ith 2 : X ratio of normal : crinkled.

of a segment of chromosome III. It was certainly heterozygous cys2jcys2+ and it 
was highly likely, from consideration of its pedigree, that cys+ was carried on the 
untranslocated segment. In crosses with translocation-free strains, R2 and Ri 1 
behaved like morphologically normal strains carrying the III-VIII translocation; 
they yielded a 2:1 ratio of normal:cr. They had presumably lost, from the pre
viously intact chromosome III, most of that segment of III which was also repre
sented in the translocation to VIII. However, they could not have lost the whole of 
the segment. From crosses with normal strains carrying the translocation they 
yielded a low frequency of cr segregants and this would not have been the case for 
two morphologically normal translocated parents. The low proportion of cr could



423
arise by crossing-over in, and appropriate segregation from, the quadrivalent 
formed at meiosis. A similar argument could be applied to 2212 except that in this 
case the behaviour of the revertant approached that of an untranslocated normal 
strain; it yielded very low frequencies of cr segregants in a cross with a translocation- 
free strain and gave a 2:1 ratio normal: cr in a cross with a normal strain carrying 
the translocation.

It was suggested earlier that mutations at suppressor loci might be invoked to 
explain reversion. It could be supposed that such mutations would completely or 
partially suppress the phenotypic effects of the duplications. The results of Tables 4 
and 5 excluded the possibility of suppressors which recombined freely with the point 
of translocation. To maintain this possibility, in view of the vegetative segregation 
shown in Table 4, it would have been necessary to suggest that each suppressor was 
specific for one or other of the duplicated segments; this seemed very unlikely. 
Moreover, certain crosses of revertants (Table 5) yielded only a low frequency of cr 
segregants; a freely-recombining suppressor would have yielded a far higher fre
quency. However, there remained the possibility, admittedly remote, that reversion 
might be explained not by chromosome loss but by mutations at suppressor loci 
linked to one or other duplicated chromosome III segment. Such mutations 
would have to suppress both the linked cys allele and the phenotypic effects 
of the segment of chromosome distal to the point of mutation. 2214 required 
cystine; on the basis of this argument it would have carried a suppressed cys2+ 
allele which it should have been possible to reveal in appropriate crosses. 2214 was 
crossed with bil; cys2; lys5; cha and a total of 20,000 ascospores, of hybrid origin, 
plated on MM supplemented with all requirements except cystine. From platings 
at various concentrations no cvstine-independent segregants were recovered.

A chromosome duplication in aspergillum

DISCUSSION
The observed morphological effects of a chromosome duplication were not sur

prising since such effects are well known in a wide variety of organisms. However, 
the vegetative instability was unexpected. So far we have observed this instability 
through the sectors formed from cr colonies. Our data do not permit a calculation 
of the reversion rate. Such a calculation could be based on the frequency of re
vertants obtained by plating conidia from cr strains. Both from such platings, and 
from the frequency of sectors yielded by cr colonies, it may also be possible to in
vestigate genetic and environmental factors which influence the reversion rate. 
For the present we can only say that the frequency of spontaneous reversion of cr 
was far greater than that of gene-determined slow-growing variants.

Reversion could best be explained by spontaneous chromosome or chromatid 
breakage, followed by loss of the fragment at mitosis. It could also be explained by 
an error in replication which resulted in a break in the continuity of the chromosomal 
material. We were fortunate in having a system which selects for revertant events 
but our results do not yet permit distinction between these two possible modes of 
origin.

When this work was done there were few known markers on che relevant segment 
of chromosome III. A search is now being made for further markers in this segment 
and for a similar situation involving other well-marked chromosome segments. It
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should then be possible to define the positions of chromosome loss more precisely. 
Such a system might lend itself to a study of chromosome structure, especially if it 
were possible to find agents or conditions which selectively produced losses in parti
cular regions of the duplicated segment. The positions of loss would correspond to 
points sensitive either to breakage or to the interruption of replication.

The authors are grateful to Dr A. J. Clutterbuck and Dr J. R. Warr for valuable 
discussions. They are particularly indebted to Dr E. Kâfer-Boothroyd who made 
strains and unpublished data freely available; without this help the work could not 
have been completed. An A.R.C. Postgraduate Studentship to one of us (B. W. B) is 
gratefully acknowledged.
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EXPLANATION OF PLATE
Fig. 1. A crinkled colony and, for comparison, the edge of a normal colony, x 3. 
Fig. 2. A crinkled colony with revertan t sectors, x l .
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SUMMARY
Several sterols and related substances were tested for ability to promote sexual reproduction in Phytophthora cactorum. These compounds were classified as active (oospores formed), partially active (oogonia and antheridia formed, but no oospores), or inactive (no oogonia). Quantitative differences between active substances were noted in respect of the numbers of oospores produced and the time of their appearance. The most active substances tested were 29-isofucosterol and /5-sitosterol. Loss of activity was associated with shortening of the side chain of the sterol molecule or change in its configuration, absence of a double bond in the B ring or of a hydroxyl group at position 3 on the A ring.

INTRODUCTION
In media which lack sterols the growth of species of the fur.gal genera Pythium 

and Phytophthora tends to be purely vegetative. However, in media to which certain 
sterols are added, vegetative growth is increased and, more significantly, sexual 
organs I oogonia and antheridia) develop and oospores are formed (Haskins, Tulloch 
& Micetich, 1964; Hendrix, 1964, 1965; Elliott, Hendrie, Knights & Parker, 1964; 
Leal, Friend & Holliday, 1964; Harnish, Berg & Lilly, 1964). In this paper we 
consider what structural features of the sterol molecule are necessary to confer this 
physiological activity on it in the case of Phytophthora cactorum (Leb. & Cohn) 
Schroet.

METHODS
Fungus. The strain of Phytophthora cactorum used was im i 21168, obtained from 

the Commonwealth Mycological Institute, Kew.
Media. The basal medium had the following composition: sucrose, 10-0 g.; 

L-asparagine, 1-0 g.; KH2P04, 0-5 g.; MgS04.7H20, 0-25 g.; trace element solution, 
1-0 ml.; thiamine hydrochloride, 1-0 mg.; Difco Bacto-Agar, 10-0 g.; water, 1-0 1. 
The trace element solution contained: Na2B40 7.10H2O, 88 mg.; CuS04.5H20, 
393 mg.; Fe2(S04)3.6H20, 910 mg.; MnCl2.4H20, 72 mg.; Na2Mo04.2H20, 50 mg.; 
ZnS04.7H20, 4403 mg.; EDTA, 5 g.; water 1 1.

Sterols and other substances to be tested were dissolved in diethyl ether and 
added to the medium after autoclaving and while it was still warm. The concen
tration of sterol was such that as a rule 1 ml. of ether solution was added to each 
20 or 25 ml. of medium to give the desired final concentration. Pure ether was 
added to the basal medium as a control.



Except where otherwise stated the substance under test was added to the medium 
at the rate of 10 mg./l.

Culture methods. Small Petri dishes (5 cm. diameter), each containing 5 ml. 
medium, were used in general; measurements of linear growth rate were made in 
9 cm. Petri dishes containing 16 ml. medium. The inoculum was a plug of agar 
4 mm. diameter cut from a colony growing on the basal medium. For dry y,'eight 
measurements the fungus was grown in 25 ml. liquid medium in 100 ml. conical 
flasks. Incubation was at 25° in the dark.

Linear growth rate was determined by measuring the diameter of the growing 
colonies at intervals and calculating regression coefficients by the usual least 
squares method.

Oospore counts. The number of oospores was counted in a radial transect, the 
width of a low-power microscope field, from the central inoculum plug to the edge 
of the dish. Two or three transects were counted in each of several dishes. For the 
analysis of variance the count per transect, x, was transformed to (a? + £)i.

To provide a basis for comparison between experiments, tests on both basal 
medium and cholesterol were always included.

Chemicals. In the following list, * indicates that the sample was pure according 
to gas-liquid chromatography (GLC). /5-Sitosterol was extracted from oat seed, and 
was 90 % pure by GLC, the 10 % impurities being mainly campesterol and chol
esterol (Knights, 1965). A mixture of the acetates of isofucosterol and AT|24(28)- 
stigmastadienol was also obtained from an extract of oat seed. From this, isofuco
sterol, sample 1, was prepared, and this contained 10 % stigmasterol (Knights, 1965) 
according to GLC. Isofucosterol, sample 2, was synthetic material obtained from 
Dr J. Dusza.

Ergosterol, sample 1, was obtained from Mr D. J. Austin (University of Glasgow), 
and was about 80% pure by GLC; sample 2 was obtained from British Drug 
Houses Limited, and purified by recrystallization from acetone. Fucosterol* was 
supplied by Dr G. Wood (Organon Limited, Newhouse, Lanarkshire), stigmasteryl 
acetate* by Professor D. H. R. Barton (Imperial College, London), ergosterol 
peroxide by Mr I. M. Campbell (University of Glasgow) and 24-dihydrolanosterol 
by Mr D. J. Austin. Dr C. J. W. Brooks (University of Glasgow) supplied A7- 
cholestenol*, A5-cholesten-3-one*, A4 6-cholestadien-3-one*, A4-cholesten-3-one*, 
desmosterol*, and a mixture of /5-sitosterol and campesterol (3:1); 7-dchydro- 
cholesterol was obtained from Sigma Chemical Co., and recrystallized from acetone*. 
A5-cholenol* was synthesized from commercial cholenic acid.

RESULTS
The substances tested are listed in Table 1, in which they are classified as active, 

partially active and inactive. The addition of some substances to the medium 
resulted in the production of oogonia and antheridia followed two days or so later by 
oospores; these are called active. With other substances oogonia and antheridia were 
produced but no oospores were formed, and generally the contents of the oogonia 
degenerated after about 4 days; these substances are called partially active. With 
inactive substances no oogonia or antheridia were produced, or exceptionally a few' 
appeared at a late stage of growth and then at the same time in both supplemented 
and basal medium.
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Active substances

In addition to the substances shown in the first part of Table 1 mixtures of 
/(-sitosterol and campesterol (3:1) and of the acetates of ‘29-isofucosterol (A5'24{28)- 
stigmastadienol) and A7’24(28>-stigmastadienol (2:1) were active.

The effects of varying concentrations of /(-sitosterol and cholesterol on vegetative 
growth and on oospore production were examined and are shown for /(-sitosterol in 
Figs. 1, 2 and Table 4, Expt. 4. At high concentrations the hyphal growth rate was 
decreased but the dry weight of organism was relatively little affected; the colony 
was correspondingly denser. Hendrix (1965) also found increased vegetative growth 
in cholesterol medium.

Table 1 . List of substances tested and summary of results
A ctive

(oogonia, antheridia and 
later oospores)

Cholesterol 
Cholesteryl acetate 
/?- Sitosterol 
/j-Sitosteryl acetate 
29-Isofucosterol 
Stigm asteryl acetate 
Ergosterol 
Fucosterol 
A7-ChoIestenol

Inactive
7-Dehydrocliolesterol
Desmosterol
Lanosterol
24-Dihydrolanosterol
Cycloartenol
Ergosterol peroxide
A5-Cholenic acid
Bisnoreholenic acid
A5-Pregnenol
A5- Pregnen-3/?-ol-20-one
Progesterone
Testosterone
Déhydroépiandrostérone
Oestrone

P a rtia lly  active 
(oogonia and antheridia only)

Cholestanol
Epicholestanol
A6-Cholenol
A5-Cholesten-3-one
A4-Cholesten-3-one
A4'6-Cholestadien-3-one

Coprostanol
Cholestane
Squalene
Calciferol
DL-cc-Tocopherol
Diosgenin
Tomatidine
Solanidine
Coumarin
Polyporenic acid A
Lecithin
Oleic acid
Sodium acetate

The various active compounds were compared in a series of tests in which the 
sterols were added at 10 mg./l. The relative activities were assessed by three 
criteria: (1) by the time of appearance of oogonia and oospores; (2) by the relative 
numbers of oospores; (3) by the effect on linear growth rate. The data for the first of 
these criteria are the most complete and Figs. 3-6 show the proportion of plates in 
which oogonia and oospores were seen on successive days. On this basis the greatest 
activity was shown by isofucosterol and /(-sitosterol. Cholesterol promoted slightly 
less rapid development, while ergosterol and stigmasteryl acetate were somewhat 
slower. Development with A7-cholestenol was very slow.

The time of appearance of sexual organs in the culture was related to the linear 
growth of the hyphae. Generally reproductive bodies did not appear until after the



hyphae had reached the edge of the Petri dish. The most rapid growth was promoted 
by //-sitosterol and cholesterol among substances tested in this way (Table 2); 
oogonia and oospores appeared sooner with these substances than with ergosterol, 
with which hyphal growth was slower.

As regards the number of oospores produced in a culture (Tables 3-4), isofuco- 
sterol and //-sitosterol were easily the most active, but considerable numbers were 
also produced with cholesterol. Stigmasteryl acetate and ergosterol were less active 
and few oospores were found with fueosterol and A7-cholestenol.
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Fig. l  Fig. 2
Fig. 1. Effect of concentration of //-sitosterol on growth (dry weight) of Phytophora 
cactorum. Mycelium harvested after 18 days incubation a t  25°.
Fig. 2. Effect of concentration of //-sitosterol on linear growth ra te  of hyphae of Phyto- 
phthora cactorum. Scale refers to  nun. increase per day in colony diameter.

With fueosterol at 10 mg./l. oogonia appear early (Fig. 4) and in great numbers, 
but oospores were slow to appear, not being seen until 4 days later, and then only 
a very small proportion (about 1 %) of the oogonia formed them. However, the 
oospore count was considerably increased at fueosterol 100 mg./l. (Table 4, Expt. 5).

A few oogonia but no oospores were formed with //-sitosterol at 0-1 mg./l. and 
with fueosterol at 1 mg./l.

There was great variation from one experiment to another. This was especially 
true with the growth rate on basal medium, less so on cholesterol medium (Table 2). 
These differences might have been due in part to differences in the way the medium 
was made, but were largely due to variation in the fungus. In some experiments 
a fast-growing strain was used, in others a slow one (Table 2, Expt. 3); these arose
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Figs. 3-6. Phytophthora cactorum: course of development of sexual organs in variously
supplemented media in four experiments. The vertical axis represents the  proportion of 
cultures having oogonia (white) and oospores (black) on successive days.

A, Cholesterol; B, eholesteryl acetate ; C, /5-sitosterol; D, stigm asteryl acetate; 
E , ergosterol, sample 1; F, ergosterol, sample 2; G, isofucosterol, sample 1; H , iso- 
fucosterol, sample 2; J ,  fucosterol; K , AI * * * * * 7-cholestenol; M, A6-cholenol; N, A6-cholesten- 
3-one.
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Table 2. Phytophthora cactorum: growth rates (mm. increase in diameter of colony/day) 
in 9 cm. Petri dishes in basal medium with sterols added at 10 mg./I.

Experim ent
1 2 3 4 5

Sterol added Mean
Rei.
value Mean

Rei.
value

Rei.
Mean value 
Growth rate

Mean
Rei.

value Mean
Rei.

value

Cholesterol 7-52 1-57 6-10 2-34 7-26 f  2-47 
5-86 s 2-79

10-08 1-29 8-53 1-13
^-Sitosterol 7-17 1-50 6-28 2-41 --- --- 10-10 1-30 — —

Stigm asteryl acetate — — — — --- --- 7-60 0-97 — —
Ergosterol 

(sample 1)
5-48 1-15 3-64 1-40 8-23 1-06

Cholestanol 7-34 1-54 5-04 1-94 -- -- 9-43 1-21 — —
A5-Cholenol 5*15 1-08 6-44 2-48 -- -- 8-G0 MO — —
A5-Cholesten-3-one 4-18 0-87 2-98 115 --- --- 7-28 0-93 — —

A4-Cholesten-3-one — — — — --- --- 7-83 1-00 — —

Basal medium 4-78 1-00 2-60 1 00 3 09 f  100 
2-14 s 1-00

7-80 1-00 7-56 1-00
Least significant 

difference between 
means (5 % level)

1-21 0-91 0-61 — 1-14 1-48

In  E xpt. 3, f  and s were fast-growing and slow-growing segregants from one colony.

Table 3. Phytophthora cactorum : oospore counts in relation to activity of sterols
Counts were made in three radial transects in each of 5 dishes (day 1) and again in the same 

dishes one week later (day 2). Sterol concentration =  10 mg./l. in all eases.
Dish

t
i 2 3 4 5

Counts/dish (3 transects) Mean count/
Sterol Day ------------ ----------  transect

Cholesterol 1 i n 41 33 24 20
2 no 32 15 28 39 15-1

Cholestcryl acetate 1 5 0 10 18 1o 4 7 2 28 0 2 5
/1-Sitosterol 1 148 193 41 87 101‘7 222 145 30 223 74 42-3
Stigm asteryl acetate 1 4 1 7 169 16

2 0 1 4 93 42 11-2
Ergostcrol (sample 1) 1 30 32 18 5 292 73 32 13 6 11 8-3

Analysis of variance
n.F. Mean square F

Compounds 4 95-43 6-82*
Dishes within compounds 20 14-00 10-45*
Days 1 0-01
Days x compounds 4 0-73
Days x dishes of one compound 20 1-77W ithin dishes on same day 100 1-34

* Significant a t  0-1% level.
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by segregation from the original strain. Again, in different experiments with 
cholesterol medium, oogonia appeared in 4 to 8 days. There were also consider
able differences in the number of oospores produced in different experiments 
(Table 4). Nevertheless, a similar pattern was seen in each experiment when we 
compared the activities of different sterols relative to the standards, basal medium 
and cholesterol.

/^-Sitosterol and isofucosterol are the principal sterols present in oats (Knights, 
1965). Since these are the most active substances tested it is evident why oatmeal 
agar has always been found to be a most satisfactory natural medium for sexual 
stages of the phytophthora species.

Sterol requirement of Phytophthora cactorum

Table 4. Phytophthora cactorum: oospore counts as affected by sterols in
five experiments

Experim ent
C'oncen- 1* 2 3 4 5
tration Mean count/transeot

Sterol (mg./l.) _____________ -V

Cholesterol 10 151 5*4 2(1 — —

Cholesteryl acetate 10 2-5 — — — —
/?-Sitosterol 100 — — — 120-2 —

10 42-3 — 220 1200 080
1 — — — 17-8 1-7
0 1 — — — 0 0

Isofucosterol, sample 1 10 — 520 8-1 — —

Fueosterol 100 — — — — 5-6
10 — — — — 10

1 — — — — 0
Ergosterol, sample 1 10 8-3 8-2 — — —

sample 2 10 —- — 0-2 — —
Stigm asteryl acetate 10 11-2 — — — —

* See Table 3.

Partially active substances
The substances found to be partially active are listed in the second part of 

Table 1 .
When cholestanol was added to the medium at 2-5, 10, 40 and 100 mg./]., oogonia 

developed at all concentrations, but no oospores were seen. With A5-cholesten-3-one 
and A4>6-cholestadien-3-one, oogonia but no oospores were produced when the 
substances were added at 1, 10, and 100 mg./l. In these cases, increasing the concen
tration of the substance did not lead to oospore production. The distinction between 
active and partially active substances would thus appear to be a real qualitative one.

The addition of cholestanol and AB-cholenol to the medium resulted in the 
production of oogonia early, generally at the same time as with cholesterol (Fig. 6). 
These substances significantly increased the hyphal growth rate (Table 2). With the 
three cholestenones, the oogonia appeared later, about 2 days after the cholesterol 
controls. These compounds did not increase hyphal growth as much as did cholestanol 
and A5-cholenol.
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Inactive substances
Substances found to be inactive are shown in the third part of Table 1. Inactive 

substances were not always without morphogenetic effects. Irregular swelling of the 
hyphae was observed especially with 7-dehydrocholesterol and ergosterol peroxide, 
and with coprostanol many curiously coiled and twisted hyphae appeared where one 
would expect oogonia and antheridia. Lecithin and oleic acid were both inactive, 
although oleic acid has been found to stimulate vegetative growth (Hendrix, 1965). 
However, the addition of lecithin or oleic acid to medium with cholesterol at 
10 mg./l. increased the numbers of oospores (see Table 5) although the scale of the 
experiments was inadequate to give a significant result in the case of oleic acid. 
Oleic acid and lecithin enhance the activity of cholesterol in the sterol-requiring 
protozoan Tetrahymena corlissi (Holz et al. 1961).
Table 5. Phytophthora cactorum: effect of lecithin and oleic acid on oospore production 

in medium containing cholesterol 10 mg./l.
Dish

Concentration of 1 2 3 4
lecithin or oleic acid Counts/dish (3 transects) Mean count/

(mg./l.) A --------------------- * transect
Lecithin 0 57 23 21 — 11 2

10 78 60 111 — 27-7
100 99 111 41 — 27-9

Oleic acid 0 0 7 2 6 1-3
10 18 9 1 — 3 1

100 11 11 19 9 4-2
Analysis of variance

Lecithin Oleic acid
D.F. Mean square

( ' \ 
d.f . Mean square

Between concentrations
Presence vs. absence i 22-338f 1 3-228*
100 vs. 10 mg./l. i 0018 1 1-033

Between dishes a t  one concentration 6 3-434 8 0-838
Between transects in one dish 18 1114 22 0-470

* Significant a t  5 % level compared w ith counts in one dish, not significantly greater than 
difference between dishes.

t  Significant a t  0 1  % level compared with counts in one dish, and a t  5 %  level compared with 
differences between dishes.

An effect of agar
We previously reported the occurrence of oospores in small numbers in cultures 

grown on basal medium, and with some substances now classified as inactive and 
partially active (Elliott et al. 1964). This was due to the use at that time of Oxoid 
agar No. 3. Subsequently we used only Difco Bacto-Agar and, with this, no oospores 
were formed on the basal medium, although in some of the tests a few oogonia 
appeared at a late stage of growth. With partially active substances, the use of 
Oxoid agar sometimes resulted in the early appearance of oospores, whereas with 
the Difco agar the oogonia appeared early but were not followed by oospores. It 
would appear that some factor in Difco agar is limiting and this emphasizes the dif
ferences in activity between various steroids in promoting sexual reproduction.
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DISCUSSION

A comparison of the molecular structures of the active compound, cholesterol 
Fig. 7, II) with the partially active ones, A5-cholesten-3-one (VI), cholestanol (V), 

and A5-cholenol (III), each of which differs from cholesterol in one point only, shows
29

Kig. 7. Structures of sterols tested: I, /?-sitosterol; II, cholesterol; I II , A5-cholenol; 
IV, A6-pregnenol; V, cholestanol; VI, A5-cholesten-3-one; V II, A7-cholestenol; V III, 29- 
isofucosterol; IX , fucosterol.
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that to induce sexual activity and allow its completion in Phytophthora cactoram the 
sterol nucleus is required with a hydroxyl group at carbon 3, a double bond in the 
B ring, and a side chain of more than five carbon atoms.

Only compounds with a hydrocarbon side chain are active. For example, while 
cholenol has some partial activity, cholenic acid (Fig. 8, XV) has none, and such

G. G. Elliott, M. R . H endrie and B. A. K nights

Fig. 8. Structures of sterols tested: X, ergosterol; X I, 7-dehydrocholesterol; X II, stigma- 
steryl acetate (Ac =  CH3.CO—); X II I ,  desm osterol; XIV, diosgenin; XV, cholenic 
acid.

substances as diosgenin (XIV) and solanidine with their much modified side chains 
are also inactive. The mammalian sex hormones with their short and modified side 
chains are inactive. Increasing the length of the side chain results in increasing 
activity, as shown by the series pregnenol (IV), cholenol (III), cholesterol (II), 
/(-sitosterol (I).

One of the most striking results obtained relates to the position of the 29th carbon 
atom. The double bond linking carbons 24 and 28 holds no. 29 in one position in 
29-iso-fucosterol (VIII) and in the alternative position in fucosterol (IX). The first 
of these is perhaps the most active substance found; with the second few oospores 
were formed although oogonia were very numerous. In /(-sitosterol, the 29th carbon 
is free to rotate; it could presumably readily adopt the isofucosterol configuration 
in fitting into some cellular structure.



A double bond in the side chain at carbon 22 results in slower development, 
stigmasteryl acetate (Fig. 8, XII) being less active than /?-sitosteryl acetate. A 
double bond at carbon 24 as in desmosterol (XIII), however, surprisingly results in 
no activity. Ergosterol (X) has a double bond at carbon 22, but it also has an extra 
methyl group at carbon 24 and this would increase the resemblance of the side 
chain tc that of /(-sitosterol.

7-Dehydrocholesterol (XI) was inactive. It has two double bonds in the B ring. 
Ergosterol has the same B ring structure, and its activity (in contrast to the 
inactivity of 7-dehydrocholesterol) is presumably due to a compensatory effect of its 
side chain configuration.

7-Dehydrocholesterol, A7-cholestenol and ergosterol all support the growth of 
Tetraliymena corlissi (Holz et al. 1961) and overcome the inhibition of growth of
T. pyriformis induced by triparanol (Holz, Erwin, Rosenbaum & Aaronson, 1962). 
However, only the first two support the growth of the beetle Dermestes vulpinus 
(Clayton & Bloch, 1963). On the other hand (and as we find in Phytophthora 
cactorum) ergosterol is active but 7-dehydrocholesterol inactive in promoting growth 
of a parasitic mycoplasma (Smith & Lynn, 1958). Ergosterol is slightly active in 
inducing oospore formation in a pythium s.o. (Haskins et al. 1964).

The partially active compounds, which allowed the appearance of oogonia and 
antheridia but not the consummation of the sexual process, are interesting. 
A knowledge of why the course of development breaks down with them would go far 
towards explaining the regulation of sexual processes by sterols in these fungi.

This work was supported by a grant from the Department of Scientific and 
Industrial Research.
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TH E SO C IET Y  FOR GEN ERA L M ICROBIOLOGY

The Society for General Microbiology held its forty-fifth General Meeting at Imperial 
College, London, S. W. 7, on Thursday and Friday, 6 and 7 January 1966. On 
Thursday the Society joined with the British Mycological Society for a Symposium. 
Abstracts of the Contributions to the Symposium on ‘ Chemical, serological and other 
techniques for the identification of fungi ’, and of Original Papers are below.
The Virus Group met at the Wellcome Buildings, Euston Road, London, N.W. 1, on 
Tuesday and Wednesday, 4 and 5 January. On the morning of Tuesday there was a 
Symposium on ‘ Tumour Viruses ’ and Abstracts of the Contributions to this Symposium 
are given below.

S Y M P O S IU M : C H E M IC A L , S E R O L O G IC A L  A N D  O T H E R  T E C H N IQ U E S  
F O R  T H E  I D E N T I F I C A T I O N  O F  F U N G I

B io c h e m ic a l  D if fe re n c e s  B e tw e e n  Y e a s ts .  B y  J .  A. B a h n ett  (Low Temperature 
Research Station, Cambridge)

T he n u tr itio n a l te s ts  used  in  classifying y e asts  m a in ly  concern  m ino r differences of 
ca rb o h y d ra te  ca tabo lism , ra th e r  th a n  differences o f m a jo r m etabo lic  p a th w ay s. Two 
a lte rn a tiv e  reasons for a  y e a s t’s in a b ility  to  grow  aero b ically  u p o n  a  p a rtic u la r  ca rb o 
h y d ra te  (or d e riv a tive) a re : (i) th e  su b s tra te  does n o t p e n e tra te  th e  cells; o r (ii) desp ite  
p e n e tra tio n , i t  is n o t  m etabo lized  because th e  organ ism  lacks one o r m ore enzym es to  
co n v ert th e  s u b s tra te  in to  an  in te rm e d ia te  m e tab o lite  o f a  m a jo r p a th w ay . Saccharomyces 
cerevisiae ca n n o t use c itra te  fo r g row th , n o t  from  lack  o f ap p ro p ria te  ca tabo lic  enzym es, 
b u t  p ro b a b ly  because c itra te  does n o t ge t in to  th e  cells (B a rn e tt, J .  A. & K o rn b erg , H . L .
(1960), J .  gen. Microbiol. 23, 55). O n th e  o th e r  h an d , a  s tra in  o f Candida utilis w hich c a n n o t 
use D-ribose ap p ea rs  to  be  defic ien t in  b o th  ribok in ase  a n d  r ib u lo k in ase ; one o f th e se  
enzym es is essen tia l for each  o f th e  tw o  m o st like ly  ro u tes  o f D-ribose ca tabo lism  (H orecker, 
B . L . (1962), in  Pentose Metabolism in  Bacteria, N ew  Y o rk : W iley).

F o r  va riou s  reasons, th e  a b ility  to  use one s u b s tra te  m a y  be re la te d  to  th e  a b ility  to  use 
o th e rs . F o r  ex am ple : (i) an  in itia l ca tabo lic  enzym e m ay  be sh a red : a  single /?-glucosidase 
m a y  hyd ro lyse  a rb u tin , salicin  a n d  aescu lin  (H erm an , A. & H alvorson , H . (1963), J . B ad. 
85, 895): o r (ii) su b s tra te s  m a y  follow  a  com m on ro u te  to  a  m a jo r p a th w a y : i f  y e a sts  
co n v e rt b o th  D-xylose an d  L-arabinose v ia  xy lito l to  D-fkreo-pentulose (D -xylulcse), th e n  
th e  xy lito l == D-xylulose enzym e could  be cruc ia l for th e  u tiliz a tio n  o f b o th  L-arabinose an d  
D -xylose:

L-arabinose A- L-arabinitol -r  (?)L-fftreo-pentulose -> xylitol, (1)
D -x y lo se  A  xy lito l, (2)

xy lito l A  D-fkreo-pentulose -> p en to se  cycle. (3)
D-ribose -j- ribitol (adon ito l) A  n-erythro-pentu lose -> pen to se  cycle. (4)

* E n zym e A. ** E n zy m e  B
a



H ow  far does th e  h y p o th e tic a l schem e above (based  on  H orecker, loc. cit.) fo r th e  
ca tabo lic  ro u tes  o f fou r te s t  su b s tra te s  (in  bo ld  ty p e ) a p p ly  to  y e a sts  in  general?  I f  (a) th e  
schem e show n in th e  eq u a tio n s  w ere tru e  an d  com plete , an d  (6) th e  su b s tra te s  w ere 
effectively  un im p eded  b y  cell m em branes, th e n  no y e a s t cou ld  be (I) [D-ribose + ,  rib ito l — ] 
o r ( I I )  [L-arabinose + ,  D-xylose — ]. A  rece n t tax o n o m ic  su rv ey  o f th e  genera  Pichia, 
Debaryomyces a n d  Endomycopsis (K regerv an  R ij, N . J .  W . (1964), U n iv e rs ity  o f L eiden, 
T hesis) gives th e  schem e som e su pp o rt.

N o ex cep tio n  w as foun d  e ith e r  to  s ta te m e n t (I) o r ( I I )  in  th is  su rvey  o f 51 species, th o u g h  
a  significan t p ro p o rtio n  o f [L-arabinose — ] y e asts  u tilized  D-xylose, an d  a  n u m b er o f 
[D-ribose — ] y easts  u tilized  rib ito l. T he resu lts  o f th e  su rv ey  suggest t h a t  [D-xvlose — ] 
yeasts  lack  enzym e A ra th e r  th a n  B , a n d  should  the re fo re  be [rib ito l — ] to o ; Endomycopsis 
capsularis [L-arabinose —, D-ribose + ]  w as th e  on ly  ex cep tio n : p e rhaps  th is  y e a s t  c a ta -  
bolizes

rib ito l -> ribose -> ribose p h o sp h a te  -> pen to se  cycle.
T here  are  a t  lea s t tw o  m a jo r h aza rd s  in  such  a tte m p ts  to  in te rp re t  th e  resu lts  c f  ta x o 

nom ic te s ts :  (i) I t  m ay  be  im prac ticab le  to  decide from  grow th  te s ts  a lone w h eth er 
d ifferen t responses to  a  su b s tra te  concern  a  p e rm eab ility  b a rr ie r  o r ca tabo lic  enzym es, 
(ii) T here  is th e  w idespread p rac tice  o f te s tin g  w ith  in a d eq u a te  ae ra tio n  an d  long in c u b a 
tio n  (e.g. W ickerham , L . J .  (1951), Tech. Bull. U.S. Dep. Agric. no. 1029); a f te r  m a n y  
d a y s ’ in cu b a tio n , a  po sitiv e  response to  a  te s t  m a y  d ep en d  n o t  on  th e  ch a rac te ris tic s  of 
th e  orig inal in ta c t  y e a s t cells, b u t  on  selection  o f a  m u ta n t  o r in itia l b reak-dow n o f th e  
su b s tra te  b y  enzym es released  from  au to ly sed  cells (cf. D e L ey , J .  (1961), J . gen. Microbiol. 
24, 31). O vercom ing such  difficulties shou ld  m ake  i t  easier to  u n d e rs ta n d  th e  b io chem istry  
o f th e  o v e rt differences be tw een  yeasts .
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S o m e  A s p e c ts  o f  t h e  B io c h e m ic a l  D if f e r e n t ia t io n  o f P a th o g e n ic  F u n g i .  B y  I . G.
Mu r r a y  (Mycoiogical Reference Laboratory. London School of Hygiene and Tropical 
Medicine, London, W.C. 1)

In  a  sense, b iochem ical d iffe ren tia tion  o f p a th og en ic  fung i h a s  been  w ith  us since th e  
beg inn ing  o f m edical m ycology. S ab o u rau d  in  Les Teignes (M asson e t  Cie, P a ris , 1910) 
n o te d  well th e  effects o f m edium  v a ria tio n  on th e  g row th  an d  ap p earan ce  o f d e rm a to p h y tes , 
a n d  indeed  i t  is v e ry  difficult in  th e  absence o f th e  in g red ien ts  he used  to  rep roduce  h is 
w ork  ac cu ra te ly  now . T h a t  th e  beh av io u r o f fungi varies on  d iffe ren t su b s tra te s  is well 
know n, an d  th e  im p o rtan ce  o f pep to n e  in  th is  re sp ec t w as fo rcib ly  b ro u g h t hom e to  us b y  
th e  im p o rt restric tio n s  o f 1946 (Carlier, G. I . M. (1948), Brit. J . Derm. Syph. 60, 61). 
H ow ever, b y  a n d  large, fungi o f m edical im p o rtan ce  co n tin u ed  to  be identified  b y  m o rp h o 
logical m eans ra th e r  th a n  b y  a  s tu d y  o f th e ir  n u tr itio n a l req u irem en ts . T his is s till largely  
t ru e  to d a y  b u t ,  w h a t th e  eye can  see is being  inc reasing ly  sup p lem en ted  b y  o th e r  te s ts , 
b iochem ical an d  im m unological, w hich o ften  allow  an  earlie r o r a  m ore precise iden tifica tion  
to  b e  m ade.

B iochem ical te s ts  cu rren tly  in  use to  assist in  th e  d ifferen tia tion  o f pa th o gen ic  fung i can  
be d iv id ed  in to  tw o  categories:

(1) T ests  to  assess w h a t p a rtic u la r  com pounds fungi assim ila te  o r degrade in  th e ir  
g row th  processes. A lte rn a tiv e ly , th e  iden tifica tion  o f m e tabo lite s  p rodu ced  u n d e r co n tro lled  
co nd itions m a y  serve as a  te s t .

(2) T ests  to  assess th e  co n stitu en ts  o f fungi.
A ssim ilation  te s ts  a re  ex trem ely  im p o rta n t in  th e  tax o n o m y  o f y easts  b u t  a re  o f m uch  

less va lue  in  th e  s tu d y  o f pa thogen ic  filam entous fungi. T h e la t te r  a re  ex tra o rd in a rily  
ca tho lic  feeders a n d  i t  is difficult to  find com pounds o f sufficient se lec tiv ity . N evertheless, 
occasionally  such  te s ts  can  be o f g re a t va lue  in  d iffe ren tia ting  species w hich  are  v e ry  m u ch  
alike.

I n  th e  field o f d e rm a to p h y te s  th e re  are  several o u ts tan d in g  exam ples o f b iochem ical 
te s ts :  th e  use o f h is tid ine  to  d is tingu ish  Trichophyton megninii from  T . rubrvm  an d  
T. gallinae or o f n ico tin ic  ac id  to  sep a ra te  T. equinum  from  T. mentagrophytes (Georg, L . K .



& C am p, L . B . (1957), J . B ad . 74, 113); a n d  Madurella grísea a n d  M . mycetomi differ in  
th e ir  c a p ac ity  to  u tilize  sucrose a n d  lac tose . I t  is w hen one com es to  deal w ith  organism s 
v ir tu a lly  id en tica l m orphologically  th a t  n u tr itio n a l te s ts  a re  o f th e  g rea te s t va lue . In  th e  
iden tifica tio n  o f species o f Nocardia, for exam ple , th e  assessm en t o f c a p ac ity  to  a t ta c k  a  
v a r ie ty  o f com pounds such  as  casein, ty ro sine , x a n th in e , g e la tine  a n d  variou s sugars is of 
p a ra m o u n t im p o rtan ce  (Georg, L . K . et al. (1961), Amer. Rev. resp. Dis. 84, 337 an d  (1964), 
J . B ad. 88, 477 ; M aria t, F . & L ava lle , P . (1955), C.R. Acad. Sci. 240, 255; G ordon, R . E . & 
M ihm , J .  (1959), J . gen. Microbiol. 20, 129, an d  ibid. (1962), 27, 1, a n d  J . B ad. (1957), 73, 15).

T he chem ical com position  o f th e  cell-walls o f  A ctinom ycetes is of g rea t assistance  in 
th e ir  iden tifica tion . M ost w orkers have  co n cen tra ted  on th e  d e m o n stra tio n  o f th e  presence 
o f th e  pen to se  su gar arab inose  in  organ ism s like Nocardia a n d  Mycobacteria a n d  its  absence 
in  ce rta in  m orphologically  s im ilar o rgan ism s (B ishop, C. T . & B lan k , F . (1958), J . gen. 
Microbiol. 4, 35 ; C um m ins, C. S. (1962), ibid. 28, 35; C um m ins et al. (1958), ibid. 18, 173). 
D iam inop im elic  ac id  ha s  also show n itse lf  to  be a  useful m a rk e r in  th e  d iffe ren tia tion  o f th is  
g roup  o f o rgan ism s (B ecker, B . et al. (1964), Appl. Microbiol. 12, 421). L a s tly  one m ay  
n o te  t h a t  th e  p rinc ip a l s te ro l o f Trichophyton mentagrophytes is e rgostero l (A ud ette , 
R . C. S. et al. (1961), Can. J . Microbiol. 7, 282; P rince , H . N. (1960), J . B ad . 79, 154), 
w hereas t h a t  o f T. rubrum ap p ea rs  to  be b rassicastero l (W irth , J .  C. et al. (1961), J . invest. 
Derm. 37, 153).
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Chemical Tests in Agaricology. B y R . W a t l i n g  (Royal Botanic Garden, Edinburgh)
O nly co m p ara tiv e ly  recen tly  have  chem ical te s ts  p lay ed  a n y  m a jo r role in  th e  iden tifi

ca tio n  of fresh  o r h e rb a riu m  collections o f agarics. In  fac t, i t  is now  as fam ilia r to  see 
chem ical ch a rac te ris tic s  o f th e  carp op hore  inc luded  in  a  species diagnosis, as  th e  inclusion 
o f chem ical reag en ts  in  th e  agarico log ist’s field -k it. H ow ever, i t  is seven ty  y ears  since it  
w as firs t show n th a t  c e rta in  agaric  pilei gave a  deep b lue  co lora tion  w hen  t r e a te d  w ith  
a lk a li a n d  n ea rly  fo r ty  since M elzer an d  Z v ara  u tilized  reag en ts  in  th e ir  m on ograph  on 
Russula (M elzer, V. (1927), Arch. Prirodo v Vyzkum  Cecil. 17, 1). Since th is  Czech p u b li
ca tio n  ap peared , m a n y  au th o ritie s  have  u tilized  ino rgan ic  an d /o r  organ ic com pounds in  
th e  s tu d y  o f agarics (M oeller, F . H . (1950), Friesia, 4, 1).

F o rty -tw o  d ifferen t chem ical com pounds o r m ix tu re s  are  av ailab le  for te s ts  b y  th e  
agarico log ist a n d  th e  tim e  is ripe  to  u n d e rtak e  a  c ritica l rev a lu a tio n  o f th e  use o f chem ical 
reag en ts  in  agaricology. A lth o ugh  co lour changes o b ta in ed  on ap p lica tio n  o f chem icals to  
agaric  basid iospores an d  h y p h ae  a re  o ften  s trik ing , th e  chem ical p a th w ay s  an d  n a tu re  of 
th e  su b s tra te s  are  unk now n for th e  v a s t  m a jo rity  o f reac tion s  ; th e  w hole field is instilled  
w ith  a  considerab le  degree o f a lchem y desp ite  th e  fa c t t h a t  som e reac tion s  are  co n s ta n t 
an d  co rre la tab le  w ith  o th e r  m orphological ch arac te rs .

C areful co n sid era tion  is g iven to  th e  reac tion s  invo lv ing  th e  use of M elzer’s so lu tion  an d  
o f aqueou s solu tions o f a lk a li a n d  sim ple iron  sa lts . T hese reag en ts  have  been  chosen 
because th e y  m a y  be  u sed  m acro- a n d  m icroscopically , w ith  fresh  or h e rb a riu m  m a teria l, 
a n d  because th e y  illu s tra te  som e o f th e  p rob lem s experienced  w ith  chem ical te s ts . 
E m p h asis  th ro u g h o u t th e  p a p e r  will be p laced  on th e  B olb itiaceae  an d  B cle taceae . 
G eneral reference shou ld  be  m ade to  th e  rev iew  b y  S inger ((1962), in  Agaricales in  Modern 
Taxonomy, 2 n d  ed ition ). T as te s  a n d  odours are  c o n s ta n t in  cu ltu ra l ex p erim en ts ; even 
th o u g h  su b jec t to  th e  sam e general consid era tions ap p lied  to  co lour reac tions, th e y  are  n o t 
d e a lt w ith  in  th is  paper.

Iso la tio n  an d  analysis o f th e  c ry sta ls  in  Conocybe spp. s im ilar to  th o se  observed  b y  
K ü h n e r  (K ü h n er, R . (1935), ‘L e G enre G a le ra ’, Encyclopédie Mycologique, v il, P . L e 
C hevalier, P aris) show's th e m  to  consist o f ca lcium  o x a la te . C ry sta l fo rm atio n  h as been 
used  in  th e  sep a ra tio n  o f in frageneric  g roup s. C u ltu ra l exp erim en ts  an d  field observa tions 
on Conocybe subovalis in d ica te  th a t  c ry s ta l fo rm a tio n  is exceedingly  v a riab le  b e tw een  
m em bers o f a  single p o p u la tio n  an d  m em bers o f d ifferen t pop u la tion s.



IV
T he significance o f co lour changes o f th e  flesh o f th e  R ussu laeeae , H y grophoraceae , e tc . 

a n d  th e  d a rk en in g  of c e rta in  agaric  basid iospores a f te r  th e  ap p lica tio n  o f a lk a li so lu tion s is 
discussed.

Tw o d is tin c t series o f colour changes, one re d  a n d  one green, a re  observed  w hen  ag aric  
tissu e  is tre a te d  w it 1 aqueous solu tions o f sim ple iron  sa lts . T he v a lid ity  o f selec ting  a  
single p o in t on  such  a  series for u tiliz a tio n  in  tax o n o m y  is criticized .

D ifferences in  th e  colours p rodu ced  b y  a  single chem ical w h en  ap p lied  to  carp ophores of 
a  single species a t  d ifferen t stages o f m a tu r i ty  are  described  in  re la tio n  to  th e  increase in  
to x ic ity  w ith  age o f certain  m em bers o f th e  H elvellaceae . S po n taneous co lour changes o f 
th e  flesh o f ce rta in  agarics a re  b riefly  m en tioned .

Iod ine  in  a  m ix tu re  of aqueous so lu tions o f po ta ss iu m  iodide a n d  ch lora l h y d ra te  is one 
of th e  m o st im p o rta n t a n d  w idely used  reag en ts  in  agaricology to d a y . I t  is a rg u ed  from  
carefu l lab o ra to ry  ob serva tions  th a t  th e  reac tion s  b ro u g h t a b o u t b y  th is  re a g e n t a re  fa r  
fro m  as sim ple as  is in d ica ted  b y  th e  th ree  te rm s, d ex trin o id , non -am ylo id  a n d  a m y lo id : 
o th e r  co lour changes w h ich  are  reco rdab le  a re  considered  ju s t  as  im p o rta n t. A rtifa c ts  
resu ltin g  from  p ig m en t m ask ing  are  described  as  well as  re su lts  in d ica tin g  a  chem ically  
d is tin c t lay ering  w ith in  th e  pilei an d  stipes o f boleti.

Society for General Microbiology: Proceedings

Lichen Substances and Lichen Identification. B y  P . J a m e s  (B ritish  M u seu m  (N a tu ra l 
H istory), London, .S'.IF. 7)

A  nu m b er o f un iq ue com pounds a re  p rodu ced  b y  th e  m ycob ion t o f m a n y  lichens. 
S everal o f these  substances, o ften  loosely te rm e d  ‘lichen a c id s ’, m a y  occur in  a  single 
ta x o n  a n d  are  th e re  p re sen t as ex trace llu la r, n o n -w ettab le  in c ru s ta tio n s  o f th e  h y p h ae . 
T h ey  m ay  com prise rs m uch  as 38 % of th e  d ry  w eigh t o f th e  lichen . L ichen  su b stan ces  
m a y  be un ifo rm ly  d is tr ib u te d  th ro u g h o u t th e  th a llu s  o r confined to  specific p a r ts  such  as 
th e  co rtex , p y cn id iu  n, ep ithec iu m , excipu lum , e tc . T houg h  m a n y  are  closely re la te d  to  
th o se  occurring  in  non-lichenized  fungi, o f th e  c. 95 com pounds in  w hich  th e  chem ical 
s tru c tu re  has been  asce rta ined , on ly  v e ry  few, such  as po lyporic  acid , th e leph o ric  ac id  an d  
endocrocin , are  com m on to  b o th  groups. T h oug h  m a in ly  considered as com plex  w aste  
p ro d u c ts  derived  from  th e  m e tabo lism  o f th e  m ycob ion t, several su bsid ia ry  roles, such  as 
ch e la tin g  agen ts , o r th e  m a in ten an ce  o f a ir  spaces w ith in  th a lli has been  ascribed  to  th e m . 
T h e y  ex h ib it m a rk ed  an tib io tic  p ro pertie s  w h ich  m a y  be a n  im p o rta n t fa c to r  in  th e  
re la tiv e  lon g ev ity  a n d  know n disease resistance  o f lichens. T he p igm ents , such  as  
p a rie tin  an d  colycin, w h ich  are  chiefly lo ca ted  in  th e  u p p er co rtex , serve to  re s tr ic t  th e  
a m o u n t o f lig h t reac  ling  th e  ph y co b io n t lay er in  he terom erou s lichens.

T he ex tra c tio n  a n d  ch em is try  o f lichen  substances, un like th e ir  b iochem ical p rop ertie s , 
h as been  s tu d ied  in  cm sid e ra b le  de ta il (A sahina, Y . & S h ib a ta , S. (1954), The C hem istry o f 
Lichen Substances, pp . 1-240). A ccording to  th e ir  s tru c tu re  th e y  m ay  be g rou p ed  as 
fo llow s:

(а ) A licyclic a n d  a lip h a tic  com pounds, inc lud ing  fa t ty ,  s tra ig h t ch a in  a n d  lac to n ic  
acids, tr ite rp en o id s , >olyalcohols a n d  oligosaccharides.

(б ) A rom atic  com pounds w hich m a y  e ith e r  b e : (i) co loured  a n d  inc lude quinones, 
d e riv a tiv es  o f x an th en e , d ibenzo furan , d ike top iperaz ine  an d  pu lv ic  ac id ; or, (ii) th e  m o st 
w idespread  a n d  im p o rta n t colourless com pounds w hich include depsides, depsidones, an d  
depsones (all de riv ed  fro m  orcinol an d  /?-orcinol).

T he tax on om ic  va lue  o f th e  variou s d is tin c tiv e  co lora tions o b ta in ed  w ith  p o ta ss iu m  
h yd ro x ide , calcium  lypo ch lo rite , p -pheny len ed iam ine , n itr ic  ac id  a n d  iodine (for iso- 
lichen in  an d  lichen) has assisted  in  th e  sep a ra tio n  o f closely re la te d  or m orphologically  
id en tica l en tities . T  ie  problem s in  lichen tax o n o m y  resu ltin g  from  th e  e leva tio n  o f 
‘chem ical species’ d a te s  fro m  th e  d iscovery  o f th e  K  an d  C te s ts  b y  N y lan d e r in  1866. 
M ore refined m e th o cs  such  as  m ic ro -ch ro m atog rap hy , sp ec tro p h o to m etry , fluorescence 
analysis  a n d  c ry s ta l ex tra c tio n  are  now  w idely  u sed  to  sup p lem en t th e  findings o f th e  
c rude  chem ical te s ts  o u tlin ed  above. C rysta l ex tra c tio n  involves th e  e x tra c tio n  o f th e  
lichen  su b s tan ce  w it!  acetone o r benzene an d  th e  re su ltin g  ev ap o ra te  recry sta llized  in  one
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o f severa l g lycero l-based  so lven ts  co n ta in in g  acetic  acid , p y rid in e , o -to lu id ine, an iline, 
e th an o l, o r qu ino line. T he sh ape  o f th e  c ry sta ls  in  th e  v a rio u s  so lven ts  is d iagnostic  fo r a  
p a rtic u la r  lichen  substance .

W hereas fungi a n d  b a c te r ia  are  com m only  g iven  species s ta tu s  on  th e ir  chem ical 
ch a rac te ris tic s  th e re  is a  considerab le  d ivergence o f op in ion  in  a d o p tin g  a  s im ilar view  
for th e  lichens. T he p rob lem  is a g g ra v a te d  b y  th e  p a u c ity  o f know ledge o f th e ir  sy n thesis  
in  vivo a n d  th e  to ta l  ignorance of th e  lichen  genetics. S uch  assu m ptio n s on tax o n o m ic  
im p o rtan ce  o f lichen su bstances can  on ly  be re la te d  to  s im ilarities in  o th e r  p la n t  groups. 
T he linkage be tw een  s tru c tu ra lly  re la te d  su bstances could  b e  th e  re su lt o f th e  p resence o r 
absence o f a  single enzym e in  th e  sy n th e tic  ch a in  as  h as been  d e m o n s tra ted  in  flower 
p igm en ts  a n d  m e tabo lic  p a th w ay s  in  fungi such  as  Neurospora. Such p a th w ay s  in  lichens 
as  suggested  b y  A sah ina  a n d  S h ib a ta  could  be th e  re su lt o f an  a lle lom orphic series in  w hich  
th e  co nsid era tion  o f chem ical v a ria tio n  a t  species level w ould  be un ju stified . T he m eagre  
in fo rm atio n  on  sex u a lity  in  lichens suggests a  pa ra lle l w ith  th a t  o f apo m ic ts  in  h igh er 
p lan ts . In  th e  absence o f re lev an t b iochem ical d a ta  specific o r subspecific ra n k  should  
o n ly  b e  considered  w here o th e r fac to rs  such  as  differences in  h a b ita t  o r geographical 
d is tr ib u tio n  a re  know n.
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Application of the Fluorescent Antibody Technique to the Identification of Plant 
Pathogenic Fungi. B y T .  F . P rkf.cf, {Department of Agriculture, University of Leeds)

A lth ou gh  lit t le  is kno w n a b o u t th e  an tigen ic  com position  o f fungi, th e  fluorescen t 
an tib o d y  tech n iq u e  (f .a.t .) has been  rep o rte d  to  be  o f v a lue  in  th e ir  iden tifica tion  in  severa l 
ap p lied  fields: d e tec tin g  ce rta in  m ed ically  im p o rta n t fung i (Candida, Histoplasma, 
Cryptococcus, Blastomyces, Sporotrichum) (M cE n tega rt, M. G. (1964), Fluorescent Protein 
Tracing, p. 173, ed. R . C. N a irn , E d in b u rg h : L iv in g s to n e ); d is tingu ish in g  w ild y e a s t 
co n tam in a tin g  b a k e rs ’ y e a s t (Ivunz, C. & K laushofer, H . (1961), Appl. Microbiol. 9, 469); 
id en tifica tio n  o f Streptomyces species (A rai, T . et al. (1962), J . B ad . 83, 20); d e tec tio n  o f 
Aspergillus flavus on b u ried  slides (S chm id t, E . L . (1962), Science, 136, 776); a n d  o f som e 
Cladosporium species, p rinc ip a lly  o f m edical im p o rtan ce  (A l-D oorv, Y . & M orris, A. G. 
(1963), J .  B ad. 86, 332; a n d  (1965), ibid. 87, 551).

I  am  in te re s te d  in  using  th e  m e th o d  for m ap p in g  a n d  id en tify in g  as  fa r  as possible th e  
fungi fou nd  on  en tire  p la n t  o rgans especially  lea f surfaces d u rin g  th e  ea rly  stages o f a t ta c k  
b y  pa thog en ic  fung i (P reece, T . F . (1963), Trans. Brit, mycol. Soc. 46, 523). A  sim ilar 
p rob lem  is th e  d irec t iden tifica tio n  o f spores on  spore t r a p  slides (H irs t, J .  M. (1953), 
Trans. Brit, mycol. Soc. 36, 375). In  ad d itio n  som e pa th og en s a p p a re n tly  ex is t in  th e  
m ycelial s ta te , such  as  th e  G rey  S terile F u n g u s  causing  co rk y  ro o ts  on  to m a to  (P reece, 
T . F . (1964), Trans. Brit, mycol. Soc. 47, 375) a n d  a  fu r th e r  te s t  to  id en tify  such  non- 
sporing  fungi w ould  be valuab le .

T hree  p rob lem s in  th e  ap p lica tio n  o f th e  f .a.t . in  p la n t  diseases caused  b y  fung i a r e : 
dam ag ed  tissu e  fluoresces; som e fungi are  au to flu o rescen t, a n d  cross-reactions occur d u e  to  
com m on an tigen ic  com ponen ts . T he fa c t t h a t  dam aged  o r diseased tissu e  fluoresces m a y  
be due to  p ro d u c tio n  o f scopo letin  (U denfriend , S. (1964), in  Fluorescence Assay in  Biology 
and Medicine, p. 383, N ew  Y o rk : A cadem ic P ress) b u t  th e  im perm eab le n a tu re  o f th e  
u n d am ag ed  en tire  lea f to  s ta in s  a n d  reag en ts  (P reece, T . F . (1959), Plant Pathology, 8, 127) 
p ro m o ted  th e  use o f th e  f .a.t . techn iq u e , in  sp ite  o f th e  presence o f scopoletin .

A  sim ple f .a.t . using  fluorescein iso th iocyana te  co n ju g a ted  a-globulins an d  ex am in a tio n s  
b y  u .v . lig h t a n d  d a rk g ro u n d  m icroscopy is like ly  to  b e  v a lu ab le  in  ecological s tu d ies  a t  
lea s t as  fa r  as iden tify in g  th e  genus. T he fung i being  s tu d ied  a r e : Mycosphaerella citrullina 
a n d  M . pinodes; Phytophthora parasitica a n d  P. cadorum ; Fusarium culmorum  a n d
F. avenaceum; Aspergillus flavus a n d  A . niger; Pyrenochaeta terrestris a n d  a  S terile  G rey  
F u n g u s causing  co rk y  ro t  o f to m a to .
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T a x o n o m ic  A p p l ic a t io n s  o f G e l E le c t r o p h o r e s i s .  B y  J .  R . N o r r i s  (M ilstead  Labora

tory o f Chemical Enzyniology, ‘S h e ll’ Research L td ., Sittingbourne)
M uch o f m icrobial taxo n om y is concerned w ith  the stu d y  o f enzym e reactions of 

cultures or w ith  the nature o f cell com ponents. T h e d iscovery th a t tw o m icro-organism s 
perform  a p articu lar enzym e reaction  tells us only th a t th e y  use a  sim ilar m ethod to  deal 
w ith  a  particu lar aspect o f  their environm ent. T h e enzym e m olecules in vo lved  m a y  be 
w id ely  different in term s o f size, shape, m olecular w eigh t and p rim ary structure o f  their 
protein  com ponents and we cannot im p ly  a n y  relationship a t  the genetic level from  such 
observations. Serological studies o f cell com ponents provide the taxon om ist w ith  more 
detailed  inform ation  abou t m olecular structure b u t again th is often concerns o n ly  certain  
sites on th e  m olecule and results m ay  be difficult to  interpret.

E lectroph oretic separation o f cell com ponents in starch or p olyacrylam ide gels enables us 
to  characterize large m olecules n o t only in  term s o f n et surface charge and, in the case o f 
m an y enzym es, in term s o f biological a c tiv ity , b u t also, because o f the m olecular sieving 
properties o f th e  gels, in term s o f their size and shape. T he application  o f these techniques 
in fields outside m icrobiology has g iven  inform ation o f considerable taxon om ic significance 
and th e  last tw o years have seen the extension o f these m ethods into m icrobial taxo n om y.

Starch  gel analysis o f the esterase system s o f strains o f B acillus thuring iensis  enabled 
th is group of b acteria  to  be subdivided into  ten  esterase typ es. There w as a  close cor
relation  betw een esterase ty p es and groups defined b y  th e  possession o f H  antigens 
(Norris, J .  R . (1964), J .  appl. Bact. 27, 439). A  sim ilar approach to  the taxo n om y o f the 
non-pathogenic m ycobacteria  ga ve  results w liich correlated closely w ith  other schem es of 
classification (Cann, D . C. &  W illo x , M. E . (1965), J .  appl. Bact. 28, 165).

L u n d  has used polyacrylam ide gels to  separate th e  cell com ponents o f Group D strepto 
cocci and found th a t she could distinguish betw een Streptococcus faecalis  on the one hand 
and S . faec iu m  and S . durans  on th e  other, bo th  b y  esterase p atterns and b y  th e  p atterns 
o f proteins obtained w hen cell disintegrates were analysed (Lund, B . M. (1965), J .  gen. 
M icrobiol. 40, 413).

Catalases, esterases and peroxidases h ave  been studied b y  R obinson (pers. com m .) using 
starch gel electrophoresis in an in vestigation  o f  coryn ebacteria. I t  w as possible to  define 
several groups o f w hich one contained the p arasitic d iphtheriae-u lceran s-xerosis-hofm ann i 
bacteria, another Corynebacterium pyogenes  strains, and another certain  p lan t pathogens.

T he use o f gel electrophoresis in  m icrobial tax o n o m y is a t  present in an exp lo ratory  
phase and m ore inform ation is needed before th e  p otential o f th e  m ethod, or the significance 
o f th e  groupings in dicated  m a y  be ascertained. T he indications a t present are th a t these 
techniques have a  valuable  p art to  p la y  in the future developm ent o f th e  subject.

A p p l ic a t io n  d e  l ’I m m u n o é le c t r o p h o r è s e  e t  d e  l ’é le c t r o p h o r è s e  e n  G e l P o ly a c r y l 
a m id e  à  l a  T a x o n o m ie  F o n g iq u e .  B y  J .  B i g u e t , S. A n d r i e u  et F . R o s e  (F aculté  
de M édecine et de Pharm acie, L ille)

T h e  A p p l ic a t io n  o f  N u m e r ic a l  T a x o n o m y  to  t h e  G e n u s  H e l m i n t h o s p o r i u m .  B y
F . M. I b r a h i m *  and R . J .  T h r e l f a l l  (D epartm ent o f B o tany , Im p eria l College, 
London, S'. IF. 7)

N um erical taxo n om y m a y  be defined as th e  num erical evaluation  o f the a ffin ity  or 
sim ilarity  betw een taxo n om ic units and th e  ordering o f  these units into ta x a  on th e  basis 
o f their affinities (Sneath, P . H . A . &  Sokal, R . R . (1962), N ature, Lond. 193, 855). Its  aim  
is to  provide a  stab le  unbiased classification b y  the analysis o f  large num bers o f characters 
each o f equal w eight.

T h e heterogeneity o f  th e  genus H elm inthosporium  has been p a rtia lly  clarified b y  the 
division o f  th e  gram inicolous species into  th e  form  genera Drechslera (Ito , S. (1930), Proc.

* Present address a t  Gezira Research Station, W/Medani, Republic of Sudan.



I m p .  A c a d .,  T o k y o ,  v i , 8, 352) w ith  cylind rical or sem i-cylindrical spores germ inating b y  
a n y  cell an d  h avin g P y re n o p h o ra  (or P leo sp o ra )  as p erfect state  and B ip o la r is  (Shoem aker, 
R . A . (1959), C a n . J .  B o t.  37, 879) w ith  fusoid conidia germ inating b y  polar cells and w ith  
C ochliobo lus  as p erfect state. H ow ever, w ith in  these groups considerable confusion still 
exists. I t  w as hoped th a t  th e  application  o f num erical tax o n o m y to  this group w ould 
provide a  m ore stable classification.

T w en ty-n ine operational taxon om ic units (O T U ’s) h ave  been exam ined, p erfect states 
where kn ow n  bein g treated  in th e  sam e O T U  as th e  conidial state. T he O T U ’S are: (1) all 
know n D rech slera  spp., 11  collected in the field, 8 obtained from  other laboratories and 5 
for w hich descriptions from  th e  literature were used; (2) descriptions from  the literature 
o f P leo sp o ra  h e rb a ru m  and its conidial state  S te m p h y l iu m  b o tryo su m ;  (3) a  strain  o f B i 
p o la r is  so r o k in ia n a  ( I I .  s a t iv u m ) ; and (4) strains o f H . tr is e p ta tu m  and I I .  b ifo rm e  isolated 
b y  us and o f I I .  d e m a to id e u m  from  th e  Com m onw ealth M ycological In stitu te.

E a ch  O T U  w as exam ined for a  num ber o f pathological, cultural, physiological and 
m orphological characters o f  p erfect and im perfect states. These characters were o f three 
k in d s: (a) w ith  m u tu a lly  exclu sive a ltern atives, (b ) w ith m ultiple altern atives, and  (cl q u an ti
ta tiv e  characters. Characters o f ty p es (6) an d  (c) were scored n on -additively  (system  I), 
a d d itive ly  (system  II) or some scored one w a y  and some the other fsystem  III).

F o r a n y  pair o f O T U ’s, e.g. X  and Y  scored for all un it characters then:

S tr a in  X
N o. o f un it characters
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P ositive N egative

S tr a in  Y N o. o f un it characters
P ositive
N egative

+  +  (a ) 
-  +  (c)

+  -  (b) 
- -  (d)

In the calculation of similarity (S) Sneath ((1 9 5 7 ), J. gen. Microbiol. 17, 201 ) used the 
formula S % a/a + b + c (Formula 1) ignoring negative matches because they might be 
confused with inapplicable ones while Sokal & Michener ((19 5 8), Kans. Univ. Sc. Bull. 38, 
1409) included them in their formula, S % a + d/a + b + c + d (Formula 2 ). Formula 1 was 
applied to all three scoring systems while System II was also analysed by Formula 2. In 
System III those negative matches thought to be significant were included in the computa
tion of S by splitting the character into two. Sets of data for the three scoring systems 
were analysed by the Mercury Computer of the University of London to give a sorted 
similarity matrix and to arrange the OTUs in groups of 5 % levels of similarity.

N o im p o rta n t differences w ere fo u n d  be tw een  a d d itiv e  ( I I )  a n d  n o n -ad d itiv e  (I) scoring. 
A d d itive  scoring m ig h t be ex p ec ted  to  ac cen tu a te  s im ilarities a n d  differences b u t  th e  
range o f ch arac te rs  s tu d ied  has m in im ized  th is  effect. F o rm u la  2 ap p lied  to  S ystem  I I  
resu lted  in  q u ite  d ifferen t o rgan ism s ap p ea rin g  s im ilar b u t  th is  is because m a n y  o f th e  
ch a rac te rs  w h ich  a re  co u n ted  as s im ilar are  rea lly  inapplicab le . T h e resu lts  o f th is  w o rk  a r e : 
(1) a  new  g roup ing  a t  th e  generic level o f H elm inthosporium  biforme, H . triseptatum  a n d  
H . dem atoideum ; (2) Drechslera, B ipo laris  an d  S tem p h y liu m  a re  confirm ed as sep a ra te  
g e n e ra ; (3) H . avenae a n d  I I .  siccans sh a red  95 %  sim ila rity  a n d  seem  to  b e  con-specific, 
th e  disease caused  b y  th e m  on o a t an d  rye-g rass  be ing  id e n tic a l; (4) H . avenaceum  is show n 
to  be th e  sam e as D . avenacea ; (5) I) . dictyoides f. dictyoides a n d  I), dictyoides f. perenne  are 
confirm ed b u t  species fo rm ed  from  these  b y  S chariff ((1959) P h.D . Thesis, U n iversity o f 
London) a re  re je c te d ; (6) H . dem atoideum  a n d  I I .  biforme a re  possib ly  iso lates o f th e  sam e 
species; a n d  (7) a  new  species, D . interm edia  is m ade from  a  new  form  iso la ted  from  
D actylis glomerata.

P h y s ic a l  a n d  B io c h e m ic a l  T e c h n iq u e s  i n  th e  I d e n t i f i c a t io n  o f F u s a r i a .  B y  C.
B ooth  (Commonwealth M ycological In s titu te , Kew)

T he overrid in g  v iew  th a t  funga l species shou ld  be b a sed  on  m orphological r a th e r  th a n  
b iochem ical ch a rac te ris tic s  is a  so und  co ncep t t h a t  will u n d o u b te d ly  alw ays d o m in a te  
m ycological tax o n o m y  in  i ts  w ider sense. T he g re a t m a jo rity  o f funga l species a re  suffi



c ien tly  s tab le  in  th e  m orphological ch a rac te ris tic s  o f th e ir  fruc tifica tio ns t h a t  a  know ledge 
o f th e se  is a ll t h a t  is req u ired  for th e ir  ac cu ra te  iden tification .

H ow ever, s ta b il i ty  an d  u n ifo rm ity  is n o t a  fe a tu re  o f all funga l species. M any  im p o rta n t 
fung a l pa th o g en s  a re  ex trem ely  va riab le  in  th e ir  m orph ological ch arac te ris tics  a n d  in  an  
effort to  id e n tify  these , o th e r  ch arac te rs , p a rtic u la r ly  th o se  p rod u ced  b y  p u re  cu ltu re  
tech n iqu es, hav e  long been  used  as a  basis for specia tion . Fusarium  species are  b o th  o u t
s tan d in g  exam ples o f fung i w h ich  show  ex trem e v a ria b ility  an d  are  econom ically  im p o rta n t. 
I f  we are  going to  m ove aw ay  fro m  th e  persona l ju d g em e n t of th e  tax o n o m is t to  a m ore 
ex p erim en ta l analysis  o f th e  species th e n  we are  a lm o st obliged to  a d o p t b iochem ical 
techn iqu es. In  fac t, in  th e  m o st e lem en ta ry  sense we h av e  long  been  using a  b iochem ical 
basis fo r o u r species. T h a t  is since we b egan  to  req u ire  cu ltu re s  for th e  purposes o f id en tifi
ca tion . F u sa r ia  are  g rea tly  influenced b y  th e  en v iro n m en t. T h e  influence o f lig h t, ca rb on  
diox ide co n cen tra tio n  o f th e  a tm osp here  a n d  th e  hyd ro gen-ion  co n cen tra tio n , to g e th e r  
w ith  th e  ca rb o n /n itro g en /p h o sp h a te  ra tio  o f th e  m ed ia  h as long been kno w n to  have  a  
m ark ed  effect on  b o th  th e  m orphological a n d  cu ltu ra l ch a rac te ris tic s  o f th e  species. Such 
influences h av e  been  overcom e b y  carefu l s tan d a rd iza tio n  o f cu ltu ra l conditions an d  i t  is 
on  these  t h a t  ou r p re sen t co ncep t o f th e  species is based . I f  th is  co ncep t is co rrec t th e n  we 
sho u ld  find  th a t  th e  m ore critica l b iochem ical te s ts  now  av ailab le  will su p p o rt it .  Sero
logical in v estig a tio n s  o f Fusarium oxysporum, F . moniliforme a n d  F. solani h as a lread y  
show n t h a t  th e y  can  be clearly  d iffe ren tia ted  an d  also th a t  F . oxysporum  is m ore closely 
re la te d  to  F. moniliforme th a n  to  F. solani, a  re la tio n sh ip  a lread y  believed  to  ex ist from  
m orphological a n d  cu ltu ra l evidence.

O rtho dox  tech n iqu es  for c ritica l m orphological an d  cu ltu ra l s tud ies coupled  w ith  m a tin g  
ex p erim en ts  hav e  a lrea d y  been developed to  th e ir  m ax im um  in  estab lish ing  o u r p re sen t 
sy s tem  of Fusarium  classification. B u t  th is  system  does n o t answ er th e  p a th o lo g is t’s 
m o st obv ious question— w hich is pa thogen ic , w h ich  is sap rop h y tic?  I t  h a s  becom e 
a p p a re n t from  o u r m orphological an d  cu ltu ra l s tud ies t h a t  th e  genes gov ern ing  th e se  
ch a rac te rs  are  n o t link ed  to  tho se  gov ern ing  pa th o g en ic ity . I f  we as tax o n o m is ts  a re  ev er 
going to  be  ab le  to  give th e  pa th o lo g is t th is  in fo rm atio n  o r ev en  in d ica te  from  a ran g e  o f 
iso lates v Th ich  m ay  be pa thogen ic , we shall h av e  to  use b iochem ical techn iqu es. P h y sio 
logic specia lization  has in  th e  p a s t  genera lly  been  d e te rm ined  b y  th e  inocu la tio n  o f an  
in d ic a to r  host. T his m e th o d  a lth o u g h  slow' an d  lab orio us is reason ab ly  sa tis fac to ry  for 
rap id ly  grow ing p la n ts  ra ised  from  seed, b u t  i t  is n o t so sa tis fac to ry  in  v eg e ta tiv e ly  
p ro p a g a te d  p la n ts  o r fo r trees . M uch w ork  has recen tly  been  done th a t  show s th e  p ro 
du c tio n  o f p ec to ly tic  an d  cellu lo ly tic enzym es on su itab le  m edia is m u ch  h igher in  p a th o 
genic th a n  sap ro p h y tic  s tra in s . T ests in  vitro fo r th ese  can  b e  easily  m ade in  th e  la b o ra to ry  
an d  th e y  m a y  com e to  form  a  re liab le  in d ica tio n  o f th e  n a tu re  o f th e  iso late  te s ted .

Serological m e tho ds h av e  also been  used  successfully  to  effectively sep a ra te  p a th o gen ic  
s tra in s  o f Fusarium oxysporum  an d  specific an tise ra  fo r a  p a rtic u la r  s tra in  o f Fusarium  
p a th o g en  m ay  soon becom e a  fe a tu re  o f th e  m ycological lab o ra to ry .

A  fu r th e r  m e th o d  is th e  ex tra c tio n  an d  sep a ra tio n  of in trace llu la r p ro te in s b y  acrv lam ide- 
gel electrophoresis. T his sim ple precise m e th o d  show s th e  p ro te in  b an d s  to  v a ry  w ith  th e  
species an d  i t  is believed  th a t  fu r th e r  ex p erim en ta tio n  will show  th a t  som e are  specific for 
th e  p a rtic u la r  s tra in  u n d e r exam ina tion .
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The Role of Copper and Caramelized Sugar in the Effect of Inoculum -Size on 
Growth of P é n ic i l l i u m  c h r y s o g e n u m .  B y  M. N . Ojh a , J. Mey r a th  an d  E. O. 
Mo rris  (Department of Applied Microbiology and Biology, University of Strathclyde, 
Glasgow)

I t  has been  show n prev io usly  (M eyrath  (1963), Antonie von Leeuwenhoek, 29, 57; 
M ey ra th  & M cIn to sh  (1963), J .  gen. Microbiol. 33, 47) t h a t  u n d e r a v a rie ty  o f conditions



Aspergillus oryzae a n d  o th e r  m oulds show  s tro n g  effects o f inocu lum  size on g row th . U n d er 
m o st c ircum stances, g ro w th  ra te  a n d  m ax im u m  yie ld  o f m ycelium  h av e  been  show n to  be 
la rg e r w ith  large inocu la  th a n  -with sm all ( ‘u su a l effects o f inoculum  s ize ’), b u t  ‘re v e rsa ls ’ 
o f these  effects h av e  also been  show n to  occur, for ex am ple  in  th e  presence o f sm all am o u n ts  
o f Cu2+ in  m ed ia  p oo r in  tra c e  elem ents (M cIn tosh  & M ey ra th  (1964), Arch. Microbiol. 48, 
363).

A  sim ilar ‘ reve rsa l ’ effect has now  been  show n to  occur also w ith  PerAcillium chrysogenuni 
a n d  if  a lu m in ium  su lp h a te  is ad d ed  w ith  th e  co pper su lp h a te  th e  effect is even m ore 
p ronounced .

C aram eliza tion  o f th e  (purified) sug ar resu lts  in  a lm o st com plete  in h ib itio n  o f large- 
inoculum  cu ltu re s  w ith o u t th e  ad d itio n  o f C u2+, w hereas th e  g ro w th  o f sm all-inoculum  
cu ltu re s  is h a rd ly  affected . S ince in  th e se  caram elized  su b s tra te s  sm all am o u n ts  o f Cu2+ 
s tim u la te  large-inocu lum  cu ltu re s  v e ry  m arked ly , i t  ap p ea rs  th a t  th e se  cu ltu res  req u ire  
som e Cu2+ a n d  t h a t  th e  assim ila tion  o f th is  e lem en t h a s  been  p rev e n ted  b y  th e  caram elized  
sugar. T his hyp o thesis  is s tro n g ly  su p p o rte d  b y  th e  fa c t t h a t  ca ram elized  sug ar h as been 
show n to  a c t as a  ch e la ting  ag en t fo r h e av y  m e ta ls  w ith  an  o u ts tan d in g ly  h igh  affin ity  
fo r C u2+.
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Influence of Vermiculite and Metal Salts on Amylase Production by A s p e r g i l lu s  
o r y z a e .  B y  J .  M ey r a th  a n d  M. H . I kram  (Department of Applied Microbiology and  
Biology, University of Strathclyde, Glasgoiv)

F u r th e r  to  ea rlie r ob serva tions  (M eyra th  (1965), J . Sci. F d  Agric. 16, 14) on am ylase  
p ro d u c tio n  b y  Aspergillus oryzae on  verm icu lite , i t  h a s  now  been  show n th a t  th e  ra te  of 
am ylase  p ro d u c tio n  in  ‘so lid ’ cu ltu res  is s tro ng ly  s tim u la te d  u n d er a  g rea t v a rie ty  o f 
cond itions. I t  ap pears  th a t  th is  s tim u la tio n  is due  to  th e  chem ical ra th e r  th a n  th e  physical 
o r s tru c tu ra l  n a tu re  o f th e  verm icu lite . T he influence is p ro b a b ly  due  to  v e rm icu lite  
func tio n in g  as  ca tio n  ex ch an g er; i t  is kn o w n  t h a t  v erm icu lite  h as a  p a rtic u la r ly  h igh  
affin ity  for h eav y  m e ta ls. A n excess o f th e  tra c e  elem en ts  F e3+, Z n2+, M n2+, Cu2+, ad ded  
sing ly  o r in  co m bin a tion  has less influence on am ylase  p ro d u c tio n  w hen  ve rm icu lite  is 
p resen t, since th e se  elem en ts  are  th e n  less av a ilab le  to  th e  m ou ld . E xcess o f tra c e  ele
m en ts  has lit t le  influence on  am ylase  p ro d u c tio n  in  presence o f verm icu lite , b u t  deficiency 
o f tra c e  elem en ts  in h ib its  fo rm atio n  o f th e  enzym e co nsid erab ly . E x h a u s tiv e  tr e a tm e n t o f 
verm icu lite  w ith  sa lts  o f Ca2+ o r M g2+ resu lts  in  a  decrease in  b o th  th e  r a te  o f p ro d u c tio n  
a n d  th e  m ax im um  yie ld  o f am ylase. A  sim ilar b u t  less p ron o un ced  re su lt is o b ta in ed  b y  
ch arg ing  ve rm icu lite  w ith  K + b u t  n o t  w ith  Na+. T he in h ib itio n  is p ro b ab ly  due  to  rem ov al 
o f som e n a tu ra lly  occurring  tra c e  elem ents since Mg2+ a n d  Ca2+ could  rep lace m o st o f th e  
ex chan geab le c a tio n s ; K + w ould  do th is  to  a  sm aller e x te n t  b u t  N a + only  to  a  v e ry  sm all 
e x ten t.

I f  ve rm icu lite  is ch arged  w ith  H + o r F e3+, on ly  v e ry  lit t le  g ro w th  a n d  am ylase  p ro 
d u c tio n  ta k e  p lace. I t  is n o t easy  to  give an  ex p lan a tio n  for th is  effect since th e  p H  in  th e  
su b s tra te  is n o t  low , n o r  is  th e  a m o u n t o f F e3+ p re sen t excessively  large. T h e effect m a y  be 
due to  an  ab so lu te  rem oval o f n a tu ra lly  occurring  tra c e  elem en ts  from  v erm icu lite .

Influence of Trace Elements and Chelating Agents on Growth and Amylase Production b y  A s p e r g i l lu s  o r y z a e .  B y  J. Mey r a th  (Department of Micro
biology, Swiss Federal Institute of Technology, and Department of Applied Microbiology 
and Biology, University o f Strathclyde, Glasgoiv)

E a rlie r  (M eyrath  (1965), Zentbl. Baht, ii, 119, 53: S te in er (1961), Zentbl. Baht, n, 114, 
47), i t  h as been  show n th a t  su b s tra te s  w ith  a  tra c e  e lem en t com position  su itab le  for g row th  
do n o t g ive h igh  specific am y lase  p ro d u c tio n  (i.e. am ylase  p ro d u c tio n  as co m pared  w ith  
grow th). T h e  p re sen t re su lts  show  th a t  th e  stage  o f cu ltu re  a t  w h ich  th e  tra c e  elem ents are 
ad d ed  is im p o rta n t, e.g. Z n2+ ad d ed  a t  ad v an ced  stages does n o t  reduce th e  m ax im um  
yie ld  o f am ylase  as does Z n2+ ad ded  a t  inocu la tio n  o r d u rin g  ea rly  g row th . T his underlines



X
earlie r conclusions t h a t  th e  stage  a t  w h ich  self-s tim u la ting  a n d  self-inh ib iting  sub stan ces  
a c t  is im p o rta n t fo r th e  final develo p m en t o f th e  cu ltu re .

T he v a ria tio n  o f specific am ylase p ro d u c tio n  (occurring  genera lly  a t  m ore ad v an c ed  
stages o f th e  cu ltu re  developm ent) w h ich  occurs w ith  variou s b ran d s  o f m altose , d e x trin  
a n d  s ta rc h  is p ro b ab ly  p a r t ly  due to  th e ir  v a ry in g  co n te n t o f tra c e  elem ents. H ow ever, 
besides tra c e  e lem en t co n tam in a tio n  one has also to  consider possible co n tam in a tio n  w ith  
ch e la tin g  ag en ts . I t  is significan t t h a t  a  yellow  d e x tr in  is u n d er m o st c ircu m stances a  
b e t te r  source o f ca rb on  for specific am ylase  p ro d u c tio n  th a n  severa l o th e r  b ra n d s  o f 
m altose , d e x trin  o r s ta rch . F u rth e rm o re , ca ram eliza tio n  of m a lto se  s tim u la te s  am ylase  
p ro d u c tio n  b u t  n o t  g row th . T hese s tim u la tio n s  a re  p ro b a b ly  due to  ch e la tion  o f  C u2+ 
(O jha, M ey ra th  an d  M orris, accom p any ing  ab s tra c t)  since i t  h as b een  show n t h a t  m in u te  
am o u n ts  o f Cu2+ reduce th e  y ie ld  o f am ylase  u n d er th e  p re sen t c ircu m stances (S teiner, 
loc. cit.). T hus, th e  effects a re  com parab le  to  th o se  o f v erm ieu lite  (M eyra th  a n d  Ik ra m , 
accom pany in g  ab s tra c t) . S im ilar effects can  also be p ro d u ced  b y  ad d ing  w ell-know n 
ch e la ting  agen ts . T hese investig a tio ns  stress also th e  im p o rtan ce  a n d  possib le e rro rs  in  
rem ov ing  tra c e  elem en ts  fro m  som e su b s tra te s  b y  ce rta in  m ethods.
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Relation between F and other Fertility Factors. B y  E l in o r  Me y n e l l  a n d  N aom i 
D atta  (M edical Research Council M icrobial Genetics Research U nit, and  Postgraduate 
M edical School, H am m ersm ith  H ospita l, D ucane R oad, London, W . 12)

D ru g  resistance  (R ) fac to rs  resem ble th e  sex fac to r, F , in  en abling  th e ir  h o s t b a c te ria  to  
co n ju g a te  w ith  rec ip ien t s tra in s  to  w hom  th e  fac to r  is th e n  tran sfe rred , occasionally  w ith  
p a r t  o f th e  h o s t’s chrom osom e. H ow ever, R +  cells m a te  less fre q u e n tly  th a n  F+, a n d  Re
cu ltu re s  show  no lysis b y  specific F  phage. W e fo und  t h a t  th is  re su lts  fro m  repression , for 
R + cells c a rry  th e  gene d e te rm in ing  syn thesis  o f th e  specific F  p hage recep to r.

R  fac to rs  are  kn o w n  to  be  o f tw o  k inds, fi+ w hich  suppress F  fu nc tio n  in  F+ cells, an d  fi-  
w h ich  do n o t. O nly  fi+ R  fac to rs  show  fu n c tio n a l hom ology  w ith  F . I f  th e  R  fac to r  carries 
its  ow n rep ression  system , an d  fi+R  fac to rs  are  re la te d  to  F , th e  ex tension  o f th e ir  rep re s
sion to  F  is n o t  su rprising . W hen  F ~  s tra in s  ca rry in g  col fac to rs  w ere te s ted , F  p hage 
sensitive cells w ere p re sen t w ith  col V  o r col B , b u t  n o t  w ith  col I .  I t  th u s  ap p ears  th a t  
fac to rs  m ed ia tin g  b a c te ria l co n juga tion  are  o f a t  lea s t tw o  k ind s, on ly  one o f w h ich  is 
sim ilar to  F .

F  itse lf m ig h t b e  ex cep tio nal am ong  sex fac to rs , while rep ressed  b ehav io u r w as th e  n orm . 
I f  so, F  m ig h t re v e rt  to  th e  rep ressed  s ta te , so t h a t  its  h o s t w ould  now  ap p ea r F ~  b y  th e  
u su a l crite ria . F~ de riv a tiv es  o f K 12 F+  d id  in  fa c t p rove  to  be o f tw o  sorts, tho se  in  w hich 
F  w as to ta lly  lo s t a n d  th o se  w here i t  w as ev id en tly  o n ly  repressed . M oreover, 1/17 s tra in s  
o f Escherichia coli w ith o u t d rug  resistance  o r colicinogeny show ed som e F  p hage sensitive  
cells. T hus, w hile un rep ressed  sex fac to rs , recognizable solely b y  fe rtility , a re  ra re , rep ressed  
fac to rs  m ay  be com m on, b u t  are  iden tified  on ly  if  th e y  ca rry  genes a lte rin g  som e p ro p e rty  
o f th e  cell. T h is w ould  ex p la in  w h y  th e  F  phage, w ith  so few  k no w n hosts, occurs a b u n d a n tly  
in  n a tu re . R  fac to rs  m a y  o rig ina te  ra re ly  fro m  th e se  rep ressed  F , o r o th e r, sex fac to rs  b y  
acq u irin g  d rug-resistance  genes, an d  becom e p rev a len t th ro u g h  th e  in ten se  selection for 
d ru g -res is tan t b ac te ria .

Colicin Resistance Associated with Drug-Resistance Factors. B y  A. G. S ic c a r d i 
a n d  E l in o r  M e y n e l l  (M edical Research Council, M icrobial Genetics Research U nit, 
H am m ersm ith  H ospita l, London, W . 12)

A  R esistance  F a c to r  (R  F ac to r)  consists o f genes conferring  d ru g  resistance  link ed  to  a  
R esistance  T ransfe r F a c to r  responsib le fo r con juga tion . T he observed  p a tte rn s  o f t r a n s 
m issible d ru g  resistance  co rrespond  to  th e  frequ en cy  w ith  w hich  each  d ru g  is used, p resu m 
ab ly  because o f selective p ressure. I t  follows th a t  th e  n a tu ra l  occurrence o f an  an tib a c te ria l 
ag en t shou ld  re su lt in  th e  em ergence o f s im ilar fac to rs  g iv ing resistance  to  i ts  ac tio n , a n d  
we h av e  the re fo re  looked  fo r tran sm issib le  res istan ce  to  colicins, th e  an tib io tics  p ro d u ced



b y  m an y  en te ro b ac te ria . W e te s te d  for colicin resistance  a  large n u m b er o f s tra in s  o f 
Escherichia coli K 1 2  ca rry in g  R  fac to rs  tran sfe rre d  b y  co n ju g a tio n  from  150 s tra in s  o f 
Salmonella.

T ransm issib le  res is tance  to  one o r m ore eolieins, u su a lly  colicin I , w as asso cia ted  w ith  
41 o f th e  R  facto rs . T he sam e R  fac to r  b eh av ed  sim ilarly  in  d ifferen t lines o f s tra in  K 1 2 . 
T he s tra in s  ca rry in g  th e se  R  fac to rs  w ere fu r th e r  te s te d  for th e  a b ility  to  p rodu ce  eolieins, 
to  exclude th e  possib ility  th a t  th e ir  resistance  w as sim ply  due  to  s im ultan eous tra n s fe r  of 
a  col f a c to r ; 65 %  w ere n o t  colicinogenic, w hile th e  rem a in d er w ere associated  w ith  coli- 
c inogcny in  all th e  b ac te ria .

One Salmonella w hich w as itse lf  colicinogenic tra n s m itte d  colicin resistance  w ith o u t 
colicinogeny to  th e  Iv 12 stra ins.
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Interaction s B etw een S in g le -step  M utations for C hloram phenicol R esistan ce and  
R -factor G enes in  E s c h e r ic h ia  c o li .  B y  E . C. R . R e e v e  lInstitute of A nim al 
Genetics, Edinburgh 9)

S ingle-step  m u ta tio n s  to  elilo ram phenicol resistance  (Cm-r) in  Escherichia coli have  been 
fo un d  to  co nfer low  levels o f res istance  to  te tracy c lin e s  (Tc) an d  p u ro m y cin  (P m ) as  well 
as to  Cm, th e  level o f resistance  to  each  an tib io tic  v a ry in g  in d ep en d en tly  from  one m u ta n t  
to  an o th e r. T his suggests t h a t  th e  Cm-r m u ta tio n s  a c t on  a  ra th e r  genera l p e rm eab ility  
m echan ism  of th e  cell (R eeve, E . C. R . & B ishop , J .  O. (1965), Genet. Res. 6, 310). In  
co n tra s t, R  fac to r  m ed ia ted  resistance  to  e ith e r  Cm o r T c can  b e  sep a ra ted  from  o th e r  
R -carried  resistance  genes, a n d  each has been  cla im ed to  a c t or_ som e p e rm eab ility  
m echan ism  specific fo r t h a t  an tib io tic  (W a tan ab e , T . (1963), B ad. Rev. 27, 87 ; D a tta ,  N . 
(1965), Brit. vied. Bull. 21, 254).

Tw o infective R  facto rs, R -C m  an d  R -T c  (m y  n o ta tio n ), conferring  h igh-level resistance  
to  Cm an d  to  T c, respec tively , w ere each  in tro d u ced  b y  co n ju g a tio n  in to  a  Cm- 
sensitive s tra in  o f Escherichia coli an d  4 single-step  Cm-r m u ta n ts  o f th is  s tra in . S en sitiv ity  
to  Cm, T c a n d  P m  w as e s tim a ted  b y  s treak in g  on an tib io tic  p la tes. R -C m  gave 10 x an d  
R -T c  40 x th e  res istance  conferred  b y  o u r s tro n g es t sing le-step  m u ta n ts .

N e ith e r I I  fa c to r  m odified th e  resistance  to  th e  an tib io tic s  to  w hich  i t  d id  n o t itse lf  
confer h igh-level resistance . H ow ever, th e  various m u ta n ts  still expressed  th e ir  increased  
resistance  to  T c in  th e  presence o f R -T c  an d  to  Cm in  th e  presence o f R -C m , to  an  e x te n t 
roug h ly  p ro p o rtio n a l to  th e  resistance  conferred  in  th e  absence of an  R -fac to r. C learly th e  
low -level resistance  o f m u ta tio n a l origin w as n o t  m ask ed  b y  h igh-level R -d e te rm in ed  
resistance . T his suggests a n  in te ra c tio n  be tw een  th e  tw o  m echan ism s o f resistance  
(m u ta tio n a l an d  R -m ed ia ted ), w hose n a tu re  is s till q u ite  obscure.

T he Identity of Im m u n ogen ic M aterial Purified from  Culture F iltra tes w ith  th at  
from  Cell W alls of B r u c e l la  a b o r tu s .  B y  D. C. E u , w o o d , J. K e p p i e  and H. S m i t h *  

(Microbiological Research Establishment, Porton, near Salisbury, Wilts)
Im m un ogen ic  m a te ria l o f Brucella abortus has been  fo u n d  in  th e  cell-w all an d  also in 

f iltra tes  o f cu ltu re s  grow n in  a  sy n th e tic  m ed ium  ; th e  q uestio n  arose w h e th e r th e  m a teria ls  
from  th e  tw o  sources w ere th e  sam e o r d ifferen t (references see M acrae & S m ith  (1964), 
Brit. J . exp. Path. 45, 595). T h is  p a p e r  describes th e  purifica tion  o f cu ltu re  filtra te  m a te ria l 
an d  im m unogenic m a te ria l e x tra c te d  from  th e  cell-walls o f in ta c t  B. abortus w ith  sodium  
dodecyl su lp h a te . T he ab ility  o f th e se  im m unogenic m a te ria ls  to  in h ib it th e  b ac te ric id a l 
ac tio n  o f bov in e  serum  on  B. abortus w as used  as a  ra p id  biological te s t  fo r frac tio n a tio n .

C ulture f iltra te  a n d  Brucella abortus organ ism s w ere o b ta in ed  as described  b y  M acrae & 
S m ith  (1964). Sm all m olecu la r m a te ria l w as rem oved  from  th e  freeze dried  cu ltu re  f iltra te  
■ with S ep hadex  G. 25. T h e  h igh  m olecu la r m a te ria l w as heterogeneous w hen ex am ined  b y  
cellulose a c e ta te  e lectropho resis an d  b y  gel diffusion ag a in s t ap p ro p ria te  an tise ru m . F ra c 
tio n a tio n  on th ree  sm all co lum ns (ac tiv e  m a te ria l in  effluent) an d  on one large colum n

* Present address: D epartm ent of Microbiology, University of Birmingham.



(ac tiv e  m a te ria l e lu ted  w ith  O-Sm-T R IS )  o f d ie th y l am ino -e thy l cellulose follow ed b y  a  
co lum n o f S ep hadex  G. 200 y ie lded  m a te ria l show ing o n ly  one b a n d  on  cellulose a c e ta te  
electrophoresis an d  prod u cing  no p rec ip itin  lines in  gel diffusion (a lth o u g h  p re c ip ita tio n  d id  
occur in  free solu tion). T he  im m unogenic m a te ria l w as finally  sed im en ted  from  in a c tiv e  
m a te r ia l b y  u ltrac en tr ifu g a tio n  (173,000 g , 10 h r). A b o u t 40 m g. o f final m a te r ia l was 
o b ta in ed  from  50 1. cu ltu re  f iltra te .

Brucella abortus (3-0 x 10u  p e r m l.) w ere ex tra c te d  w ith  sodium  dodecyl su lp h a te  
(0-5 % , w /v , 4°, 17 h r) w ith  no significan t red u c tio n  in  th e  to ta l  n u m b er o f o rgan ism s. T he 
e x tra c te d  im m unogenic m a te ria l w as fra c tio n a ted  b y  a  s im ilar p rocedure  to  th a t  described  
above ex cep t S ep hadex  G. 200 w as used  in  th e  firs t stage  in  w hich sodium  dodecy l su lp h a te  
w as rem oved . C hem ical analysis  a n d  biological te s ts  in d ica ted  th a t  th e  tw o  im m unogenic 
m a teria ls  (phospho rus co n ta in in g  com plexes o f p ro te in , c a rb o h y d ra te  an d  lip id) w ere 
sim ilar if  n o t iden tical.
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Bacterial Population of a Rumen Ciliate E n t o d i n i u m  c a u d a t u m  cultured i n  v i tr o .
B y  R . W .  W h i t e  (Institute of A nim al Physiology, Babraham, Cambridge)

G u tierrez  & D avis ((1959), J . Protozool. 6 ,222) fo u n d  th a t  th e ir  ru m en  o ligo trich  p ro to zoa  
co n ta in ed  large num bers o f b a c te r ia  as d e m o n s tra ted  b y  s ta in in g  m ethods, b u t  th e y  could  
on ly  cu ltu re  3 -1 0  bac te ria /p ro to zo o n . T he purpo se  o f th e  w ork  described  here w as to  iso late  
a n d  t r y  to  id e n tify  b a c te ria  p re sen t in  Entodinium caudatum w hich h a s  been  c u ltu re d  in  
vitro for six  years  (Colem an, G. S. (1960), J .  gen. Microbiol. 22, 565). T h e  m ed iu m  of B ry a n t  
& R o b in son  ((1961), J . Dairy Sci. 44, 1446), designed for th e  g row th  o f ru m en  b a c te ria , w as 
u s e d ; fo r ease o f co un tin g  cu ltu res  w ere m ade in  m odified C arrel flasks. T he p ro to zo a  w ere 
w ash ed  free o f ex te rn a l bac te ria , an d  th e  in trac e llu la r  o rgan ism s cu ltu re d  a f te r  d is in te 
g ra tio n  o f th e  p ro to zoa  b y  son ication . F o r  th is , s top pered  tu b es  o f p ro to zoa  suspension  
w ere im m ersed  in  a  u ltraso n ic  clean ing  b a th  (80 W ., 80 kcyc.) fo r 1-160  sec. M ax im um  to ta l  
v iab le  co u n ts  of 15 -30  b a c te ria /p ro to zo o n  w ere o b ta in ed  a f te r  5 sec. son ica tion , w hen  90 % 
o r m ore o f th e  p ro tozoa  h a d  been  broken . A fte r 60 sec. son ica tion , b a c te ria l co u n ts  d rop p ed  
b y  50 % . F o r  iso la ting  ind iv id u a l b a c te ria l species, colonies from  ro ll b o ttle s , an d  p o rtio n s  
o f m ed ium  from  deep tu b e  cu ltu res  w ere su b cu ltu red  in  O xiod U .S .P . th iog lyco lla te  
m edium . T hose organ ism s m o st read ily  iso la ted  w ere tw o  aerob ic g ram  n eg a tiv e  bacilli 
w h ich  overg rew  o th e r  iso lates. One o f these  bacilli w as a  non-m otile  coliform  organism , 
th e  o th e r  non-lactose fe rm en ting  a n d  a c tiv e ly  m otile . O th er b a c te ria  cu ltu re d  an d  recog
n ized  m orphologically  w ere all an aerob ic : th e y  w ere (1) s trep tococci, m a in ly  p a ired , 
w ith  som e sh o r t chains, (2) G ram -positive non-sporing  bacilli ex h ib iting  d ip h th e ro id  an d  
fusifo rm  ch arac te ris tics , a n d  (3) sm all G ram -n egative  cu rv ed  a n d  filam entous bacilli 
s im ilar to  bu ty riv ib rio .

M etabolic-Inhibition Colour Tests for Mycoplasma Species. B y  D . T a y l o r - 

R o b i n s o n ,  R . H . P u r c e l l  a n d  R . M. C h a n o c k  (M .R .C . Common Cold Research Unit, 
Salisbury, and Laboratory of Infectious Diseases, N .I.H ., Betliesda, U .S.A.)

C erta in  m vcoplasm as (fo rm erly  te rm e d  p leuro pneu m onia-lik e o rgan ism s; P P L O ) 
fe rm en t glucose. W hen  th is  sugar a n d  pheno l red  in d ica to r w ere ad ded  to  a  b ro th  m ed ium  
co n ta in in g  a  g lucose-ferm enting s tra in , a  sh if t in  p H  occurred  from  alkaline (p H  7-8) to  
ac id  (p H  6-5 o r less) a n d  th is  w as associa ted  w ith  a  ch ange in  co lour o f th e  m ed ium  fro m  
p in k  to  yellow . T itra tio n  of an tib o d y  w as possible, since specific an tise ru m  in h ib ited  th e  
g ro w th  o f m ycoplasm as an d  th e  co n co m itan t p ro d u c tio n  o f acid , th u s  p rev e n tin g  a  ch ange 
in  co lour o f th e  in d ica to r. T hose m ycop lasm a stra in s  w hich d id n o t fe rm en t glucose 
m e tabo lized  a rg in in e ; th is  w as associa ted  w ith  an  a lk aline  sh if t in  th e  p H  of th e  m ed ium  
a n d  th is  cou ld  be inh ib ited  b y  specific an tise rum . A n accessory  fac to r p re sen t in  guinea- 
p ig  serum  w as necessary  to  d e m o n stra te  in h ib itio n  o f g ro w th  o f som e stra in s  b y  specific 
an tise ru m . T ests  w ere rep rodu cib le  a n d  w ere p e rfo rm ed  in  m ic ro titre  p la stic  p la te s  in  
w hich  th e  serum  d ilu tio ns w ere m ade w ith  T a k a tsy  sp ira l w ire loops. T h e tech n iq u e  w as 
specific an d  sensitive enough  to  m easure an tib o d y  in  h u m an  serum .
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T h e N atu re of th e Lactone in  A rom atic  R ing F iss io n  b y  B acteria. B y R . B. Ca in  

(Microbiology Group, Department o f Botany, The University, Newcastle upon Tyne 1)
O rnston , L . N . & S tan ie r, R . Y . ((1964), Nature, 204, 1279) h av e  estab lished  th a t  

p -h y d ro x y b en zo a te -g ro w n  Pseudomonas putida  A 3.12 co nv erts  th e  in itia l ring-fission 
p ro d u c t, /? -carboxym ueonate, to  //-oxoad ipa te  th ro u g h  a n  u n s tab le  y -carb oxym u cono - 
lac to n e ; th is  lac tone  is m e tabo lica lly  q u ite  d is tin c t from  th e  co rrespond ing  //-isom er 
fo rm ed  b y  Neurospora crassa.

D u rin g  a  su rv ey  o f th e  enzym ic p a tte rn s  o f a ro m a tic  rin g  b reak do w n  b y  over 150 
d ifferen t b a c te ria , i t  h as been  foun d  t h a t  th e  y-isom er w as, in  ev ery  in s tan ce , th e  in te r 
m ed ia te  in  p ro to c a tec h u a te  m e tabo lism  b y  th o se  species cleav ing  th e  r in g  b y  a  p ro to - 
ca techu ate-3 ,4 -oxygenase . E x tra c ts  o f these  b a c te r ia  purified  b y  a  co m bin a tio n  o f sa lt 
fra c tio n a tio n , gel a n d  h e a t tre a tm e n t, a n d  ch ro m ato g rap h y  on  S e p h a ie x  co lum ns accu m u 
la te d  a  lac to n e  id en tica l in  p ro pertie s  w ith  th o se  rep o rte d  fo r y -carb oxym u cono lactone . 
F u rth e rm o re , th e  lac to ne w hich purified  e x tra c ts  accu m u la te  is deg raded  b y  cru d e  e x tra c ts  
o f th e se  b a c te r ia  a t  a n  id en tica l ra te  w ith  th e  a u th e n tic  y-isom er m ade w ith  purified  
lac ton iz in g  enzym e from  P. putida  A 3.12 . T he follow ing organism s, w hen  su itab ly  indu ced  
b y  g row th  on p -h y d ro x y b en zo a te , have  been  fo u n d  to  m etabolize y -ca rb o x y m u co n o lac to n e : 
Flavobacterium sp. (2 iso lates), an  A chrom obacter, Pseudomonas fluorescens (71 iso lates), 
P. ovalis (3 s tra in s), P. percolans, P . cuneatus, ‘‘Vibrio' cyclosites, Moraxella (V ibrio 01), 
Mycobacterium sp. (3 iso lates), M . rhodochrous, Nocardia erythropolis (3 s tra in s), N . opaca 
(5 s tra in s), N . globerula, Jensenia canicruria.

F ro m  th e  co m p ara tiv e  s tan d p o in t, i t  w as in te re s tin g  th a t  th ree  Streptomyces iso lates 
m etabo lized  th e  y-isom er b u t  w ere un ab le  to  degrade th e  //-isom er. I n  co n tra s t, several 
y easts  (B ilton , R . F . & Cain, R . B . (1965), J . gen. Microbiol, in  press) a n d  th re e  m ou lds so 
fa r ex am ined , as well as Neurospora crassa itself, u tilized  /?- b u t  n o t y -ca rb ox ym u co no 
lactone.

V IR US GRO UP SY M PO SIU M : TU M O U R  V IR U SES
T he N ucleic  A cid of T u m our V iruses. B y  L . V. C r a w f o r d  (Institute o f Virology, 

Glasgow, Scotland)
T he n u m b er o f know n tu m o u r viruses h a s  rece n tly  increased  to  such  an  e x te n t t h a t  a  

su rv ey  o f th e se  v iruses is lit t le  sh o rt o f a  su rv ey  o f an im al v iruses in  general. U n fo rtu n a te ly  
little  is know n o f th e  nucleic ac id  o f m a n y  tu m o u r v iruses a n d  for th e  tim e  be ing  we m u s t 
assum e t h a t  th e  nucleic ac id  o f such  v iruses is s im ilar to  th a t  o f b e t te r  kn o w n  v iru ses  of 
sim ilar m orphology . I n  som e cases th e  v iruses considered  below  have  n o t b een  p ro v ed  to  
cause th e  tu m o u rs  w ith  w h ich  th e y  a re  associa ted  a n d  th e se  should  the re fo re  be considered  
as tu m o u r-a sso c ia ted  v iruses ra th e r  th a n  tum o rig en ic  v iruses.

M any  o f th e  m o st im p o rta n t tu m o u r v iruses are  th o u g h t to  co n ta in  R N A , inc lud ing  th e  
av ian  leukosis g ro up  a n d  th e  m urine  leu k aem ia  g roup . M orphologically  th e  v iru s  pa rtic les  
are  r a th e r  un ifo rm  in  ap p ea ran ce  w ith  a n  o u te r  lipo p ro te in  m em b ran e  enclosing a  ribo- 
n uc leop ro te in  nucleoid . T he R N A  of R ous sarcom a v iru s  is th e  b e s t ch arac te riz ed  in  th is  
g roup , h av in g  a  m olecu lar w e igh t (M W ) o f a b o u t 10 m illion  w ith  n o n -co m p lem en ta ry  base 
ra tio s  an d  p ro b a b ly  the re fo re  a  single s tra n d e d  s tru c tu re .

D N A  tu m o u r v iruses a re  m uch  m ore v a ried  in  th e ir  size a n d  s tru c tu re  th a n  R N A  tu m o u r 
v iruses. T he la rg e st v iruses are  m em bers o f th e  p o x  g roup  inc lud ing  Y A B A  m on k ey  v irus 
a n d  T a n a  v irus. B y  an alogy  w ith  o th e r  pox  v iruses th ese  m a y  be ex p ec ted  to  co n ta in  
doub le  s tra n d ed  D N A  be tw een  80 a n d  160 m illion M W  w ith  a  base com position  in  th e  
reg ion  o f 36 %  guan ine p lu s  cy tosine (GC).

V iruses w hich ap p ea r to  be re la ted  to  th e  herpes group  inc lude  L ueke frog tu m o u r v irus, 
a  v iru s  fro m  B u rk it t  ly m p h o m a cells a n d  A lle rto n  lu m p y  sk in  v irus. P ro b a b ly  th e se  h av e



double s tra n d e d  D N A  a b o u t 90 m illion M W  an d  base com position  in  th e  region o f 64 %  
GC a lth o u g h  on ly  th e  A lle rto n  v iru s  has been  analysed .

M any  o f th e  m am m alian  adenov iruses ap p ea r to  be capab le  o f causing tu m o u rs  to  som e 
e x te n t. T he tum origen ic  adenov iruses co n ta in  double s tra n d ed  D N A  close to  20 m illion  
M W  a n d  48 %  GC. T  lis is s ligh tly  low er GC th a n  th e  o th e r  adenov iruses w hich  h av e  been 
analysed .

P ap illom a v iruses o f m a n y  m am m alian  species h av e  been  described. T he D N A  of th ese  
v iruses has a  rnolecul ir  w e igh t of ju s t  over a m illion an d  base com position  v a ry in g  be tw een  
40 an d  48 %  GC. T hese D N A  a re  doub le s tran d ed , c ircu la r an d  supercoiled.

T he po lyom a g roup  o f v iruses also have  c ircu la r superco iled  D N A s b u t  th e  significance 
o f th is  p ecu lia rity  is n o t  clear. T he b e s t ch a rac te riz ed  m em bers o f th is  group , po ly om a an d  
SV 40, hav e  D N A  of 3 m illion M W  an d  48 a n d  41 %  GC respectively .

T he sm allest v iruses to  b e  d iscussed are  tu m o u r asso c ia ted  ra th e r  th a n  tum origen ic . 
T he m in u te  v iruses include K ilh am  r a t  v irus, H I ,  H 3  an d  p ro b ab ly  th e  pa rtic les  associa ted  
w ith  h u m an  a n d  m urine  adenov iruses. T he pa rtic les  o f th e se  viruses are  20 m /i in  d iam ete r 
a n d  co n ta in  D N A . T he size o f th e  p a rtic le  m akes i t  like ly  th a t  th ese  viruses co n ta in  D N A  
of low er m olecu lar w eigh t th a n  a n y  o th e r  an im al v irus.

Several m em bers o f th e  d ifferen t groups o f D N A  an im al viruses show  in te rac tio n s  w ith  
each  o th e r  o r are  fou n d  in  association  w ith  each  o th e r. T h e e x te n t to  w hich  such  in te r 
ac tions m ay  invo lve l ie  nucleic ac ids o f th e  v iruses will be discussed.

S tu d ie s  o n  a  M u r in e  S a r c o m a  V ir u s  (M S V ). B y  M. H . S a l a m a n  (London Hospital 
Medical College)

A n oncogenic v iru s , iso la ted  b y  D r J .  J .  H a rv ey , w as described  la s t  y ear (H arv ey , J .  J .
(1964), Nature, Lond. 204,1104). I t  has been fu r th e r  s tu d ied  b y  m y  colleagues a n d  m e a t  th e  
L ondo n  H o sp ita l, an  I  b y  D rs F . C. C hesterm an  an d  R . R . D o u rm ashk in  a t  th e  Im p eria l 
C ancer R esearch  L ab o ra to ry  (C hesterm an et al. (1966), in  press).

T he source w as p la sm a o f a  r a t  w ith  M oloney v iru s  (M LV )-induced leu kaem ia , w hich 
w h en  in jec ted  in to  m ice, ra ts , o r h am ste rs , p ro d u ced  effects q u ite  d ifferen t from  th o se  of 
M TV. T um ou rs  developed  rap id ly  in  m ost m ice, ra ts ,  a n d  h am ste rs , ino cu la ted  w hen new 
b o rn , a n d  som etim es in  m ice in o cu la ted  as ad u lts . Splenom egaly  developed  in  a lm o st all 
in o cu la ted  m ice, a n d  in  ra ts  b u t  n o t h am ste rs  ino cu la ted  as ad u lts . T he lesions w ere o f 
tw o  k inds, solid tu m c u rs , an d  cy sts  filled w ith  c lear fluid o r blood. S ites o f solid  tu m o u rs  
dep end ed  on ro u te  o f in jec tio n  a n d  ly m p h a tic  d ra inage . C ysts w ere often  re la te d  to  ly m p h  
nodes. D e a th  w as o ften  fro m  ru p tu re  o f a  blood-filled cy st, o r an  en larged  spleen.

Incidence and latent period
Incidence ap p ro ach ed  100 %  in m ice, ra ts , an d  h am ste rs , ino cu la ted  w hen new born . In  

o lder m ice incidence c-f sp lenom egaly  rem ain ed  high , b u t  th a t  o f tu m o u rs  declined. L a te n t  
periods a f te r  in jec tion  in to  new born  an im als  w ere 10-30  days, d epend ing  on dose, in  m ice,
3 -7  weeks in  ra ts , an d  a  lit t le  longer in  ham ste rs . In  o lder m ice a n d  ra ts  la te n t  periods 
w ere longer. Histology

E n la rg ed  spleens seen in  m ice a n d  ra ts  (b u t n o t h am ste rs) resem ble th o se  o f F rien d  a n d  
o f  R au sch e r diseases show ing p ro lifera tio n  o f re ticu lu m  cells an d  e ry th ro b la s ts . T hese 
cells also ap p ea r in  th e  blood. Solid tu m o u rs  w ere p leom orphic sarcom as w ith  fea tu re s  
suggesting  a  v a scu la r origin. T h ey  fo rm ed  lit t le  collagen. Som e co n ta in ed  cleft-like spaces 
lined  b y  endo the lia l 3ells. T h ey  in f iltra ted  a n d  destro y ed  a d jacen t tissues. Sarcom as o f 
h a m ste rs  o ften  co n ta in ed  m u ltin u c lea te  g ia n t cells, w ith  50 o r m ore nuclei. In  cystic  
lesions b o th  in flam m ation  a n d  neop lastic  changes w ere seen. T here  w as d e stru c tio n  o f 
ly m p ho id  tissue  a n d  'o ss  o f p a t te rn  an d  ec tas ia  in  a d ja c e n t ly m p h  nodes. T h e cysts  w ere 
lined  w ith  en do the lium , w hich  fo rm ed  ingrow ths in to  th e  lum en. Several m ouse sarcom as 
w ere tra n sp la n te d , o re  18 tim es. H a m ste r  sarcom as w ere also tran sp lan tab le .
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Recovery o f virus

In  m ice in o cu la ted  new b orn  o r ad u lt, an d  in  ra ts  in o cu la ted  new born , th e re  is p e rs is ten t 
v ira e m ia ; th e  tu m o u rs  co n ta in  large am o u n ts  o f v irus. I n  ra ts  in o cu la ted  w hen  a c u l t  th e re  
is t r a n s ie n t v iraem ia  on ly  (4 th  to  8 th  day). N o v iru s  w as fo un d  in  p la sm a  o r tu m o u rs  o f 
h am ste rs  in o cu la ted  new born .

P hysica l and  chemical properties
T he v iru s  w as in a c tiv a te d  a t  56° for 30 m in . I t  su rv iv ed  a t  — 60 3 fo r >  18 w eeks. I t  

w as p a rtia lly  in a c tiv a te d  b y  e th e r  a t  4° ov e rn ig h t, a n d  co m plete ly  b y  ch loro fo rm  a t  22° for 
10 m in . O ver 99 %  w as sed im en ted  b y  cen trifu g a tio n  a t  200,000 g  fo r 1 h r. P a rtic le  
d iam eter, e s tim a ted  b y  G radocol filtra tio n , w as s im ilar to  th a t  o f th e  F rien d  v iru s— ab o u t 
100 n y i. A p p a re n t d ia m e te r  in  elec tronm icrographs w as co n sis ten t w ith  th is  es tim a te . 
H ow ever, in  m orpho logy  th e  p a rtic le  resem bled  M LV m ore closely th a n  FL V .

Serology
MSV w as n eu tra lized  b y  an tise ra  ag a in s t F rien d , R au sch e r a n d  M oloney viruses.

R elation to other viruses
M LV has been  recovered  free o f MSV from  severa l p rep a ra tio n s . T h e  converse h as n o t  

b een  ach ieved . N o p rocedu re  so fa r  tr ie d  (e.g. serial d ilu tio n , h e a t, e th er, n eu tra liz in g  
sera, o r passage th ro u g h  tissu e  cu ltu re ) has sep a ra ted  th e  spleen-en larg ing  from  th e  
tu m o u r-p ro d u c in g  ac tio n  o f MSV. S everal p ro p e rtie s  de fin ite ly  d is tin gu ish  M SV from  
polyom a. T hese w ill be described. D r  M aloney rece n tly  iso la ted  an  ag en t w ith  som e 
s im ilarities  to  M SV. T he re la tio n  be tw een  these  ag en ts  will be discussed.

A v ia n  L e u k o s is .  B y  P . M. B ig g s  (Houghton P oultry  Research S ta tion , Houghton, 
H untingdon)

A vian  leukosis includes a  n u m b er o f pa tho log ica lly  defined conditions, w h ich  can  be 
d iv ided  in to  tw o  g roup s on  th e  basis o f th e  ch a rac te ris tic s  o f th e ir  f.et iological ag en ts .

L eukosis/sarcoma group
T his g ro up  is com prised  o f v iruses responsib le fo r neoplasias o f p recurso rs  o f blood  cells, 

a n d  rap id -a c tin g  tu m o u r  v iruses affecting  tissues o f m esenchym al origin. M yeloid leukosis, 
e ry th ro id  leukosis an d  sarcom as are  re la tiv e ly  ra re  in  th e  dom estic  fowl co m pared  w ith  
ly m p h o id  leukosis. L y m p h o id  leukosis has been  e s tim a ted  to  be responsib le  for be tw een  
10 a n d  30 %  of all m o r ta li ty  in  com m ercial p o u ltry  flocks.

V iruses be longing to  th e  group  resem ble in  som e w ays m yx oviruses. T h ey  are  R N A  
v iruses w ith  a  lip id  co n ta in in g  o u te r  p ro te in  co a t, a n d  are  p ro d u ced  b y  b u d d in g  a t  th e  cell 
surface. M orphologically  th e y  h av e  a  c e n tra l core b o u n d ed  b y  a  double m em bran e  a n d  
m easu re  be tw een  80 a n d  120 m /t in  d iam eter. T h ey  indu ce  in  in fec ted  cells a  com m on 
co m plem ent-fix ing  an tig en , a  p ro p e rty  w hich  form s th e  basis o f th e  C O FA L te s t  (C om ple
m e n t F ix a tio n  A v ian  L eukosis). O n th e  basis o f suscep tib ilities  to  in fec tion  o f cells o f 
know n g eno typ e  th e  leukosis a n d  sarcom a v iruses can  b e  d iv ided  in to  tw o  subgroup s. 
R ece n t resu lts , u sing  n e u tra liz a tio n  te s ts , in d ica te  t h a t  th e re  are  a  n u m b er o f serologically  
d is tin c t ty p e s  o f leukosis a n d  sarcom a v iruses, b u t  th o se  be longing to  each  subg ro up  b e a r 
som e serological re la tio n sh ip  to  one an o th e r.

T h e  rap id -a c tin g  sarcom a v iruses p roduce neo p lastic  tran s fo rm a tio n  o f ch ick  em bryo  
fib rob lasts  in  tissu e  cu ltu re . T he leukosis v iruses read ily  rep lica te  b u t  p rod u ce  nc m o rp h o 
logical a lte ra tio n  in  such  cells. P r io r  in fec tio n  o f cells w ith  leukosis v iru s  in te rfe res  w ith  
su b seq u e n t in fec tion  w ith  R ous sarcom a v iru s  (RSV ) o f th e  sam e subgroup  ( th is  p ro p e rty  
form s th e  basis  o f th e  R I F  te s t) . T he B ry a n  s tra in  o f R S V  has  been  show n to  be a  defective 
v iru s  req u ir in g  a n  associa ted  leukosis v iru s  fo r rep lic a tio n  o f in fec tiv e  pa rtic les . E v id en ce



h as  been  p resen ted  to  suggest t h a t  th e  associa ted  leukosis v iru s  p rov ides th e  R SV  w ith  its  
o u te r  p ro te in  co a t, a n d  the re fo re  th e  p ro pertie s  w hich de te rm in e  its  serological ty p e  an d  
subgroup . T h is  has n o t  been  show n fo r o th e r  s tra in s  o f R SY , b u t  som e resu lts  h av e  illus
t r a te d  t h a t  co-infection  o f cells w ith  th e  S ch m id t-R u p p in  s tra in  o f R SV  a n d  a  leukosis v iru s  
re su lts  in  pheno ty p ic  m ixing.

A  w ide range o f ty p e s  o f tu m o u r m a y  occur in  tran sm issio n  ex p erim en ts  w ith  v iru s  
iso la ted  from  field cases o f lym p ho id  leukosis. I t  is u n c lear a t  p re sen t w h e th e r such  iso
la te s  co nsist o f a  n u m b er o f u n ip o ten tia l v iruses o r w h e th e r leukosis v iruses are  oncogenic- 
a lly  m u ltip o ten tia l.

L eukosis v iruses are  w idespread  in  p o u ltry  p o p u la tio n s  an d  in  m o st cases ap p e a r  to  have  
a  com m ensal re la tio nsh ip  w ith  th e  host. O nly  a  p ro p o rtio n  o f in fec ted  b ird s  u ltim a te ly  
succum b to  patho log ical disease.

M arek's disease (fowl paralysis, neural lymphomatosis)
M arek’s disease is a  com m on lym p ho-p ro lifera tiv e  disease o f th e  dom estic  fowl. P e r i

p h e ra l nerves are  p rim arily  invo lved, b u t  in  a  p ro p o rtio n  o f affected  b irds v isceral lym p h o id  
tu m o u rs  are  also p resen t. A m ore ac u te  form  of th is  disease h a s  ap p eared  rece n tly  in  G rea t 
B rita in , in  w hich  th e  m a jo rity  o f affected  b ird s  hav e  v iscera l lym p h o id  tu m o u rs . T his fo rm  
h as  been  te rm e d  ‘ac u te  leu kosis’ in  th e  U .S.A .

T he n a tu re  of th e  causa tive  ag en t o f M arek’s disease is n o t  clear. I t  is p re sen t in w hole 
b lood, w ash ed  b lood  cells, p la sm a  an d  m o st tissu es o f affected  b irds. H ig h est t i t r e s  are  
fo u n d  in  ce llu lar p re p a ra tio n s ; p rocedures w hich d is ru p t cells such  as  hom ogen ization  
w ith  h igh-speed  b lenders, son ica tion  an d  freezing a n d  th a w in g  d e stro y  in fec tiv ity . T here  is 
ev idence to  suggest t h a t  th is  is due  to  th e  release o f in a c tiv a tin g  substances fro m  d is ru p ted  
cells. T he ag en t does n o t  induce in  cells th e  C O FA L an tig en  a n d  does n o t in te rfe re  w ith  
su b seq u en t in fec tion  b y  R SV .
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S tud ies on the P o ssib le  A etio logy  of B u rk itt’s L ym phom a. B y  B . G. A c h o n g  an d
Y . M. B a r r  (The Bland-Sutton Institute of Pathology, The Middlesex Hospital Medical 
School, London, W. 1)

B u r k i t t ’s lym p ho m a is an  u n u su a l fa ta l  tu m o u r o f ch ild ren  w hich is com m oner in  
ce rta in  p a r ts  of A frica th a n  all o th e r  ch ildhood  m alignancies p u t  to g e th er. I ts  d is tr ib u tio n  
in  reg ions o f h igh  a n d  low  incidence w ill be considered to g e th e r  w ith  th e  in d irec t ev idence 
suggesting  th a t  th e  co nd ition  m ig h t b e  d e p en d en t on  an  in fec tious ae tio logical ag en t.

T he  lab o ra to ry  inv estig ation s w hich hav e  been  u n d e rtak e n  in to  th e  possib ility  th a t  
B u r k i t t ’s tu m o u r is v irus-induced  will be described. S tra in s  o f cells have  been estab lish ed  
in  co n tinuous cu ltu re  from  a  n u m b er o f cases o f B u rk i t t ’s lym phom a. T hese cells grow in  
suspension  w ith o u t a tta c h m e n t to  glass. T he m ode o f g row th  an d  ch a rac te ris tics  o f th e  
cells will be described  an d  th e  a ttr ib u te s  will be g iven on w hich th e ir  iden tifica tion  as 
u n u su a l ly m p ho b lasts  is based .

T he fine s tru c tu re  o f th e  cells has been d e te rm in ed  a n d  has confirm ed th e ir  ly m p ho b lastic  
n a tu r e ; th e  subce llu lar o rgan izatio n  o f th e  cu ltu re d  cells will be co m pared  to  th a t  o f th e  
m a lig n an t cells in  B u rk i t t ’s lym phom a.

E ach  o f th e  estab lish ed  tissue cu ltu re  s tra in s  o f B u rk it t  tu m o u r cells h as been fo un d  to  
ca rry  a  s im ilar v irus. T he g row th  an d  m a tu ra tio n  o f th is  v iru s  will be illu s tra ted  to g e th e r  
w ith  th e  cy topath o log ica l changes i t  induces. T he n a tu re  o f th e  v iru s  will be discussed an d  
reasons will be given  for believ ing  i t  to  be a  new  h ith e rto  un id en tified  a g e n t ; th e  possib ility  
t h a t  th e  v iru s  m ig h t p la y  a  ro le in  th e  ae tio logy  o f th is  h u m an  m alig n an cy  w ill be 
considered .
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Reversion in Hamster Cells Transformed by Rous Sarcoma V irus—its Significance 
in Relation to Viral Integration with the Cell. By I a n  M a c p h e r s o n  (Institute of 
Virology, Glasgow)

I n  cells ren d e red  neop lastic  b y  D N A  v iruses th e  com m on find ing  is t h a t  infec tious v iru s  
is no  longer d e tec tab le . T here  is, how ever, good ev idence fo r th e  persistence o f a t  lea s t p a r t  
o f th e  v ira l genom e in  th e se  cells an d  th is  m a y  be necessary  fo r th e  co n tin u ed  expression  o f  
neop lastic  p ro pertie s . Since sm all oncogenic D N A  viruses rep lica te  ;n  th e  nucleus d u rin g  
th e ir  v e g e ta tiv e  cycle a n d  p ro b a b ly  re ly  on th e  h o s t cell ribosom es to  ca rry  th e ir  m essenger 
R N A  th e  n o tio n  th a t  a  closely in te g ra ted  associatio n  m a y  occasionally  occur an d  re su lt in 
a  neop lastic  tran s fo rm a tio n  has fou n d  genera l accep tance  as  a  w ork ing  hyp o thesis .

I n  R N A  v iru s-in duced  tu m o u rs  a n d  tran sfo rm ed  cells th e  s itu a tio n  is v e ry  d ifferen t. 
H ere  th e  com m on p ic tu re  in  b o th  m ouse a n d  av ian  leukosis is one o f co n tin u ed  v iru s  
p ro d u c tio n  follow ing tran s fo rm a tio n  o f cells. H ow ever, s tud ies w ith  th e  B ry a n  s tra in  o f 
R o us sarcom a v iru s  (RSV ) h av e  show n th a t ,  like D N A  viruses, th is  v irus m a y  also p e rs is t 
in  cells in  a  defective form . Also som e s tra in s  o f R S V  m a y  indu ce  tran s fo rm a tio n s  o f 
m am m alian  cells t h a t  a re  n o t  associa ted  w ith  th e  p ro d u c tio n  o f infectious v iru s . Such 
tran sfo rm ed  cells m ay  be  cu ltu re d  th ro u g h  m a n y  genera tio n s w ith o u t ev er releasing  v irus 
y e t  m a y  still b e  capab le  o f indu cin g  v irus-re leasing  tu m o u rs  w hen im p lan ted  in  ch ickens. 
T his a p p a re n tly  occurs as a  re su lt o f th e ir  v ira l genom e be ing  tran s fe rre d  to  h o s t cells 
w here m a tu ra tio n  o f infectious v iru s  can  ta k e  p lace. T h e m echan ism s con tro lling  th e  
persis tence  o f R N A  v irus genom e in  tran sfo rm ed  cells a re  unknow n a n d  few  fac ts  are 
av a ilab le  on  w h ich  to  base a  hypo thesis . H ow ever, som e lig h t h as been  shed  on th is  
p rob lem  as a  re su lt o f co m p ara tiv e  s tud ies m ade w ith  po ly om a an d  R S V  tran sfo rm ed  
h a m ste r  cells o f th e  B H K 2 1  cell line. T hese ind ica te  th a t  th e  in te g ra tio n  o f R S V  genom e in  
tran sfo rm ed  cells m a y  be  u n s tab le  in  ce rta in  c ircum stances.

W hen  B H K 2 1  cells w ere in fec ted  w ith  th e  S c h m id t-R u p p in  s tra in  o f R S V  a n d  cu ltu re d  
in  ag a r suspension, a  sm all p ro p o rtio n  o f th e  cells fo rm ed  colonies. T hese w ere fo u n d  to  
co nsist o f  cells t h a t  grew  in  d isa rray  on glass like po ly o m a-transfo rm ed  B H K 2 1  cells. 
W h en  p la te d  to  p rod u ce  d iscre te  colonies som e o f th e  colonies w ere found  to  consist o f cells 
grow ing w ith  pa ra lle l o rien ta tio n  like th e  orig inal u n tran sfo rm ed  cells. I t  w as estab lished  
th a t  th e se  cells w ere re v e rta n ts  w hen  tw o  cycles o f single cell cloning o f tran sfo rm ed  cells 
re su lted  in  a  p o p u la tio n  th a t  gave rise to  som e p ro gen y  cells w hich fo rm ed  colonies w ith  
pa ra lle l o rien ta tio n .

A  co m parison  o f R S V  tran sfo rm ed  clones w ith  clones o f r e v e r ta n t  cells derived  from  
th e m  in d ic a ted  th a t  reversion  w as co rre la ted  w ith  loss o r red u c tio n  o f th e  cells’ co n te n t of 
R S V  genom e. T he  presence o f th e  R S V  genom e in  th e  tran sfo rm ed  cells w as d e m o n stra ted  
b y  in jec tin g  th e  cells in to  ch ickens an d  show ing th a t  th e  sarcom as p ro d u ced  w ere com posed 
o f ch icken  cells a n d  th a t  th e  ch ickens bearin g  th e se  tu m o u rs  possessed n eu tra liz in g  an tib o d y  
to  th e  S ch m id t-R u p p in  s tra in  o f R S V . H o m ogenates o f th e  tran sfo rm ed  cells d id  n o t 
p roduce tu m o u rs  in  ch ickens suggesting  t h a t  com plete  v iru s  w as n o t p resen t in  th ese  cells. 
T h e  re v e r ta n t  cells d id  n o t  p roduce tu m o u rs  in  ch ickens. S ign ificant am o u n ts  o f th e  
specific com plem ent-fix ing  an tig en  th a t  is possessed in  com m on b y  viruses o f th e  av ian  
leukosis com plex (COFAL. an tigen) w ere fo u n d  in  th e  tran sfo rm ed  cells b u t  n o t in  th e  
re v e r ta n t cells.These results suggest that the integration of RSV genome with the hamster cell it 
transforms is unstable and is required for the expression of its transformed character. The stability of polyoma-transformed hamster cells is shown by the fact that in observations on 
many thousands of transformed colonies on glass no colonies with reverted morphology 
have been found.
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