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SUMMARY

A genetic factor (designated Ent) responsible for enterotoxin production
in six of 51 enterotoxigenic strains of Escherichia coli Of porcine origin
could be transmitted to other strains of E. coli and t0 salmonella typhi-
murium and s. choleraesuis by conjugation in mixed culture. A high pro-
portion of organisms of the recipient strains in these cultures was found to
have accepted Ent, which was probably a plasmid. The possession of Ent by
an organism was a stable characteristic; no organisms were found to have
lost it during either laboratory cultivation, acriflavine treatment, or residence
in the alimentary tract of pigs and mice. Ent could be transmitted indepen-
dently of F, R, Hly and K88 factors; the transfer factor responsible for its
transmission closely resembled F and the transfer factors of/z + R factors and
Hly. Ent+organisms could not be differentiated from Ent~ ones, morphologic-
ally, culturally or antigenically. The oral administration of enterotoxin-
containing bacteria-free culture fluid of an Ent+ strain of E. coli had no
apparent ill effect on pigs, piglets and calves; neither did the fluid influence
skin permeability. The transmission of Entto s. typhimurium and s. cholerae-
suis did not affect their pathogenicity. Three of four piglets given Ent+
E. coli organisms developed diarrhoea; three given Ent~ organisms of the
same strain did not.

INTRODUCTION

Smith & Halls (1967b, c) showed, by using modifications of the method of De &
Chatterje (1953), that, with one exception, the serotypes of Escherichia coli associated
with enteric disease in the pig dilated ligated segments of pig intestine, while other
strains did not do so. They also showed that the factor which determined whether
or not a strain produced dilatation was ability to produce an enterotoxin. For a strain
to produce diarrhoea in the animal, however, it also had to be able to proliferate
in theanterior smallintestine. The exceptional serotype, 0i39:K82, is more commonly
associated with oedema disease than with diarrhoea; only one of the 23 strains of this
serotype examined by Smith & Halls (19676) was positive in the ligated intestine test.

In view of the transmissibility of a haemolysin production in Escherichia coli
(Smith & Halls, 1967a), it was thought that perhaps a transmissible genetic factor
might also be responsible for enterotoxin production in the one 0 139: K 82 strain able
to produce it. Experiments indicated that this was indeed the case. The results of
these experiments and others in which this genetic factor, termed Ent, was transmitted
from enterotoxigenic strains of E. coli to other strains of this species as well as to
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Salmonella typhimurium and s. cho/eraesuis are described in this paper. So are
pathogenicity tests with Ent+and Ent~ organisms and their cell-free culture fluids.

METHODS

Transfer of ability to produce enterotoxin. The method finally adopted to transfer
enterotoxin-producing ability was the following. Nutrient broth (Oxoid, no. 2) in
10 ml. amounts was seeded with 0-02 ml. of a 24 hr broth culture of an entero-
toxigenic strain of Escherichia coli and with 0-02 ml. of a similar culture of a strepto-
mycin-resistant mutant of another strain. The former is referred to as the prospective
donor and the latter as the prospective recipient strain. The mixed culture was incubated
at 370 for 48 hr and then 0-2 ml. was inoculated into 10 ml. of broth containing
streptomycin sulphate 50/;g./ml. After incubation at 370 for 24 hr, o-i ml. of this
material was inoculated into another 10ml. of the streptomycin-containing broth.
This was incubated similarly and then subcultured in 0-02 ml. amount into 10 ml. of
plain broth. After incubation at 370for 24 hr, this culture, referred to as the passaged
mating culture, was inoculated on to a suitable solid medium to confirm, as far as
possible, that it contained only organisms of the prospective recipient strain. Whenever
it was necessary to distinguish prospective recipient from donor strains, their growth
characteristics, drug sensitivity, ability to produce haemolysin and, always, antigenic
structure were utilized. If the results of these tests were satisfactory, the passaged
mating culture, in 1-oml. amount and after the addition of 50pg. streptomycin
sulphate, was submitted to the ligated intestine test in a pig. If it produced dilatation
it was subjected to two serial single-colony isolations on MacConkey agar and
several single colony isolates were again examined by the ligated intestine test.
Individual colonies were tested until at least one dilatation-positive culture was
obtained. After confirming once again that the bacteria were those of the recipient
strain, a representative number of dilatation-positive cultures, designated Ent+, and
dilatation-negative cultures, designated Ent-, from each positive mating culture were
freeze-dried and also stored at 50 on Dorset egg medium.

The above procedure was varied occasionally. For example, when the prospective
donor strain was itself streptomycin-resistant, then an ampicillin-resistant or nalidixic
acid-resistant mutant of the prospective recipient strain was used. The mating culture
in this case was passaged through broth containing ampicillin or nalidixic acid,
30 /<g./ml., instead of streptomycin. When the prospective recipient and donor
strains had the same antigenic structure, a mutant of the recipient resistant to strepto-
mycin and nalidixic acid was used for mating, the mating culture being passaged
through broth containing streptomycin only. Very occasionally, a fully drug-sensitive
prospective recipient strain was used. When this was a Salmonella the mating culture
was passaged through selenite medium instead of drug-containing broth; when it was
an Escherichia coli, colonies of the prospective recipient strain isolated from the
passaged mating culture were tested directly in the ligated intestine, for it was useless
to test the passaged mating culture since it would also contain the donor. With some
positive passaged mating cultures, colonies were tested first in pools of five; the
constituent colonies of any pool giving a positive reaction were then tested separately.

Cell-free enterotoxin-containing culture fluids. These were prepared by the methods
of Smith & Halls (1967c) using either soft agar or liquid medium. After the culture
fluids were separated from the bacteria by centrifugation they were held at 65° for
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10 min. to kill the few bacteria that remained, and neomycin sulphate, 100 /tg./ml.
was added, after which they were tested for enterotoxicity by injection in 15ml.
amounts into ligated segments of pig intestine.

Ligated intestinal preparations. The technique of performing ligated intestinal
tests on different species of animals has been described fully elsewhere (Smith &
Halls, 1967b). Unless otherwise stated, all the intestinal preparations in the present
studies were made in pigs. Briefly, weaned pigs that had been starved for 24 hr were
anaesthetized and their small intestine, beginning 1 m. from the pylorus and ending
3m. from the caecum, was divided into segments 10-12 cm. long by string ligatures.
Alternate segments were injected with the materials under test and the intermediate
ones left as uninoculated controls. It was usually possible to perform 50 tests in
each pig. The abdomen was then closed and the pigs allowed to recover from anaes-
thesia. They were killed 24 hr later and the presence or absence of dilatation of the
segments and the volume and character of the fluid they contained was recorded.
Since the length of the segments was approximately constant, e.g. + 25 %, the volume
of fluid recovered served as a measure of the severity of the reaction. In assessing
this, however, the region of the intestine in which a test was made had to be taken
into consideration because the anterior portion is more susceptible to dilatation
than the posterior portion, susceptibility decreasing gradually from anterior to
posterior. For this reason, materials to be compared were always tested in segments
close to each other.

Consistent results are obtained when strains of Escherichia coli are tested by the
procedure outlined above and positive segments are easily differentiated from negative
ones (Smith & Halls, 19671t c). Positive segments in the anterior test region contain
20-70 ml. of exudate and in the posterior test region seldom less than 10 ml.; by
contrast negative segments contain 0-2-0-5 ml. of red amorphous semi-solid material.
The anterior region was always used for testing cell-free culture fluids, the less
reactive posterior region being unreliable for this purpose. Bacteria-free fluids from
non-enterotoxigenic strains are usually completely absorbed from the segments into
which they have been injected. Sometimes, however, a few ml. of thick mucoid fluid
remained. By contrast, segments injected with culture fluids of en:erotoxigenic strains
were strongly dilated and might contain as much as 120 ml. exudate.

As mentioned previously, streptomycin was added to broth cultures of streptomycin-
resistant organisms, and neomycin to all bacteria-free culture fluids, immediately
before they were tested in the ligated intestine. The purpose of this was to suppress
the multiplication of drug-sensitive Escherichia coli that might already be present in
the segments; very occasionally dilatation of a control uninoculated segment occurred
due to the multiplication in it of enterotoxigenic . coli. Whenever a passaged mating
culture or isolates from it were being tested, the corresponding prospective donor
and recipient strains were always injected into nearby segments.

Detection of R and Ellyfactors. The presence of transmissible R factors (Watanabe,
1963) was detected by the methods of Smith (1966), and the presence of Hly factors
by the methods of Smith & Halls (1967a).

The fi character of Ent. This was determined by introducing the Ent factor into
an F+ culture of Escherichia coli KI2 and then examining it for visible lysis by phage
MS 2 (Davis, Strauss & Sinsheimer, 1961). The validity of this test has been demon-
strated by Meynell & Datta (1966).



322 H. WILLIAMS SMITH AND S HALLS

Skin permeability. The effect of bacteria-free culture fluids on skin permeability
was examined by the method of Craig (1965). The fluids were injected intradermally
in o-i ml. into the shaven back of rabbits and into the ventral abdominal wall of
pigs and calves. The Pontamine sky blue 6XB, 0-12 ml. of a 5% solution/1do g., was
given intravenously 24 hr later.

RESULTS

The incidence of transmissible enterotoxin factor (Ent) amongst
enterotoxigenic strains of Escherichia coli

Donors. Following the initial observation that strain ps, the only 0139: K82 strain
of Escherichia coli in our original collection to produce enterotoxin, could transfer
this property to non-enterotoxigenic strains, a further so strains that had been
incriminated in different outbreaks of diarrhoea in pigs were examined to determine
whether their enterotoxigenic properties were also transmissible. Five of the so were
positive. Two of the live, pig and rio0s, had the antigenic formula 08:K87,88ab and
two others, pis and pi9, the formula 091X9; the latter two were the only 09:K9
strains examined. The remaining strain, p255, was an Oi 391X82 strain that did not
belong to our original collection. Consequently, p255 and ps were the only two of
twenty-four 0 1391X82 strains that produced enterotoxin and with both strains its
production was transmissible.

In strains of the following serotypes enterotoxin production could not be shown
to be transmissible, 0141 :X85ac (4 strains), 0141 :X85ab -> 8sac (9 strains), 0141:
X85ah,88ab (8 strains), 08:X87, 88ab (1 strain), 08:X87, 88ac (4 strains), 0147:
X89,88ac (3 strains), 0451X7,88ac (2 strains) and O138: X81 (8 strains). Neither
was enterotoxin production transmissible by 6 strains of the Abbotstown type, a
type not yet been given an internationally accepted formula.

Recipients. Every strain of Escherichia coli examined for ability to act as recipient
was tested by using strain P3 as prospective donor of the Ent factor. Many strains
were also tested with pis and 03 as donors and a few with pi8 and » 9. The factor
was transmitted to the following strains: (1) K12F* and F+. (2) Five non-pathogenic
strains isolated from the faeces of healthy pigs in different herds. (3) An 0139: K82
strain, pi04, incriminated in an outbreak of oedema disease. (4) An Oi8:X? strain,
i 1, responsible for an outbreak of bacteriaemia in broiler fowl. (5) An 026:X60:H-
strain, ni, from a case of neonatal diarrhoea in a human being. This strain had
consistently dilated rabbit intestine (see Smith & Flails, 19676). Only after mixed
culture with p3, however, did it dilate pig intestine. The 0139: K82 strain, P104, was
probably the best recipient; the Ent factor was readily transmitted to it from all
six donors. Dilatation of pig intestine was also achieved with bacteria-free culture
fluids of strains P104, fi 1, n i, K12F- and KI2F+ into which Ent had been introduced.

Figure 1illustrates a positive and a negative result obtained during the testing of
passaged mating cultures in ligated pig intestine.

Despite repeated tests with one or more of the six donors it was impossible to
transmit Ent to 14 strains of Escherichia coli. These included three non-pathogenic
strains isolated from healthy pigs in different herds. They also included four 0139:X82
strains, strains of the same serotype as the good recipient, pi04. These strains had
been tested using each of 3 known donors, p3, pi6 and p103 on several occasions. Ten
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passaged mating cultures involving one of the four and pi(03 all yielded negative
results. By contrast, 11 of 20 such cultures of P103 and P104 performed at the same
time had yielded positive results.

The transmission of Entfrom Escherichia coli
to other bacterial species
Attempts were made to transmit the Ent factor from the Escherichia coli strains P3,

pi6, pi9and pi03 to 10 strains of Salmonella typhimurium, 10 strains of Shigella
flexneri, two strains each of S. dublin, Proteus vulgaris and P. morganii, and one

Fig. 1. Ligated segments of pig intestine inoculated with cultures of Escherichia coli. The
segments are identified according to the strains used for inoculating them. P3and P103 =
enterotoxigenic strains, pio = non-enterotoxigenic strain, pio (P3) and pio (P103) = pas-
saged mating cultures of pio in which P3and P103 had been employed as prospective donors.
The ability to produce enterotoxin has been transferred to pio from P3 but not from pi03.
O, uninoculated segments, x 3.

strain each of S. choleraesuis, Shigella sonnei, Klebsiella aerogenes and Pseudomonas
aeruginosa. Transmission was achieved to three strains of S. typhimurium, and to
the one strain of S. choleraesuis, but not to any of the other prospective recipients.
It was transmitted to one strain of S. typhimurium on 11 of 14 occasions from
E. coliP3,Pi6 and P19; the result of testing this strain before and after the introduction
of Ent is illustrated in Fig. 2. By contrast seven passaged mating cultures of this
strain with pi03 as the prospective donor yielded negative results when tested in
ligated pig intestine. After transfer to E. coli pi04 from S. typhimurium Ent+ and
E. coli fi 1 Ent+, the Ent factor retained its transmissible nature.

Since we were successful in transferring Ent to Salmonella typhimurium, we looked
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for naturally occurring strains of this organism that would give a positive reaction
in the ligated intestine test. Of 37 epidemiologically unrelated strains, 36 were negative.
But one strain, 1652, produced some degree of dilatation which was less than that
produced by strains of S. typhimurium to which Ent had been transferred from
Escherichia coli. For example, the volume of exudate provoked by strain 1652 and
a strain of S. typhimurium Ent+ in adjacent test segments in four different regions

Fig. 2. Ligated segments of pig intestine inoculated with cultures of Salmonella typhimurium
and Escherichia coli. The segments are identified according to the strains used for inoculating
them. P3E+ = enterotoxigenic strain of E. coli. tme~ = non-enterotoxigenic strain of

5. typhimurium. tm(p3)E+ = enterotoxigenic strain of S. typhimurium obtained by mating
P3 with tmf~ O = uninoculated segments, x 3.

of the small intestine of a pig commencing in the more susceptible anterior part
and ending in the less susceptible posterior part were, respectively, 19 and 30, 12 and
33, 0 and 29, and 0 and 12. It was not possible to transmit the ability to produce
dilatation from 1652 to S. typhimurium or to E. coli.

The extent of Ent transfer in passaged mating cultures

From every passaged mating culture which dilated ligated pig intestine at least
one colony of the recipient strain that had acquired Ent was obtained. The results
of examining individual colonies from passaged mating cultures are shown in Table 1
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The incidence of Ent+ organisms in these cultures varied from 2 to 87 %. Only five
colonies of Escherichia coli Ki2F_ were tested after mating with E. coli p3; all pro-
duced dilatation.

Before classifying a colony as Ent+ or Ent in the tests referred to above, it was
tested in the ligated intestine of at least three pigs; consistent results were obtained.
Control cultures of the prospective donor and recipient strains were always tested
together with the passaged mating cultures and colonies obtained from them and
they, too, yielded consistent results. Two of the good recipient strains, Escherichia
coliv104 and a Salmonella typhimurium strain, were tested 70 and 35 times, respectively,
during the present studies; they failed to dilate ligated pig intestine on every occasion.
Cultures of 100 colonies from each of these two strains and also from each of another
two strains of E. coli, P30 and ri 1, that were also capable of accepting Ent, were tested
in pools of five in 10 pigs. A further 25 colonies obtained from the S. typhimurium
strain were tested singly. Dilatation was never produced.

Table 1 The incidence of Ent+recipient organisms
in passaged mating cultures

Colonies of recipient
strain obtained from

Passaged mating culture passaged mating culture
Recipient Donor No. tested % Ent+
colipio4 E.colipi6 10 70
colipio4 E.colipi8 15 40
colipio4 E. coli pi03 20 50
coli pi04 E. coli P103 18 50
coli P20 E. coli P3 20 80
coli P30 E. coli P3 50 6
coli P30 E.colipi6 20 5
coli p66 E. coli pio03 '5 53
coli FI'1 E. coli P3 25 12
coli HI E. coli P3 50 2
typhimurium strain i E. coli P3 15 67
typhimurium strain 1 E. coli P3 18 33
typhimurium strain 1 E. coli P3 18 22
typhimurium strain 1 E.colipi6 15 87
typhimurium strain 1 E. coli P19 10 60
typhimurium strain 1 E. coli PI9 10 50
typhimurium strain 2 E. coli P3 25 36
choleraesuis E. coli P3 10 60

P20, P3o and p66 were non-pathogenic strains of E. coli isolated from the faeces of healthy pigs.

The comparative dilating ability of different bacterialstrains
into which Ent had been introduced

Although detailed studies were not made, the general impression gained was that
the degree of dilatation produced by a given strain into which Ent had been introduced
was more a function of that strain than of the Ent factor or the strain which had
donated it. For example, there was no important difference between the amount
of fluid that accumulated in segments of pig intestine which had been injected with
strains of Escherichia coli pi04 into which Ent had been introduced from strains
P3, Pi6, pis, P19, P103 or P255. The amount was usually in the region of 20 ml. when
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tests were made in the anterior small intestine. Similar volumes were usually provoked
by p3, the donor strain of the same serotype as p i04. Greater volumes were commonly
provoked by the other donor strains pi6, pi8 and pi03; P255 was not tested often
enough to permit any conclusions being drawn. In contrast to the Ent+ derivatives
of p104, those of Salmonella typhimurium that had received the factor from r3, pi6 or
P19 produced much greater dilatation, the volumes provoked in the anterior intestine
being 30-50 ml. irrespective of the donor strain involved. The E. coli strains K12F-
Ent+ and Ki2F+Ent+ were the poorest dilators. These strains usually had to be
injected in greater numbers than other strains to produce dilatation, and then the
volume of exudate provoked was only 3-10 ml. The reason for this was probably poor
survival of the bacteria in the ligated segments, probably because K12 strains have
been maintained in the laboratory away from their natural habitat for many years.
Support for this view was provided by the observation that bacteria-free culture fluids
of these strains produced dilatation of ligated segments as strongly as culture fluids
of the other Ent+strains (Fig. 3). As an example of the dilatation produced by culture
fluids, when culture fluids of P104 into which Ent had been introduced from pP3 were
tested in seven segments in one pig, the volume of exudate that accumulated in these
segments was 40-90 ml. (median 50 ml.); the volumes in segments injected with
culture fluids of p104 itself was 2-9 ml. (median 5 ml.).

The stability of Ent in bacteria; the effect of acriflavine

All the Escherichia coli and Salmonella strains to which Ent had been transmitted
were maintained on Dorset egg medium at 50. Between the time of inoculation and
the completion of the work described in this paper (5-12 months) they were examined
on many occasions. Their ability to dilate ligated pig intestine remained constant.
Apart from periodic subculture, five of the six wild strains of E. coli from which
Ent was transmitted had been maintained on Dorset egg medium for 6 years before
they were examined.

Three strains of Escherichia coli, K12F-, hi and ii, and one strain of Salmonella
typhimurium to which Ent had been transmitted, were passaged daily for 10 days
in nutrient broth at 370by using small inocula transferred with the tip of a platinum
wire. Five colonies from the final subculture of each strain were tested in ligated
pig intestine; all produced dilatation.

No loss of Ent was detected from Escherichia coli or Salmonella organisms during
residence in experimentally infected mice and pigs. The period between infection and
recovery of S. typhimurium Ent+ and S. choleraesuis Ent+ in mice and/or pigs was
5-17 days. In the case of E. coli p104 Ent+ given to two pigs by mouth it was 63 days.
Escherichia coli Ent- and Salmonella given to pigs and/or mice did not acquire the
ability to produce enterotoxin.

Strains of Salmonella typhimurium and Escherichia coli p104 to which Ent had been
transmitted from E. coli P3 were incubated at 370for 24 hr in nutrient broth con-
taining acriflavine at a concentration which had a marked depressant effect on their
growth rate. Twenty-five colonies from each of the resulting cultures were tested in
ligated pig intestine; none had lost the ability to produce dilatation.
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The significance of culturefiltrates, phages, colicines,
F, R, Hly and Kssfactors in Ent transfer

Culturefiltrates. Ten passaged mating cultures were prepared in the usual manner
except that filtrates, passed through a membrane of average pore diameter 250 m//
in 5-10 ml. amounts, of 24 hr nutrient broth cultures of the donor strains of Escherichia
coli, P3, pi6, pis8, P19, P103 and P255, were used instead of the donor organisms
themselves. The prospective recipient strain used in each mating culture was one or
other of four strains of E. coli, 104, P30, ni and rii, or a Salmonella typhimurium
strain of proven recipient ability. None of the 10 cultures dilated ligated pig intestine.

Phages and colicines. Cultures of the six strains that were able to transmit Ent and
of six whose enterotoxigenic character was not transmissible were tested for phage or
colicine production with cultures of six strains that were able to receive Ent and six
that were not. A strain of Salmonella typhimurium was included amongst the strains
in each of the last two categories; the remaining 22 strains were of Escherichia coli.
Five strains before and after they had received Ent were also tested against each other.
Apart from the fact that one of the six strains that could not act as a recipient exhibited
strong colicine action against 11 of the 12 strains which had been tested as donors, no
phage or colicine activity was observed. Neither was any activity between the donor
strains and the four strains of E. coli that were of similar antigenic structure to pi04,
the good recipient, but were unable to receive Ent.

Ffactor. As mentioned previously, Ent was transmitted to an Escherichia coli K12F-
strain and to a K12F+ strain. No more difficulty was experienced in transmitting it to
the KI2F+ strain than to the K12F- strain. The KI2F+ strain was no longer macro-
scopically lysed by the F specific phage MS2 after the introduction of Ent indicating
that Ent was anfi+ factor (fertility inhibiting; Watanabe etal. 1964). In the same way
asfi+ R factors (Meynell & Datta, 1966) and the Hly factor, Ent itself carried the
gene for production of an F-like pilus, because F-specific phage, which uses the
pilus as receptor, was able to multiply in cultures of Ki2F~Ent+ bacteria (Dr Elinor
Meynell, personal communication).

R factors. Of the six strains of Escherichia coli shown to be able to transmit Ent,
one, pi8, contained R factors. The other five strains, as well as the 10 strains of
E. coli and three Salmonella strains that were able to receive Ent, did not. Of four
Ent+ colonies of E. coli pi04 obtained from a passaged mating culture in which
pi8 was the donor, all four contained R factors. Of four Ent- colonies from the
same mating culture, two contained R factors and two did not.

Different R factors in four strains of Escherichia coli were transmitted to six strains
of E. coli and one strain of Salmonella typhimurium into which Ent had already been
introduced and into their Ent- parent strains. There was no obvious difference in the
rate of transmission of R factors into the Ent+ and Ent- form of each of the seven
strains. Dr E. S. Anderson (Enteric Reference Laboratory, Colindale, London)
examined a S. typhimurium strain and the K12F - strain for the presence of a transfer
factor by his resistance determinant mobilization test (Anderson, 1965) before and
after Ent had been transmitted to them. No transfer factor could be demonstrated
in the two parent strains, which were Ent-, whereas both Ent+ derivatives carried
one. As this test depends on mobilization of a determinant for streptomycin and
sulphonamide resistance, its success indicates that the transfer factor concerned
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can carry genetic determinants for both enterotoxin production and drug
resistance.

Hly factor. Three of the six strains of Escherichia coli that were able to transmit
Ent produced a haemolysin and so did one of the 10 strains of E. coli that were
able to receive it. In none of these four strains was haemolysin production transmissible,
as with the Hly factor (Smith & Halls, 19670). All the 45 strains from which Ent
was not transmitted produced a haemolysin, but in only seven strains was its pro-
duction shown to be controlled by the transmissible Hly factor. Five of these seven
also carried R factors. R factors alone were demonstrated in another eight of the
45 strains. One of the HIy+ R+ strains also possessed the K88 factor (see below).

Fig. 3. Ligated segments of pig intestine inoculated with bacteria-free culture fluids of
Escherichia coli. The segments are identified according to the strains from which the culture
fluids were obtained. F_ and F+E~ = non-enterotoxigenic strains KI2F- and KI2F+
F~ E+ and F+E+ = enterotoxigenic strains of K12F" and F+ obtained by mating with
the enterotoxigenic strain P3. O = uninoculated segments, x 4.

The Hly factor was introduced without difficulty from two Hly+strains of Escherichia
coli into four Ent+ strains of E. coli, two of these recipient strains being derived from
E. coli K12F- and F+. During these mating procedures, R factors present in one of
these two HIly+ donor strains was also transmitted to some of the recipient organisms.
Some KI2F+ organisms, for example, contained as a result R, Hly and Ent factors.
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The two Hly+ donor strains were also enterotoxigenic but passaged mating cultures
of strains of E. coli able to receive Ent with these two strains as prospective donors
did not dilate ligated pig intestine.

K88factor. Four different strains of Escherichia coli into which the genetic elements
controlling the production of K88 antigen (Orskov & Orskov, 1966) had been trans-
mitted were tested in ligated pig intestine. One of these K88-containing strains had
been prepared in this laboratory; the other three were received from Dr Ida Orskov.
Al four strains failed to cause dilatation. The donor strains usee in the preparation
of these four strains were all enterotoxigenic, as are many strains of E. coli which
produce the K88 antigen. Only two of the six strains that were able to transmit
Ent (p i, P103) possessed K88 antigen. None of the strains to which they had trans-
mitted Ent were found to have received this antigen.

E6{F109)E"
P10A(F1BIE"

sC-S{r3)E

FH6{P103}E"

P1D4{18)E"
sCs{pdiEt

Fig. 4. Ligated segments of calf intestine inoculated with cultures of Escherichia coli and
Salmonella choleraesuis. The segments are identified according to the strains used for
inoculating them. p66 (Pi0os) E+and E~ = enterotoxigenic and non-enterotoxigenic strains
obtained from a mating of the non-enterotoxigenic E. coli p66, with the enterotoxigenic
E. coli pios. pioa (pis) E+ and E_ = enterotoxigenic and non-enterotoxigenic strains
obtained from a mating of the non-enterotoxigenic E. coli pios with the enterotoxigenic
E. coli pi 8. sc-s (P3s) E+and E- = enterotoxigenic and non-enterotoxigenic strains obtained
from a mating ot a non-enterotoxigenic strain of S. cholerae-suis with the enterotoxigenic
E. coli P3. O = uninoculated segments. x-J-.

The effect of Ent+bacteria on the ligated intestine
of calves, rabbits and mice

Although ligated pig intestine was used to determine the Ent character of bacterial
cultures in all the studies referred to previously, some cultures were also tested in the
ligated intestine of other animal species.

Calves. With two calves, six strains of Escherichia coli into which Ent had been
introduced were tested and all produced dilatation of intestinal segments. Similar
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results were obtained with a Salmonella typhimurium Ent+ strain and the S. cholerae-
suis Ent+ strain. A portion of the ligated intestine of one of the two calves is illustrated
in Fig. 4.

Rabbits. Two strains of Salmonella typhimurium which had received Ent from one
or other of two donor strains and the S. choleraesuis Ent+ strain failed to dilate
ligated intestine, so did the two donor strains concerned, P3 and pi6.

Mice. With 10 mice, Escherichia coli p i 04, a strain of Salmonella typhimurium and
S. choleraesuis, all of which had received Ent from E. coli P3, and pr3 itself, were
submitted to the ligated intestine test. Negative results were obtained.

The distinguishing features of Ent+and Ent~ organisms

Cultures of colonies obtained from dilatation-positive passaged mating cultures
and classified as Ent+ or Ent- according to their reaction in ligated pig intestine
were examined to see whether the two kinds of cultures differed in other respects,
especially in their pathogenicity. Strain Escherichia coli pi04 to which Ent had been
transmitted from E. coli P3 was frequently used in these studies because strains p i 04
and P3 were both of the same serotype, Oi39:K82. Another reason for using this
strain p i 04 was the possibility that it might be able to proliferate in the anterior small
intestine of the intact pig by virtue of the fact that its parent had been isolated from
a case of oedema disease. This would be of major significance in infection studies.
All the other strains of E. coli to which Ent had been transmitted were non-pathogenic
for the pig.

Cultural characteristics. The morphology on ordinary laboratory media of colonies
of Ent+ and Ent- organisms obtained from the same passaged mating culture appeared
identical. Their microscopical appearance and their general cultural properties, too,
were similar.

Antigenicity. Antisera were prepared in six rabbits by the multiple intravenous
injection of live broth cultures of one or other of three different strains of Escherichia
coli into which Ent had been introduced from E. coli p3 or of bacteria-free enterotoxin-
containing culture fluids of one or other of these three strains. Each antiserum was
then absorbed with suspensions of the corresponding Ent- organisms. All the absorbed
antisera failed to agglutinate suspensions of homologous and heterologous Ent+
organisms, live or heat-treated to destroy their K antigens. The unabsorbed antisera
also failed to agglutinate suspensions of Ent+ strains of E. coli and Salmonella except
those for which they were known to contain O or K antibodies.

No antigen-antibody reactions were detected in plate precipitin tests (Ouchterlony,
1949) between extracts of Ent+ organisms or their enterotoxin-containing culture
fluids and the absorbed antisera referred to above.

Antisera were prepared in six pigs by multiple intravenous injection of bacteria-free
enterotoxin-containing culture fluids of Escherichia coli P3, pis or pi8, three of the
wild Ent+ strains, or by the parenteral administration of suspensions of live organisms
of these strains. The addition of 10 ml. antiserum to 15 ml. bacteria-free culture fluid
of the strain against which each one was prepared and to fluids of other enterotoxi-
genic strains had no effect on the size of the dilatation the fluids produced in ligated
pig intestine.

Pathogenicity of live cultures to piglets. Seven piglets which had been removed
from their mother before consuming colostrum were given 40 ml. of sterile cow’s
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milk, by stomach tube, before they were 4 hr old. Immediately, four were inoculated
orally with 5x io9viable organisms of Escherichia coli pi04 to which Ent had been
transmitted from E. coli P3. The remaining three piglets were inoculated in a similar
manner with p104 itself. Subsequently, all piglets were given 40-50 ml. of the cow’s
milk 3-5 times daily by stomach tube. Of the 4 given the Ent+ strain, one developed
severe diarrhoea 11 hr after inoculation, It was killed 9 hr later when still suffering
from diarrhoea. The number of viable organisms of the inoculating strain in the
contents of its anterior small intestine was, logl per ml., 72. Another developed
severe diarrhoea at 30 hr and was killed when near death at 38 hr. The condition of
a third piglet in this Ent+ group began to deteriorate rapidly at 40 hr and at 44 hr,
when it was killed, it had developed severe diarrhoea. The viable counts of the
inoculating strain in the anterior small intestinal contents of both these piglets were
relatively low, logl0per ml., 53 and 5-2, respectively. No organisms were found in the
internal organs of either of these three piglets. The remaining piglet in this group
remained healthy as did all three piglets given pi04.

Two groups of 4 pigs aged 8 weeks were inoculated orally with approximately
i010 viable organisms of Salmonella choleraesuis. One group was given an Ent+
strain and the other an Ent" one, both being obtained from the same mating of a
strain of S. choleraesuis with Escherichia coli p3. The clinical signs subsequently
exhibited by both groups were identical. All eight pigs developed a severe diarrhoea,
of similar intensity and duration, 3 days after inoculation.

Pathogenicity of live cultures to calves. Two 2-day-old colostrum-fed calves were
given, by mouth, iol0viable organisms of Salmonella typhimurium Ent+ and another
two a similar dose of S. choleraesuis Ent+. The four calves died 3-5 days later, the
principal lesion in all of them being a severe inflammation of the small intestine with
necrosis of the ileum. Diarrhoea was not a prominent clinical sign. The course of the
disease was similar to that observed in calves infected with Ent- forms of these two
Salmonella types.

Pathogenicity of live cultures to mice. Ent+ and Ent- colonies obtained from
matings of a Salmonella typhimurium strain with Escherichia coli P3, pi6 and pi9
were administered orally in doses of i09 viable organisms to groups of mice. The
mortality pattern was similar in all groups indicating no difference in virulence between
the Ent+ cultures and the Ent- ones. Diarrhoea was no more common in mice given
Ent+ organisms than in mice given Ent- organisms. The mouse-virulence of S. cholerae-
suis also, was not altered asa result ofaccepting Ent. Neither was its virulence for rabbits.

Pathogenicity of bacteria-free culture fluids to pigs. Ten piglets were removed from
their mothers before they had consumed colostrum and each one given, by stomach
tube, 50 ml. of bacteria-free culture fluid of Escherichia coli P104 to which Ent had
been transmitted from E. coli P3. Another 10 piglets were treated similarly except
that the fluid they were given had been prepared from an Ent- strain of piO4. The
20 piglets were returned to their mothers 2~ hr later. All remained healthy. So did
four 11-week-old pigs that were starved for 48 hr and then given 1000-1500 ml. of
the bacteria-free culture fluid of E. coli pi04 Ent+ by stomach tube.

Pathogenicity of culturefluids to calves. Two i-day-old calves that had received no
food were given 1500 ml. of the bacteria-free culture fluid of Escherichia coli P104
Ent+ by mouth. They showed no signs of ill-health as a result.

Pathogenicity ofculturefluids to mice. Bacteria-free culture fluids, in 0-5 ml. amounts,



332 H. WILLIAMS SMITH AND S. HALLS

of three strains of Escherichia coli into which Ent had been transmitted from E. coli
P3 were each injected intravenously into 2 mice. All 6 mice remained well.

Skin permeability. No difference was noted in pigs, calves and rabbits between
the skin reactions produced by bacteria-free culture fluids of Escherichia coli P104
Ent+ and Ent-.

DISCUSSION

The results indicate that the ability to produce enterotoxin can be transmitted
from some strains of Escherichia coli to others and to Salmonella strains and that
transmission when it occurs is probably by conjugation. The available evidence
suggests that, as in the case of the R, col, K88 and Hly factors, the actual production
of enterotoxin in the donor strains is governed by an extrachromosomal genetic
element, or plasmid, which has conjugation factor activity. The name Ent is proposed
for this element which evidently belongs to the same category of sex factors as F,
fi+ R factors and Hly which all determine the production of an F-type pilus subject
to the same genetic regulation of function (Lawn, Meynell, Meynell & Datta, 1967).

No exclusion of the kind described by Scaife & Gross (1962) to occur between F
factors was found to exist between Ent and F, R and Hly factors. They could be
carried together in the same bacterium; all four were present in one of our laboratory
strains of Escherichia coli KI2 and a wild strain was found to contain R, Hly and the
K88 factor, all transmissible to a ki2F+ strain. When more than one was present
in a strain, they were sometimes transmitted together, sometimes separately. Dr E. S.
Anderson has utilized the transfer factor of Ent from the K12F Ent+ strain and
from one of the Salmonella typhimurium Ent+ strains to mobilize R determinants
(Anderson, 1965). It may well be that there is no specific relationship between a
transfer factor and a particular plasmid. The transfer factor merely potentiates
conjugation without exercising any control on the plasmids that are transmitted
during the process.

Although the enterotoxin of many pig strains of Escherichia coli appeared to be
similar (Smith & Halls, 1967b, c) most of the strains could not transmit the character.
There are several possible reasons for this: the genes may be integrated in the chromo-
some; if plasmids are responsible, transfer factor activity may be absent; finally, the
plasmids may be highly repressed like some R factors (Meynell & Datta, 1966). The
only means of identifying an enterotoxigenic strain is the ligated intestine test, which
severely limits experiments to distinguish between these possibilities. Not only does
it restrict the number of tests that can be performed but the test itself becomes
insensitive when enterotoxigenic organisms injected into a ligated segment are greatly
outnumbered by non-enterotoxigenic ones (Smith & Halls, 19676). This means that
only those passaged mating cultures containing a comparatively high proportion of
Ent+ recipient organisms would be identified; in fact, the lowest proportion found in the
present studies was 2%. It is probable then that if suitable techniques had been avail-
able more strains could have been identified as donors of their enterotoxin production.

After its introduction into organisms of Escherichia coli, Salmonella typhimurium
and S. choleraesuis Ent behaved as a stable character. No organisms were found to
have lost it in vivo or in vitro, even after acriflavine treatment. In view of this stability
and the fact that a high proportion of organisms of some of the strains of non-patho-
genic E. coli isolated from pig faeces that were used as recipients in mating cultures
accepted Ent, a substantial degree of transfer might be expected to have occurred
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in nature as has happened in the case of R factors; Smith & Halls (1967b), did not
find this to be so. All the strains of E. coli they examined which were not incriminated
in outbreaks of diarrhoea in pigs did not dilate pig intestine. It may well be that,
unlike the profound influence the widespread use of antibiotics has had on the
emergence of R factor-containing bacterial populations, no comparable influences
exist to favour the selection of Ent+ organisms. The possession of Ent alone may be
of little selective advantage; the selection advantage possessed by enteropathogenic
E. coli organisms probably resides principally in their ability to proliferate in the
anterior small intestine.

The fact that three of the four piglets given Escherichia coli p:o4 into which Ent
had been introduced developed diarrhoea, whereas all three given pi 04 itself remained
healthy, supports the view that enterotoxin is responsible for the production of
diarrhoea in the intact animal. In two of the piglets that had diarrhoea, however, the
numbers of the infecting organisms in the anterior small intestine when they were
killed was lower than that usually found in piglets suffering from E. coli diarrhoea.
In view of this and the fact that the number of animals involved was small the evidence
obtained fromthis experiment is suggestive rather than conclusive. Followingits isolation
from a case of oedema disease, the p104 strain had been maintained in the laboratory
for some 12 years before it was used in the present work; perhaps during this period its
ability to proliferate in the small intestine had become impaired. It was not possible
to repeat this experiment with more recently isolated non-enterotcxigenic pathogenic
strains because of our inability to introduce Ent into any of them. The failure of
enterotoxin-containing bacteria-free culture fluids of E. coli to produce diarrhoea in
the newly born piglets after its administration by mouth is probably explained
by the fact that, even in ligated intestine studies, it is only the anterior small intestine
that is susceptible to the dilating action of enterotoxin. In the piglets the fluid would
not be expected to be retained for long in this anterior region and any fluid disturbance
it might cause there would be corrected by absorption in the more posterior region.
The situation is quite different from that occurring in ligated intestine studies where
the injected enterotoxin-containing fluid is trapped for a long time in an isolated
intestinal segment. It is also quite different from that which occurs in E. coli infection
in the intact animal where enterotoxin is being continuously produced by large
numbers of bacteria closely adherent to the mucous membrane.

The introduction of Ent into Salmonella typhimurium and S. choleraesuis did not
enhance their pathogenicity for mice, rabbits, calves and pigs. It would not be expected
to do so in mice and rabbits unless the deleterious effect of enterotoxin was not
confined to the alimentary tract; the Ent+ Salmonella strains did not dilate the ligated
intestine of these two animal species. In calves and pigs the chain of events beginning
with the entry of enteropathogenic Escherichia coli into the small intestine and ending
with the outpouring of fluid into this organ is undoubtedly complex. It would be
unlikely to occur as a result of salmonellas entering the alimentary tract purely
because they were able to produce E. coli enterotoxin. The pathogenesis of infections
with enteropathogenic E. coliand with Salmonella are markedly different. For example,
in the E. coli infections the bacteria remain localized in the alimentary tract whereas
in Salmonella infections they invade the body. In E. coli infections the mucous
membrane of the small intestine exhibits no obvious histological changes (Smith &
Jones, 1963) whereas in Salmonella infections it is severely inflamed (Smith & Jones,
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1967); in the calves used in the present study, extensive necrosis of the mucous
membrane of the small intestine had occurred within a few days of their infection
with salmonellas. It is therefore not surprising that the diarrhoea in the calves and
pigs infected with Ent+ Salmonella strains was no more severe than in calves and
pigs infected with Ent” strains; the mechanism which gives rise to E. coli diarrhoea
probably could not operate.

It appears that enterotoxin production is yet another characteristic that can be
transmitted from bacterium to bacterium. The number of such characteristics con-
tinues to grow. Although much remains to be discovered, the point has now been
reached at which the transmissible plasmid must be regarded as a normal method
of inheritance in some bacterial species, rather than as a rare biological accident.
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SUMMARY

A number of non-marine Oomycetes and a marine-isolated Pythium
culture were lysed in natural sea water by marine micro-organisms. A
relationship was observed between the rate and extent of lysis and the size
of the marine microbial population. Microscopic observations and the
accumulation of reducing sugars indicated that extracellular cell wall-lysing
enzymes were responsible. Pure cultures of lytic bacteria isolated from the sea
yielded data similar to those obtained in natural sea water. The importance
g_f the I)étic phenomenon in the determination of the marine mycoflora is

iscussed.

INTRODUCTION

In the field of marine mycology it is necessary to investigate the biochemical
activities of fungi in the oceans before we can understand their ecological significance
and their distinct characters. The mycoflora of the oceans has not been studied in
enough detail to identify marine-isolated fungi as specific halophiles, salt-adapted
species, or non-marine fungi capable of survival in sea water (Johnson & Sparrow,
1961). MacLeod & Onofrey (1963) and ZoBell (1946) showed that some marine
bacteria could develop the capacity to grow in the presence of reduced salt concentra-
tions or even in freshwater media. Thus we may ask if some freshwater fungi adapt
to marine conditions while others are eradicated by a biological process.

Previous data from our laboratory have shown that a specific marine microflora
capable of killing Escherichia coli develops when that bacterium is added to sea water
(Mitchell, Yankofsky & Jannasch, 1967). The presence in soil of micro-organisms
capable of killing non-indigenous fungi by lysing their cell walls is well documented
(Mitchell & Alexander, 1963). The present paper describes results obtained when a
fungus whose habitat is soil was added to sea water. The fungus Pythium debaryanum
was used because of the detailed information available about its cell-wall structure
(Cooper & Aronson, 1967).

METHODS

In the current study the representative Phycomycete used was Pythium debaryanum
ATCC9998. Other Oomycetes used were Saprolegnia diclina, Achlya caroliniania, 1so-
achlya luxuriana, Thraustotheca clavata and Apodachlya brachymma. Lungal mats
were grown in Petri dishes using a potato dextrose broth at 230, and were washed with
200 ml. sterile water before use.

The sea water used was sampled at Woods Hole and at Nahant, Mass. When not
used immediately it was stored at 30. Lor pure culture studies artificial sea water

(Lyman & Lleming, 1940) was used.
2 G Mcrob. 22
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Marine bacteria were isolated on modified 2216 E agar medium (Oppenheimer &
ZoBell, 1952) and were grown in liquid 2216E medium in 250 ml. Erlenmeyer flasks
at 230.

Degradation studies of Pythium debaryanum in both natural sea water and by pure
cultures were carried out in 250 ml. Erlenmeyer flasks at 250 on a new Brunswick
(Model G 10) gyratory shaker. Mycelial mat weight was determined following collec-
tion of the fungus by filtration and drying at noQ always in triplicate.

Cell-free filtrates were obtained after degradation of the mat in natural sea water by
centrifuging for 10 min. at 7000g and then aseptically filtering through 0-45/4 Milli-
pore filters.

Some of the sea-water filtrate was concentrated by reducing the volume in a reverse
osmosis ultrafiltration cell. Molecules with a molecular weight greater than 10,000
are retained by the UM-i ultrafiltration membrane. The apparatus (Diaflo Model
50 cell) and membranes were obtained from the Amicon Corp., Cambridge, Mass.
Enzymic activity of the filtrates was tested against washed Pythium mycelium by
assaying for release of reducing sugars by the anthrone method (Dische, 1955).
Enrichment cultures were employed using Pythium cell walls prepared in a modified
French press (Raper & Elyatt, 1963).

RESULTS
Effect of the marine microflora on Pythium mycelium

In order to study the effect of the native marine microflora on Pythium mycelium,
mycelial mats were added to sterile and non-sterile sea water. The mats remained in-
tact in the sterile sea water, but were slowly degraded in static culture at 23° in fresh
non-sterile sea water. Total degradation usually occurred 26 days after inoculation of
the fungus.

The development of a specific antagonistic marine microflora was demonstrated by
adding washed Pythium mycelial mats to fresh natural sea water, to autoclaved sea
water, and to Millipore-filtered (0-22fl) sea water. The mycelia shaken in natural sea
water completely disintegrated in 12 days, whereas in autoclaved and filtered sea water
the mycelium was unaffected (Fig. 1).

When a second Pythium inoculum was placed in the flasks following degradation
and subsequent removal of the remaining first mycelial mat, the second mat degraded,
but much more rapidly, the time of degradation being 6 days (Fig. 1).

These data indicate either that the first Pythium inoculum stimulated the develop-
ment of an antagonistic microflora which rapidly degraded the second inoculum of the
fungus, or that an inducible enzyme system was stimulated.

Effect ofpH, nutrients and dilution on the degradation of mycelium

Myecelial mats were placed in filter-sterilized sea water adjusted to pH values of 4, 5,
8 and 9. A loopful of inoculum from a Pythium culture being actively degraded in sea
water was added to each flask. After 7 days the mats at pH 5, 8 and 9 showed signs of
degradation, with the most extensive degradation occurring at pH 8. There was no
degradation at pH 4 and the mats remained intact. It was observed that when 10 p.p.m.
of 100 p.p.m. yeast extract was added to sea water along with a Pythium mat, the
degradation process was accelerated. The process was accelerated even more when
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yeast extract was added to the sea water 2 days before addition of the fungus, indicating
that a stimulation of the native marine microbial population accelerated fungal lysis.

An indirect effect of bacterial population size was shown by dilution of the natural
sea water. Sea water was sterilized by Millipore-filtration (0-22{1). The undiluted
samples contained 100 ml. natural sea water. The 1/10 dilution contained 90 ml.
filter-sterilized sea water and xoml. natural sea water. The 1/100 dilution contained
99 ml. filter-sterilized sea water and 1-o ml. natural seawater. The time required for the
degradation of fungal mats added to the flasks was followed by measuring mycelial
mat weight. The mats in undiluted sea water displayed visible degradation after 4 days

Mycelial dry wt. mg.

Time (days)

Fig. 1 Effect of repeated additions of mycelial mats on lysis ofeythium debaryanum mycelium
in natural sea water.---- , Natural sea water,----- , autoclaved sea water;------ , Millipore-
filtered (0-22;i sea weter).

and were totally degraded after 8 days; the mats in 1/10 dilution began to lyse after
7 days and were totally degraded after 12 days; the mats in the 1/100 dilution began to
lyse after 9 days and were totally degraded after 17 days. These data provide further
evidence that the degradation of Pythium is directly proportional to the size of the
native marine microbial population.

Testsfor enzymic activity

In subsequent experiments the ability of cell-free filtrates of sea water to degrade
Pythium mycelium enzymically was tested. We used sea water which had been exposed
to and had degraded two consecutive Pythium inocula, so as to obtain maximal
activity. When the second inoculum was completely degraded the sea water was
centrifuged for 20 min. at 7000g and filtered aseptically through 0-45 1 Millipore
filters. Some of the sea water filtrate was concentrated by reducing the volume in a
reverse osmosis ultrafiltration cell. Molecules with a molecular weight greater than
10,000 were retained by the ultrafiltration membrane used in this study. Concentra-
tion of these molecules was achieved within approximately xhr in a single step using
this method.

The concentrated and unconcentrated cell-free filtrates were tested for enzymic

22



338 R. MITCHELL AND C. WIRSEN

activity against intact washed Pythium mycelium. The results obtained (Fig. 2) show
that reducing sugars, measured as jug. glucose/ml., were released within 1hr after
addition of the mycelium to unconcentrated filtrate. The activity was substantially
increased in the concentrated filtrate. The system was inactivated by heating the
filtrate to i0o°® for 15 min. These data indicate the presence of extracellular lytic
enzymes produced by marine micro-organisms which suppressed the non-marine
fungus.
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Fig. 2 Release of reducing sugars during lysis of pythium debaryanum mycelium by filtered
sea Weter. The sea water Wes subjected to Tepeated inoculation with Pythium before filtra-
tion. --— , Unconcentrated filtrate;—— , concentrated (11-5x ) filtrate;------ , boiled filtrate.

Fig. 3 Relationship between the numbers of Iytic bacteria present and the rate of Iysis of
pythium debaryanum.-—- , Autoclaved sea water;------ , Sea water and i04 bacteria/ml.
ggggg; —, sea water and i05 bacteria/ml. added: -, sea water and 06 bacteria/m.

Pure culture studies

Isolations of marine bacteria were made from sea water to 2216E media following
degradation of a mycelial mat. A bacterium, tentatively identified as an Agarbacterium
sp. which would degrade Pythium in pure culture, was isolated from sea water enriched
with Pythium cell walls. This bacterium yielded results similar to those observed in
natural sea water. However, the degradation time was more rapid in pure culture.
Fig. 3 shows data indicating that when the cell concentration of Agarbacterium sp.
added to artificial sea water was io4ml., the fungal mat was degraded in 190 hr. When
the concentration was ioeml., degradation occurred in 116 hr. A higher level of anti-
fungal activity was detected following repeated inoculation of the fungus. When a
fungal mat was added to artificial sea water inoculated with io&ml. Agarbacterium sp.,
the mat was degraded in 115 hr, whereas the second inoculum of the fungus was de-
graded by the bacteria in 75 hr (Fig. 4). Many spheroplasts of the fungus were ob-
served under phase-contrast microscopy during the course of degradation, suggesting
that lysis of the fungal cell walls was occurring.

Comparison of lysis of a marine-isolated Pythium with Pythium debaryanum

Mycelial mats of Pythium debaryanum grown in potato dextrose broth were washed
and added to flasks containing 400 ml. autoclaved sea water and to flasks containing
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100 ml. of natural sea water. The same procedure was followed for a marine isolate of
Pythium. The marine species was grown in potato dextrose broth prepared with 75 %
sea water. Mycelial mat weights were determined, in triplicate, during degradation.
The results presented in Fig. 5 show that in the time period tested the mycelial stage of
the marine isolate was as susceptible to degradation by the marine microflora as
Pythium debaryanum. This may imply salt adaptation on the part cf the marine isolate
with no or very slight changes in its cell-wall structure, thus giving it no competitive
advantage over the freshwater strain.
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Filg. 4. Theeffectof repeated additions of mycelium on degradationofPythium debaryanum
a lytic bacteriumisolated fromthe sea.— , Autoclaved seawater and to6bacteria/ml. added.

Fig. 5 A comparison, of the rates of lysis in natural sea water of a freshwater strain and a
marine-isolated Pythium strain. A—Aa, Salt water Pythium control; =—s, salt water
Pythium test; x—x, freshwater Pythium control; « —#, freshwater Pythium test.

The effect of salt adaptation on the susceptibility to lysis of the non-marine Pythium
was tested by first adapting Pythium debaryanum to grow in potato dextrose broth
prepared in 80 % artificial sea water. This was achieved by a series of serial transfers to
10, 20, 40, 60, 70 and 80 % artificial sea water. The fungus was then tested for resistance
to degradation. It was observed that the salt-adapted Pythium debaryanum was de-
graded as rapidly as the non-adapted P. debaryanum both in natural sea water and in
artificial sea water with io@ml. Agarbacterium sp. added.

Degradation studies of other Oomycetes

Five isolates of closely related Oomycetes were tested for resistance to degradation
in natural seawater and also to degradation by the Pythium-degrading bacterium. The
isolates were Apodachlya brachynema, Saprolegnia diclina, Achlya caroliniania, lso-
achlya luxuriana and Thraustotheca clavata. Mycelial mats of these fungi were grown
in potato dextrose broth, collected, washed, and added to 100 ml. natural sea water
and to 100 ml. autoclaved sea water in 250 ml. Erlenmeyer flasks. All of the mats in
natural sea water turned yellowish and were entirely degraded in no more than 8 days
in shake culture. Apodachlya brachynema was degraded in 8 days; S. diclina in 5 days,
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A. caroliniania in 7 days, /. luxuriana in 6 days, and T. clavata in 5 days. T ie mats in
sterile sea water remained white, perfectly intact and viable.

These five fungi were then tested with the Agarbacterium sp. previously found
capable of decomposing Pythium in sterile sea water. Washed mycelial mats were
added to sterile sea water and an inoculum of 106 bacteria/ml. was added. All five
fungi were susceptible to lysis by this bacterium in no longer than 5 days. Traustotheca
clavata, Saprolognia diclina and Apodachlya brachynema were completely degraded in
3 days; Isoachlya luxuriana in 4 days; and Achlya caroliniania in 5 days.

Thus it appears that there is a specific microflora which attacks the mycelial stage
of these fungi in sea water. The same bacterial strain isolated from sea water was
active against all of the fungi tested. These results indicate a close similarity in cell-wall
structures of these fungi.

DISCUSSION

Large numbers of fungi have been isolated from the sea (Johnson & Sparrow, 1961).
We do not know if all these fungi grow actively in the sea, or if the isolates simply
reflect survival of these fungi in the form of spores. We have observed that when
Escherichia coli is added to sea water, an antagonistic marine microflora develops
which kills that bacterium (Mitchell, Yankofsky & Jannasch, 1967). In the current
investigation, we present evidence that an antagonistic marine microflora also develops
in response to the addition to sea water of the mycelial form of several Oomycetes.

The observation that the population size of the marine microflora affects the rate of
kill of the fungus provides further evidence indicating the implication of a group of
native marine micro-organisms in the eradication of Pythium debaryanum in the sea.
The data showing that the rate of lysis of Pythium mycelium increases with each sub-
sequent addition of the fungus to the same sample of sea water suggest the enrichment
of a specific antagonistic group of micro-organisms or the increase in adaptive enzyme
capacity or both.

We have reported previously the enzymic lysis of Pythium debaryanum in soil
(Mitchell & Hurwitz, 1965). It was not surprising, therefore, to find that culture
filtrates of sea water contained enzymes capable of lysing Pythium following exposure
of the sea water to mycelium of that fungus. We did not expect, however, that such
large quantities of enzyme would be active in the sea water. Both enzymes (Mitchell &
Nevo, 1965) and Bdellovibrios (Mitchell et al. 1967) have been associated with the
killing of Escherichia coli in sea water. Apparently, enzymic lysis of the cell walls is
solely responsible for the decline of Pythium.

A similar susceptibility to lysis was detected when other non-marine Oomycetes
were added to sea water. The observation that a marine isolated Pythium strain was
equally susceptible to lysis suggests that fungi isolated from marine estuaries may not
in fact, be ecologically restricted to the marine environment. Resistance to lysis by a

marine microflora may be a useful tool in the characterization of a true marine
mycoflora.

This study was supported in part by the Federal Water Pollution Control Admini-
stration Grant WP-00967, U.S. Department of the Interior.
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SUMMARY

The study of ultrathin sections of Thiobacillus novellus has shown that
it has a structure similar to that of T. thiooxidans and other Gram-negative
bacteria. The cell wall showed a multilayered structure and varied in thick-
ness between 250 and 350 A. The cytoplasmic membrane and 70 A thick.
On certain media a capsule was formed. The cytoplasm contained ribosomes
and polymetaphosphate granules. The structure of the nuclear material was
similar to that observed in other bacteria.

INTRODUCTION

Thiobacillus novellus Starkey 1935 represents an exception among species of the
genus Thiobacillus. While the other species of the genus are both motile and obligate
autotrophic T. novellus is non-motile and facultative autotrophic.

Sijderius (1946) was of the opinion that Thiobacillus novellus was identical with
Micrococcus denitrificans. The mentioned species, however, differ both in their ultra-
structure (Kocur, Martinec & Mazanec, 1968) and in their % GC values in the
deoxyribonucleic acid (Bohacek, Kocur & Martinec, 1965). Therefore they cannot be
considered as identical.

The purpose ofthis paper was to give a description ofthe fine structure of Thiobacillus
novellus and compare it with the structures of similar organisms already described by
other authors.

METHODS

Organism. The strain Thiobacillus novellus ccm 1077 (atcc 8093) used in the
present study came from the Czechoslovak Collection of Microorganisms, J. E.
PurkynS University, Brno. The cells were grown on two different media: on the
medium for autotrophic growth of T. novellus recommended by Santer, Boyer &
Santer (1959) and on the medium of Chang & Morris (1962).

Electron microscopy. After 24 hr cultivation at 30°, the cells were flushed with
saline, washed three times and centrifuged for 5min. After 2 hr fixation with 1%
solution of 0 so 4 in phosphate buffer at pH 7-3 according to Millonig (1962), the
cells were flushed with appropriate buffer and refixed with 10% neutral formol at
40 for lhr. After having been washed with saline the cells were centrifuged and
embedded in 1-3% agar and dehydrated with alcohol. The dehydrated blocks were
embedded in Epon 812 according to the prescription of Luft (1961).
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Ultrathin sections made with an ultramicrotome., type Tesla BS478, were stained
for 20 min with a 2% solution of uranylacetate (pH 5) and for 10 min with lead
citrate according to Reynolds (1963). The sections were studied and photographed
in an electron microscope, type Tesla BS413 A.

RESULTS

In the same preparation of Thiobacillus novellus two types of cells were observed:
short rods, measuring 0-8 to 1x 1-7 jLand longer ones, the size of which was 1x 3-5 il
As can be seen from PI. 1, fig. 1, 2 the cell wall (CW) has a multilayered structure
characteristic of Gram-negative bacteria and its total thickness ranges from 250 to
350 A (see PI. 3, fig. 5, 6).

On certain cultivating media a capsule was formed. When cultivated in the medium
of Chang & Morris (1962) the cell wall of Thiobacillus novellus was covered with
a mucous layer the thickness of which ranged from 700 to 1000 A (PL 3, fig. 5and 6).
But when cultivated in the medium of Santer et al. (1959) it did not form a capsule
(Pl. 1, fig. 1, 2; PI. 2, fig. 3, 4; PI. 3, fig. 7, 8).

The cytoplasmic membrane is a typical unit membrane 80 A in width and corre-
sponds by its structure and thickness to other Gram-negative bacteria. It can best be
seen in Pl. 2, fig. 4. The cytoplasm is of granular structure and contains: (i) electron-
dense particles—ribosomes (R); (ii) inclusions (P). No mesosomes were observed.

There occur frequently light areas in Thiobacillus novellus, looking like vacuoles
situated either in the end (Pl. 1, fig. 1, 2) or in the central part of the organism
(PI. 3, fig. 5). These areas are separated from the cytoplasm by a membrane.

The nuclear material of Thiobacillus novellus has a typical filamentous structure
of highly varied course. It is clearly distinguishable from the granular cytoplasm by
its light colour.

Division in Thiobacillus novellus proceeds in the same way as in other Gram-
negative bacteria (Conti & Gettner, 1962; Mahoney & Edwards, 1966). Different
stages of division are shown in PI. 3, fig. 7, 8. Plate 3, fig. 7, shows the early stage of
division—the cytoplasmic membrane and the cell wall begin to invaginate into cyto-
plasm. As can be seen from PI. 3, fig. 8, each daughter cell has its own continuous
cytoplasmic membrane (see arrows), while the cell wall is common to both cells.

DISCUSSION

The results obtained in the present work showed that the cell-wall structure of
Thiobacillus novellus is similar to that of other Gram-negative bacteria (Mahoney &
Edwards, 1966; Remsen & Lundgren, 1966). At present, the fine structure of only
a single species of the genus Thiobacillus, T. thiooxidans, is known (Mahoney &
Edwards, 1966). The comparison of its electron micrographs with those of T. novellus
showed that these organisms have a similar cell structure. No differences in the cell-
wall structure explaining the different physiology of the facultative autotrophic
T. novellus and the strict autotrophic T. thiooxidans were observed. T. novellus differs
from T. thiooxidans only in its greater size, in non-fiagellated cells which can be
encapsulated under certain conditions.

The internal structure of both organisms is similar. We found in Thiobacillus
novellus large electron-dense bodies similar to those observed by Mahoney & Edwards
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(1966) in T. thiooxidans. These osmiophilic bodies are most probably composed of
polymetaphosphate. As for the light areas occurring in T. novellus, these are considered
to be artifacts produced by plasmolysis as they are situated between the cell wall and
the cytoplasmic membrane. It is known that plasmolysis can occur in various stages
of preparation of the blocks for ultrathin sections.
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EXPLANATION OF PLATES

Plate i
Fig. 1, 2 Longitudinal section showing cell wall , cytoplasmic membrane , nuclear material
(r\g, vacuole-like area (V). Fig. 1, xngSOOO; fig (%V;? 7?&}5) M
Plate 2
Fig. 3 4 Longitudinal and cross-sections showing cell wall , cytoplasmic membrane ,
nu%lear material (N) and ribosomes (R). Fig. 3 )?95,000; fig 5109912%1? o
Plate 3

Fig. 5 6. Portion of cells showi ules , Cell wall , Cytoplasmic membrane :
Eo?ymetagh@phate granule (P) anrg_vcggolelilg%ea (). Fig.((E:'\AQS?,% fig 6 x 85,000. ™
ig. 7, 8 Portion of cells showing various stages of cell division. Cell wall (CW), cytoplasmic membrane
(CM). Fg. 7, x75,000; fig 8 Xx 75,000.



J. gen. Microbiol. (1968), 52, 347-354 347

Printed in Great Britain

Salt Dependency of the Bacterial Flora of Marine Fish

By U. SIMIDU ana KAZUYO HASUO

The Institute of Food Microbiology, Chiba University,
Narashino-shi, Chiba-ken, Japan

{Acceptedfor publication 23 January 1968)

SUMMARY

The bacterial flora on the skin of plaice {Kareius bicoloratus) caught in
coastal regions of Japan was composed of bacterial groups heterogenous
to the concentration of salt in their growth behaviour. Each bacterial group
had a different minimum and/or maximum salt concentration for growth,
and different groups were selected by media with different salt concentration.
In the media based on two complex salt solutions, including an artificial
sea water, the maximum bacterial counts were obtained at concentrations
corresponding to about 25 % dilution of sea water. During the storage of fish
at 240and 2°, bacteria which required higher salt concentrations for growth
increased faster than that of non-halophilic bacteria. The microflora of the
digestive tract of the fish was composed almost exclusively of halophilic
vibrios.

INTRODUCTION

A previous survey on the sea water from coastal areas of Japan (Simidu & Aiso,
1962) showed that an appreciable number of sea water bacteria required at least
0-2% sodium chloride for their growth. Most of these bacteria retained their halo-
philic nature after serial subcultures. These results suggested that a large proportion
of the bacteria of fish from the same environment might also be halophilic in nature.
If this were the case, the halophilic nature of fish bacteria might be of some significance
in the spoilage of fish. Although many workers presuppose the halophilic nature of
fish bacteria, there is little information on the actual distribution of halophilic bacteria
in the microflora of marine fish; and their possible role before and after the death
of the fish is still obscure. In the present report, the growth behaviour of the bacterial
population as well as of individual isolates from marine fish were studied at different
salt concentrations.

METHODS

The experiments were done during the months October to May.

Plaice, ‘Ishigarei’ {Kareius bicoloratus), weighing 120-680 g., were bought at
Funabashi Fish Market, Chiba Prefecture. The fish had been sent alive to the market
without refrigeration. Although 4 to 5hr had elapsed from the time of catching, the
fish were in most cases still alive at the beginning of the experiment. Skin of the
middle dorsal part of the fish (6-0 or 9-0 cm.2in area) with or without underlying
muscle, was excised aseptically from the fish. The skin sample was homogenized
with 50-100 ml. of a salt solution: 0-85 % NaCl in the experiments to see the effect of
NaCl solution and an artificial seawater, and a mixed solution consisting of 0-8 % NaCl



348 U. SIMIDU AND K. HASUO

and i-0% KCz1in the experiments with solution C. From serial dilutions, 0-5 ml. of
the homogenate was placed in triplicate on plates by using a mechanical pipette
(Yanagita & Maruyama, 1953) to ensure a fast and accurate procedure. Agar medium
(20 ml.) was poured into the plate; plates were incubated at 23 to 250for 4 to 7 days.

Three different mixtures of medium and salt solution were used. In the first series
of experiments, i-0% Polypepton (Daigo Eiyo Kagaku Co., Osaka), 0-5% meat
extract (Kyokuto Seiyaku Kogyo Co., Tokyo) and 1-2% agar were dissolved in
solutions of sodium chloride of various concentrations. In the second series, the
same constituents were dissolved in an artificial sea water (Kaiyo no Jiten, i960,
p.305, Table 1) at various dilutions. For the third series of experiments, ro%
Polypepton, 0-3% Lab-Lemco (Oxoid), 0-3% yeast extract (Difco) and 1-2% agar
were dissolved into a complex salt solution (solution C, Table 1) of various dilution.
After counting the colonies, about 30-40 colonies were transferred from a randomly
enclosed area of each plate of different salt concentration into the broth media of
the same composition as those used for the counting.

The growth dependency of the isolated strains on salt concentration was examined
by streaking on plates of agar medium containing i-0% Polypepton and various
concentrations of sodium chloride. The Polypepton was reported to contain 2-2%
sodium, 0-5% calcium and a trace amount of potassium.

Table 1L Composition of basal salt solution

Avtificial sea-water Solution C

M g/l. M g/l.
NaCl 0-403 235 0250 146
KC1 0089 66 0-2%0 186
NaZ0 4 ioH» 0028 89 —_ _
MgCl2.6Ho 0049 102 — —
MoSo 4.7Hx — — 0025 62
CaCl22HD 0-010 15 0-0i0 15

RESULTS

Viable counts and the concentration of sodium chloride

Plate counts were made on nutrient agar medium containing different amounts of
sodium chloride with skin with underlying muscle from a plaice. The remaining
part of the same fish was stored for 24 hr at 240and plate counts then made on the
stored fish. Plates were incubated at 240, and colonies counted after 4 days. Results
from a representative experiment are illustrated in Fig. 1 Repeated experiments with
plaice and with sardine (Sardinops melanosticta) gave similar relationships of viable
count with increasing salt concentration. In all cases the counts showed two peaks
at higher salt concentrations, although the position and relative height of the peaks
differed in different experiments. The increasing tendency for the bacterial flora to
become more halophilic during storage of fish was confirmed in repeated experiments.

Heterogeneity of the isolated strains to salt concentration

The growth of the isolates from the experiment illustrated in Fig. 1 was examined
on peptone agar containing NaCl (%, w/v): o, 0-2, 0-5, 1, 2, 3, 5, 7, 10, 15. Before
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testing the growth in these NaCl concentrations the strains were grown in nutrient
broth containing the concentration of sodium chloride as was in the media used for
the initial isolation.

Table 2. Relation between the range of salt concentration in which the isolates could
grow and NaCl concentration of the media usedfor initial isolation

Isolates from media containing to, 2-0and 3-0% NaCl were inoculated on 1% peptone
agar cqntalnn%ilfferent NaCl concentrations. Growth wes determined after 5 days of

incubation at
Concen. of NaCl in media used for the initial
isolation from plaice (%)

l-o 20 30 l-o 20 30

Isolates from fresh Isolates from plaice
Range of plaice stored 1day at 240
NaCl r . \ r
conen. No. of strains grown in the range of NaCl conen.
(%) given in the first colunn

0-10
0-7
0-5

o

4]

W
OCOOOOOW OO~ OOOOW OOOOW OO w — O
N OO O—- ON~ OO0 — OO0~ OO0 oOw — OO
T T T NT OO0 OOO0OONOOOOO0O0O0O— Ow N w
OCOOOOO0OU O— OO — OO0OO0O—- — — OONUINO

- —Ou OOOH OCOOONW NOOO—-— OOoOoO—-~» OO

No gronth 2
Total 26

B o ocoroon B- corne cooocoo- or- - oo
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N
B

28

The results (Table 2) showed that the bacterial flora of fish consisted of bacteria
with different minimum and maximum NaCl concentrations for growth and that
different bacterial groups were selected according to the concentration of NaCl of
the media. After storage for a day at 240, the numbers of bacteria which could not
grow at NaCl concentrations of lower than 0-2% had increased remarkably.

The generic composition of the isolates determined according to the scheme of
Shewan, Hobbs & Hodgkiss (i960) is shown in Table 3. Although the numbers of
strains examined were not sufficient to draw decisive conclusions, the results seemed
to show heterogeneity among the microfloras obtained from the isolation media of
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different NaCl concentrations. Gram-positive bacteria tended to decrease in numbers
with increasing NaCl concentration, pseudomonads and vibrios seemed to increase

at higher NaCl concentrations.

Table 3. Generic composition of bacteria isolated with
media of different NaCl concentrations

Conen. of NaCl in media used for the isolation (%0)
(01’0203'00r02030

Isolates from fresh Isolates from plalce stored
) plaice day at 240
Bacterial genus , A .
Pseudomonas I 4 8 4 3 16 2% 21
Vibrio 0 0 6 7 7 5 5
Achromobacter 13 7 1 6 13 4 0 0
Flavobacterium 7 5 8 5 2 1 0 0
Corynebacterium 3 6 3 1 3 0 2 I
Micrococcus 4 0 1 1 1 1 2 I
Bacillus 2 0 0 3 0 0 0 0
Moulds and 0 1 1 0 0 0 0 0
Not identifi 0 3 1 0 0 1 0 |
Total 30 2% 2 27 2 28 2 2
700 700 -
< | e
o 600 |- ',%‘\ 600 /,% -{
g AN . 2 &
g 500k Py ’ = '
" ! \\ S 3 500 ,
5 ! Segee &b §
o [
g 4001 ! 2 400f f
i ] -
g oM 3 300 |
g ! -2 ]
Q i
5] 7 L ]
200 ¥ '
= ,é' § 200 |
’ ?
A ]
100 1 100 —g
| 1 1 1 ] ) . . ; : ,
0 05 10 15 20 30 0048 0-145 0290 0434 0579
Concentration of NaCl (%) Concentration of salt solution (M)
Fig. 1 Fig. 2

Fig. 1 Relation between viable counts and salt concentration of medium. Results with
skin with muscle from: ¢ -— ®, fresh plaice (count xi0~3; O--— O, plaice stored

2|4 hat 24Q (count x to“9. Vertical lines show standard deviations about means of triplicate
plates.

Fig. 2 Relation between viable count and concentration of artificial sea-weter in medium
Results with skin + muscle from: ¢ ----¢, fresh plaice (count x103; O------ o]

plaice stored 24 hr at 240(count x 10-6),
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Experiments with complex salt solutions

The use of artificial sea water or other complex salt solutions as a basal solution
in the isolation medium was expected to eliminate the inhibitory effect of sodium
ion on non-halophilic bacteria and to give different patterns in relation to viable
count and salt concentration. Figure 2 shows the results with an artificial sea water,
the composition of which is given in Table 1 The plate counts were made of skin
with underlying muscle from a plaice, and colonies counted after the incubation
for 4 days at 250.

During experiments to obtain a medium which would give the highest viable
count from a fish sample, a salt solution (solution C, Table 1) was developed (Simidu
& Hasuo, 1968). The relation between the viable count of the fish sample and the
concentration of this solution was examined. The composition of the basal medium
was (%, w/v): i-0, Polypepton; 0-3, Lab-Lemco; 0-3, yeast extract; 1-2, agar. The
constituents were dissolved in solution C at different dilutions. The media were
adjusted to pH 7-5.

Table 4. Relation between the range of salt concentration in which the isolates
could grow and the concentration of salt solution {solution C, Table 1) in the
media usedfor the initial isolation

Isolates were inoculated on 1% peptone agar containing different NaCl concentrations.
Growth wes determined after 5 days of inoculation at

Concentration of salt solution C in media
used for the initial isolation (m)

Range ot 0-134 0-268 0-401
NaCl No. of strains grown in the range of NaCl
Concn. given in the first column
(%) '
0-10
0-7
05

&
coooppRe oBu w w
OR N RN Buw — B
8|—\ ow voow p=© Ba

—|
(@]
8
&
@

Skin with underlying muscle was removed with a sterile knife from the back middle
part of plaice weighing 675 g. and cut into three parts. One of these was used im-
mediately for the experiment, and the other two parts were kept in large sterile
dishes and stored at 2° and 240, respectively, to await further experiments. To protect
these samples from drying, a small sterile dish of water was laid beside the cut skin.
Skin, 6-0 cm.2in area, was excised aseptically from each part, and homogenized with
a diluent composed of 0-8% NaCl-t-i-0% KCu1. Plate counts were made of serial

73 G Microb. 52
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Fig. 3 Relation between viable count and concentration of a complex salt solution
(solution C) inmedium. Results withskin of: e ---- fresh plaice (count x i0-3); O------ O,
plaice stored 24 hr at 240 (count x i0-7); O-----O, plaice stored 5 days at 2° (count
X i0~6).

Fig. 4. Relation between viable counts and concentration of a complex salt solution
(solution C) in medium. « —— st experiment, O ........ O, 2nd experiment.

Table 5. Generic composition of bacterialflorafrom the digestive tract
ofplaice determined by the scheme of Shewan et al. (i960)

Concentration of salt solution
(solution C, Table 1) in media used
for the initial isolation (m)
1

0-134 . 0-535
_ No. of strains A
Bacterial genus j A
Vibrio 38 37
Pseudomonas 2 3
Total 40 40

dilutions and the resulting colonies counted after 4 days at 24°. The results obtained
are given in Fig. 3.

The range of salt concentration in which the isolated bacteria from fresh fish
grew was determined with the peptone agar of different NaCl concentrations (%, wiv),
o, 03, 1, 3,5 7, 10, 15 Care was taken to eliminate the effect of different NaCl
concentrations during precultivation: before streaking on peptone agar, all the
strains tested were transferred twice into the medium composed of 1-0% Polypepton,
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0-3% Lab-Lemco, 0-3% yeast extract and half strength C solution. A few isolates
which failed to grow at this salt concentration were precultured in medium of either
full strength or J strength of the salt solution. The results after 5 days of incubation
at 24° are summarized in Table 4. Although there was no appreciable difference
among the total numbers of the bacteria initially grown at the three different given
concentrations of salts (Fig. 3), the isolated bacteria gave different patterns of growth
range according to the salt concentration at the initial isolation.

Along with the experiments with the skin of fish, the relation between growth and
salt concentration was examined with the microflora of the digestive tract of the
fish. The medium used was the Lab-Lemco+ yeast extract agar dissolved in the salt
solution C at different dilutions. Figure 4 shows the results obtained from two
experiments, the first with a smaller (216 g.) and the second with a bigger (440 g.)
fish. The generic composition of the isolates from the second experiment is given
in Table 5.

DISCUSSION

ZoBell (1941) studied the salt dependency of the bacterial flora from various sources
and showed that maximum viable counts were obtained at the salt concentration
corresponding to sea water for the flora of sea water, and at 10-25% dilution of
sea water for the flora of sea mud from terrestrially polluted bays. Our results with
an artificial sea water showed that the highest counts were obtained at 25 % dilution
of sea water when fresh marine fish were examined. In the experiment with stored
fish, the highest counts were obtained at higher salt concentrations A similar relation
between salt concentration and viable counts was observed in the experiments with
another complex salt solution in which the ionic ratio of sodium to potassium was 1:1.

The faster growth of halophilic bacteria at lower as well as higher temperatures is
a factor which should be taken into account on the cold storage of fish. Washing
fish with tap water or direct contact of fish with ice might eliminate, as is believed
by some Japanese workers, the numbers of halophilic bacteria, and might alter the
rate and pattern of the spoilage of the fish.

A striking feature observed in the present work was the strong halophilic nature
of the bacterial flora from the digestive tract of marine fish. Liston (1957) reported the
occurrence of the “‘Gut group vibrios’ in the gut contents of fish from the North Sea.
Whereas the ratio of the vibrios in Liston’s experiments was 35-74% of the total
gut flora, the present study showed the gut flora of plaice caught in coastal areas of
Japan to be composed almost exclusively of vibrios, and suggests that these vibrios
constitute the indigenous microflora of fish intestine.

The authors are grateful to Dr J. M. Shewan (Torry Research Station, Aberdeen)
and his staff for reading the manuscript and for helpful suggestions.
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SUMMARY

A medium for the isolation of heterotrophic aerobic bacteria from marine
fish has been developed. The medium contains inorganic ions with a total
concentration equal to about halfthat of sea water. The ionic ratio of sodium
and potassium in the medium is nearly 1:1, and the concentration of the
organic nutrients is higher than in media that have been generally used for
the isolation of bacteria from sea water.

INTRODUCTION

One of the determining factors in the investigation of the bacterial flora of marine
fish is the composition of the media used for the isolation of the bacteria. After the
study of ZoBell (1941) on the cultural requirements of bacteria from sea water,
many investigators have used the medium developed by him, often with various
modifications, for the isolation of bacteria from marine fish.

A study on the salt dependency of the bacteria on marine fish (Simidu & Hasuo,
1968) suggested that these bacteria had different salt requirements from those of
bacteria in sea water, and that basic research would be needed on the culture media
for bacteria from fish. The present report is concerned with an attempt to obtain
the culture medium which will give maximum viable counts on marine fish.

METHOD

Plate counts were carried out on plaice, ‘Ishigarei’ {Kareius bicoloratus) and on
a flatfish, ‘Hirame’ {Paralichthys olivaceus) purchased at Funabashi Fish Market,
Chiba Prefecture. In most cases, the fish were still alive at the beginning of the
experiments.

A piece of skin from the mid dorsal part of the fish, 6-0ocm. in area and with or
without underlying muscle was excised from the fish and homogenized with 40-100 ml.
salt solution. Two different salt solutions were used for the dilutions, i.e. 0-85%
sodium chloride solution and a solution containing 0-85% sodium chloride and
I-0% potassium chloride. From serial dilutions, 0-5 ml. were placed on to triplicate
plates using a mechanical pipette devised by Yanagita & Maruyama (1953). Twenty
ml. of agar medium which had been held at 490+ 0-2° were poured into the plate
and mixed with the diluent. Up to six different media were compared in”one experi-
ment, and, in each dilution step, the time required for the whole procedure from placing
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the diluent on to the first of 18 plates to the end of mixing the agar in the last plate was
under 9 min. The colonies developed on the plates were counted after incubation
of 3-5 days at 24-250.

RESULTS
Concentration and composition of salts in the medium

Investigation on the salt dependency of the fish microflora (Simidu & Hasuo, 1968)
showed that the highest viable counts were generally obtained at the concentration
of salts corresponding to 25-75 % dilution of sea water.

The fact that the ratio of potassium ion to sodium ion is about 2-7 in fish muscle
(Thurston, 1958) and about 07 in bacteria (E. coli) (Guillemin & Larson, 1922)
seemed to leave some doubt about the supposition that the ratio of these ions in
sea water, i.e. 0-2, would be the most suitable for the growth of the bacteria which
had grown or survived on marine fish.

Table 1. Composition of salt solution used in the experiment shown in Table 2

Solution
H H
Artificial
sea-water A B C D E
g/1000 ml.
NacCl 23'5 5-0 13-4 146 19-5 24'3
KC1 6-6 29-8 19-4 18-6 12-4 6-2
Na,S04.ioHD 8'9 — 9'7 — — —
k204 — 5-2 — — — —
MgCIl2.6H20 10-2 10-2 10-2 — — —
MgSOt.7H2 — — — 6-2 6-2 6-2
CaCl2.2H20 i5 i-5 15 15 i-5 15
lonic ratio of K :Na 0*2 5-0 PO 10 05 0-2

Viable counts were compared among media which have different ratios as to the
ionic concentration of sodium and potassium. The composition of the salts in these
media are given in Table 1. Two different basal media were used with the salt
solutions. The composition of the first one used in the experiment with flatfish
was: i-0% Polypepton (Daigo Eiyo Kagaku Co., Osaka), 0-5% Meat Extract
(Kyokuto Seiyaku Kogyo Co., Tokyo) and 1-2% agar. The second one used in the
experiment with plaice contained i-0% Polypepton, 0-3% Lab-Lemco (Oxoid),
0-3% Yeast Extract (Difco) and 1-2% agar. The pH value of the media was adjusted
to 7-0 in both experiments.

The results of the plate counts given in Table 2 showed that the highest counts
were obtained in the media in which the ionic ratio of the sodium and potassium was
1:1.

Effect of other nutrients andpH value

The “‘Meat Extract’ which is widely used in Japan is composed mainly of a con-
centrate of a hot-water extract of fish (bonito), and is known to contain some sub-
stances inhibitory for the growth of bacteria.

The effect of Meat Extract (Kyokuto) on viable counts was compared with Lab-
Lemco (Oxoid) and with Lab-Lemco + Yeast Extract (Difco). The constituents
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Table 2. Effect ofsalt composition of media on viable count offish

A. Bacterial counts from a flatfish sample

Dilution
of
solution
(o/\

100

50

Dilution
Solution
Interaction
Individuals

Total

Artificial
sea water

204
186

197

Average 196

366
298
304

Average 323

Solution
A

Counts x io~2g.

168
138
151
152

231

243
205

226

Analysis of variance

Degrees of

freedom

k‘.)l\)l\.)—

17

Sum of
squares

49,928
28,515

2,317
6,570

87,330

227
221
229

226

344
305
373

341

Mean
square

49,928
14,257-5
1,158-5
547-5

* 14,257-5/547-5 = 26-0, significant at 1% level.

of

solution

(0/\

75

25

Dilution
Solution
Interaction
Individuals

Total

* 195-1/26 8 = 7-28, significant at 1% level.

50

54
58

Average 54

48

53
53

Average 51-3

B. Bacterial counts from a plaice sample

Solution
A

D

Counts x io_2/g.

36

51
46

44-3
46

35
51

44

Analysis of variance

Degrees of
freedom

|
2
2
12
17

Sum of
squares

14+2
390-1
4-8
322%0

7311

42

41
43

40
39

40-7

Mean
square

14-2
195-1*

2-4
268

357
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of the media shown in Table 3 were dissolved into £ strength solution C (Table').
The pH was adjusted to 7-0.

The results (Table 3) showed that the combination of 0-3% Lab-Lemco and
°'3 % Yeast Extract gave the highest counts.

The growth-supporting effect of two different peptones, i.e. Trypticase (BBL) and
Polypepton (Daigo) was compared at two different concentrations. The composition
of the basal medium was 0-3% Lab-Lemco, 0-3% Yeast Extract and 1-2% agar.

Table 3. Effect of extracts in media on viable counts offish

A. Composition of organic nutrients in media

No. of Meat Extract Lab-Lemco Yeast Extract Polypepton
medium (Kyokuto) (Oxoid) (Difco) (Daigo)
(%) (%) (%) (%)
i 05 — - - 0
— 0-5 — ro
3 — 0-3 0-3 10

B. Bacterial counts with a plaice sample

No. of Counts x io_2/g., Standard
medium average of 3 plates deviation
i 9'7a 2-6
2 15-06 4-6
3 23'3c 33

Differences between a and c, and b and c were significant at 5% level.

Table 4. Effect of different concentration ofpeptones on viable counts offish

Bacterial counts from a plaice sample

Peptone
Concentration Polypepton Trypticase
of (Daigo) (BBL)
peptone Counts x io-s'/g-
(%) t fr 3
1*0 48 56
53 49
53 52
Average 513 52-3
0-5 41 48
41 43
54 42
Average 453 44-3

Analysis of variance

Degrees of Sum of
freedom squares
Concentration 1 147-0
Peptone 1 0
Interaction 1 3-0
Individuals 8 174-7
Total 1 3247

Mean
square

147-0*
0
3-0

21-8

* 147-0/21-8 = 6-74, significant at 5% level.
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The constituents were dissolved in diluted C solution and peptones were added to
the medium at concentrations of 0-5 and 1-0%. The pH value of the media was
adjusted to 7-0.

The results of the plate counts are shown in Table 4. Whereas there was virtually
no difference of the viable counts between two peptones, the advantage of the higher
concentration was observed in both peptones.

ZoBell (1941) showed with bacteria in sea water that the highest plate counts were
obtained in alkaline media and in the presence of minute amount of ferric ion.

The effect of both pH value and added ferric ion was examined with a basal
medium composed of i-0 % Polypepton, 0-3% Lab-Lemco, 0-3% Yeast Extract, and
1-2% agar dissolved in a half dilution of C solution.

The results, counted after 5 days incubation at 25°, are given in Table 5. The results
showed that although higher counts were obtained at higher pH ranges, the effect of
pH was not as remarkable as in ZoBell’s experiments with sea water. No appreci-
able effect was observed with the addition of ferric ion to the medium.

Table 5. Effect ofpH value andferric ion
Bacterial counts with a plaice sample

Count x io~2g

FeSo47HD  average of 3 Standard
pH ) plates deviation
64 — 1B 57
-2 — 155 31
T 50 - 180 260
7'97 — 16 137
723 ool 183 Mo

DISCUSSION

Wood (1953), in his study on the marine environments of Eastern Australia,
stated that there was no significant difference in the growth of the fish flora on
freshwater and sea-water agar. Liston (1956), on the other hand, reported that higher
viable counts were generally obtained from fish with sea-water medium than horse-
heart infusion agar using tap water. In his experiments, however, as he noticed on
the evaluation of the results on gut flora, the advantage of the higher salt content in
the sea-water medium on the one hand seemed to compete with the advantage of
higher nutrition in the horse heart agar on the other hand, and this made it difficult
to evaluate the effect of the salts themselves.

The heterogeneity of the fish microflora growing on a salt range (Simidu & Hasuo,
1968) suggested that it would hardly be possible to obtain all the heterotrophic
aerobes by using a single medium with any particular salt concentration. However, it
would be not practical to use many media of different salt concentrations for the isola-
tion and identification of fish bacteria, for it might make difficulties in the interpreta-
tion of the results.

Based on the present study, the medium (Table 6), called ‘medium B’ was developed
for the study of the bacterial flora of marine fish. This medium can also be used for
the examination of the bacteriological conditions of fish instead of for the usual
plate count agar or nutrient agar with or without added 3% salt.
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Table 6. composition o f*Medium B’

Pol on (Dei i0-0 SO,. 7THD

yEept E go 308 g/a!gCIz 2HD i- °
Yeast Extract (D|foo) 300  Agar Ié(ég
NaCl 80g  Tap water
KC1 i0-09 pH 7'5

Thanks are due to Professor K. Aiso and Professor M. Hayashi, The Institute
of Food Microbiology, Chiba University, for their interest and helpful suggestions
in this work.

The authors are also grateful to DrJ. M. Shewan, Torry Research Station, Scotland,
for reading the manuscript.
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SUMMARY

The aerobic bacterial flora of the digestive tract ofjackmackerel (trachurus
japonicas’) was found to be composed almost exclusively of species of the
genus vibrio. Comparison of the flora of the stomachs with that of the
intestines of these fish indicated that only vibrios were found in the
intestines.

INTRODUCTION

The digestive tract of marine fish carries a heavy bacterial load which plays an
important role in spoilage after the death of the fish. Workers have reported quite
different generic compositions of the bacterial flora of the digestive tract (Shewan,
1961). The differences could be ascribed mainly to the following three factors:
(1) environmental conditions under which the fish were caught; (2) changing views
of microbial classification, especially of Gram-negative rods, which are the pre-
dominant organisms in the gut flora; (3) differences in methods ofisolating the bacteria.
Concerning the last factor, special consideration should be given to the constitution
of the media used for isolating fish bacteria; this seems particularly true for the
bacteria of the digestive tract. Liston (1957) suggested that some vibrios of the
digestive tract have strict nutritional requirements and hence the isolation medium
should contain higher amounts of organic nutrients. A distinctively halophilic nature
of the flora of the digestive tract has been found in some cases (Simidu & Hasuo,
1968a). The present investigation was undertaken to determine the generic com-
position of the aerobic bacterial flora in the digestive tract of marine fish caught in
Japanese waters. An improved medium which was developed to obtain the maximal
viable counts with marine fish (Simidu & Hasuo, 19686) was used to isolate the
bacteria.

METHODS

Jackmackerel (trachurus japonicus) used in this investigation were bought at
Funabashi Fish Market and at Katakai Beach, Chiba Prefecture. When bought in
the market the fish had been kept in ice-water for a day after being caught. At Katakai
Beach, fresh fish were obtained immediately after landing. The fish were brought
to the laboratory in an icebox, about 2 hr distant from the beach. Fish were immersed
in 0-5% crystal violet solution for 3 min., then washed with 98 % (v/v) ethanol in
water. Whole digestive tracts or separated stomachs and intestines were removed
aseptically and homogenized with a diluent solution of 9 times the weight of the
sample. The diluent solution used consisted of 0-8% NaCl+i-0% KCui. Plate counts
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were made on two different media (see Table 1). Colonies were counted after 5 days
of incubation at 24°. Before counting, about 30 colonies were transferred from an
area chosen at random on each plate of medium B to a liquid medium of the same
composition (B broth). The generic composition of the isolates was determined
mainly according to the scheme of Shewan, Hobbs & Hodgkiss (i960).

Table 1. composition of the media used

A B

@) Q@)
Pol on (Daigo Eiyo-Kagaku 100 100
Lab- I?rtno g)eef%ﬂra)ét&(moid) ) 30 30
Yeast extract (Difco) 30 3-0
NaCl ré 80
KC1 20 io-0
MgSo 4.7H0 06 3-0
CaCl22HD 03 1.5
Agar 120 120
Distilled water 1000 m. 1000 m.

Adjusted to pH 75

RESULTS AND DISCUSSION

Results with whole digestive tracts of fish from the market are shown in Table 2.
The average weight of the fish used for the experiment was 59 g. The present results
with jackmackerel confirm previous experimental results with plaice, namely, that
halophilic vibrios were predominant in the gut flora (Simidu & Hasuo, 1968a).
Although some isolates produced gas from glucose in Barsiekow medium containing
3% NaCl, they were classified as members of the genus vibrio, based on their sensi-
tivity to the vibriostatic compound 2,4-diamino-6,7-di-isopropylpteridine.

Table 2. viable counts and generic composition of aerobic bacteriafrom the
digestive tracts ofjackmackerel (Trachurusjaponicus)

Sample
1 2
Viable counts
Medium A 37x 10 40xio03
Medium B i-2Xi06 97xiol
Number of strains
< A t

. 0, H .3
Vibrio /(ﬁgr_geepcl)%e ic 1g(s) 4 5
Micrococcus 0 3

Total 20 2

* Number of luminescent strains inparentheses.

The composition of the bacterial flora of the digestive tracts differed clearly from
that of the sea water of the coastal area (Simidu & Aiso, 1962) and that of the surface
slime of the fish (T. Haraguchi,, personal communication). Both in sea water and
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in fish slime, large numbers of pseudomonad and achromobacters were found in
addition to vibrios.

In the next experiment with fresh jackmackerel obtained at Katakai Beach, the
flora of stomachs was compared with that of intestines. The average weight of the
fish was 43 g. The digestive tracts of the fish were removed aseptically, and the
stomachs and intestines separated. Materials from six fish whose stomachs did not
contain food were mixed and homogenized with the diluent solution. The results
of the plate counts given in Table 3 show that a peculiar flora which was different
from that of the stomachs was found in the intestines.

Table 3. viable counts and generic composition of the aerobic bacteria

in the stomachs and intestines ofjackmackerel

Stomachs Intestines Intestines™
Viable counts (no./g. sample)
Medium A 24x 106 29x 105 1-2 X 104
Medium B 2-6 X 105 46x 106 1%2X 106
Number of strains
... . fPerogenic 2(2t 9 ()t 13 (It
1no iNon-aerogenic 6T 17 (6)t 18 13)t
Pseudomonas 2 1
Achromobacter 7 0 0
Flavobacterium 2 0 0
Sorcina 7 0 0
Corynebacterium 3 0 0
Bacillus | 0 0
Total K0 27 2

* Result with the fish stored at 2 for 2L hr.
t Number of luminescent strains in parentheses.

Other than anaerobic conditions, several factors which favour the selective growth
of vibrios in the intestines might be considered. One of these factors is the resistance
of vibrios to the effect of bile salts. Table 4 shows the results of an experiment on the
effect of bile on the growth of isolates from stomachs and intestines. Test organisms
were grown in B broth for 24 hr at 250, and then streaked on plates of B agar to which
different amounts of Oxgall (Difco) had been added. The growth of the organisms
was examined after 5 days of incubation at 250.

Table 4. sensitivity ofisolates to bile

Isolates from
Concentration of ~ Stomachs Intestines
Oxgall (Difco) No. of strains grown at the given
in the medium concentration of bile
0 f
00 27 3
0-3
PO 17 2
2-5 15 2
100 15 2
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ThjOtta & Samme (1943), in their survey of bacteria of marine and freshwater
fish, observed that while vibrios predominated in the flora of both surface and gut
of fish from the west coast of Norway, other genera such as Bacterium, Acliromobacter
and escherichia were the main constituents of the gut flora of fish from Oslofjord.
Most of the strains of the dominant genus, Bacterium, were described as having polar
flagella and producing acid from glucose, which suggests that some of them may
have been vibrios according to the present classification.

Liston (1957) showed that the digestive tract of lemon sole and skate from the
North Sea contained large numbers of vibrios, which constituted about 35-74% of
the total aerobic flora throughout his continuous 27-month period of observation.
In our experiments, the gut floras of plaice and jackmackerel consisted almost
exclusively of vibrios. The differences in composition of the media used for isolation
as well as regional difference may have been responsible for the quantitative differences.

The present results strongly suggest that the indigenous bacterial flora of the intestine
of marine fish consists only of vibrios. This fact has aetiological significance for fish
diseases in fish-farming ponds, as well as in food poisoning caused by vibrio para-
haemolyticus, Which account for about half the total number of food poisoning in
Japan.
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SUMMARY

Staphylococcus aureus (oxFford) When grown in the presence of glycerol
increased its cellular lipid content to the extent of 18% calculated on a cell
dry-weight basis. When challenged by a homologous series of 4-n-alkyl
phenols (H- to C6H13) an increase in resistance was noted with the glycerol
grown (fattened) cocci after the 4-K-butyl (C4H9) phenol. This phenomenon
was investigated by means of electrophoresis of single cocci, the measurement
of drug uptake, and the effect on leakage of cytoplasmic constituents as well
as by the assessment of minimum inhibitory concentrations. Electron micro-
graphs of thin sections of normal and fattened cocci were also examined.

INTRODUCTION

Hugo & Stretton (1966a, b) showed that when the lipid content of certain Gram-
positive organisms was increased by growth in the presence of glycerol, these fattened
organisms became more resistant to the penicillins, quinacillin, benzylpenicillin,
methicillin and cloxacillin; in some cases, when normal lipid content of the organisms
was decreased by treatment with lipase, the resistance decreased. It was decided to
investigate this phenomenon further but to challenge both fattened and normal
organisms with a homologous series of compounds, the 4-alkyl phenols, because the
physical properties of this series might be expected to vary in a regular and deter-
minable or determined pattern. Previous findings had shown that the lipid content
of the Oxford staphylococcus could be increased threefold on growth in the presence
of glycerol; accordingly, this organism was used. Some of the results reported here
were briefly reported elsewhere (Hugo & Franklin, 1966).

METHODS

organism. The organism used throughout this work was staphylococcus aureus,
strain oxford.

M aterials. 4-Methylphenol (p-cresol) and oleyl alcohol were of laboratory reagent
grade (British Drug Houses Ltd.); p-K-butylphenol and *-«-pentyl (amyl) phenol were
gifts from Boots Pure Drug Co. Ltd., Nottingham; the remaining phenols were from
Kodak Ltd., Kirby, Liverpool. All other chemicals were of analytical reagent quality.

The phenols were purified by distillation, yielding white crystalline products and
were stored in sealed amber glass ampoules, from which samples were removed as
required. Melting points (uncorrected) of the products so purified were: phenol 430,
4-methylphenol (p-cresol) 340, 4-ethylphenol 47-48°, 4-n-propylphenol 21-22°, 4-«-
butylphenol 22°, 4-sec.-butylphenol 59°, 4-n-pentylphenol (amylphenol) 87-89°, 4-tert.-
amylphenol 92-93°, 4-M-hexylphenol 23-24°.
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Media and conditions ofgrowth. Culture media were prepared from Oxoid material
and contained (g./l.): peptone (Oxoid no. 1) 10, meat extract (Lemco, Oxoid) 5,
sodium chloride 5, and, where appropriate, glycerol 30. Sterilization was done at
1150for 30 min.; final pH 7-4.

Buffer solutions. Phosphate buffer was prepared by mixing appropriate quantities
of NaHPO04i2H2D and KHZP04&LHD, giving a range from pH 54 to 8-0. Tris
buffer was used when cellular inorganic phosphate was being investigated.
Carbonate!-bicarbonate buffer was used in one experiment for the range pH 8-10-6.

Determination of minimum inhibitory concentrations. A tube dilution method was
used with inoculum to give finally io6cocci/ml. Results were read after 3 days.

Totallipidandelectrophoretic mobilities o fcocci. These were determined as previously
described (Hugo & Stretton, 1966a).

Analytical determination o fphenols. Thiswas by the colorimetric method of Lykken,
Treseder & Zahn (1946), which involves the conversion of the phenols to nitro-
sophenols and the determination of the coloured nitrosophenol spectroscopically
with a Unicam SP 600 (Cambridge Instruments Ltd.). For each phenol, a calibration
curve was constructed from which the phenol content of unknown solutions was
calculated. When phenols were to be determined in aqueous solution uncontaminated
by cellular constituents the appropriate D value (In 101) was determined in the
ultraviolet region at the previously determined Ava using the SP 500 spectrophoto-
meter (Cambridge Instruments Ltd.). The A~ values lay between 270 and 280 m/i.

water solubility of phenols. Water was saturated with the appropriate phenol
which was determined spectroscopically. From the optical density of the saturated
solution and a solution of known concentration at the appropriate Avai the water
solubilities were calculated. Values obtained (g./ioo ml.) were: phenol, 9-37; 4-methyl-
phenol, 2-54; 4-ethylphenol, 0-72; 4-propylphenol 0-36; 4-n-butylphenol, o-io;
4-n-pentylphenol, 0-044; 4-n-hexylphenol. 0-045; 4-sec.-butylphenol, 0-12, 4-tert.-
amylphenol, 0-033.

Distribution coefficients. These were obtained as between oleyl alcohol and 0-067 M
phosphate buffer by adding known volumes of the alcohol and the phenol in the
buffer and rotating in a stoppered tube at room temperature until equilibrium was
established. A sample of the aqueous layer was assayed for its phenol content spectro-
photometrically and the partition coefficient calculated from the following expression:

distribution _ Volume of aqueous phase x final concentration in cily phase
coefficient  y olume of oilyphase x final concentration in the aqueous phase

The phosphate buffer held the pH value at 7-4 but was of a sufficiently high dilution
to ensure that the ions did not contribute significantly to the distribution. Phenol
concentrations in the initial aqueous layer were of the same order as encountered in
the antibacterial studies. Because of the high solubility of the higher members in
the oily phase, their concentration in the aqueous phase was too low for reproducible
results to be obtained.

Determination of uptake of phenols by Staphylococcus aureus. 10 18 ml. of the
phenol solution was added 2 ml. of the bacterial suspension (equiv. 10 mg. dry wt/ml.)
in 0-067 MHris buffer (pH 7-4). The mixtures were maintained in a water bath at 37°
and at appropriate times the bacteria were removed by centrifugation twice (15 min.
each) at 9000" and the residual phenol determined by the colorimetric method.
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Determination of phenol-induced leakage of cellular constituents. Determination of
leakage of cellular material absorbing at 260 m/t is complicated by the 270-280 m/t
absorbing peak of the phenols. However, by extraction of the supernatant liquid
remaining after centrifugation of phenol-treated cocci with three 25 ml. amounts of
chloroform, the phenols (except phenol itself) were removed and the aqueous layer
after warming to remove dissolved chloroform was examined for material absorbing
at 260 mji. The adequacy of this procedure was tested by mixing the supernatant
fluid from boiled cocci, of which the 260 m/t absorbing material had been determined,
with a solution of each of the phenols in turn, subjecting this mixture to the extraction
procedure and redetermining the 260 m/i absorbing material ; almost quantitative
recoveries were obtained. Leakage of cytoplasmic constituents was also investigated
by determining inorganic phosphate in the cell-free supernatant fluid by the method
of Fiske & SubbaRow (1925). Phenols, at the concentrations used, did not interfere
in this determination.

Preparation of thin sections of cocci and electron microscopy. This was done according
to the method described by Hamilton & Stubbs (1967), with the glutaraldehyde + 0 so 4
fixative.

RESULTS
Growth of cocci in glycerol and their lipid content

Ten serial subcultures ofthe Oxford staphylococcus in the culture medium containing
3% glycerol resulted in a total lipid content of i8-8+0-8; the lipid content of cocci
grown under similar circumstances but without glycerol was 6-5% +0-4, in good
agreement with the findings of Hugo & Stretton (1966a, b). Growth curves showed
that the presence of glycerol had no significant effect on the log phase or the mean
generation time of this organism but the final yield of organisms was higher with
glycerol. Because fattened cocci rapidly revert to their normal lipid content after one
subculture in the absence of glycerol, all experiments with fattened cocci involving
growth were done in the presence of glycerol, 3% (Fig. 1).

Table 1. Minimum inhibitory concentrationsfor control andfattened cocci
of Staphylococcus aureus (o x ro r a )

Control cocci, Fattened cocci
mi.c. Og./ml.)
Phenol 2200 2200
Cresol 1300 130
Ethylphenol 640 640
Propylphenol 390 390
n- phenol 85 D0
n-Amyl I 38 44
n-Hexylphenol 42 52
sec.-Butylphenol 140 150
ta—l.-AnprhenoI 55 no

Minimum inhibitory concentrations ofphenols

These are presented in Table 1 The final inoculum was i06 cocci/ml. As the tubes
inoculated with fattened cocci must contain 3% glycerol and in view of the findings
of Cooper (1948) that glycerol in concentrations of 30-40 % depresses the antibacterial

2. G. Mcrob. 52
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effects of phenols to the extent of 20-40 %, experiments were made on the effect of
3% glycerol on the minimum inhibitory concentration (m.i.c.) values of the phenols
used. At this concentration, glycerol had no detectable effect.

Uptake ofphenols by normal andfattened cocci

Preliminary experiments showed that equilibrium between cocci and the phenol
was rapidly attained and was virtually complete in 5min. The data obtained is
shown in Table 2, where it can be seen that the fattened cocci took up slightly less
of the phenols tested than did the controls.

Table 2. The uptake ofphenols by fattened and unfattened (normal)
cocci of Staphylococcus aureus (oxford)

fUptake of phenoal, /tg/mg dry wt. cells

Phenol Fattened cells Unfattened cells
by 2 £
(= ~ -~
« 48 499
IEC 848 9%-3
fert.-Amyl 41-8 5038

Table 3. Staphylococcus aureus (oxford). Increase in electrophoretic mobilities as

compared with mobilities in buffer of control cocci (a) and fattened cocci (b) in the

presence of various concentrations of nine p-alkyl phenols in phosphate buffer (pH 74,

I = 0-0i)

Phenol 4-Methylphenol 4-Ethylphenol

Concentration (tg/ml) KD 2000 D 100 1500 200 40 60 &0
Increase in mobilities j@ 007 0D ¢33 052 o553 060 o535 OO 0
(tt/sec./V.Jem.) W) 051 064 069 076 07/ 084 o8 0N 104
4-Propylphenol 4-Butylphenol 4-Pentylphenol

Concentration (/tg./ml.) 20 4D 5D H MW 1mM D s 80
Increase in mobility fa 056 06/ o094 079 14 148 02 O .7
(filsec.M.Jcm) \b)y 080 00 1xe 12 146 18 076 113 |3

4-Hexylphenol 4-jec.-Butylphenol  4-/er/.-Pentylphenol

Concentration ¢ug./ml.) v @M 5 W0 1M 200 5 10 15

Increase in mobility j@ @5 143 153 078 090 107 0% 075 0%
Ofsec./V.Jom.) o) M6 16 I® 105 117 13 019 08 13

Electrophoretic mobilities

Mobilities in the presence of sodium dodecylsulphate (SDS). Data obtained in the
presence and absence of SDS (icr§ 10 5 io~4m) gave figures of a very similar order
to that obtained by Hugo & Stretton (1966a) for the Oxford staphylococcus and
confirmed the build-up of surface lipid in the presence of glycerol and its rapid
depletion after one subculture in its absence (Fig. 1).

Mobilities of fattened and unfattened cocci in the absence of added agent. The
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absolute mobility, /¢/sec./\VV./lcm. measured on the same day of fattened cocci was
2-002 and of control cells. 2-239, a difference of 10-2%.

Mobilities offattened and unfattened cells in the presence ofphenols. Mobilities were
measured at three concentrations of each phenol. The data are presented in Table 3,
where it can be seen that whereas the phenols in general increase the negative mobility
of the cocci the increase was greater with fattened cocci. The effect of increasing chain
length on the mobility differences is shown in Fig. 2. Similar figures were obtained at
different initial concentrations of the phenol.

9-0 F
£ 80
2
2 y ~46 _ Z TO0F 32
N~ 4 Q -
g @ 60
S g} 422 & § 29
E: & 5‘0 ;:
15} 38 3 2 40 g 26
= 2 3 2
3 12f 34° g 30 S 23
= 2 5 >
=2 9 3.0 E % 20 '% 20
2 2 § 10 c
EE 6 ! 1 | - 2:6 — 0t :S 1.7
5 02 4 6 810 01 2 3 4 5 6
Subcultures in 3% Number of carbon atoms
glycerol medium in the substituent chain
Fig- 1 Fig. 2 Fig. 3

Fi%cul The_build—_up of cellular |Ipld in Staphylococcus aureus (oxford) ON 10 successive
subcultures in nutrient broth containing 3% glycerol and its depletion after one subculture
in the absence of glycerol. Total lipid obtain extraction, —O---- O—; electrophoretic
mobility in the presence of i0~4mSDS, « —®

Fig. 2 Effect of chain length f(nurrber of carbon atoms in the 4-alkyl phenol substituent) on
the electrophoretic mobility of staphylococcus aureus (oxfora) COCCI. Fattened cocci, e —;
control cocci, O—0O.

Fig. 3 The effect of pE value on the electrophoretic mobilities of staphylococcus aureus
(oxford) COCC in the presence and absence of 4-ethylphenol (400/¢g./ml.). Control cocci
in buffer, O-----O; fattened cocci in buffer, ¢ -----+; control cocci In ethylphenol
solution, O-—- O; fattened cocci in ethylphenol solution, © ----- 9.

Effect ofpH on the mobilities of cocci in the presence ofphenols. For the range pH
5-8 phosphate buffer was used and for pH 8-10-6 carbonate + bicarbonate buffer.
Phenol solution, buffer solution and coccal suspensions were mixed so that the final
ionic strength of the system was 0-0i, and the coccal density equiv. o-i mg. dry wt/ml.
Similar patterns were found for each of the phenols. The data for p-ethylphenol are
shown in Fig. 3. This experiment indicated the necessity for controlling the pH value
of the system during electrophoretic studies, for small changes in pH value over the
range pH 6-8 result in marked changes in mobilities.

Phenol-induced leakage of cellular constituentsfrom fattened and unfattened cocci

When the effect of time on leakage of 260 m// absorbing material and inorganic
phosphate was examined, it was found that a rapid initial leakage of both constituents
occurred within 2-5 min. In the case of the lower members of the phenol series (up to
the propyl compound) it was complete in 30 min.; in the remainder it slowly increased

24-2
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up to 180 min. When the data for fattened and unfattened cocci are compared it can
be seen that there was a rather greater release of these materials from the unfattened
cocci. This is illustrated in Table 4, where the leakage of the two cytoplasmic con-
stituents after 15 min. contact with the phenols is presented.

110

=5 110 20

50 90 g~ | =

o 4r *8 8E | E1op

£ 70 5 |2

g3 6 EE |

E 50 £3 10 -

B2 4 82 | =5t

g 30 23 3

2 2R |

é t-\\”i/ -1-0 0 A ;:_’

0 = Q=== + - LO =Y AN S —
0 1 2 3 4 5 6 =" 01 2 3 4 5
Number of carbon atoms in Number of carbon atoms in
the substitutent chain the substituent chain
Fig. 4 Fig. 5

Fig. 4. staphylococcus aureus (oxfora). Effect of chain Iength (number of carbon ators)
|n 4a|ky| substituent on: electrophoretlc mobility, x--—X; mi.c. plotted reciprocall |2/
————— + leakage of 260 m/t absorbing material, O----- O; water solubility, +-------

. 5. Staphylococcus aureus (oxfora). Effect of chain le Ie(jgm on the difference in observed
ef?ec[ as between control and fattened cocci as measured by: mi.c. plotted reC|procaII

X-—- X ; electrophoretic mobility, O-----O; leakage of "260mp absorbing materid

ot

Y >
.o S
Difference in In /,//, 260 mmipg.
phenol X i0-3

=

Table 4. Staphylococcus aureus oxford. The release of inorganic phosphate (Pi) and
260 mji absorbing materialfrom normal andfattened cocci after treatmentfor 15 min.
with phenols at the concentrations stated

1¢g Pi/mg, dry wt. In/ 1/ (260 MQimyg.
Cﬁncn CcocCi rywt cocci
e 1 % H
Jml)  Control  Fattened Control ~ Fattened
Phenol 500 0-44 041 _ _
4-Methylphenol 20 (03¢ 018 0-24 0-13
4-Ethylphenol 120 0-33 028 013 o1
4FEL%JIYI henol 200 0-28 02 o2 00
4 m}jﬁeﬂd 10 0-53 036 0-33 05
4-Pentylphenol aQa -3 2-07 050 00
4-Hexylphenol 60 3 307 066 0-43
4sec-Buylphenol 200 063 060 08 041
4-ieri.-Pentylphenol 100 060 040 027

Electron micrographs

Thin sections ofthe Oxford staphylococcus grown for 10 generations in the presence

of glycerol showed a distinct thickening of the extra-cytoplasmic layers (Plate 1). The
thickening appeared to be confined to the walls and was especially pronounced in

the septum separating the dividing cocci where presumably active cell-wall synthesis
was occurring.
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General

The inter-relationship of the several criteria and properties used in this work to
evaluate coccal interaction are convincingly seen when the results are plotted on
one graph as a function of the number of carbon atoms in the 4-primary alkyl
substituent. In the first such plot (Fig. 4) the general effect of increasing the number
of carbon atoms on the antibacterial and auxiliary activities and properties of phenols
upon normal cocci is shown. It is clear that the side chain effect makes itself felt
after the C3 (propyl) phenol.

The influence of cellular lipid on the m.i.c., mobility and cytoplasmic integrity as it
changes with chain length of the phenols was shown by plotting differences in response
at each experimental point as between normal and fattened cocci against alkyl chain
length (Fig. 5). Once again the differences become marked after the -C3 compound,
suggesting that lipid begins to exert its protective effect when the phenol tends to
become more lipid soluble.

DISCUSSION

It is apparent from evidence from various sources that variation in the level of
cellular lipid may be one of the factors involved in bacterial resistance (Chaplin, 1952;
Church, Halvorson & Ramsey, 1956; Lowick & James, 1957; Vaczi & Farkas, 1961;
Ivanov, Markov, Golowinsky & Charisanova, 1964; Truby & Bennett, 1961).

The use of a homologous series of phenols, such as the 4-normal alkyl phenols,
a family of compounds whose properties change in a fairly regular way, with regard
to water solubility and distribution coefficient between an aqueous and oily phase,
might prove to be an ideal tool to test systematically the effect, if any, of cellular
lipid upon resistance.

In considering the data presented in this paper it is reasonable to suppose that the
phenols will distribute themselves between the lipid and aqueous components in the
cell, in accordance with the normal partition laws, and in the case of fattened cells
presumably these phenols will be partially distributed in the deposited lipid.

As the length of the normal alkyl side chain at position 4 increases, not only does
the solubility in water decrease and the solubility in lipid increase, but the molecule
tends to become polar and consequently surface active. This in turn means that it
tends to orientate at an oil/water interface if such an interface is available. In fact
changes in response to the phenols as between fattened and normal cells first show
themselves distinctly with n-butylphenol. In the case of the fattened cell it is likely
that, as lipid solubility increases, phenol is immobilized with the alkyl side chain
immersed in the cell lipid and the phenolic hydroxy group projecting into the aqueous
environment and it could well be that many drug molecules are thus trapped and
sensitive areas in the cytoplasmic membrane protected.

This hypothesis receives support from the experimental data obtained. Thus, the
smaller amount of material which leaks from fattened as against unfattened cells,
which begins to be significant after the butyl compound, is compatible with the
hypothesis that the membrane or sensitive areas in it are in some way protected. This,
in turn, would explain why, when ability to reproduce (the m.i.c. value) is being
measured, the fattened cells are less susceptible to the same dose of drug (above the
C4 compound) than are the control cells, for several groups of workers have equated
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one toxic manifestation of non-specific antibacterial drugs with their ability to impair
the integrity of the cytoplasmic membrane (Gale & Taylor, 1947; Salton, 1951;
Beckett, Patki & Robinson, 1959; Hugo & Longworth, 1964).

The phenols at equivalent concentration cause an apparent increase in the mobility
of the fattened cells as compared with the control cells which is here first noticeable
with the C2 compound but again shows a marked difference after the C4. With the
C4 compound and thereafter, more molecules are held at the cell surface with the
phenolic group projecting into the aqueous fluid in which the cells are suspended.
There will be a tendency for these to have a slightly greater negative charge at the
surface hence the increased velocity towards the positive electrode for the same
applied potential; indeed the phenols here are playing a similar role to that of SDS
used as a detector of surface lipid, although of course their degree of ionization is
much less.

It can be seen from Fig. 2 that differences between mobilities for fattened and
control cells begin to show themselves at the C2 compound; electrophoresis is
probably the most sensitive of the methods used in this work to detect drug/cell
interaction. It is possible that small differences in response to all the phenols occur,
but are only really apparent when they assume an order of magnitude detectable
by the experimental method being used. It could well be that m.i.c. measurements,
measurements of leakage of metabolites and drug uptake determinations are not of
sufficient sensitivity to demonstrate any differences with lower alkyl phenols.

Finally the hypothesis of drug trapping will explain why fattened cells appear to
take up less drug than do control cells, a finding which may appear at first sight to
contradict the other data obtained. For the experiments used to determine drug
uptake cannot distinguish between surface adsorption and general absorption; with
the lipid present in the cell, fewer drug molecules penetrate into the cell and the surface
becomes saturated, whereas with a normal cell many of the drug molecules taken
up will pass into the interior of the cell as well as being held near the surface.

We thank Dr A. R. Hamilton and Unilever Research Laboratories, Colworth
House, Bedford, for preparing the electron micrographs of Plate 1
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Fig. 2. Thin section of staphylococcus aureus (oxford) after gronth for ten generations in nutrient
broth containing 3% glycerol, x 30,000.
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Toxicity of Hyperbaric Oxygen to Bacteria in Relation to
the Cell Cycle and Catalase Synthesis
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SUMMARY

Growth of Bacillus subtilis and of Escherichia coli following treatment with
oxygen at 10 atmospheres for 18 hr was synchronous. Treatment at lower
pressures resulted in a much lower degree of synchrony. After exposure to
high-pressure oxygen to induce synchronous growth of B. subtilis the resis-
tance of various stages of the cell cycle to further treatment with oxygen at
10atm. was studied. Maximum resistance occurred immediately following
division of the bacilli and then fell to a low value. The region of maximum
resistance in B. subtilis compared fairly closely with the time of maximum
catalase activity.

INTRODUCTION

Pritchard & Hudson (1967) showed that induction of catalase occurred in cultures
of Mucor racemosus and Candida utilis when exposed to high-pressure oxygen (HPO)
for periods of up to 20 days. It was suggested that this might provide a mechanism for
preventing peroxide accumulation, thus inducing resistance to high pressure oxygen
toxicity. The results presented in the present paper describe the changes in catalase
activity of Bacillus subtilis when exposed to 10 atm. oxygen and the relation between
resistance and physiological state at the time of pressure increase.

METHODS

Bacterial strains. Bacillus subtilis NCIB3610 and Escherichia coli B13 were obtained
from the culture collection of the Department.

Media and cultivation. Bacteria were maintained on malt agar at 25°. Cultures for
HPO treatment were grown in 25 ml. liquid glucose glutamate medium (Pritchard,
1965) in 100 ml. Erlenmeyer flasks at 37° on a rotary shaker. For Escherichia coli the
medium was supplemented with 0-5% (w/v) casein hydrolysate.

Catalase determination. Bacteria for catalase determination were sedimented by
centrifugation, resuspended in 4 ml. cold 0-05 M-phosphate buffer (pH 6-8) and dis-
rupted by ultrasonic treatment. The material was centrifuged for 10 min. at 30,000 g
and the catalase activity of the supernatant fluid determined by the method of Herbert
(1954). Enzyme activity is expressed per g. extracted protein.

Protein determination. Soluble protein was determined by the Folin phenol method
of Lowry, Rosebrough, Farr & Randall (1951).

Bacterial counts. Total counts were made by using a bacterial counting chamber,
0-02 mm. deep, with Thoma ruling.

Viable counts. Survival following HPO treatment was determined by dispensing in
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triplicate, 0-2 ml. samples of serially diluted culture on to malt agar in Petri dishes.
Colonies were counted after 24 hr. incubation at 370.

Pressure vessels. Cultures were subjected to pressure in steel pressure vessels similar
to those described by Caldwell (1956).

RESULTS
Survival and catalase activity of Bacillus subtilis cultures subjected to HPO
Cultures (6 hr) were subjected to 10 atm. HPO and samples assayed for catalase
activity after 24 and 48 hr exposure. There was a decrease in catalase activity after
24 hr, though by 48 hr the value had risen again. In a second experiment catalase
activity was determined after 24, 72 and 144 hr exposures. There was again a decrease
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% g
100 20 100 xd 25 [
3 hr‘x)(—-x/
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Time (hr) Time from inoculation (hr) Time from inoculation (hr)
Fig. 1 Fig. 2 Fig. 3

Fig. 1 Effect of treatment with 10atm. pure oxygen on catalase activity and growth of
Bacillus subtilis,. O—O, Catalase activity in air; s —#, catalase activity under oxygen;
A--A growthinair; A-- A growth under oxygen.

Fig. 2 Growth of Bacilius subtilis in air, following 18 hr exposure to oxygen at 10atm
Fig. 3 Growth of Escherichia coli in air, folloning 18 hr exposure to oxygen at 10atm

in activity in the first 24 hr, followed by a continued increase (Fig. 1). Bacterial num-
bers, as determined by viable counts, showed a steady increase under HPO and indi-
cated that after 48 hr the catalase content per organism was considerably higher than
that of the control organisms grown in air. In a similar experiment with an 18 hr cul-
ture almost complete lysis occurred after 24 hr, thus preventing the determination of
cellular catalase activity. The same result was obtained when the experiment was
repeated.
Synchrony ofgrowthfollowing HPO treatment

Cultures (6 hr) of Bacillus subtilis were subjected to oxygen at 2-5, 50, 7-5 and
10atm. for 18hr and their growth upon subsequent inoculation into 300 ml. of
aerated medium at 370followed by direct counts. Following treatment with oxygen at
10 atm., but not at the lower pressures, growth was synchronous (Fig. 2); this was
confirmed in other experiments at 10 atm. It was noted that some individuals elon-
gated but did not divide. Growth upon inoculation into fresh medium was not
immediate but began after a lag period of about 3 hr. After exposure to oxygen at
pressures lower than 10 atm. growth was not markedly synchronous although at



Bacteria/ml. x icr'

Toxicity of hyperbaric oxygen 377

7-5 atm. the growth curve did exhibit some indication of synchrony. The lag period
was shorter at the lower pressures being about 1-5hr at 5atm. and 7-5atm. and
virtually absent after treatment at 2-5 atm.

Treatment at 10 atm. was also done with a 24 hr culture of Escherichia coli. Growth
upon return to air was again synchronous, apparently without a lag period (Fig. 3).

Resistance of various stages of the cell cycle to HPO

Samples were taken at 5min. intervals during one generation of an oxygen-induced
synchronous culture and placed under oxygen at 10atm. In order to expose the
bacteria as quickly as possible to the effects of HPO, 5ml. samples were placed into
100 ml. Erlenmeyer flasks and the pressure raised in 10-15 sec. After 18 hr the pressure
was released and survival determined by plate counts. All experiments showed that
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Fig. 4. Survival of Bacillus subtilis exposed to HPO at different stages of the cell cycle.
gAg Initial population showing whensamples were taken for treatment with oxygenat 10atm
or 18hr. (B) Survival (by plate counts) following treatment.

Fig. 5. Catalase activity in relation to the cell cycle. 0 — o, Catalase activity, x — x,
Bgcterial numbers. b4 o bd

maximum survival was restricted to the early part of the cell cycle immediately follow-
ing division (Fig. 4), though there was a discrepancy between the maximum number of
organisms surviving the HPO treatment (c. io4ml.) and the number submitted to the
treatment (c. io8ml.). This shows that the period, within one generation, over which
bacteria are able to survive a rapid increase in oxygen pressure is so short that even in
the synchronized population a minority of the bacteria were in the resistant state.

Catalase synthesis in Bacillus subtilis in relation to the cell cycle

An oxygen-induced synchronous culture of Bacillus subtilis was used to determine
the time of catalase synthesis under atmospheric oxygen conditions; 25 ml. samples
were withdrawn and chilled to stop metabolism. Because of the slow rate of cooling
used for the early samples the cessation of metabolism of these samples was not
immediate. Thus, by the time of ultrasonic treatment to extract the catalase, the
bacteria would have advanced further in the cell cycle than was indicated by the
sampling time. Thus the high value for catalase in sample 1 (Fig. 5) was probably
present in the bacteria just after division rather than during division as the growth
curve indicated. In the last four samples a much more rapid rate of cooling was used;

(/9. extracted protein)
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here the catalase value just began to increase by the start of the second division. Thus
the synthesis of catalase occurred early in the cell cycle near the time of maximum
resistance to HPO treatment.

DISCUSSION

The increased value for catalase per bacterium after 48 hr exposure to high-pressure
oxygen (HPO) confirmed previous findings (Pritchard & Hudson, 1967); however, the
decrease after 24 hr was unexpected. Furthermore, the lysis of bacteria in the 18 hr
cultures subjected to 10 atm. seemed at variance with earlier experiments (Caldwell,
1965). A partial explanation of these results might be that the bacteria were resistant
to the toxic effects of HPO treatment only when in a certain physiological state. Thus
in the 18 hr culture in which growth, as indicated by turbidity, was well into the
stationary phase, the majority of the bacteria would have been physiologically old.
In an actively growing culture only a proportion of the bacteria would be in a resistant
state; those not in this state would be killed and there would be an initial decrease in
numbers. If the resistant physiological state represents a sufficiently small part of the
cell cycle then the growth of an oxygen-treated culture should, on return to air, show
some degree of synchrony. Experiments in which growing cultures of Bacillus subtilis
and Escherichia coli were treated with oxygen at 10 atm. showed this to be the case.
The fairly close correspondence between the time of maximum resistance and the time
of maximum catalase activity, in B. subtilis, supports the hypothesis that catalase forms
part of the mechanism of resistance.

Since the mechanism of resistance to HPO is suggested to be enzymic in nature it
seems probable that the variation in physiological state is a result of the periodicity of
enzyme synthesis. It has been demonstrated that the basal enzyme synthesis of some
bacteria is ordered and related to gene position (Masters & Pardee, 1965), though
enzymes of Bacillus subtilis and Escherichia coli may be induced at any time during the
cell cycle (Kuempel, Masters & Pardee, 1965; Masters & Donachie, 1966; Masters,
Kuempel & Pardee, 1964). Therefore survival of bacteria may be dependent on the
active synthesis or presence of a high level of protective enzymes at the time of pressure
increase, death of non-resistant bacteria resulting from an irreversible lesion induced
more rapidly than, or preventing, the synthesis of protective enzymes.

Further experiments are being conducted to define more closely the role of catalase
and investigate the effect of HPO on organisms showing true periodicity of enzyme
synthesis.

The author thanks Dr G. G. Pritchard for valuable assistance, particularly during
the preparation of this manuscript. This work was supported by a grant from the
Science Research Council.
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SUMMARY

An ecological survey of the microflora of an upland moorland soil and the
underlying shale was made over a 2-year period. Samples were taken at dif-
ferent depths of about 5, 20 and 40 cm. in the soil, and from the underlying
shale band in a cave system nearby, and the average total counts of bacteria
and fungi were 35x i06 3x ioeand 1x io6per g. dry wt respectively. Hydro-
carbon-oxidizing organisms occurred in all the samples. The numbers and
activity of these organisms were determined in a variety of ways and finally
expressed as a function of the total population of each sample. A significantly
higher proportion of the population of the 20 cm. soil sample was able to
utilize hydrocarbons as sole energy and carbon source, than of any of the
other samples. When hydrocarbons were added there was a stimulation in
respiration of all samples. Maximum stimulation of respiration occurred in
the 20 cm. soil sample. The Eh of the 20 cm. soil sample was lower than in
any other sample, it also contained a higher level of lipid and hydrocarbons.
It Is suggested that the higher level of hydrocarbon oxidation in the 20 cm. soil
sample Is due to the accumulation of hydrocarbons with a resulting adapta-
tion of the microbial populations. More organisms were able to oxidize the
longer chain «-aliphatic hydrocarbons than the short chain «-aliphatics, aro-
matic and alicyclic hydrocarbons. A list of the genera, including fungi, re-
sponsible for the oxidation of each hydrocarbon is given: the fungi play an
important role in the hydrocarbon-oxidizing activity of each sample.

INTRODUCTION

The oxidation of hydrocarbons by micro-organisms has been well documented
(Johnson, 1964; Van der Linden & Thijsse, 1965). The study of such micro-organisms
in natural systems has been confined to prospecting for oil fields (Brisbane & Ladd,
1965; Davis, Raymond & Stanley, 1959; Hitzman, 1966), to facilitate the removal of
crude oil from its source rock (Dostalek & Spumy. 1958) and the removal of oil where
it is a contaminant (Zobell & Prokop, 1966). Geochemical analyses (Smith, 1954,
Judson & Murray, 1956; Bergman, 1963; Breger, 1966; Stevenson, 1966) have
shown a widespread distribution of hydrocarbons in soils and recent sediments as well
as in ancient sediments. By adapting techniques used in the past for petroleum pros-
pecting we have made an ecological survey of the metabolism by micro-organisms of
hydrocarbons which occur naturally in an upland moorland soil and underlying shale
bands.

The upland moorland site (about 1000 ft above sea level) is situated in the band of
Carboniferous Limestone due north of the South Wales coal measures (Grid Reference



382 J. G. JONES AND M. A. EDINGTON

SN. 932118). The soil is permanently waterlogged at the sampling points, the water
table never falling more than 2 cm. below the soil surface. Since the site is on fenced
forestry commission land it is not grazed nor polluted by domestic animals; most of
the organic matter entering the system is by turnover of the surface vegetation (Juncus
articulatus and Molonia caerulea are co-dominant) and the washings from a nearby
sphagnum pool. The underlying shale band was sampled at the Ogof-Ffynnon Ddu
cave system, where the shale was undisturbed and not contaminated by surface soil
washings as it is at its point of emergence at the upland moorland site.

METHODS

Sampling. The survey results are those of a sampling programme over two years
from 1965 to 1967. The upland moorland soil was sampled at three points, at depths
of about 5, 20 and 40 cm. The upper samples were in AOhorizon and the lower samples
in the Alhorizon. In all instances large samples (about xKkg.) were taken into sterile
polythene bags, and about 15g. wet wt sample was removed aseptically from the
centres of these samples in the laboratory for dilution. Similar aseptic techniques were
used for sampling the shale in the cave system.

Microbiological methods. The dilution-plate count method was based on that de-
scribed by Johnson, Curl, Bond & Fribourg (1960). All dilutions were made into
quarter-strength Ringer solution and counts made on a sample dry-wt basis. For each
dilution plated, five or ten o-i ml. samples were spread with a sterile glass rod on to
plates of medium. In all cases a second wipe plate was used. All plating was com-
pleted by 3 hr after sampling.

Media. Bacteria and actinomycetes were plated on to modified soil extract agar
(Bunt & Rovira, 1955); fungi were estimated on peptone glucose agar with added rose
bengal and aureomycin (Martin, 1950; Johnson, 1957). Obligate anaerobes were
grown in a H2 atmosphere in an anaerobic jar on the Tryptone soy + salts agar of
Iverson (1966); in some cases they were estimated as numbers of sulphite-reducing
units in Iron Sulphite Agar (Oxoid). A basal salts medium was used for estimating
hydrocarbon-oxidizing micro-organisms. This contained (g./1. distilled water) K2HPo 4,
i-0; MgS04.7H), 0-2; CaCl2.2H2, o-i; NaCl, o-i; FeCl3 o0-oi; NHANo 3 0-5;
washed Oxoid lonagar no. 2, 30. The lonagar no. 2 was washed 24 times in glass-
distilled water and twice in ethanol to remove organic contaminants. Selected hydro-
carbons were used as sole carbon sources. Spread dilution plates were made, as
described, on the basal mineral salts agar. Sterile filter paper was placed in the lid of
the Petri dish and 0-5 ml. hydrocarbon soaked on to this filter paper and the plates
then sealed with adhesive tape. In this way the given hydrocarbon was provided in the
vapour phase. With all samples, but especially those with a low total bacterial count,
this method was found to be more reproducible when the sample dilution was treated
in one of the following ways, (a) Passed through a membrane filter (0-45 i mesh), the
filter rinsed with 10 ml. sterile quarter-strength Ringer solution, and placed on the
basal mineral salts agar. (b) Centrifuged at 15,000 rev./min. (27,000 g) for 20 min., the
deposit washed with sterile quarter-strength Ringer solution, centrifuged down and
suspended in a known volume of Ringer solution before plating.

All experiments were done at 250. Plates were counted at 4, 7, 14 and 21 days
according to the particular micro-organisms under study. All media were adjusted to
the pH value of the samples taken.
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Characterization of the microflora. The initial characterization followed the method
of Lochhead & Chase (1943) to establish the nutritional groupings of the microflora
of the samples. This method was then extended and an estimate was made of numbers
of organisms (expressed as % of the total viable population of each sample) capable
of growth with selected hydrocarbons as sole carbon + energy (C+E) source. Growth
was recorded after incubation for 7 days.

Following this initial survey estimates were made at each sampling period of the
numbers of organisms capable of growth on a variety of single hydrocarbons as sole
C+E source. The organisms were grown, as described, on basal mineral salts agar
with a hydrocarbon provided in the vapour phase. Sealed control plates without
hydrocarbon were also inoculated; growth on these control plates would be due to
residual organic matter in the lonagar no. 2 or organic matter introduced with the
inoculum; the number of colonies which developed was subtracted from the numbers
obtained on the plates to which hydrocarbon had been added. When a particular
species was found to have developed on the control plates then it was discounted on the
experimental plates unless there was greater than tenfold stimulation in its growth, in
which case it was considered to be of importance in the hydrocarbon metabolism of the
sample. All instances of growth of species on hydrocarbons were checked by sub-
culture on to a medium containing the test hydrocarbons as sole C+E source.

Determination of microbial activity. All the methods involved measurement of
stimulation in respiration of samples when various hydrocarbons were added as extra
carbon source. For the initial survey soil and shale samples were incubated in 100 ml.
Ehrlenmeyer flasks. Each flask contained a sample (about 0-5 g. wet wt) of the soil or
shale under study; basal mineral salts solution, 10 ml. (at pH value of sample); 20%
(w/v) KOH solution (0-5ml.) in suspended Durham tube containing fluted filter
paper; hydrocarbon (0-5 ml.) absorbed on 5 g. ignited sand. Control flasks contained
no hydrocarbon and thermobarometer flasks no sample. A 1 ml. pipette was attached
to each flask and at regular intervals over a period of several days a plug of Brodie
manometer fluid was introduced into the pipette. The rate of Oa uptake was thus
measured.

This experiment was repeated in conventional Warburg apparatus with the hydro-
carbons which did not create vapour-pressure problems. Results in the Warburg
respirometer were less reproducible probably because of the small size of sample
introduced. Reports in the literature on the use of dried sieved soil (Stotzky & Norman,
1961) led us to attempt this in the hope of increased reproducibility but such treatment
altered considerably the respirometric activity of the samples. The results given here
were obtained with soil and shale samples which were treated in a blendor for a few
seconds and introduced into the Warburg flask by using a wide-mouthed pipette.

Enhancement of Co 2 production by the samples by adding hydrocarbon was
measured by adapting the methods of Stotzky & Mortenson (1957) and Jackson
(1958). Samples (100 g. wet wt) were mixed with 300 ml. basal mineral salts solution
(adjusted to the pH value of the sample) and 10 ml. hydrocarbon absorbed on ignited
sand. Endogenous uptake flasks contained no added hydrocarbon and control flasks
contained only basal mineral salts solution. Co 2free water-saturated air was drawn
through the sample flasks; COa evolved was collected in N-NaOH and determined
titrimetrically. This method was, however, too cumbersome and too expensive of the
natural materials to allow the replication necessary for statistical analysis. The

%5 G Mcrob. 52
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experimentwas therefore scaled down to 5g. wet wt samples incubated in closed vessels.
After the incubation period, the Co 2 produced was collected by boiling it off into
NaOH, followed by back titration. All respirometric results were corrected for sample
dry weight and total viable microbial count of each sample, and finally expressed as
percentage stimulation of respiration; the respiration rate of the endogenous or un-
treated sample was taken as 100%.

In the population and respirometric analyses the data presented are the means of
several tests. Each test involved 3, 5 or 10 replicates according to the analytical pro-
cedure used. Differences between mean readings were investigated by the i-test. All
the results discussed differed significantly at P = 0-05.

Chemical and physical analyses of samples. Throughout the period of study the soil
or shale at the sampling sites were measured for pH value with a portable pH meter
(Analytical Instruments Ltd.) with a soil probe attachment. Ehvalues were measured
with a platinum electrode with a calomel reference electrode and corrected to pH 7.
To obtain readings for the shale samples, they were mixed with distilled water (sample
1g., distilled water 2-5 g.). Total organic matter was determined by the Walkley-Black
method as adapted by Jackson (1958). Total lipids were extracted for 24 hr in a
Soxhlet-type extractor with a chloroform+ methanol (2+ 1, v/v) mixture. The hydro-
carbon content was determined by column chromatography of this extract on silica
gel and alumina. The moisture contents of samples were determined by drying to
constant weight at 105°.

RESULTS
Numbers of micro-organisms

Counts of micro-organisms in the soil samples over a period of 1year showed
typical poor soil annual cycle with a major peak in autumn and a minor one in
spring. There was a decrease in numbers with depth of sample. This decrease applied
to aerobic and anaerobic chemo-organotrophs (Fig. 1). No such seasonal variation
was found with the shale samples, due to the more stable cave environment (numbers
varied from 3x io5to 1x io6 organisms/g. dry wt shale. Anaerobic chemo-organo-
trophs were barely detectable in the shale samples. Fungi accounted for about 10% of
the colony-forming particles of all samples.

Physical and chemical analyses

The shale was at about pH 7, the soil samples were acid, increasingly with depth
(Table 1). Lowest Eh values and maximum organic matter, lipid and hydrocarbon
concentrations were found in the 20 cm. deep soil sample. Normal paraffins were
found in all samples.

The activity of hydrocarbon-oxidizing organisms

The initial population survey to determine the numbers of hydrocarbon-utilizing
organisms in the samples showed the highest proportion of hydrocarbon oxidizers
in the 20 cm. soil sample. When the experiment was repeated with solid media with

hydrocarbon provided in the vapour phase, the same general pattern was maintained
(Table 2).



Ecology of hydrocarbon metabolism 385

Respirometric analyses to determine the microbiological activity of the soil samples
show maximum stimulation by added hydrocarbon in the 20 cm. sample. This is seen
in the 0 2uptake of the samples (Tables 3, 4) as well as in the amount of Co 2evolved
(Table 3). Although there are some inconsistencies (e.g. high activity in the 40 cm. soil
samples on addition of «-octane) it is clear that 20 cm. soil samples show highest
hydrocarbon oxidizing activity, in relation to its total population. High figures ob-
tained with shale samples are dealt with later.

80

Log total no. micro-organisms/g. dry wt
N

60~ ]
4

N N I N [N AN U O (N NN T |
A M) L AS. OON D L F M A

Calendar

Fig. 1 Seasonal variations in total counts of bacteria and fungi in soil and shale samples.
Sail 4cm sample, 1; 20cm sanple, 2; 40cm sample, 3; Shale sample, 4. Experimental
conditions', numbers of bacteria, actinomycétes and fungl were estimated dilution
counts on soil extract agar and peptone dextrose agar. Incubated at 250 Shale les
showed no seasonal variation and the plots indicate the extremes of variation of numbers
along the shale band.
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Table 1 Physical and chemical analysis of samples.
Results of a 2-year period of study

Soil
Sanyle depths (cm)
5 20 40 Shale
pH 4860 3-8-5-0 32-38 72-Ts
En(MV) +35° + 16 +190 +457
Moisture content 300-400 550-900 550-900 510
% dry weight

Organic matter 150 800 400 15
(mg/g)

Lipid and hydro- 19 560 2-20 01-10
carbons (Mg./g.)
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Table 2. Numbers of organisms capable of growth on selected hydrocarbons

Sanple dilutions were either washed by centrifugation or by membrane filtration. The
washed samples or membrane filters were plated on to basal salts agar (set at pH sanple).
05 ml. hydrocarbon wes introduced into the lid of each sealed plate and thus the carbon
source was provided in the vapour phase. Control plates contained no hydrocarbon. Incu-
lﬁga/ged for b%4 days at 25°. Percentage of total populations of samples capable of growth on

rocarbons.

Soil
Sanyle depths (cm)

Hydrocarbon 5 20 40 Shale
«-Octane 327 4 (12-25) i (413 0'5 (5)
«-Decane 4 8 2 *'5
«-Codecane 13 17 20 3
«-Pentadecane 7 to to 8
«-Hexadecane 13 (15) 15 (20-30) 8 (12-15) 8 (8-10)
Benzene * . (0-5) 2 (5) i (< 0-5) 1(2
Toluene — — — 0-5
Cyclohexane 0-5 (0-5) 3 (6) 0*5 (0-5) i O0)

* —Indicates that growth wes not detectable by this method.
() Indicates figures obtained by adaptation of Lochhead & Chase method (1943).

Table 3. Stimulation of sample respiration by the addition of hydrocarbons

5 %O(V\Bt W) le wes incubated with 0’5 ml. hydrocarbon (adsorbed on to ignited sand)
and 10ml. basal salts solutions (set at pH of sarmplé). A plug of Brodie manometer fluid wes
introduced into the 1ml. pipette attached to the reaction vessel. Oa uptake could thus be
followed. Incubated at rcentage stimulation of Cauptake.™

Soil
Sanple depths (cm)

Hydrocarbon 5 2 40 Shale
«QOctane 0 350 0 280
«Decane 510 1500 30 220
«Dodecane 210 1750 590 15
n-Hexadecane 45 1170 1000 150
Benzene —160 270 —280 940
Toluene &0 -40 -40 800
Cyclohexane 630 390 40 2to

* Rate of respiration of untreated sample is taken as too %

Table 4. Stimulation of sample respiration by the addition of hydrocarbons

These experiments were conducted in a conventional Warburg apparatus. Each flask
contained, homogenized sail, 20, ; 20% (Wv) KOH, 0-2ml. ; quarter-strength Ringer
solutions, 075 ml.; hydrocarbon Q-05ml. Control flasks contained no rocarbon
Incubated at 25°. Percentage stimulation of o 2uptake.*

Soil
Sanyple deﬁeths (cm)
Hydrocarbon 5 2 40 Shale
«Decare &0 100 20 20
«Dodecane 1680 400 K1) 1000

* Rate of respiration of untreated sample is taken as 100%
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In almost all samples a greater proportion of the population was capable of oxidizing
longer chain «-aliphatic hydrocarbons than the shorter chain n-aliphatics, alicyclic or
aromatic hydrocarbons. Comparatively low figures obtained with «-pentadecane and
«-hexadecane are explained by their decreased availability due to lower solubility
and volatility at the temperatures used.

We note that maximum hydrocarbon oxidation occurred where organic matter, lipid
and hydrocarbon accumulation were at a maximum (Table 1). The dominant microbial
genera responsible for hydrocarbon oxidation in the samples studied were noted
(Table 6). Several species of microfungi, although comparatively low in numbers,
played an important part in the hydrocarbon-oxidizing activity of all the samples.

Table 5. Stimulation of sample respiration by addition of hydrocarbons

Samples were incubated in closed flasks. Each flask contained, le, 5g (wet wh);
basal salts solution, ioml. (set at pH of sample); hydrocarbon, 05 ml. (adsorbed on to
ignited sand). The les Were incubated at 22¢ for days and then the gaseous contents
were boiled off through 20ml, 01 N-NaOH. Co 2 production wes determined titrimetric-
ally. Percentage stimulation of Co 2production.*

Sail
Sanyle depths (cm)

Hydrocarbon 5 2 40 Shale
«QOctane 25 50 20 140
«Decane (03] 5 30 540
w0z 02 £ B
K&

«Hexadecane 330 50 50 160
Benzene -30 -75 -30 -80
Toluene -5 —0 -30 —40
Cyclohexane -65 75 -17 —&0

* Rate of respiration of untreated sample is taken as 100%

DISCUSSION

The media used in this survey were chosen from many tested for maximum repro-
ducibility of results. Adverse weather conditions (e.g. heavy rain) altered the physical,
chemical and microbial characteristics of the soil considerably. The shale was free
from climatic and seasonal variations.

The sample of lowest Eh values (the 20 cm. soil sample) was where most lipid and
hydrocarbon material accumulated, and where the highest proportion of hydrocarbon-
metabolizing micro-organisms were detected. The higher hydrocarbon content of this
sample has probably caused adaptation of the microbial population resulting in the
higher proportion of micro-organisms capable of hydrocarbon metabolism. Total
numbers of hydrocarbon-oxidizing micro-organisms may be higher in the surface
(5 cm.) soil sample, but other (e.g. physiochemical) factors may limit the development
of the populations of the deeper soil samples and shale. Therefore, when comparing
the nutritional characteristics of various populations, the numbers of a particular type
of micro-organism should be expressed as a function of the whole population.

The presence of local soil microbial populations adapted to hydrocarbons forms the
basis of microbial methods of oil prospecting (Brisbane & Ladd, 1965) where gross
differences occur between soils overlying oil and gas seeps and those not. The use of a
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Table 6. Dominant microbial genera responsible for
hydrocarbon oxidation in the samples

Sail
Sanple depths (cm)

Hydrocarbon 5 2 40 Shale

/|-m Saccharomyces Pénicillium Aspergillus Saccharomyces
Unidentified Gram-
negative rod
Bacillus Nocardia Pseudomonas Micrococcus
Pseudomonas Unler_mfled Gram- Nocardia Arthrobacter 2(Spp)
Mycobacterium negatl\/e rod
Arthrobacter

fi-Dodecane  penicinium (25pp.) Penicillium (3SPP.) Pseudomonas Pénicillium
Cladosporium Spp) Saccharomyces ZSpp) Nocardia (2 Spp) Corynebacterium
Botrytis Candida Mycobacterium Micrococcus (2 Spp)
Trichoderma Bacillus
Spicaria Pseudomonas
Saccharomyces (35“))
Unidentified Gram-
negative rod

Pseudomonas

n-Pentadecane  rpenicittium éZSpp.) penicillium (3SPP.) peniciium (25pp.)  None isolated

Sterile BaS| iomycete Saccharomyces (2 Spp) Aureobasidium
(unidentified)

Cephalosporium Pseudomonas

Saccharomyces Nocardia

Candida

Corynebacterium
Micrococcus

Unidentified Gram-
negative rods
fi-Hexadecane  penicitlium Pénicillium (35Ppp.) Penicillium (3SPP.)  Pénicillium
Trichoderma Saccharomyces &Spp) Aspergillus Aspergillus
Saccharomyces Candida Saccharomyces Saccharomyces
Unidentified member of Mycobacterium UnlentlfIEd sterile Arthrobacter (3Spp)
the Form mycelium
Order Mycelia sterilia Bacillus Bacillus Micrococcus (45pp)
Pseudomonas Nocardia Corynebacterium
Mycobacterium mldentlfled ram-
Corynebacterium negaIIVer
Nocardia
Bacillus
Benzene None isolated Pénicillium None isolated None isolated
Unidentified sterile
mycelium
q/dd‘]exam Pénicillium Corynebacterium mldentlfled sterile Corynebacterium
Pseudomonas n'M:Ellum (ZSpp)
Micrococcus
Nocardia
Sorcina

range of liquid instead of gaseous hydrocarbon substrates, accompanied by suitable
statistical analyses allowed us to detect much smaller changes in the microflora of the
samples.

All respirometric analyses were made using samples with microbial populations
in the in vivo state. The conventional Warburg respirometer showed an immediate
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stimulation in Oauptake on addition of hydrocarbons to the samples, indicating that a
section of the sample microflora was already adapted to hydrocarbon metabolism.
Respirometric analyses could only be used to compare samples of a similar nature
(e.g. similar organic matter content). For example, the shale samples contain low
numbers of hydrocarbon oxidizers but the respirometric results indicate a stimulation
of as high as 1000 % on addition of hydrocarbons. The shale contains much less easily
oxidisabie organic matter than the soil. Therefore stimulation in its respiration cannot
be compared with that in soil because of the much lower rate of endogenous respira-
tion in the shale. Very little is known about the effect of such varying soil factors on the
growth of hydrocarbon-utilizing micro-organisms (Brisbane & Ladd, 1965), and
differences in rates of endogenous respiration makes it difficult to interpret the stimula-
tion of metabolism in a quantitative manner. Nevertheless, the results do indicate the
presence or absence of significant numbers of hydrocarbon-oxidizing micro-organisms.

The use of solid media to demonstrate the presence of organisms capable of oxidizing
gaseous hydrocarbons has been reported in the past (Davis et al. 1959). We have used
this technique and provided the liquid hydrocarbon in the vapour phase, but we
found that pretreatment of the samples by membrane filtration or washing made the
technique somewhat laborious.

Any one species of hydrocarbon-oxidizing micro-organism can usually metabolize
longer chain «-aliphatic hydrocarbons more easily than short chain «-aliphatic, ali-
cyclic or aromatic hydrocarbons (Johnson, 1964). This survey has shown that this is
also a property of naturally occurring mixed populations. In all samples a higher
proportion of the population was capable of oxidizing n-dodecane, «-pentadecane, and
«-hexadecane and «-octane, benzene, toluene or cyclohexane. The microbial genera
responsible for hydrocarbon metabolism have been repeatedly and consistently
isolated from the samples.

This survey is part of a wider scheme of study concerned with the role of micro-
organisms in the biogenesis and turnover of naturally occurring hydrocarbons, and
was carried out during the tenure of an S.R.C. Studentship (J.G.J.). We thank the
Forestry Commission for access to the upland moorland site.
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SUMMARY

The presence or absence of regulatory control mechanisms has been studied
for the enzymes 6-phosphogluconate dehydrogenase, glucose 6-phosphate
dehydrogenase and hexokinase in Bacillus subtilis. The cellular levels of these
enzymes have been investigated during steady exponential growth in various
media and following growth shifts. Comparison has been made of the be-
haviour of these enzymes with that of/j-galactosidase in a strain of Escherichia
coli in which the regulator and operator genes are deleted. Criteria for recog-
nizing truly constitutive enzymes are discussed, and it is tentatively concluded
that while the synthesis ofthe dehydrogenases is controlled, that of hexokinase
is probably constitutive.

INTRODUCTION

Nearly forty years ago Karstrom (1930) distinguished between two classes of
enzymes in micro-organisms. Those which were always present regardless of the
growth conditions were termed ‘constitutive’, and although the content of such en-
zymes within the cells was found to differ in different media, the extents of the varia-
tions were small. By contrast, ‘adaptive’ enzymes were formed in response to a definite
factor in the environment, and their concentrations changed very greatly in cells
cultured in varying conditions. Subsequent studies have shown that the synthesis of
some adaptive enzymes is stimulated as much as iooo-fold by inclusion of appropriate
substances in the medium. In other cases a less marked change is observed, amounting
perhaps to a tenfold difference.

The years following Karstrom’s publication have witnessed an intensive study of the
mechanism of enzyme adaptation, culminating in a number of models which have been
proposed to account for the mechanisms controlling the rates of enzyme synthesis.
It is clear that the control is, at least in some cases, negative in character (Jacob &
Monod, 1961), with specific regulator molecules responding to appropriate small
effector molecules in such a way as to prevent the formation of the related enzyme.
From some of these controlled systems constitutive mutants have been isolated in
which damage to the normal regulatory mechanism has resulted in synthesis of the
enzyme independently of the presence or absence of effector molecules. Other types of
less specific regulation are recognized which lead to the failure of enzyme synthesis
even though the specific inducing effector molecule is present. Many catabolic enzymes
are sensitive in this way to an imbalance in the over-all metabolic state of the cell,
a condition designated ‘catabolite repression’ by Magasanik (1961). Catabolite
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repression is observed with wild-type cells possessing an intact regulator system, and with
mutants in which part of the regulatory system is non-functional (Brown, 1961;
Mandelstam, 1962; Moses & Prevost, 1966). In other mutants totally devoid of the
regulatory system, part of the catabolite repression response is absent (Palmer &
Moses, 1967).

There is some reason to believe that in addition to constitutive strains isolated by
artificial selection procedures in the laboratory there also exist in nature wild-type
constitutive systems in which the synthesis of certain enzymes might be outside the
control of specific regulators. Pardee & Beckwith (1963), in discussing the control of
constitutive enzymes, have considered four possible explanations to account for such
cases: (i) inducer and (catabolite) repressor are both absent; (ii) inducer is present in
constant amount, and repression is absent; (iii) inducer is absent while repression is
constantly effective; (iv) induction and repression are always in balance, thus permitting
a constant rate of enzyme synthesis irrespective of physiological state. Pardee &
Beckwith (1963) briefly discussed a number of enzymes which might truly be constitu-
tive in wild-type strains, but recognized the difficulty of deciding among the above four
possible reasons for constitutivity and pointed out the need for further study of these
and other examples.

The phenomenon of wild-type constitutivity is of fundamental biological interest.
A cell which lacks a means of controlling the synthesis of certain of its components has,
compared with its neighbours, an element of inflexibility which sooner or later is likely
to prove of selectional importance. Thus, constitutivity based on the absence of both
inducing and repressing factors has a biological significance different from constitu-
tivity depending on a balance of these influences, since in the latter case further study
might elucidate conditions under which the balance may change and alter the rate of
enzyme synthesis.

The problem appeared to us of sufficient interest to warrant further investigation.
The glucose-metabolizing enzymes of Bacillus subtilis were selected for study because
glucose metabolism is usually regarded as being a constitutive function and the en-
zymes themselves are simple to measure in this organism.

METHODS

Organisms. For most of these studies a prototrophic non-sporogenic strain of
Bacillus subtilis was used which was obtained from the Department of Bacteriology,
University of California, Berkeley. For comparative purposes use has also been made
of Escherichia coli o (from E. Steers) which carries a total deletion of the regulator
and operator genes of the lac operon (Steers, Craven & Anfinsen, 1965).

Media and growth measurements. Cells were grown at 370 in the following media
with stirring: minimal medium 63 (Pardee & Prestridge, 1961) supplemented with
0-2 % (w/v) ofthe appropriate carbon source; glucose-tris minimal medium containing
07 mM-Pj (Moses, 1967); glutamate-minimal medium (Flartwell & Magasanik, 1963);
and nutrient broth (Difco). Growth was followed by turbidity; at an extinction of
r-oin a 1cm. cuvette at 650 m/t, 1 ml. of bacterial suspension contained 225 /tg./ml. of
bacterial protein (Moses & Prevost, 1966).

Measurements of enzyme activities. In preliminary studies on the assay techniques
for the three glucose enzymes it was found that some procedures for destroying the
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cellular permeability barrier inactivated hexokinase but not the dehydrogenases for
glucose 6-phosphate and 6-phosphogluconate. For example, treatment with toluene,
which is a standard procedure in the assay of /i'-galactosidase in Escherichia coli and
histidase in Bacillus subtilis, totally inactivated hexokinase. Lysis of B. subtilis by lyso-
zyme in the absence of glucose also resulted in a low activity of hexokinase. This was
discovered in shift experiments of the type to be reported below. There was a large
discontinuous increase in the measured activity of hexokinase in samples of the cultures
taken immediately after the addition of glucose to cells growing on another substrate.
Thiswas not due to a sudden synthesis of hexokinase, as the following experiment shows.

Cells growing exponentially on nutrient broth were treated with chloramphenicol
(100 ilg./ml.). Growth measured by turbidity ceased immediately. Sampling was started
15 min. later and was continued for 10 min. Sufficient glucose solution (1 m) was then
added to bring the glucose concn. to 10 mm, and sampling was continued for the next
35 min. Figure 1shows that within 30 sec. of adding glucose the measured activity of
hexokinase increased nearly fivefold and remained at that level for the rest of the experi-
ment. Chloramphenicol itself, at concn. up to at least 100/«g./ml., had no effect on
hexokinase activity. The activity of hexokinase was apparently partially destroyed by
lysis in the absence of glucose, but the presence of the sugar appeared to effect a
stabilization. All experiments requiring hexokinase determinations were therefore
performed by lysing cells in the presence of glucose.

The three enzymes of glucose metabolism were measured on different portions of the
same culture. Samples (0-2 ml.) of the bacterial culture were added to weighed vials
previously charged with 0-2 ml. of the following solutions: tris-HCI (o-i m), pH 7-6,
containing lysozyme (o-i mg./ml.) and EDTA (2-5 mm). Unless the culture medium
already contained it, glucose (10 mM) was also added to the lysozyme solution. The vials
were reweighed to determine accurately the volume of bacterial culture taken and were
allowed to remain at room temperature for about 1 hr. They were then brought to 370
and substrates were added in a volume of 0-6 ml. For 6-phosphogluconate dehydro-
genase the substrate solution contained 6-phospho-D-gluconicacid (tricyclohexylammo-
nium salt) (17 mM), NADP+ (1-08 mM) and MgClI2(1-33 mM) in o-i M-tris-HCI, pH 7-6.
For measurement of glucose 6-phosphate dehydrogenase the solution contained glucose
6-phosphate (Na2salt) (33 mM), MgCl2(1-33 mM), NADP+ (1-08 mM) and 6-phospho-
gluconic acid dehydrogenase (0-023 enzyme units/ml.) in o-i M-tris-HCI, pH 7-6. For
assay of hexokinase activity the solution contained the following substances in 0-i m-
tris-HCI, pH 7-6: ATP (4 mM); NADP+ (1-08 mM); glucose (10 mM); MgCI2 (4mM);
glucose 6-phosphate dehydrogenase (0-35 enzyme units/ml.) and 6-phosphogluconic
acid dehydrogenase (0-018 enzyme units/ml.). Incubation was allowed to proceed for
25 min. at 370 and the reactions were terminated by adding to each vial 0-4 ml. of
0-75 M-NaZCo 3 The extinctions were read at 340 mu, with a Cary model 14 spectro-
photometer against the appropriate blanks. In each of these reaction mixtures the
enzyme under study was the rate-limiting factor; added enzymes were present in excess
amounts. Preliminary experiments showed that the rate of NADPH production was
almost linear for each of the enzymes for over 30 min. Departures from linearity were
not affected by twofold changes in the concentration of any of the reactants except the
lysed cells. Since all the samples from a particular experiment were assayed simulta-
neously for the same length of time they can be considered in a comparative manner
even if the true zero time rates were slightly but consistently in error.
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/?-Galactosidase was also measured in weighed samples of cell suspension as described
by Palmer & Moses (1968).

In each case one enzyme unit is defined as that quantity of enzyme catalysing the
production of 1 m/rmole of measured product/min. at 370.

Chemicals. Chloramphenicol was a gift from Parke, Davis and Co., Detroit, Michi-

gan, U.S. A. ; all other biochemicals and enzymes were from Calbiochem, Los Angeles,
California, U.S.A.

RESULTS

Growth experiments. Experiments were performed to determine whether temporary-
exposure to glucose would facilitate metabolism of the sugar when it was again intro-
duced into the medium. Cells of Bacillus subtilis were grown in minimal medium
(1 mM-Pj) with one of a number of carbon sources. During the period of exponential
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Fig. 1 Effect on hexokinase activity of the ﬂresence and ahsence of glucase during cell lysis.
Cells growing on broth were treated with chloramphenicol (100/¢g/ml.). When growth wes
observed to have ceased, samples were removed at intervals mto(l

; solution without
added glucose. Glucose (10 mV) wes added to the culture at 10 min. if) and sampling wes
continued. Each sample wes later measured for hexokinase activity.

Fig. 2 Growth shifts from alanine to ?Iucosge. Cells groning on alanine-minimal medium
were supplied with glucose at f. After following growth by turbidity for about 80 min. the
cells were separated from the medium and resuspended in fresh alanine-minimal medium
(dashed arrow)). Growth wes followed to re-establish the rate on alanine and glucose wes
again added (f). The response to glucose wes observed for a further 60 min.

growth glucose (10 mm) was added and the growth response observed. With cells cul-
tured on maltose no change in growth rate was obtained on adding glucose. When
acetate, alanine, glycerol, proline or succinate were the initial sources of carbon the
growth rate increased gradually to a new and higher rate which was reached in
60-70 min. (Fig. 2). After about one doubling in the presence of glucose the cells were
filtered through a Millipore membrane filter (0-45 il pore size), washed, and resus-
pended in the original medium. Growth was promptly resumed at approximately the
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rate characteristic for the original substrate. After a further doubling of the cell mass
in the original substrate, glucose (10 mm) was again added. The change in growth rate
on addition of this second quantity of glucose was very similar to the first: again a
gradual increase in the growth rate was obtained reaching a new maximum rate in
about 1hr.

There is much variability in the growth response of bacteria when glucose is intro-
duced into the medium. In some cases the effect is very rapid: in Escherichia coli, for
example, a shift from glycerol to glucose is immediate at high (o-i m) concentrations
of  but delayed at lower concentrations (Palmer & Moses, 1967). The present results
show that adding glucose for one cell doubling to Bacillus subtilis growing on another
substrate did not accelerate the second growth response to glucose after the cells had
been returned to the original medium for one generation. Thus, specific enzyme
synthesis did not appear to be involved in responding to glucose and the delay was more
probably metabolic in origin, perhaps entailing a readjustment of the balance of inter-
mediary metabolic pool sizes, etc. By implication, then, the cells were already
adequately equipped enzymically to deal with glucose when grown on a variety of
other substrates.

Support for this contention has been obtained by H. G. Ungar (unpublished work)
in the course of studies on the growth-shift with Escherichia coli from acetate to
glucose in media containing 5 mM-Pj; this shift results in a slow (60 min.) attainment
ofthe enhanced growth rate. Using the technique described by Prevost & Moses (1967),
Ungar studied the release of 14COafrom labelled glucose during the shift and showed
that 24Co 2evolution began virtually immediately (less than 1 min.) even in the presence
of concentrations of chloramphenicol high enough to preclude any possibility of
protein synthesis. Thus, glucose may enter metabolism rapidly, yet not result in an
immediate increase in the growth rate.

Growth shifts. In an attempt to discover whether glucose in the medium specifically
increased the content of the glucose enzymes, experiments were performed in which
glucose was added to cells growing on other substrates. Since adding glucose often
resulted in an increase in growth rate, other types of growth shift, not involving
glucose, were investigated to determine the effect of increasing the growth rate without
adding glucose.

Supplying glucose to cells growing exponentially in glutamate-minimal medium
invariably resulted in a considerable (50-60 %) reduction in the differential rate of
hexokinase synthesis (Fig. 3). The growth rate itself increased gradually over about
xhr to a rate approximately double that in glutamate. Glucose did not reduce the rate
of synthesis for the dehydrogenases for glucose 6-phosphate and 6-phosphogluconate.
In some experiments increases in their rates of synthesis were observed, usually after
a lag (Fig. 3). In other cases the increases were small enough to be insignificant.

When glucose (10 mm) was added to cells on nutrient broth hexokinase synthesis
was not affected and the rates of synthesis of the above two dehydrogenases increased
by up to 25 % in a number of experiments (Fig. 4). There was no significant change in
the growth rate.

These results suggested the possibility of a specific inducing effect by glucose on the
two dehydrogenases. However, the apparent repressive effect of glucose on the rate of
hexokinase synthesis in glutamate-grown cells suggested that this might be associated
with an increase in growth rate rather than a specific repression of enzyme synthesis.
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Since hexokinase is the first enzyme of glucose catabolism one would expect glucose
to enhance rather than reduce the rate of its synthesis. The behaviour of these three
enzymes was therefore studied in shifts resulting in a marked increase in growth rate,
but without using glucose to achieve this.

In one experiment glycerol (22 mM) was added to cells growing exponentially in
glutamate-minimal medium. Growth ceased immediately and resumed about 30 min.
later at a greatly increased rate (Fig. 5a). Glycerol is probably metabolized by an
inducible enzyme system (by analogy with the situation in Escherichia coli (Hayashi &
Lin, 1965)) and the delay before growth started in glycerol may be ascribed to the
necessity of inducing the glycerol enzymes. Why the addition of glycerol terminated
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Fig. 3 Effect on the synthesis of the glucose enzymes of adding ﬁlucose to cellsin glutamate-
minimal medium. Glucose (Pl&in M) was added at arrows. Growth was measured by turbidity.
A, glucose 6-phosphate dehydrogenase; s, hexokinase; c, 6-phosphogluconate dehydro-
genase

Fig. 4.. Effect on the synthesis of the glucose enzymes of adding glucose to cells in broth.
Glucose (romm) wes added at arrows. Growth wes measur turbidity. A, glucose
6-phosphate dehydrogenase; B, hexokinase; C, 6-phosphogluconate dehydrogenase.

growth on glutamate is not understood. Shifting from growth on glutamate to growth
on glutamate plus glycerol slightly depressed the synthesis of the two dehydrogenases,
and reduced the rate of hexokinase synthesis to only 41 % of the earlier rate on gluta-
mate (Fig. 5). Another shift-up without glucose was performed by adding 0-5 ml. of a
50-fold concentrated solution (40 %, w/v) of nutrient broth to 50 ml. of a culture
growing in glutamate-minimal medium. The growth rate immediately increased three-
fold (Fig. 6). Both dehydrogenases showed a period of decreased synthesis lasting
32-42 min. (about one generation) after which the differential rates of synthesis re-
covered to 75-87 % of those obtained before the introduction of broth. Hexokinase
synthesis, on the other hand, was immediately reduced to 34 % of the differential rate
before broth and this did not alter for at least 85 min. or two generations (Fig. 6). The
transient reduction in the rates of synthesis of the two dehydrogenases is of particular
interest and will be discussed below.
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Steady-state levels of the three glucose enzymes. A series of measurements were made
of the differential rates of synthesis of the glucose enzymes in cells which had been
growing exponentially for at least three generations in a number of media. In each case
cells were sampled at intervals during the subsequent 60 min. for measurements of
enzyme content. Exponential growth at an unchanged rate continued until the end of
the sampling period. Table 1 presents the differential rates of synthesis for cells grown
on broth, glucose, glutamate, glycerol, proline and succinate. The data in Table 1
demonstrates that the differential rate of hexokinase synthesis is characteristic of the
medium rather than the growth rate per se. The growth rates in all the media except
succinate-minimal were quite similar, yet the rates of hexokinase synthesis varied
considerably.

For comparative purposes the differential rates of synthesis of /j-galactosidase were
studied in Escherichia coli o¢7growing in the same media (except glutamate, in which
it would not grow) (Table 1). This strain has lost the regulator genes (i and o) for the
lac operon (Steers et al. 1965) and the behaviour of /j-galactosidase synthesis in growth
shifts has been studied by Palmer & Moses (1967). It is therefore of value in determining
the pattern of biosynthesis as a function of different growth conditions for an enzyme
devoid of all known regulatory mechanisms.

Table 1 Differential rates of enzyme synthesis in different media

Cells were grown exponentially for several generations and samples were then removed
over a 60 min period while growth was measured by turbidity. Results are expressed as
enzyme units/*g. of bacterial protein and as percentages of the rates of synthesis in succinate-
minimal medium. Growth rates are recorded as doublings/hr (/2).

B. subtilis E. coli 067
Glucose 6-Phospho-
6-phosphate gluconate
A dehydrogenase dehydrogenase Hexokinase A [/?-Galactosidase
i
Medium Rate % Rate % Rate % Rate %
Succinate 0-51 944 10 653 100 2-863 100 o089 413 100
Proline O-91  1-075 114 0-693 106 2-049 72 028 398 96
Glutamate 0-97 | “155 12 0-517 79 1-517 53 - - -
Broth 1*04 1-035 no 0-613 94 1-326 46 1-58 27-3 66
Glycerol i 03 0-974 103 0-653 100 1-205 42 0-80 42-7 100
Glucose 0-98 1-075 114 0-467 72 0-869 30 1-04 16-6 40
DISCUSSION

Are the glucose enzymes constitutive ?

Our knowledge of the mechanism of constitutivity in artificial mutants of systems
normally inducible or repressible indicates that genetic (or true) constitutivity is the
consequence of the absence or malfunctioning of a regulator system. From a practical
point of view this makes it very difficult to decide whether a protein whose rate of
synthesis varies but slightly under different conditions is constitutive or not. An un-
varying rate of synthesis may mean simply that the conditions for varying it have not
yet been discovered and not that no such variation is in principle possible.

A decision on constitutivity requires the establishment of criteria. These might be
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laid down on a rational basis by deciding, on the grounds of general experience, how
a constitutive system would be expected to behave; we must, however, recognize that
our general experience may not be sufficient to provide satisfactory criteria. Alterna-
tively, one might compare the enzyme under study with enzymes in artificial mutants
which have been analysed genetically and which are known to suffer impairment of
the regulatory mechanism. Both approaches will be attempted with the glucose
enzymes.

If the glucose enzymes are constitutive we might expect them always to form a
constant proportion of the cellular protein, regardless of the culture conditions; if they
are inducible it would be reasonable to expect them to be induced either separately
by their immediate substrate or by glucose itself if they formed a coordinate induction
system. As inducible enzymes they might nevertheless show high basal rates of syn-
thesis in the absence of Inducer. Experimental results with glucose 6-phosphate de-
hydrogenase and 6-phosphogluconate dehydrogenase showed them both to be present
in remarkably constant amounts irrespective of growth conditions (Table 1). While
this suggests that these enzymes are constitutive, the fact that in some experiments
there were weak responses to the presence of glucose argues that some regulatory
control might be possible. The difficulty in making a decision originates from a number
of considerations. It is difficult in principle to prove a negative case (the absence of
direct regulation), yet evidence for the positive case is not convincing. One can only
guess at the identity of a postulated inducer and no progress towards its identification
can be made unless clear evidence is obtained that the system is indeed inducible. The
gross intracellular pool sizes of likely inducers have not been measured under different
growth conditions, but even were this to be done it would have only limited value,
since the local concentration of a metabolite at a regulatory site may not of necessity
be correlated with its over-all intracellular abundance.

Similar difficulties exist with hexokinase. This enzyme was also found to be present
at all times and subject to no more than a threefold variation in activity. Glucose itself
would seem to be the most probable inducer, yet its presence in the medium actually
decreased hexokinase synthesis and the highest rates of formation were observed when
growth took place on substrates far removed metabolically from glucose. We must
therefore admit that the behaviour pattern of a naturally constitutive enzyme under
varying growth conditions is not readily predictable and it is not possible to decide
from the arguments presented above whether or not the three enzymes studied here are
under regulatory control.

Arguments based on analogy with a known constitutive system result in a more
definite conclusion but it is difficult to assess their validity. For our comparisons we
have used the formation of /?-galactosidase in Escherichia coli strain off. Constitutivity
of the lac enzymes in E. coli is of two types (Jacob & Monod, 1961); regulator mutants
(i~) fail to make a fully functional repressor, while operator constitutives (0°) fail to
respond to normal repressor. Strain o@is deleted for both the regulator and operator
genes, and is thus fully constitutive on both counts. The formation of /?-galactosidase
in this strain was studied by Palmer & Moses (1967) and from the response to glycerol
to glucose growth shifts and to the presence of certain inhibitors it was concluded that
the synthesis of the enzyme might indeed be totally devoid of regulation in this strain.
The rates of enzyme synthesis were different in glycerol and glucose but it was suggested
that this was due not to a specific type of catabolic repression modulated outside the

26 G. Microb. 52
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lac operon, but rather to a rearrangement of the overall macromolecular composition
of the cell under different growth conditions. In that study and in the present one
enzyme synthesis is reported on a differential basis, i.e. as a proportion of total protein
synthesis. If there is a large change in the synthetic rates for other proteins, with little
or no change for the enzyme under study, then the proportion of the whole represented
by the particular enzyme (the differential rate of synthesis) will be observed to change.

Table 1 shows that /Agalactosidase synthesis in E. coli o&@and hexokinase synthesis
in Bacillus subtilis both show a 2-5-3-fold change in rate in five different media. For
both enzymes synthesis is most rapid on succinate and least rapid on glucose. Differ-
ences exist between the two systems on the other three substrates, and it is, of course,
impossible to compare the two cases too closely, since different organisms are involved.
The point is that in both cases variations of similar degrees of magnitude exist in
response to growth in a number of media. The dehydrogenases do not show such
variability.

Another interesting comparison is found in the kinetics of enzyme synthesis during
growth shifts. With wild-type strains of Escherichia coli, inducible for the lac operon,
a transient inhibition of /Agalactosidase synthesis is observed during shifts from
glycerol, succinate or maltose to glucose (Moses & Prevost, 1966), acetate to glucose
(H. G. Ungar, unpublished work), and glycerol to broth (J. Palmer, unpublished work).
In strain o, on the other hand, no such transient repression of /Agalactosidase is
observed in glycerol to glucose shifts, although the final rate of enzyme synthesis is
lower in glucose than in glycerol (Palmer & Moses, 1967). The behaviour of the two
dehydrogenases and hexokinase, reported in the present communication, may also be
distinguished in this way. Both dehydrogenases showed marked transient inhibition
when the cells were shifted from glutamate into broth (Fig. 6), and a slight effect was
also obtained in a shift from glutamate to glucose (Fig. 3); hexokinase showed no
transient repression under these conditions, but rather a simple change to a lower rate
of synthesis, exactly as observed with E. coli o,

It seems, then, admitting all the disadvantages of analogy arguments, that a tenta-
tive conclusion might be reached that hexokinase synthesis is truly constitutive while
the appearance of constitutivity for the dehydrogenases is the result of precise efforts
on the part of the cell to regulate the biosynthesis of these two enzymes.

This investigation was sponsored by the United States Atomic Energy Commission.
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SUMMARY

The ability of the L-form of two strains of group A streptococci to pass
filters was assessed by several methods. From a comparison of the results,
and taking into account the plasticity of the L elements, it is concluded that
the size of the reproductive elements of the L-form of the group A strepto-
coccal strains investigated probably lies between 0-45ja and 0-65iL The
passage of the elements through filters with pores measuring 0-45 jlor less in
diameter may be explained by the ease with which the elements are deformed.
The variation between the results obtained with different filtration methods
can be attributed to differences in experimental conditions which affect the
degree of deformation.

INTRODUCTION

Because filterability isone of the characteristics of the L-forms ofbacteria, considerable
interest has been shown in the size of these filterable elements. Their capacity to pass
filters which retain the bacterial form was first demonstrated by Klieneberger-Nobel
(1949) for the L-form of Streptobacillus moniliformis, and was later confirmed for the
L-forms of other bacteria (Carrére, Roux & Mandin, 1954; Tulasne & Lavillaureix,
1958). Several authors have examined the size of these filterable elements of the L-form
of various bacteria by the filtration method (Klieneberger-Nobel, 1949, 1956, 1962;
Wittier, 1954; Kellenberger, Liebermeister & Bonifas, 1956; Rada, 1959; Williams,
1963). The results of these experiments give values between 0-175 F and 0-35 j1for the
diameter of the smallest reproductive elements, although Williams (1963) could not
demonstrate passage of the L-form of staphylococci through filters with pore size
below 0-7 1i.

The ability to grow through filters was investigated for the L-form of Proteus
(Silberstein, 1953; Tulasne & Lavillaureix, 1958) and the L-form of staphylococci
(Williams, 1963; Molander,Weinberger&Kagan, 1965). The smallest pore sizesthrough
which the staphylococcal L-form grew are reported as 0-05 ji by Molander et al. (1965)
and O'7/t by Williams (1963). The Proteus L-form penetrated filters with pore sizes down
to 0-1-0-2y (Tulasne & Lavillaureix, 1958), and 0-75 71-0-50 i1 (Silberstein, 1953). The
same variation is shown by the results of the filtration experiments performed with the
L-form of group A streptococci. The smallest pore sizes of the filters passed in the
filtration method were reported as 0-45 /t (Panos, Barkulis & Hayashi, i960 ; Mortimer,
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1965) and 0-22 ji (Coussons & Cole, 1968) ,whereas growth through filters has been
reported for pore sizes down to o-io /<(Dienes & Madoff, 1966; Coussons & Cole,
1968).

A ?oossible explanation for the discrepancy between the results may be differences in
the methods used. The ability of the L-form of two strains of group A streptococci to
pass filters has therefore been assessed by various methods in a comparative study.
Filtration of L-form broth cultures through a series of Millipore membrane filters
was done according to the principles laid down by Elford (1938). The capacity for
growing through filters was determined in solid and liquid media. Another source of
differences, as pointed out by Roux (i960) and Weibull & Lundin (1962), may be the
plasticity of the L elements, which makes the filtration method liable to give variable
results when applied to the size determination of these deformable particles. The
results obtained in the present work support this view.

METHODS

Organisms and cultivation. Two strains of group A, /"-haemolytic streptococci were
used. Both strains had originally been obtained from Dr L. Dienes (Boston, Mass.,
U.S.A)). They belonged to the serological types 19 and 12, and were designated g1-8
and aed, respectively. The L-forms had been derived from the parent strains by the
penicillin gradient technique according to Sharp (1954). The L-forms were cultivated
in a medium composed of 2-8 % (w/v) Brucella Broth (Albimi Laboratories, Inc.,
Brooklyn 2, New York), sodium chloride 0-56 mand sodium penicillin to 1000 i.u./ml.
The medium was solidified with 1% (w/v) agar (Special Agar Noble, Difco Labora-
tories, Inc., Detroit, U.S.A.). The L-forms of both strains had been subcultured in
brucella broth medium over 100-150 consecutive transfers. The cultures were incubated
at 370 Viable counts, expressed as the number of colony-forming units (c.f.u.)/ml.,
were determined by the pour-plate technique. The streptococci were grown in Todd-
Hewitt Broth (Difco). Nutrient Broth (Difco) was used for the cultivation of the
Serratia marcescens.

Influenza A virus was grown on fertile hen’s eggs, harvested, and purified by adsorb-
tion and elution from erythrocytes. The titre of the saline suspension was determined
by the haemagglutination method.

Filter andfilter apparatus. Standard Millipore filter membranes (Millipore Filter
Corporation, Bedford, Mass., U.S.A.) ofthe following types and mean pore sizes were
used: SM (5-0/%), SS (3-0/4), RA (1-2/4), AA (0-8 p), DA (0-65/4), HA (0-45fi), PH
(0-30/4), GS (0-22 /4), VC (o-io fi), VM (0-05 /4) and VF (o-oi //).

Two types of filter holder were used, (i) The Swinny Hypodermic Adapter (Millipore
Cat. No. XX30012 00) with filters of diam. 13 mm., filtration surface 0-8 cm.2, (ii) The
Stainless Pressure Filter Holder (Millipore Cat. No. XX40 047 00), with filters 47 mm.
diam., filtration surface 11-3 cm.2 The volumes filtered through the two types of filter
holder were 10-15 mh and 80-100 ml., respectively. The filters, sterilized when neces-
sary with ethylene oxide, and the autoclaved filter holders were assembled aseptically.
The Swinny adapter was attached on one side to a sterile 10 ml. standard hypodermic
syringe; the other side of the filter holder was provided with a sterile needle to collect
the filtrate. After removal of the plunger, the sample was pipetted into the syringe and
the entire assembly was fitted by means of rubber rings into a cylindrical glass bell.
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The glass bell was then connected by rubber tubing to a pressure vessel. Six glass bells
could be connected to the pressure vessel, permitting six samples to be run simulta-
neously under identical experimental conditions. The pressure, supplied by a pressure
pump, was regulated and controlled by the stopcocks and manometer of the pressure
vessel. The stainless pressure filter holder was connected to a nitrogen cylinder, the
pressure being regulated by the reducing valve.

Filtration. The experiments were done at room temperature (20-22°), under a posi-
tive pressure of 0-2-0-3 kg./cm.2 A few experiments performed under negative pressure
gave essentially the same results.

Homogeneous suspensions of L-form cultures were prepared by vigorous shaking
and subsequent centrifugation at 1000g for 20 min. at4°. The resulting supernatant
fluid, containing about io6to io7colony forming units per ml. (c.f.u./ml.), to be further
referred to as ‘L-form suspension’, was used in the experiments. At the start of each
experiment the number of c.f.u./ml. of the suspensions was assayed. Portions of the
suspensions held at room temperature during the experiments showed no appreciable
change in the number of c.f.u. Immediately after collection, the number of c.f.u./ml.
was determined in the filtrates, which were collected either totally or in a number of
fractions. In the latter case the fraction containing the highest number of c.f.u./ml.
(the maximum concentration) was regarded as representative of the filtration through
that filter. Further details are given under Results.

The Serratia marcescens cultures, incubated for 4-6 hr, were washed and resuspended
in the brucella broth medium. Before suspension in the same medium, the strepto-
coccal cultures were treated 5 times for periods of 1 min. in a ultrasonic disintegrator
(MSE, Model 60W, 60 kcyc./sec.) to disrupt the chains.

Growth throughfilters. Circular pieces of Millipore membrane filters of diam. 07 cm.
were placed on agar plates and the filter surfaces inoculated with a drop of L-form
culture. The plates were then sealed with paraffin, incubated for 7 days, and the filters
then removed and the plates inspected for colonies. Control experiments were made
with the streptococcal strains gi1-8 and aea. For the experiments in liquid medium, the
Bellco Parabiotic Chamber (Bellco Glass Inc., Vineland, New Jersey, U.S.A.) was
used, filters of various porosities being placed between the compartments. Both
compartments were filled with the broth, and one side was inoculated with L-form
growth. The uninoculated side was subcultured daily during a 3-day incubation period.
Experiments with Serratia marcescens and the streptococci GL-8 and aed served as
controls.

RESULTS
Filtration experiments

To establish the relationship between filter pore size and particle diameter, the
Millipore membrane filters were tested with suspensions of Serratia marcescens (size
0-5/;x0'5 to i-ofi, Bergey’s Manual, 1957) and influenza A virus (5ize o-0S-og //;
Topley & Wilson’s Principles, 1964). The 10 ml. samples of S. marcescens suspensions
in brucella salt medium were filtered simultaneously through filters of various pore
size, employing the Swinny adapter filter holders. The filtrates were collected in
portions of 2-5 ml. The number of c.f.u./ml. of the fraction with the highest concentra-
tion was recorded. Influenza A virus was suspended in saline, samples (10 ml.) were
filtered and collected. With the exception of the saline suspending medium, the experi-
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mental conditions were the same as used in the experiments with the L-form suspen-
sions. The results are given in Tables i and 2

For both Serratia marcescens and the influenza A virus, a close relationship was
found between the pore diameter of the filter membrane just able to retain completely
all the dispersed particles, the limiting pore diameter (l.p.d.), and the smallest size of
these particles, indicating a direct relation between the l.p.d. and the size of the
particles. This was confirmed by the results obtained with the g1-8 and aea strains of
group A streptococci (size 0-6-i-0 //, Bergey’s Manual, 1957). For both strains an 1.p.d.
of 0-65 fi was found.

Table 1 Filtration of Serratia marcescens through Millipore membrane filters

Samples (10 ml.) of 4 hr cultures resuspended in brucella broth salt medium, were filtered
simultaneously through membrane filters of the indicated pore sizes. Filtrates were collected
in 4 x 2-5 ml. fractions. The number of c.f.u*/ml. of the fraction containing the maximum
concentration is recorded as log. no. c.fu/ml. and, in parentheses, as % of the original
number (the maximum relative concentration).

Expt. 1 Expt. 2 Expt. 3 Expt. 4
Log c.fu/ml. A original suspension
Average
7-30 5'95 6-95 5-90 maximum
Filter pore Filtrates (log c.f.u./ml.) relative con-
size (m/i) 1 centration
3000 548(i-5 n.t.f 4-48 0-33 nt 09
1200 4-48 (0-2 33° (02) 3-30 (0-2 3-77 (0-8 0-3
800 4-30 (0-2 n.t. 3-84 (0-08) 3-69 (0-6 0-2
650 n.t 2-30 (0-02) 3-00 (o-0i) 1-95 (0-0i) 001
450 0(0) 0(0) 0(0) 0(0) 0
* c.f.u. = colony forming unit. t n.t. = not tested.

Table 2. Filtration of influenza A virus through Millipore membranefilters

Samples (to ml.) of saline suspensions were filtered through membrane filters of the indi-
cated pore sizes. Virus titre assayed by the haemagglutination (h.a.) method

Expt. 1 Expt. 2
h.a. titre of the original suspension
512 64
Filter pore h.a. titre of the filtrates
size (m i) '
3000 nt* 64
220 256 64
100 4 < 4
50 <34 <4
10 < 4 <4

* n.t. = not tested.

Simultaneousfiltration ofL-form suspensions. The L-form suspensions were prepared
from 18-24 hr cultures. In each experiment several 10 ml. samples of one L-form
suspension were passed simultaneously through filter membranes of different porosities
in Swinny adapter filter holders, and the filtrates collected in 2-5 ml. fractions. Table 3
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shows the number of c.f.u./ml. contained in the fraction with the maximum concentra-
tion. These data indicate an l.p.d. of 0-30 j1for the L elements.

Sequentialfiltration ofL form suspensions. To rule out the possibility that obstruction
of the filter pores could result in too high value of the 1.p.d., a further series of experi-
ments was made. L-form suspensions were prepared from 18-24 hr. cultures, and one
sample of each suspension was filtered successively through filters with progressively

Table 3. Simultaneousfiltration through Millipore membranefilters of the
L-forms of 2 strains of group A streptococci

Sanj?les 10 m.? of L-form suspensions ngrepare_d from 18to 24 hr L-form broth cultures,
were filtered simultaneously through membrane filters of the indicated pore sizes. Filtrates
were collected in 4x 25 ml. fractions. The number of c.f.u.*/ml. of the fraction containing
the maximal concentration is recorded as log. no. ¢.f.u./ml. and, in parentheses, as % of the
original number (maximum relative concentration).

Strain of streptococcus
gl-8 gl-8 . gl-8 AED
) Log c.f.u/ml. original suspension Average
- 6-00 6-00 7-30 6-00 rmXIrTum
Filter ) relative con-
pore size Filtrates (log c.f.u./ml.) centration
(m0 %)
5000 n.t.f 4 95 (9) 6-30 (10) 5-00 (10) 10
800 n.t. 5-30(i8) 6-00 (7) 500 (10) 12
650 5-20(16) n.t 6-44 (14) 4-84 (1) 12
450 2-00 (0-05) 1-47(0-003) 0(0) I-00 (0-0i) 0%02
300 n.t 0 (0) 0(0) 0(0) 0
220 0(0) 0(0) 0(0) 0(0) 0
* ¢.fu. = colony forming unit. t nt = not tested.

Table 4. Sequentialfiltration through Millipore membranefilters of the L-forms
of 2 strains ofgroup A streptococci

San}oles (io ml.) of L-form suspensions prepared from 18to 24 hr L-form broth cultures,
were filtered successively through membrane filters of decreasing porosity. After each
passage, 1ml. of the filtrate was inoculated into broth. The absence (3 or the oceurrence (+)
of growth after 5-day incubation is indicated.

Strain g1-8 Strain aed

Growth obtained from the original suspensions

+ + + -+ + +
Filter pore Growth obtained from the filtrates
size (iu4) c
1200 + nt* + n.t. nt. +
800 T + nt. + + nt.
650 + + + + nt. +
450 + + + + + +
J— J— — + J—

300 nt.
220 —

*nt. = not tested.
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smaller pore size. The experiments were started with 10-15 ml. samples, and after each
passage 1ml. of the filtrate was inoculated into broth. These cultures were incubated
for 5 days, and growth assessed from daily subcultures on agar plates. As can be seen
from Table 4, essentially the same results were obtained. With the exception of one
experiment, the 0-30y filtrate remained negative.

Culture age andfilterability of L-form suspensions. To assess the influence of the age
of the culture on filterability, especially through the limiting filter, L-form suspensions
were prepared from cultures incubated for 6, 12, and 24 hr. To study the effects of
absorption and clogging on the filtration process, volumes of 80-100 ml. were filtered
through 0-30y and 0-45 y filters in stainless pressure filter holders. For the 6 or 7 filtrate
fractions of equal volume thus obtained, the number of c.f.u./ml. was determined
separately. The results (Table 5) showed that although the L-form suspensions prepared
from cultures incubated for 6 and 12 hr seemed to pass a little more readily, the age of
the culture did not influence the filtration results with respect to the size of the limiting
pore diameter. Except in one experiment (see Table 5) in which a small percentage of
the reproductive elements passed it, the 0-30 L filter retained the L elements.

The first filtrate fractions of the 0-45 ft filter were always negative, the following two
fractions gave an increasing number of c.f.u./ml. The maximum number of c.f.u./ml.
was found in fractions no. 4 or 5, and remained nearly constant in the following
fractions. This result indicates a slow and difficult passage of the reproductive elements
through the filter pores. An appreciable effect of clogging of the filter pores, which
would have been shown by a decrease of the number c.f.u./ml., was not observed,
however.

Growth through membranefilters

Experiments on agar plates. The L-forms of the two streptococcal strains inoculated
on Millipore membrane filters of various pore sizes placed on agar plates, grew through
filters with pore sizes of 0-22y or larger. The passage through the filters was shown
by the development of colonies underneath the filters (PI. 1). Although growth occurred
on top ofthe o-io jlfilter, penetration of this filter was not observed during the incuba-
tion period. The control experiments with the g1-8 and aea Streptococcal parent strains
showed that, although abundant growth occurred on top of the filters, the bacterial
form did not grow through any of the filters.

Experiments in broth medium. The L-form of both streptococcal strains grew through
the filter of 0-30y pore size. Irregular results were obtained with the 0-22 il filter.

The Serratia marcescens and the streptococcal parent strains used in the control
experiments passed through the 0-45 jland the 0-65y filters, respectively. The S. mar-
cescens was completely retained by the 0-30y and the streptococcus by the 0-45Yy filter.

DISCUSSION

Lederberg & St Clair (1958), Roux (i960), and Weibull & Lundin (1962) have pointed
out that the plasticity of the L-form elements may be a factor which determines the
filterability of the bacterial L-forms. The deformability of the L elements should there-
fore be taken into account in the interpretation of the results of filtration experiments.
In general, the results obtained in the present study with the L-forms of the g1-8 and
aed Strain of group A streptococci are in agreement with the results reported in the
literature (Panos, Barkulis & Hayashi, i960; Mortimer, 1965; Dienes & Madoff, 1966;
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Coussons & Cole, 1968). However, the question of the significance of the filterability
with respect to the size of the filterable and reproductive elements remains.

In these experiments the percentage of reproductive elements passing the filter with
a pore size of 0-45//, varied between 1% and 0-00i % or even less. A low filtration
recovery after filtration o: bacterial L-forms through filters with pore sizes of 0-6 j1or
smaller has been reported (Klieneberger-Nobel, 1949, 1962; Rada, 1959; Kellenberger
et al. 1956; Panos et al. 1960). The low filtration recovery cannot be solely explained
by mechanical obstruction of the filter pores and adsorption on to the filter surface.
The similar results obtained in the serial and sequential filtration experiments, and the
absence of a decrease in the number of viable elements passing a single filter during
filtration indicated that, under the experimental conditions used, mechanical blocking
ofthe filter pores did not influence the results to a significant degree. In both the control
experiments and the experiments performed with the streptococcal L-forms, on the
other hand, a strong adsorption of elements on to the filters occurred. This is demon-
strated by the reduction in viable count of the suspensions after passage through filters
with pore sizes many times larger than the diameter of the suspended panicles. This
retention, which is due to electrostatic charges (see Millipore Application Data Manual,
1963, Millipore Filtration Corp., Bedford, Mass. U.S.A.), did not however, influence
the relationship between the particle diameter and the size of the limiting pore diameter,
as indicated by the control experiments. Furthermore, the number of reproductive L-form
elements passing the filters remained nearly constant up to the 0-65 jLfilter, but showed a
sharp decrease at the 0-45 n filter. The filtration recoveries obtained with the control
suspensions of Serratia marcescens and influenza A virus, to the contrary, gradually
decreased with decreasing filter pore size. This suggests that either the L-forms constitute
a homogeneous population of L elements with respect to size or that passage is effected
by means of deformation. In view of the pleomorphic character of the bacterial L-form,
the latter explanation seems the more likely. The maximal degree of deformation which
is still compatible with viability occurs with filters of 0-45 {1 porosity.

The low filtration recovery obtained with this filter can be explained by the assump-
tion that only a few elements are capable to pass these filters. In addition, the results
show that the filterability of the streptococcal L-formswas not influenced by the age of
the L-form cultures.

Penetration of the 0-30 jland 0-22 jlfilters occurred in the experiments in which the
streptococcal L-forms grew through the filters. These filters were not passed by
reproductive elements in the filtration experiments. The divergence between the results
of the two methods, which is also found in the literature, is perhaps also best explained
by the assumption that the pliable L-form elements are able to adjust to and pass
through these smaller filter pores by deformation. Apparently, a higher degree of
deformation of the L-form elements can be achieved in the slow process of penetration
by growth than under the conditions prevailing in the filtration experiments.

The present results suggest that the plasticity of the streptococcal L-form elements
isindeed a factor determining the filterability of the L-form. Consequently, a conclusion
about the size of the smallest reproductive elements is difficult to reach. The principles
governing size determination by the filtration method, i.e. the relationship between
limiting pore diameter and particle size (Elford, 1938), are based on the concept of a
rigid particle. These principles should therefore not be applied to the results obtained
with L-form elements because of their pliability.
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The sharp decrease in the number of reproductive elements passing the 0-45 p filter
as compared to the 0-65 p filter indicates, however, that in all likelihood the size of the
smallest reproductive elements of the L-form of the two group A streptococcal strains
used in this study lies between these values.

The authors are indebted to Dr N. Mazurel of the Department of Internal Medicine,
Leiden University Hospital, who kindly supplied and titrated the influenza A virus
used in this study.
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EXPLANATION OF PLATE

Millipore membrane filter discswere placed on thesurface of an agar plate and inoculated on top with
the liquid growth of the L-form of the aea strain of groupAstrept(_)coca. The photograph wes taken
after 5-days incubation, after removal of the filter discs. Penetration of the filters is shown by the
development of L-form colonies in the agaar underneath the filters. The numbered labels indicafe the
pore size () of the filters employed, x 1~



Journal of General Microbiology, Vol. 52, No. 3 Plate 1

C. P. A van BOVEN, H L ENSERING ..« W HUMANS (Facing p. 412)



J. gen. Microbiol. (1%8), 52, 413-420 413

With 2 plates
Printed in Great Britain

Size Determination by
Phase-contrast Microscopy of the Reproductive Elements
of Group A Streptococcal L-Forms

By C. P. A, van BOVEN*, HENRIETTE L. ENSERING
and W. HIJMANS

Institute for Rheumatism Research, University Hospital,
Leiden, The Netherlands

{Acceptedfor publication 15 February 1968)

SUMMARY

Slide cultures consisting of small agar blocks were inoculated with the
L-forms of two group A streptococci strains gl-8 and aed grown in broth.
The size of the L-form elements was measured on photographs taken
immediately after inoculation of the slide cultures. The diameter of the
elements varied between 0-2 and 3-0//, The frequency distribution of the
diameters has a bimodal form. This bimodality probably represents the
size distribution of two classes of L-form elements which can arbitrarily
be divided at the diameter of 07 il

The reproductive elements of the streptococcal L-forms were found, with
a few exceptions, to have a minimal diameter of 07 /t (average diameter 1-4
and i-2 //, respectively; standard deviation 0-3 i£).

Slide culture experiments with concentrated filtrates of 0-45 filters showed
that the reproductive elements present in the filtrates ranged in size from
0-8to 17 jlwith an average diameter of 1-2/t (standard deviation 0-21). The
filterability of the streptococcal L-form might therefore be mainly due to the
plasticity of the L-form elements.

INTRODUCTION

The occurrence of elements of widely differing sizes, with diameters ranging from
the resolving power of the light microscope to several jl, is characteristic for the
L-forms of bacteria. With respect to the size of the elements capable of reproduction,
the results of filtration experiments generally indicate that elements with a diameter
of 0-35p or even smaller are capable of reproduction (see van Boven, Ensering &
Hijmans, 1968). However, studies ofthe reproductive L-form elements by phase-contrast
microscopy (Weibull & Lundin, 1962; Weibull, 1963; Taubeneck, 1962), with the
micromanipulator (Roux, i960) and in stained agar preparations (Dienes, 1967, 1968)
have yielded values of 0-6-07 F or larger.

One of the factors considered to affect the passage of L-form elements through
filter pores is their plasticity (van Boven et al. 1968). This may explain the differences
between the results of filtration experiments and direct microscopic measurement;
the size of the smallest reproductive L-form elements obtained by the filtration
method tends to be too low.

Present address: Laboratory of Microbiology, University of Utrecht, The Netherlands.
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The filtration experiments with the L-forms of two group A streptococci indicated
that the size of the smallest reproductive elements varied between 0-45 and 0-65 jl
(van Boven et al. 1968). The present paper reports the results of microscopical size
determinations of the L-form elements of the same two strains. The size distribution
of the elements and the relation between size and reproductive capacity were deter-
mined by phase-contrast microscopy of slide cultures. To test the assumption that
their plasticity allows L-form elements to pass membrane filters with pores smaller
than these elements, the concentrated filtrates from 0-45 il Millipore membrane
filters were studied by the same method. The minimal size of the L-form elements
of the two strains of group A streptococci which commenced growth and developed
into micro-colonies was O-7p or larger. The L-form elements responsible for the
development of growth in the 0-45fi filtrates had diameters of the same order of
magnitude, i.e. -8/, or larger.

METHODS

Organisms and cultivation. The L-forms of the g1-8 and aea strains of group A
streptococci and the methods of cultivation were described in the preceding paper
(van Boven et al. 1968). For the slide cultures, the medium was supplemented with
10% (v/v) inactivated horse serum.

Preparation of the slide cultures. Small agar blocks (7x7 mm.) were cut out of
1mm. thick agar plates and placed on conventional glass slides (76 x 26 mm.).
Inoculation was made either by streaking 0-2 ml. broth culture on the agar plate
before cutting out the blocks or by placing a loopful of broth culture on the agar
block. Coverslips (22 x 22 mm.) were placed on the agar blocks, and the preparation
was sealed off with a mixture of petroleum jelly (10%) and paraffin. For counting
and orientation in the slide cultures according to Taubeneck (1959), a Formvar film
provided with a counting grid (3x3 mm.; ruled in 60 x 60 squares of 50 x 50 //) was
attached to each coverslip before use. The slide cultures were incubated at 370,

Phase-contrast microscopy. A Leitz Ortholux microscope (Ernst Leitz GMBH,
Wetzlar, Germany) equipped with the Leitz phase-contrast system was used with
the X63 dry objective (N.A. 070) or the X90 oil immersion objective (N.A. 1-15).
Photographs were taken with either a micrographic camera or an automatic micro-
scope camera (Leitz Orthomat Automatic Camera) with a green filter and llford
Pan F film (lIford Ltd, llford, Essex, England). Negatives were printed and enlarged
to give a final magnification of 3600 ( x 90 objective) or 2625 ( x 63 objective).

Determination of particle size and reproductive capacity. The diameter of sharply-
focused single elements was measured on the photographic prints. For non-spherical
elements the smallest diameter was taken. The measurements were done in mm. to
the nearest o-i mm., and converted into p. To assess the accuracy of the method, the
diameter of polysterene spheres with a known diameter of 0-8i /i (Difco Bacto-Latex,
0-8i, Difco Laboratories, Detroit, Michigan, U.S.A.) were measured. The average
diameter and standard deviation derived from measurements of 30 and 82 polysterene
spheres with a x 63 and x 90 objectives, respectively, were 0-8//+0-09// and 0-9p=*
0-04 p.

The reproductive capacity of the elements was assessed from measurements done
in photographs of the same fields made directly after inoculation and at regular
intervals during incubation. Comparison of the diameters of the elements in the
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successive photographs showed which of the elements had developed into a micro-
colony.

Size offilterable elements. Standard Millipore filter membranes of type HA, pore
size 0-45 ji, were employed. L-form suspensions were prepared and filtered as previously
described (van Boven et al. 1968). The filtrates were concentrated by centrifugation
at 80,000g for 60 min. in a Spinco Model L preparative ultracentrifuge equipped
with a no. 30 rotor. Slide cultures were inoculated with the sediment.

RESULTS
Microscopic appearance and particle-size distribution

To study the microscopical aspect of the elements in L-form broth cultures of
group A streptococci, slide cultures were prepared from cultures incubated for 15 hr
at 37°. Plate 1, fig. 1, 2 show the L-form elements of the gl1-8 and aed strain on slide

Table 1 Size and relation between size and reproductive capacity of the
L-form elements of the g1-8 and aeda Strain ofgroup A streptococci

_ Series |. Slide cultures were inoculated from 15-hr L-form broth cultures and photographed
immediately afterwards, using a phase contrast microscope with a x 90 oil immersion
objective. Particle diameters were measured on the enlarged photographic prints: final
nification x 3600. ) ) )
ries 1. L-form broth cultures incubated for 9hr were used to inoculate the slide
cultures. Photographs were taken immediately after inoculation and at regular intervals
during incubation. A x 90 oil immersion phase-contrast objective and a x 63 dry phase-
contrast objective were used in the experiments with the g1-8 and aea Strains, respectively.
The photographs were enlarged to a final magnification of x 3600 and X 2625 respectively.

Experimental series 11
. . Strain
Experimental series | ( __ A
Strain g1-8 AED
g1-8 AED Elerments per class
Elements per class Total Reproductive Total Repro%ctive
( (

ClasO) No. % No. % No. % No. % No % MNo
0*2-0'3 158 22-8 308 21-3 15 44 0 0 - = = -
03-0-4 131 189 317 21*9 27 7-8 0 0 6 1%0 0 0
04-0-5 64 92 169 117 30 8-7 0 0 28 27 I 0*2
0-5-0-6 33 4-8 100 6-9 19 5-5 0 0 35 5°9 7 1-2
0-6-0-7 19 2-7 93 6-4 15 4'4 0 0 20 3'4 5 0-8
0-7-0-8 23 3'3 50 3-5 8 2-3 2 0-6 51 8-6 27 4-6
0-8-0-9 38 5°5 82 57 3 0-9 | 0-3 30 5-1 17 2-9
0'9-10 67 9'7 58 4-0 6 1-7 3 0-9 77 13-0 58 9-8
1°0-1*1 37 573 59 4-1 11 3-2 1 3-2 54 9-1 43 7'3
1'1—4%2 48 6-9 8 47 28 81 27 7-8 87 147 67 113

1%2-1-3 pil 3-0 45 31 44 128 43 125 53 9-0 45 7-6
l3-14 24 35 39 27 44 128 43 125 42 71 40 68

i 4-1-5 13 1-9 23 16 30 87 29 84 28 47 27 4-6
i -5-1-6 8 1 08 23 67 23 67 34 57 32 54
i -6-1-7 3 0-4 I 08 18 52 18 52 19 3-2 17 29
i-7—i-8 2 03 4 0-3 3 0-9 3 09 12 20 I 20
i-8-1-9 I 0-1 5 0-3 6 17 6 17 6 10 6 1-0

= 1.9 2 o3 3 02 14 41 H 41 8 13 5
Total 692 lo00 1445 1000 344 1000 223 648 50 ioco 4B 61
27 c. Maadh 52
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cultures photographed immediately after inoculation. For comparison, PL 2, fig. 5
shows the appearance of a slide inoculated with sterile broth. The photographs
demonstrate the pleiomorphic aspect of the L-form elements, especially with regard
to size.

] GL-8 AED
Series | <
€
\
5
[«5]
Y
- 25 o
<074 ~|->>o-7,¢ g
d05
GL-8 la)
- 15
Series Il <
- 10
-5
o ° D oo -0
o o - - - -
A\

Frequency per cent in class range
Fig. 1 Histograms of the diameters of L-form elements of the gi1-8 and aea strains of
group A streptococci. The histograms are based on the figures given in Table 1
Series 1. Frequency distribution of element diameters in 15-hr broth cultures.

Series 11, Frequency distribution of the diameters of reproductive » and non-repro-
ductive OJ elements in"9-hr cultures.

Spherical and ovoid elements with diameters of about 1ii and larger are clearly
depicted, but the majority of the particles had diameters near the resolving power of
the microscope. In the first series of experiments the diameters of the elements were
measured on the enlarged photographic prints obtained from these slide cultures.
Table 1, series 1 shows the results of measurement of the diameters of 692 and 1445
L-form elements of the g1-8 and aea strains, respectively. In both cases more than
half the elements had a diameter of less than 0-5/m about one-fourth fall between
0-5-1-0i1, and the rest showed a diameter of 1-0//, or larger. The largest elements
observed had a diameter of 2-5-3-0/;.

The frequency distribution of the diameters of the cL-8 L-form elements, as
illustrated in Fig. 1, series 1, takes a bimodal form. This bimodality suggests that the
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L-form elements can be divided into two classes according to size. These classes
were arbitrarily separated at the diameter of 0-7//. The bimodality is less clearly
shown by the size distribution of the 1445 aea L-form elements.

The average diameter and standard deviation of the two classes of L-form elements
were identical for both the gi1-8 and aea strain (i.e. 0-4pxo-i uand i-i /,07 p).
It should be noted that the average diameter and standard deviation of the smaller
class are only approximate. The measurements obtained are incomplete because
some of the elements of this class probably had diameters below the resolving power
of the microscope.

Reproductive capacity of elements of different sizes

The reproductive capacity of the L-form elements, i.e. the capacity to develop into
a micro-colony, was assessed in the second series of experiments. Growth was deter-
mined by comparing of elements in photographs of the same fields taken immediately
after inoculation and at regular intervals during incubation. This is illustrated in
Pl. 2, fig. 6, 7, 8. Since L-form cultures of the g1-8 and aea strains yielded a maximal
number of viable elements after 9 hr of incubation, in these experiments the slide
cultures were inoculated with broth cultures incubated for that period.

Table 1, series 2 shows the results; the total number per class and the number of
reproductive elements present are given. The size distribution of the gi1-8 L-form
elements, as demonstrated by the histogram in Fig. 1 series 2, again indicated the
existence of a class of L-form elements with diameters of 07 p or larger, and a class
of elements with diameters less than 07 p. The observations for the aea strain were
made with a X63 objective; the resolving power of this system is about 0-5p.
A small proportion of the class of elements with diameters less than 07 p could
therefore be measured. The few measurements obtained below the value 0-5p are
only approximate.

The elements which developed into a micro-colony had, with a few exceptions in
the aed strain, a diameter of 07 p or more. The size distribution of the growing
elements (as shown by Table 1, series 2 and by the histograms of Fig. 1, series 2)
coincides with the size distribution of the L-form elements belonging to the class
of elements with diameters of 07 p or more. The parameters of these size distributions,
the mean diameter, and the standard deviation, were the same, i.e. 1-4/,+07 p in
the g1-8 strain and i-2/<+0-3p in the aed strain.

Size of reproductive elements in 0-45 p filtrates

Plate 1, fig. 3, shows a slide culture inoculated with the concentrated filtrate from
a 0-45 p Millipore membrane filter. A large number of particles with diameters near
the resolving power of the microscope and a few larger elements are visible. Observation
of these slide cultures during incubation showed that only the large elements developed
into micro-colonies, as can be seen by comparison of Pl. 1, fig. 3, 4. No growth was
observed of any of the very numerous smaller elements. The data on the large elements
are limited because, notwithstanding the concentration, the number of these elements
was low and they were therefore difficult to find under the microscope. A total of
49 elements which had developed into micro-colonies were observed and photographed.
Measurements of the diameter of these elements on the photographs taken im-
mediately after inoculation showed the size of the elements to vary between 0-8 and

27-2
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i7 il The average diameter and standard deviation of the growing elements, i.e.
i-2nx 0-2//, are similar to the values found for the class of reproductive elements.

DISCUSSION

The data in the present paper show a relationship between size as measured
microscopically and reproductive capacity of the L-form elements of group A strepto-
cocci. A minimal size of 0-7 i1 appears to be essential for reproduction, since only
elements with a diameter of 0-7 ji or larger developed into micro-colonies. Micro-
scopical studies of the L-form of group A streptococci (Dienes, 1967, 1968) and other
bacteria (Roux, i960; Taubeneck, 1962; Weibull & Lundin, 1962; Weibull, 1963;
Fodor & Miltenyi, 1964; Dienes, 1968) have also indicated that after transfer to
fresh agar medium, growth developed exclusively from elements with a diameter
of 0-6-07 /* or larger. The pleomorphic character of the L-form is revealed by the
variation in size of the viable elements and also by the occurrence of elements with
considerably smaller diameters.

The diameters of the streptococcal L-form elements were measured on photographs
obtained by phase-contrast microscopy. With phase-contrast microscopy, the resulting
modified diffraction gradients usually do not represent the actual boundaries of the
objects (Ross, 1957; Ross & Galavazi, 1964). In the present study the ‘visible size’
was measured according to Chairman (1963) as the distance between the outer visible
limits of the diffraction gradients. To assess the error inherent in this procedure,
measurements were made on polysterene spheres of known diameter. The results
indicate that, at least with particles of this diameter, a reliable estimation of the
size of objects can be obtained.

In a previous study (van Boven et al. 1968) it has been shown that reproductive
elements of the L-form of the same group A streptococcal strains passed through
membrane filters with 0-45 /t porosities. The results suggested that passage through
this filter might be due to the plasticity of the L-form elements. The demonstration
in the present study of L-form elements with diameters between 0-8 and 17 /t in the
concentrated 0-45 ji filtrates, provides supporting evidence for this assumption. Only
these elements were found to develop into micro-colonies; the numerous smaller
elements present in the filtrates showed no sign of multiplication during the period
of observation. The filterability of the streptococcal L-form might therefore be mainly
due to the plasticity of the L-form elements, which would explain the discrepancy
between the results of the filtration method and the microscopic measurements with
respect to the size of the reproductive L-form elements.

The role of the elements with diameters less than 0-6-07 !l is not yet clear. These
elements, which range down to 0-05 jlas measured electron microscopically (Thorsson
& Weibull, 1958a, b; Weibull, Mohri & Afzelius, 1965; Ryter & Landman, 1964;
Coussons & Cole, 1968), are produced during growth of the bacterial L-form. Dienes
(Dienes, 1967,1968; Dienes & Madoff, 1966,1968; Dienes & Bullivant, 1967) observed
multiplication of these elements when embedded into the agar gel or in the internal
structure of membrane filters. In a liquid medium or after transfer to fresh agar
medium, multiplication of these elements did not occur; under these circumstances
growth developed from larger elements, the so-called Targe bodies’. The latter
observation is in accordance with the results of the present study. Confirmation of
the former observation cannot be provided by our experiments. The same holds for
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the hypothesis put forward by Klieneberger-Nobel (1962) that the small granular
L-form elements can develop only when embedded in a matrix of delicate slime.
Separation of the granules from the matrix would result in loss of reproductive
capacity. The assumption that multiplication of small L-form elements is possible
only in the coherence of the L-form colony would explain the failure to demonstrate
development of these elements in the present slide-culture experiments. It would also
explain the penetration of the streptococcal L-form through membrane filters with
low porosities (van Boven et al. 1968), but not the filterability of the L-form elements.

Further evidence which seems to exclude the possibility that the ‘small” L-form
elements play a significant role in the reproduction of the bacterial L-form has been
provided by biochemical studies (Weibull & Beckman, 1961; Sensenbrenner, Bader-
Flirsch, Terranova & Mandel, 1964) indicating a low DNA content of the small
L-phase elements, and by electron-microscopical studies (Ryter & Landman, 1964;
Coussons & Cole, 1968) showing the absence of a nuclear region in a considerable
number of the small elements.

The bimodality of the size distribution of the group A streptococcal L-form elements,
furthermore, suggests the existence of two definite populations. A similar size distri-
bution has been found for the L-form elements of a Proteus L-form (Weibull &
Lundin, 1962). The majority of the elements in the size range of 0-6-0-7 ji are
apparently capable of growing and increasing in size, which explains the bimodal
size distribution.

In conclusion, the results of the previously reported filtration experiments (van
Boven et al. 1968) and of the present microscopical study indicate a size between
0-6 and 0-7 ji for the minimal reproductive elements of the L-forms of two group A
streptococcal strains. Although reproduction of elements of smaller sizes under
certain conditions can not be excluded, reproduction of these elements did not occur
under the experimental conditions. To elucidate the role of these elements and to
further our understanding of the reproductive physiology of the bacterial L-form,
detailed analysis of the small elements, especially with respect to the distribution of
DNA in the individual elements, will be required.
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EXPLANATION OF PLATES

Photographs of slide cultures of L-forms of Group A Streptococcus prepared according to
Taubeneck (1959). The magnification is x 1260,

Plate i

Fig. 1 L-form elements of the g1-8 strain of Group A Streptococcus. The slide culture wes photo-
graphed immediately after inoculation with a 15 hr broth culture.

Fig. 2. L-form elements of the aed Strain. Same as Fig. 1.

F_i?. 3. Slide culture of g1-8 L-form elements immediately after inoculation. The culture had been
filtered through a 045 ;, filter.

Fig. 4. The sare field as in Fig. 3 after 24-hr incubation. The micro-colonies have developed from
the two elements with diameters of 08 and 1-7g.

Plate 2

Fig. 5 Photograph of control slide culture inoculated with sterile broth.
Fig. 6. Slide culture immediately after inoculation with a 9hr gi1-g L-form culture.
Fig. 7. The same field as in Fig. 6 after 1hr incubation.

Fig. 8 The same field as in Fig. 6 and 7. Note that the micro-colonies have developed from the large
elements after 3 hr incubation.
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SUMMARY

The system for transporting arginine into Neurospora conidia is described
and shown to be consistent with the permease concept. The arginine system
is shown to be separate from that which transports the aromatic and
branched-chain neutral amino acids. Metabolic energy is necessary to achieve
a concentration of arginine in the conidia higher than the external medium
but not to maintain this concentration differential. A canavanine resistant
mutant is shown to transport the basic amino acids at a reduced rate but the
mutant transports other amino acids at the normal rate.

INTRODUCTION

Rickenberg, Cohen, Buttin & Monod (1956) described a special type of active trans-
port involving the accumulation of sugars by Escherichia coli. They proposed that
special molecules, probably protein in nature, bring about the catalytic transport of
substances across the cell membrane. They termed these components permeases. The
permease concept implied only two essential hypotheses: (1) there is a transient
specific complex between the substance to be transported and the permease. (2) The
permease is functionally specialized and not involved in intra-cellular metabolism.

The permease concept and the chemical nature of the permease molecule have
recently been substantially clarified. Fox & Kennedy (1965), identified a protein
component in the cell membrane fraction of Escherichia coli as the gene product which
functions in the transport of /i-galactosides. Kolber & Stein (1966) also identified a
protein component in a cell fraction as the product of the /?-galactoside permease
gene of E. coli. Kaback & Stadtman (1966) showed that isolated membranes from
E. coli could catalyze the transport and concentration of proline. However, membranes
from a transport deficient strain did not catalyze the uptake and concentration of
proline.

DeBusk & DeBusk (1965) have described a permease system for the transport of
phenylalanine in Neurospora crassa. They showed that the basic amino acids are poor
inhibitors of phenylalanine transport. Stadler (1966) has reported studies on the trans-
port deficiencies of a number of 4-methyltryptophane resistant mutants of Neuro-
spora. These mutants show a large reduction in the transport of the aromatic amino
acids and several neutral alaphatic amino acids but minor reduction in the transport of
the basic amino acids. Evidence for separate permeases functioning in the transport
ofarginine and lysine into yeast cells have been reported (Grenson, Mousset, Wiame &
Bechet, 1966; Grenson, 1966).

* Present address: Science Division Florida Presbyterian College, St Petersburg, Florida.
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The purposes of this report are: (1) to describe the arginine transport system in
Neurospora crassa; (2) to show that there are at least two separate permease systems in
Neurospora for the transport of amino acids; (3) to show that arginine and lysine are
probably transported by a common permease system; (4) to demonstrate that the
energy requiring step for arginine transport operates during the influx process not by
altering efflux properties; (5) to show that metabolic energy is required to achieve a
concentration of arginine inside the cell greater than the external medium, but not to
maintain this concentration differential; (6) to describe some properties of a transport
deficient mutant.

METHODS

Strains employed and maintenance of cultures

Neurospora crassa Wild-type strains 74A (or) and SY4f8a were used. Strain 74a was
used as the standard in all experiments except those involving canavanine resistance,
in which case SY4f8a was the standard wild type. The mutant strain cr-io Was isolated
by one of the present authors (W.B.R.). It is an ultraviolet-light-induced mutant
derived from wild type SY4f8a. It was initially characterized as a canavanine resistant
mutant. Canavanine is an analogue of arginine which will inhibit the growth of strain
SY4f8a.

All cultures were grown and maintained on 25 ml. of Yogel minimal medium N
(Vogel, 1956) containing 2 % sucrose and 2 % Difco agar. The cultures were either
allowed to grow for 5-7 days at 30° or transferred after 24 hr to 250and allowed to
grow for a total of 5-7 days before harvesting. The second procedure was found to
improve conidiation. For transport experiments, conidia were harvested, suspended
in cold sterile water, and filtered to remove mycelial pieces. Samples were removed and
dried to determine the dry weight.

Measurement of amino acid transport

The basic incubation mixture for transport experiments included: (1) Vogel minimal
medium N (Vogel, 1956); (2) a 14C uniformly labelled L-amino acid, usually 0-02-
0-04 /ic/ml. (obtained from Schwarz Bio Research); (3) non-radioactive L-amino acid
to adjust the concentration of the amino acid to the desired specific activity, which was
usually either 0-5 or 0-25. The experiments were initiated by adding the conidial suspen-
sion to the incubation mixture whichwas previously adjusted to 30°. The conidia were
kept in suspension by shaking in a constant temperature water bath.

Samples (5 ml.) were removed from the incubation mixture at programmed times
and deposited on a membrane filter (millipore HA 0-45 fi, 25 mm). The samples were
washed with 5 volumes of water and glued to a planchet for later counting in a Baird
Atomic thin window gas flow proportional counter. The results in the text, unless
otherwise indicated, express the total amount of radioactive amino acid taken up by
the conidia.

Measurement of intra-cellular pools

When measuring the free amino acid pool two 5ml. samples were removed from
the basic mixture. The first sample was immediately filtered and washed as previously
described. The second sample was added to 10 ml. of 10 % cold trichloroacetic acid
(TCA) and after 30 min. the cells were filtered and washed in the usual fashion. From

differences in the radioactivity between these samples the size of the free pool was
determined.
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Measurement of concentration gradient

The conidial volume of a 5 ml. sample (taken from the usual incubation medium
for a transport experiment) was determined from the packed cell volume of the
original concentrated suspension of conidia. The ratio of the free intracellular arginine
to that remaining in the incubation mixture after the conidia had been removed gave
an approximation of the gradient established at a particular time.

The magnitude of the concentration gradient was also determined in another way.
Hot water extracts of conidia were analysed on a Beckman amino acid analyser. The
conidia (5-6 mg.) were suspended in 5ml. HaO after a 3 hr incubation in the basic
incubation mixture containing L-arginine-12C. The control conidia were incubated
without arginine. The conidia were boiled for 25 min. and then centrifuged. The
supernatant was decanted, chilled, recentrifuged and adjusted to pH 2-1 with 0-1 n-HCI
to a final volume of 5 ml. Part of this sample was then passed through the amino acid
analyser. The difference in arginine concentration between the experimental value and
that obtained with control conidia was used to determine the concentration of free
arginine which was accumulated in a unit volume of packed conidia.

Chromatograpny of hot water extracts

Following an incubation in L-arginine-14C, amino acids were extracted from conidia
with hot water. These extracts were chromatographed employing one dimensional
paper chromotography with water-saturated phenol used as a solvent. The chromato-
gram strips were developed with ninhydrin and the radioactivity was determined by
counting the strips in a windowless Nuclear-Chicago Actigraph.

RESULTS

Transport of arginine into conidia of Neurospora crassa is temperature dependent.
The temperature optimum for the arginine transport system occurs between 30° and
40° (Fig. 1). The rates oftransport at 400and 50° were not constant but declined as the
incubation proceeded, indicating an inactivation of the transport system at these
temperatures. At zero degrees there was no accumulation of arginine in the cells above
the concentration in the medium.

The transport of arginine in Neurospora is also pH dependent. The optimal pH is
about 5-6 (Fig. 2). The results illustrated in Fig. 2 were obtained from experiments in
which potassium phosphate solutions (o-i m) were used as the incubation media.
Using other buffers (citrate, tris, sodium phosphate) over small pH ranges it was
confirmed that the optimal pH for arginine transport is between 5 and 6. Since Vogel
minimal medium is buffered in this range it was used in all subsequent experiments as
the incubation medium.

Effect of the external arginine concentration

At relatively low arginine concentrations the rate of transport was shown to depend
on the concentration in the medium. However, the rate was not increased by raising
the arginine concentration above 0-6 //.moles/30 ml. (Fig. 3). In this experiment each
ml. of incubation medium contained o-i mg. (dry wt) of conidia.

Initial velocities of arsinine transport were obtained in an experiment similar to that
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illustrated in Fig. 3, but in this second experiment lower concentrations were used.
The data obtained from samples incubated for 5 and 10 min. were considered to repre-
sent initial velocities, since there was no change in the transport rate during this time.
The data were plotted according to the methods of Lineweaver & Burk (1934) (Fig. 4).
From these experiments a typical Km of 2 x io~6m was obtained. This value corres-
ponds to a concentration of 0-002 /rmoles/ml. Independent determinations of a Km
value have varied between 174X io-6m and 2-1 X io-6m. In each case points for the
highest concentrations do not lie on the line as drawn in Fig. 4. We have no explana-
tion for this but it is typical of plots showing high substrate inhibition.
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Fig. 1 Arginine transport as a function of temperature. The basic incubation mixture con-

tained O- _4nMLaa{%inimJéC with a specific activity of 0-35/ucii mole. The conidial
concentration wes mg. (dry wt)/ml.

Fig. 2. Arginine transport as a function of pH. Potassium phosphate (0-i m) solutions were
used as the incubation mixtures containing 0-08 mMHL-arginine-1UC with a specific activity
0f0-5nc-ui mole. The conidial concentrationwas 0-08 mg. (drywt)/ml. ina total initial volume
of 25 ml. The incubations in Vogel salts were for 30 and 60 min.

Measurement of transport gradient

Arginine can be transported against a concentration gradient. Under the conditions
of limited incorporation of amino acids into protein (incubation without glucose or
with actidione added to inhibit protein synthesis) the arginine pool was near its maxi-
mum size after 3 hr of incubation. The ratio of arginine in the pool of a unit volume of
packed conidia to the concentration remaining in an equal volume of the incubation
medium was calculated to be 314. Flot water extracts of the conidia were chromato-
graphed to establish the percentage of radioactivity which was still associated with
arginine. These results showed that less than 5% of the arginine was converted to
other forms. There was a small amount of radioactivity in the ornithine spot on the
chromatogram and in another spot which was not identified but was probably urea.
The arginine concentration value in the hot water extracts was also obtained by passing
a sample (non-radioactive) through an amino acid analyser. In this case the concentra-
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tion of arginine in conidia incubated in medium containing arginine was shown to be
15/¢moles/ml. of packed conidia above the control level. The ratio of arginine con-
centration in the cells to that in the medium was 444. The amount of radioactivity
which was not extractable with hot water or cold trichloroactic acid (TCA) was used
to indicate what percentage of the total arginine taken up was incorporated into pro-
tein. Under standard conditions (no glucose added) the amount incorporated into
TCA insoluble material was less than 15 %
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Fig. 3 _Arginine transport as a function of external arginine concentration. The basic
incubation mmurgéao ml.) contained L-arginine with a specific activity of 0-17. The con-
centrations indicated are expressed as /¢molcs/30 ml. The conidial concentration in each case
was o-i mg (dry wt)/ml.

Fig. 4. Lineweaver-Burk plot of L-arginine traas'.tjjaor_t. The initial veloc;ties are expressed as
J¢oles of L-arginine tran4s(,5)orted per mg. dry wi/minute. The substrate concentrations are
expressed as /¢noles per 40 ml.

The energy requirement in the transportprocess

The transport of arginine was inhibited by 2,4-dinitrophenol (0-42 ium). This com-
pound immediately inhibited arginine transport if added after 40 min. or added at the
beginning of the incubation (Fig. 5). It can also be seen (Fig. 5) that there is little or
no efflux of the arginine from the cells after the energy generating system is inhibited.
Nearly identical results were obtained when sodium azide was used as the inhibitor.
Since the mechanism of inhibition of oxidative phosphorylation by 2,4-DNP and NaN3
is not clearly understood, another inhibitor was used to determine what effect the loss
of ATP formation has on arginine transport. Antimycin A inhibits the reoxidation of
coenzyme Q of the electron transport system (Green, Hatefi & Fechner, 1959). This
antifungal agent caused a similar inhibition of arginine transport (Fig. 6). Attention is
again directed to the lack of efflux of previously accumulated arginine when an ATP
generating system was inhibited. Under nearly identical conditions DeBusk & DeBusk
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Fig. 5. The effect of 2,4;dinig%%henol (2,4-DNP) on arginine transport. The basic incubation
mixture (30 ml), contained 0-03 mVHL-arginine-14C with a specific activity of 0-25/ic/mole.
(T}hé& Cn?\r)lldlal concentration wes 0-06 mg. (dry wt)/ml. The concentration of 2,4-DNP was

Fig. 6. The effect of antimycin A (o-0i mg./ml). on arginine transport. The basic incubation
mixture (50 ml.) contained 0-04 mMHL-arginine with a specific activity of 0:5fict/imole. The
conidial concentration was 0-04 mg. (dry We)/ml.
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Fig. 7. Lack of efflux of arginine after resuspending in medium without arginine. The basic
incubation mixture (too ml.) contained miViL-arginine-KC with a specific activity of
05 /¢cftmole. The conidial concentration was 0-06 mg. (dry wt)/ml. The actidione concentra-
tion was 0-2 mg./ml.

Fig. 8 Lack of exchange of pool arginine with arginine in the external medium. The basic
incubation medium (too r_ri.S)O(:%ntalneq 0-16 mvHL-arginine-14C with a specific activity of
0-25 /ECI/«ole, The conidial ‘concentration wes 0-06 mg. (dry wt)/ml. The cells were resus-
pended in 0-16 m\ViL-arginine-12C.
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(1965) found that phenylalanine was not maintained in the cells when NaN3and 2-4-
DNP were added.

The lack of efflux of accumulated arginine was further examined. Conidia incubated
for 4 hr in the basic medium containing radioactive arginine were resuspended in
medium without arginine. No efflux was observed (Fig. 7). This experiment was carried
out with actidione added to stop protein synthesis. Similar results were obtained when
cells were incubated for only 3 hr before resuspending them.

Efflux could not be demonstrated in the absence of an external source of arginine
even though a large arginine pool was maintained by the cells. The question remained
whether the arginine in this pool would exchange with the arginine in the external
medium. To answer this question, conidia were incubated in radioactive arginine for
2 hr. They were removed from the medium containing radioactive arginine, washed
with distilled water and resuspended in medium with unlabelled arginine. As seenin
Fig. 8, no efflux or exchange of the arginine in the cells with that in the external medium
was obtained.

Determination of stereospecificity and inhibition by L-amino acids

The transport of L-arginine was not affected by the addition of D-arginine. Table 1
shows that the addition of non-radioactive L-arginine reduced the transport of the
labelled 1 isomer, whereas the D-isomer did not.

Table 1 Effect of /> and L-isomers ofarginine on L-arginine transport

N 1/;mole 1/«noie 5/gmoles
A%i_dltlonlg,* Control L-arginine-laxC  D-arginine-ZC  D-arginine-12C
ime 0
incubation L-Arginine uptake expressed as counts per minute/mg. dry wt
in minutes ; * >
15 280 1518 3180 2,78
0 7,200 4,000 7,600 6,93°
45 11,600 6,000 11,500 10,700
60 15,700 8,100 15,100 14,400

* Each incubation flask contained 0-04 mMHL-arginine-14C with a specific activity of 1/¢c///mole in
25ml. of the basic medium

Many of the naturally occurring amino acids inhibit the transport of arginine.
Table 2 shows the results of amino acid inhibition experiments. The inhibiting amino
acids were present at concentrations of 20, 50 and 100 /¢;moles per 25 ml. in combina-
tion with one /;mole of L-arginine. These results show that the basic amino acids lysine
and ornithine were the best inhibitors; glutamic acid, a dicarboxylic amino acid, was
a poor inhibitor; and the neutral amino acids were intermediate. Proline, an imino
acid, was not inhibitory to arginine transport.

In order to determine if the uptake inhibition by non-basic amino acids was occurring
at the entry site or through a competition for a common pool, the following experiment
was done. Conidia were incubated for varying times in the basic medium containing
phenylalanine. The cells were removed from the phenylalanine medium, washed and
suspended in medium with labelled arginine. The rate of arginine transport was
examined and compared in these cells containing varying phenylalanine pool con-
centrations. The phenylalanine pool concentrations were previously measured and
shown to increase linearly over the first 60 min. of incubation (DeBusk & DeBusk,
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1965). Table 3 shows that phenylalanine previously accumulated by the cells did not
affect the transport of arginine. This result indicated that the inhibition of arginine by
phenylalanine appeared to be at the transport level rather than at the pool level. The
term ‘pool’ is defined as, that concentration of amino acid which can be extracted
from the cell under conditions which cause no degradation of macromolecules.

Table 2. Effects of other amino acids on the transport of L-arginine in wild type
strain 74A. Arginine uptake expressed as percentage of control

Inhibiting amino acid ~ 10:1* 21 50:1 100:1
Lysine 288 152 — 52
rnithine - 296 183 120
Histidine — 400 25 280
Phenylalanine 43'5 426 — 33-6
Tryptophan — 20 320 25
Citrulline — 55'4 416 360
Alanine 55-8 49-0 — 410
Isoleucine — A0 44'5 372
Leucine — 468 410 42-2
Methionine — 445 400 39-2
Serire — 680 55-0 470
Glutamic acid — 960 780 54-0
ycine — 75'5 60-3 53-0
Threonine — 73'0 650 500
Proline — 10 B2 ioro

* Ratio of inhibiting amino acid concentration to arginine concentration. The L-arginine-K¥C con-
entration in each case was 0-04 mMwith a specific activity of 0-5/¢d/,mrole.

Table 3. Effect ofphenylalanine pool size on arginine transport

Minutes of previous incubation in the basic medium containing

0-08 mMHDL-phenylalanine
_Time of o 10 2/6 K{) 40
incubation . ]
(min)* L-Arginine uptake expressed as counts per minute/mg dry wt
10 1680 1740 1950 19%5 1970
2 330 325 3500 3410 3300
40 6,250 6,100 6,790 6,170 6,050
a0 8,70 8650 8,650 9,000 8430
& n,ioo 10200 11,780 10720 10810

* Each incubation flask contained 0-08 mM-M-L-arginine-Cl4with a specific activity of 0-5 ftcl/imole
in 50 ml. of the basic medium.

Simultaneous transport experiments in wild type 74A

The specificity of the system transporting arginine needed further investigation.
If separate systems existed for the transport of two different amino acids, it was
reasoned that the accumulation of radioactivity by conidia incubated with two radio-
active amino acids would be greater than the rate for either amino acid independently.
However, the rate would be intermediate between the separate rates if the two amino
acids were transported by a common system. The concentration of each amino acid in
the medium had to be sufficiently high so that the separate rate of transport of the
amino acid was independent of the external concentration.
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When lysine-4C and arginine-14C were simultaneously transported from the same

incubation mixture, the resulting rate of 14C accumulation was an average of the
separate rates for arginine and lysine (Fig. 9). This indicates that arginine and lysine
are transported by a common permease system. The results were quite different when
the rates of transport of arginine-14C in combination with either tyrosine-14C, leucine-
14C, or phenylalanine-14C were examined. In each of these cases the combined initial
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Fig. 9. Comparison of the simultaneous and separate transport rates of L-arginine and
L-lysine in a wild type strain 74a. The basic incubation mixture '50 ml.) contained
respectively:

(1) simultaneoustransport;0-08 mM-L-arginine-14C with a specific activity of0-5/icl/imole;
0-08 mM-L-lysine-14C with a specific activity of 0-5/;c//imole.

(2) Arginine transport alone; 0-08 mM-L-arginine-14C with a specific activity of 0-5/;c/
/'.mole.

(3) lysine transport alone; 0-08 mM-L-lysine-14C with a specific activity of 0-5 /;c//tmole.

(4) the concentration of conidia in each case was 0-07 mg. (dry wt)/ml.
Fig. 10. Comparison ofsimultaneous and separate transportrates of L-arginine and L-tyrosine.
The basic incubation mixtures (50 ml.) contained respectively:

Curve A. L-tyrosine-14C (0-08 mu) with a specific activity of 0-25 /ic//imole.

Curve B. L-arginine-14C (0 08 him) with a specific activity of 0-25 /-tc//..mole.

Curve C. L-tyrosine-14C (0-8 mu) with a specific activity of0-25 /tc//tmole plus L-arginine-
14C (0-08 mM) with a specific activity of 0-25 /;c//«nole.

Curve D is the calculated sum of Curve A+ Curve B. The conidial concentration in each
case was 0-07 mg. (dry wt)/ml.
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rate was clearly greater than either of the two separate rates and closely approached
a calculated sum of the separate rates. A typical result is illustrated in Fig. 10.

The transport of phenylalanine-14C in combination with leucine-14C or tyrosine-14C
resulted in each case in a 14C accumulation rate intermediate between the separate
rates. This result suggests that phenylalanine, tyrosine and leucine are transported by
a common permease. These results are consistent with the inhibition results for
phenylalanine transport reported by DeBusk & DeBusk (1965) and the growth
inhibition experiments of Brockman, DeBusk & Wagner (1959).

Properties of a canavanine resistant mutant

If, as indicated by the above results, a specific permease functions in the transport
of the basic amino acids, a mutant should be obtainable which has reduced transport
capacity for only the basic amino acids. In order to find such a mutant v/e isolated
strains which would grow on canavinine (an analogue of arginine). One of the mutants
designated CR-10 fits this description (Table 4). Arginine, lysine and histidine were
transported at reduced rates whereas other selected amino acids and a glucose
analogue, 3,0-methylglucose were transported at the normal rate.

Table 4. Comparison of transport between wild type strain SY4fga
and mutant strain crio*

Arginine Lysine Histidine Phenylalanine Leucine
Time | * o * o A o A . e
(min.) Wt RO  wt RO  wt RO wt (RO  wt CRIO
15 970 565 2421 1504 1389 901 1759 2143 1487 1804
30 M0 1017 4395 2713 2303 1659 2662 3261 2680 3270
45 2453 1500 6083 4213 3180 2360 3197 3840 3640 4048
60 3200 2022 8004 5152 3930 2810 3618 4130 3947 4970
75 3910 2467 9754 6235 4643 3462 3360 3973 4364 4930
Alanine Serine Glycine Aspartic acid  3-methyl glucose
A
Wt RO wt RO wt RO wt RO wt RO
15 1266 1630 1209 1397 1727 1835 149 151 496 430
30 2330 2810 2277 2526 3125 3626 273 250 623 570
45 3314 3594 3341 3793 4448 4905 360 328 1053 904
60 4189 4909 4215 4504 5820 6672 466 474 1456 1307
75 5138 6194 5406 5582 7262 8332 615 608 1890 1680

* All experiments conducted with 5 mg./ml. of actidione added. The specific activity of each amino
acid was the same (1/.,c/4 /¢moles) except lysine (2/;c/4/i;moles). O-methyl-glucose specific activity
was 1/;c/10/;moles. All results are expressed as counts/minute/mg. dry wt conidia.

DISCUSSION

Evidence had been presented here to support the conclusion that arginine is actively
transported across the cell membrane of Neurospora crassa conidia by a constitutive
stereospecific system. Establishment of a 400-fold difference in the concentration inside
the conidia over the external medium was demonstrated. The transport process which
established this gradient was shown to require metabolic energy and is dependent on
the pH ofthe medium and the temperature. This transport system also showed satura-
tion Kinetics typical of enzymic reactions.
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Koch (1964) and Winkler & Wilson (1966), studying galactoside transport in
Escherichia coli, proposed that the energy step in active transport brings about a decrease
in the efflux rate of the galactoside resulting in a net increase in influx. In Neurospora
previously accumulated arginine does not efflux in the absence of external arginine or
exchange with arginine in the medium, and no efflux is observed when energy poisons
are employed. Therefore a different explanation involving energy utilization must be
proposed for arginine accumulation in Neurospora.

The experiments described here suggest that the energy step in arginine transport is
directly involved in influx, not in reducing an efflux system. This implies that energy
is expended to achieve a high concentration gradient of arginine inside the cell but not
to maintain it.

The results of the experiments involving the simultaneous transport of two labelled
amino acids argue for the existence of at least two separate permeases. Each of these
permeases is thought to be shared by separate groups of amino acids. One group
composed of the basic amino acids and the other the branched and aromatic neutral
amino acids.

The simultaneous rates were not in any case completely equal to the sum of the
separate rates. This observation along with the observed interference by the non-basic
amino acids on arginine transport would indicate that some overlap in function of the
separate permeases exists or there is an additional less specific transport system.
Another likely explanation is that the cross inhibitions which are observed occur at
a secondary step subsequent to the interaction of the permeases with the amino acids.

This research was supported in part by a Public Health Service Fellowship (W.B.R.)
GM-15,934 and by a Research Training Grant (T 01 GM01316) from the National
Institutes of General Medical Sciences.
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SUMMARY

The unnatural glucose analogue 2-deoxy-D-glucose was found to be fungi-
static rather than fungicidal for a laboratory wild-type strain of the Basidio-
mycete coprinus lagopus’, the analogue was not used as a carbon+ energy
source. Extension-growth rate of the organism was profoundly affected by the
presence of 2-deoxyglucose; but although this growth could be prevented
completely the inhibition was readily annulled, either by the addition of an
excess of the normal substrate or by transfer to normal media. The extent of
the inhibition observed depended not only on the ratio of normal hexose to
analogue, but also on the identity of the normal hexose in the medium.
Coprinus lagopus Was at least 100 times more sensitive to the analogue when
fructose was present than with glucose. This extreme sensitivity differential
was also observed in the effect of 2-deoxyglucose on oxygen uptake by spore
suspensions: inhibition of Oa uptake occurred, and was about 100 times
greater with fructose than with glucose.

INTRODUCTION

Woodward, Cramer & Hudson (1953) reported that the unnatural glucose analogue
2-deoxy-D-glucose (deGlc) caused inhibition of growth of Saccharomyces. This was
confirmed by Heredia, de la Fuente & Sols (1964) who showed that growth and glyco-
Iysis were inhibited in Saccharomyces cerevisiae and S.fragilis. These workers showed
that growth on glucose + deGlc (2 %+ o0-i %) was only about 30 % of that on normal
hexoses, while virtually no growth was made on fructose + deGlc at the same concentra-
tions. Incubation of organisms with fructose + deGlc lead to the death of over 95 % of
active organisms in about 24 hr.

The growth of Neurospora crassa was decreased on media containing equimolar
concentrations of deGlc and glucose, though with limiting glucose the addition of
analogue increased the final growth yield (Sols, Heredia & Ruiz-Amil, i960). Neuro-
spora crassa can utilize deGlc as sole carbon + energy source although the growth is
weak. On the other hand Aspergillus oryzae utilizes deGlc fairly readily, the growth
rate being about one fifth of that on normal hexose (Sols et al. 1960). Barban & Schulze
(1961) working with human cell cultures, showed that there was essentially no growth
at equimolar concentrations of deGlc + glucose and that after about 3 days of exposure
to this medium the cytopathogenic effects were irreversible, cells grown on fructose
were 5to 10times more sensitive to inhibition than those grown on glucose. The respira-
tion of yeasts (Heredia et al. 1964) and human cells (Barban & Schulze, 1961) was
markedly inhibited by deGlc. In the case of yeasts the inhibition of respiration was not

as great as the inhibition of growth and was not a direct cause of the latter.
28-2
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Enzymic studies have shown that deGlc is readily phosphorylated by hexokinase
(ATP : D-hexose 6-phosphotransferase, E.C. no. 2.7.i.i.) (Herediaet al. 1964; Barban &
Schulze, 1961 ; Sols et al. 1960) without inhibiting glucose phosphorylation (Barban &
Schulze, 1961). However, the phosphorylation of fructose was actively inhibited by
deGlc in HeLa cell extracts. Phosphohexoseisomerase (D-glucose-6-phosphate ketol-
isomerase, E.C. no. 5.3.1.9.) and glucose-6-phosphate dehydrogenase (D-glucose-6-
phosphate: NADP oxidoreductase, E.C. no. 1.1.1. 49.) from HelLa cells were both
inhibited by deGlc-6-phosphate (Barban & Schulze, 1961). The available evidence
indicates that the inhibitory effects of deGlc are conditional on its phosphorylation.
Inhibition of the entry of normal sugars into the cell by accumulated deGlc phosphates
and possibly inhibition of early enzymes of glycolysis and of the pentose phosphate
cycle are probably sufficient to account for the effects seen on respiration. The lethal
effect observed with yeasts (Heredia et al. 1964; Megnet, 1965) is probably accounted
for by a trapping of uridine nucleotides by phosphorylated derivatives of deGlc, with
a consequent interference with the synthesis of structural polysaccharides (Heredia
et al. 1964). A deGlc-resistant mutant of yeast (Heredia & Sols, 1964) and a resistant
sub-line of HelLa cells (Barban, 1962) have been described. In both cases growth
(40 % to 50 % of normal) was obtained with equimolar concentrations of normal
hexose + deGlc—conditions under which the parental strains showed no growth. The
evidence indicated that resistance in each case was due to an abnormally high phospha-
tase activity which decreased the intracellular deGlc phosphate concentration. The
general effects of deGlc in a wide range of systems were reviewed by Webb (1966).

The present paper describes work on the effects of deGlc on the Basidiomycete
Coprinus lagopus. The particular interest of this organims lies in the observation that
it is naturally highly resistant to the analogue in the presence of glucose, but very
sensitive in the presence of fructose.

METHODS

The organism used was a strain of coprinus lagopus, isolation number »c 9/66; it is
a haploid prototrophic laboratory wild type. It was maintained by monthly sub-
cultures on complete medium.

Media. The basal medium (minimal medium) had the following composition
(Analar grade reagents): asparagine, 13 mm; ammonium tartrate, 3-3mm; NaZ2HPo 4
iomM; KHZP04 10mm; NaZo 4 2mm; thiamine hydrochloride, approximately
1x i0-4 % (w/v). Hexoses were added to this medium in the concentrations indicated
in the various experimental descriptions; normal hexoses were obtained from British
Drug Houses Ltd., and 2-deoxy-D-glucose from the Sigma Chemical Company
(London). A fully supplemented (complete) medium was prepared by adding glucose
(to 100 mm), Bacto Casamino acids (0-07 %, wi/v), Bacto yeast extract (0-07 %, wiv),
Bacto malt extract (1-0 %, w/v), and hydrolysed nucleic acids (approximately 0-04 %,
w/v) to the above. Media were solidified with Bacto agar (1-5 %, w/v).

Preparation of oidial suspensions. In general monokaryotic strains of Coprinus
produce asexual spores (oidia) continuously during the growth of the colony. These
are formed by aerial hyphae and can be found in abundant numbers in fluid droplets
in the aerial mycelium. Oidia were harvested from slope cultures of coprinus lagopus
BC9/66 on complete medium made up in 6 in. X 1in. Pyrex glass boiling tubes. Ten ml.
of distilled water were added to a tube after at least 5 days of incubation at 370, and



Effect of 2-deoxyglucose on Coprinus 435

the oidia scraped into suspension with an inoculation needle or loop. After filtration
through cotton-wool to remove mycelial debris the concentration of oidial suspensions
was estimated with the aid of a haemacytometer slide. Viability of suspensions was
determined by plating samples on complete medium agar and assessing what pro-
portion of the visible oidia was able to grow into colonies. Where, in the sequel,
results are given in terms of spore numbers these refer to the number of viable oidia,
not to the total number of visible oidia.

Agitated suspensions. In the majority of experiments oidia were treated in suspension.
The suspensions (10 ml.) were contained in 1 0z. McCartney bottles and continuously
agitated by mounting on an angled turn-table within an incubator at 370. At intervals
1ml. samples were removed, diluted and spread on to plates of complete medium.
Plates were incubated at 370and colonies counted after about 48 hr.

Growth rates. The rate of extension growth was determined by measuring colony
diameters at successive stages during incubation. Growth was initiated with 2 mm.
diam. disks cut with a punch from established (about 3 days old) complete medium
cultures. Conditions of growth were standardized as far as possible; media were
prepared and sterilized in one batch, 20 ml. quantities were used in plastic Petri dishes,
and inoculated plates were incubated at 370 together in a single incubator. Three
replicates of each treatment were measured over two diameters at right angles.

Measurements of oxygen uptake. The rate of oxygen uptake by oidia in suspension
was measured by using a conventional Warburg manometric apparatus at 370. War-
burg vessels contained in their main compartment, minimal medium constituents,
oidia, and the required hexoses all in a total volume of 3-0ml. All additions were
adjusted in amount to give the required concentrations in this final volume. Oidial
suspensions were adjusted to give a final concentration of 3x io8viable oidia/ml.

RESULTS AND DISCUSSION
Viability of oidia

The fungicidal action of 2-deoxy-D-glucose (deGlc) was first investigated by an agar
overlay technique. Oidial viability was compared by incubating spores at 370on mini-
mal medium containing 100 mM-glucose and on minimal medium containing 100 miv
glucose + 5 mM-deGlc. At 8hr intervals the plates were overlaid with complete
medium, re-incubated until colonies appeared and these then counted. Survival was
uniformly good (75-100 %) there being no significant difference between survival on
the two types of medium even in those samples which had been exposed to deGlc for
48 hr. This technique was abandoned in favour of one using agitated oidial suspensions
when it became clear that oidia would germinate and grow vigorously on minimal
medium +100 mM-glucose+ 5 mM-deGlc. Medium overlaid on plates which had been
incubated for more than about 48 hr spread secondary oidia derived from established
colonies, thus confusing the results.

The survival of oidia following treatment in suspensions containing various con-
centrations of glucose and deGlc is shown in Fig. 1. Quantitative results were not
reliable for most treatments of duration longer than about 25 hr, because of the
appearance of colonies within the suspensions. Such colonies both trapped oidia and
prevented accurate pipetting. Well-developed colonies were visible at the 25 hr sample
time in the controls and in those experiments containing 5 mM-deGlc +10 mM-glucose;
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at 32-5 hr in 25 mM-deGlc+ 10 mM-glucose; and small colonies were also seen in
50 mM-deGlc +10 mM-glucose at 32-5 hr. Very small colonies were also visible in the
other experimental bottles at the end of the experiments. Despite this difficulty, how-
ever, the data clearly show that there was no very significant effect (if any) on oidial
survival even at a 50:1 molar ratio of deGlc: glucose. Furthermore, the appearance of
colonies in the suspensions indicates that the coprinus was highly resistant to deGlc
under these conditions.

Tests for oidial survival in liquid media containing fructose and deGlc were delayed
until the extension-growth experiments were completed (see below). Survival in media
containing 5mm fructose+ 0-5 mM-deGlc was then examined, since growth was known
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Fig. 1 Scatter diagram showing oidial viability following incubation in media containing
different concentrations of glucose and deGlc. Viability at each pointis expressed as % of the
control value at zero time. Key: O, minimal medium containing 10 mM-glucose (= control);
A, 10 mM-glucose+5 mM-deGlc; x, 10 mM-glucose+25 mM-deGlc; +, 10 mM-glucose+
50 mM-deGlc; «, ro mM-glucose+ 25 mM-deGlc; A, i-o mM-glucose+50 mM-deGlc.

Fig. 2. Curves showing oidial viability following incubation in four fungistatic media.
Curve 1(*) normal minimal medium containing 5 mM-fructose + 0'5 mM-deGlc; curve 2 (0)
medium lacking all nitrogen and carbon sources (points showing no clear difference in viability
in curves 1and 2 are plotted as half-closed circles); curve 3 (A) medium lacking nitrogen
sources but containing 5 mM-fructose+o-5 mM-deGlc; curve 4 (A) medium lacking nitrogen
sources but containing 5 mM-fructose.

not to occur on such media. The results given in Fig. 2 show the survival of oidia after
incubation in several nutritionally deficient media. There was in general a distinct
decrease in viability following incubation in fungistatic media. Though curve 1 of
Fig. 2 may suggest that the addition of deGlc to what was essentially the normal
medium may have been the cause of the decreased viability, comparison with the
other curves shows this was not the case. Any effect on viability in this system was a
secondary consequence of the fungistatic action of deGlc and cannot be ascribed to
a direct fungicidal action. It is concluded that, at least under the conditions tested,
deGlc is not fungicidal towards the coprinus.
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Inhibition of extension growth

The rate of extension growth of the coprinus was profoundly affected by deGlc. As
Fig. 3 and 4 show, the effective ratio of normal hexose to deGlc depended greatly on
the identity of the normal hexose. Growth was decreased by about 50 % on media
containing equimolar amounts of glucose and deGlc; a similar degree of inhibition
was obtained with fructose + deGlc, but with these compounds in a molar ratio of
100:1.
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Fig. 3. Growth rates of colonies on solid media containing: 5 mM-glucose (¢); 2-5 mM-
glucose (O); 5 mM-glucose+5 mM-deGlc (A); 5 mM-glucose+0-5 mM-deGlc A).

Fig. 4. Growth rates of colonies on solid media containing: 10 mM -fructose (*); 5 mM-
fructose (O); 5mM-fructose+0-05 mM-deGlc (A); 5mM-fructose+0-25 mM-deGlc (A)

No growth at all was observed within 120 hr on media containing deGlc alone;
concentrations up to 10 mM were tested. Similarly, no growth was obtained on media
containing equimolar (5 mM) amounts of fructose and deGlc; 5 mM-fructose + 2-5 mMv-
deGlc; or 5 mM-fructose+ 0-5 mM-deGlc. This fungistatic influence of deGlc towards
the coprinus was annulled by adding extra amounts of glucose or fructose; 5 to 10
times as much fructose was required as compared with glucose. This annulment of
inhibition could be effected up to the maximum time that inocula were maintained on
fungistatic media (120 hr). Similarly, inocula removed from fungistatic media to
normal medium, even after 120 hr, grew immediately with normal vigour.

These experiments made it clear that deGlc was not utilized by the coprinus when
it was the sole available hexose, and that its fungistatic effects could be completely
annulled. The experiments revealed an interesting pattern of sensitivity to deGlc. It
appears from the curves in Fig. 3 and 4 that, judging from effective concentrations,
the coprinus was at least 100 times more resistant to the effects of deGlc when glucose
was present than when fructose was present. Since it is known from oidial survival
experiments that colonies appear within 40 hr in media containing deGlc:glucose in
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a 50:1 ratio, it is highly likely that this sensitivity differential is very much more
pronounced than that indicated here. The problem of this differential sensitivity will
be returned to later.

Oxygen uptake

Although deGlc alone did not support growth, oxygen uptake did proceed (Fig. 5);
though only at a rate about 25 % of that observed on the same concentration of
glucose. The same comparison can be made between growth and o 2uptake on 5 mivi
fructose + 5 mM-deGlc. In general the inhibitory effect of deGlc on 0 2uptake followed
fairly closely its effect on growth; the differences were largely a matter of degree. This
was also a feature of previous studies; it would appear that the inhibition of a single
metabolic process was less dramatic than the cumulative inhibition of the entire
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Fig. 5. Oxygenconsumption by spores suspended in liquid mediacontaining: 5SmivideGIc (A);
5mM-glucose+5 mM-deGlc(0);5 mM-fructose+5 mM -deGIc(A);5 mM-fructose + 0-C5mM -
deGlc ().

Fig. 6. Annulment of the in_hibito% effects of deGlc. At the times indicated by the arrows,
glucose to afinal concentration of 15m M wes tipped fromthe side-arminto the main compart-
ment of Warburg flasks. Up to that point the spores had been suspended in media containing:

5mM-glucose+5 mM-deGlc (®); 5 mM-fructose+5 mM-deGlc (O).

metabolic complex. Addition of more normal substrate to vessels containing an
inhibitory concentration of deGlc annulled that inhibition (Fig. 6); glucose was at
least 5to xo times more effective than fructose.

The graphs in Fig. 5 show that the differential sensitivity previously referred to
applied as much to Oauptake as to extension growth. The rate of 0 2uptake measured
in experiments involving 5mm glucose + 5mm deGlc was very similar to the rate
measured in experiments with 5mm fructose+ 0-05 mm deGlc; there was at least a
ioo-fold difference in sensitivity.

It is clear that both growth and o 2uptake of the coprinus were much affected by
deGlc, and that the inhibition was readily annulled. There was an extreme difference
in sensitivity depending on the identity of the normal hexose. Differential sensitivity
of this sort has been noted before, but not on so great a scale as observed here.
Barban & Schulze (1961) quoted, for human cells, a 5 to 10 times greater sensitivity
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with fructose as compared with glucose; from the data of Heredia et al. (1964) it
appears that saccharomyces cerevisiae Was about twice as sensitive to the growth
inhibitory effects of deGlc in the presence of fructose. In both of these cases the effects
in experiments with mannose and deGlc were virtually identical to those observed
with glucose and deGlc. In these two studies, the most closely related in scope to the
present one, no growth occurred on equimolar glucose + deGlc; growth of the coprinus
was only 50 % inhibited under such conditions. The sensitivity of the coprinus on
fructose media was closely similar to the general sensitivity pattern of normal yeast
and human cells. On the other hand the coprinus sensitivity on media containing
glucose paralleled the sensitivity of resistant sub-lines of HeLa cells (Barban, 1962)
and resistant mutants of yeast (Heredia & Sols, 1964). Yet these extremes in the expres-
sion of sensitivity have been observed in the same strain of coprinus lagopus. There are
many steps in sugar metabolism capable of providing a reasonable explanation for this
sensitivity differential. Among these are, for example, competitive inhibition of sugar
uptake favouring the aldohexose at the expense of the ketohexose, or a much greater
inhibition of fructose phosphorylation than glucose phosphorylation, possibly due to
a lesser affinity of hexokinase for fructose. Preliminary experiments suggest that the
overall sensitivity difference may well be the cumulative result of several different
individual effects.

My thanks are due to Dr D. H. Morgan of the John Innes Institute for supplying me
with the coprinus lagopus Strain BC9/66 used in this work.
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SUMMARY

Forty-two strains of corynebacterium acnes were compared with 20 strains
of staphylococci and 10 of lipophilic diphtheroids for their lipolytic action
on 14 substrates and for Tween 80 hydrolysis. All strains were isolated from
normal human skin. One lipophilic diphtheroid and 33 C. acnes strains
hydrolysed tributyrin. Forty-nine bacillary strains hydrolysed Tween 80.
None ofthe other substrates was degraded. C. xerosis atcc 373 and pPropioni-
bacterium acnes atcc 11828 acted on tributyrin. p. acnes also hydro-
lysed Tween 80. The staphylococci did not act on Tween 80 but attacked
tributyrin, triolein, trilinolenin, trilinolein and oil emulsions. Some cocci
acted on tricaprylin, tricaprin and trilaurin; no lipolysis by this group was
observed of trimyristin, tripalmitin or tristearin. Pancreatic lipase, tested by
the penicylinder diffusion method for comparison, was active on the same
substrates, as were the cocci. The addition of glucose, lactate and urea to
media did not inhibit lipolysis by the cocci. Sodium oleate inhibited
pancreatic lipase action on triolein and cottonseed oil but not on the
hydrolysis of tributyrin. Coccal lipase action was not inhibited by oleate.
All 74 test strains were uniformly inhibited by neomycin 5-10 /tg./ml. Gram-
positive cocci rather than C. acnes appear primarily responsible for bact-
erial lipase activity on human skin.

INTRODUCTION

Previous studies indicate that the predominant microbial flcra of normal human
skin consists of only three groups of bacteria. These include the staphylococci and
micrococci, facultative diphtheroids, many ofwhich are lipophilic, and corynebacterium
acnes (Marples, 1965). Indirect evidence suggests that cutaneous bacteria are partially
responsible for lipase action on skin, causing the release of fatty acids from
the hydrolysis of sebum or triglycerides (Strauss & Mescon, 1959). Staphylococci
and micrococci produce lipases and many strains hydrolyse polyoxyethylene
sorbitan compounds such as Tween 80 (Baird-Parker, 1963). C. acnes hydrolyses
Tween 80 (Brzin, 1965) and has been reported to act on tributyrin (Puhvel, 1967).
Little is known about C. acnes action on other lipids or the possible effects of lipo-
philic diphtheroids on tributyrin or similar substrates. To gain more information
about the lipolytic activity of the skin flora, studies were made to compare lipolysis
by c. acnes strains with other human skin bacteria.
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METHODS

organisms. Cotton-wool swabs were moistened in sterile saline and rubbed over
an area of about 4x4 cm. of the faces or forearms of normal human adults; these
swabs were discarded. A second swab was rubbed over the same area, placed in 10 ml.
sterile saline, and mixed for 30 sec. with an automatic tube shaker. The excess saline
was pressed out of the swab into the tube and the swab removed. This saline suspension
was used for plating experiments and streaking on the following media: Mannitol
salt and Staphylococcus no agars (Baltimore Biological Laboratories), Veillonella
agar (Difco) and 5% sheep blood agar with heart infusion base (Difco). One set of
these plates was incubated aerobically at 350for 5 days. A second set including only
Veillonella and blood agars was incubated anaerobically in Brewer jars with Gaspaks
(BBL) and placed at 350for 5-7 days. Gram-positive cocci were isolated from mannitol
salt or 110 agars. Strains were transferred in brain heart infusion broth (BHI), re-
streaked on either selective medium and re-isolated. Cocci were characterized by
using the methods of Baird-Parker (1963). Facultative diphtheroids were isolated
from blood agar. Isolates of this group were identified by Gram reaction and pro-
visionally as lipophilic strains by their greater growth in BHI broth containing
sodium oleate or Tween 80 (Pollock, Wainwright & Mansion, 1949). Efforts to classify
this group were attempted by using standard procedures (Manual of Microbiological
Methods, 1957). Corynebacterium acnes Strains were isolated from anaerobically
incubated plates. They were identified by using current information on the diagnostic
characteristics of this organism (Prevot, 1966) and confirmed by agglutination by
using the methods and antisera for C. acnes 0of the National Communicable Disease
Center, Atlanta, Georgia, U.S.A. Cocci and diphtheroids were maintained on slopes
of heartinfusion agar containing o-i % yeast extract, 0-2% glucose and 0-2 % Tween 80.
c. acnes Strains were maintained in thioglycollate medium (BBL). Propionibacterium
acnes atcc 11828 and c. xerosis atcc 373 were included in the study for com-
parison.

Measurement o f lipolysis. Lipolytic activity was detected by using Spirit blue agar
(Difco). Triglycerides (Sigma Chem. Co., St Louis, Mo.), corn ail, olive oil, cholesterol
and cottonseed oil (Proflo oil, Traders Oil Mill Co., Fort Worth, Texas) were prepared
as 20 % (w/v) emulsions with a 2-5% sterile solution of gum acacia. Oil emulsions
were autoclaved at 118° for 10 min; triglyceride emulsions were sterilized by flowing
steam. Substrates were incorporated into the medium in final concentrations of
0-6 % (Vv/v). Cocci and diphtheroid plates were incubated for 2-5 days. corynebacterium
acnes plates were incubated in Brewer jars for 7-8 days. Lipolysis was indicated by
clearing of the emulsions. Strains which were negative or weakly positive were
examined under a dissecting microscope for evidence of lysis under or at the edge of
the colonies.

A crude pancreatic lipase (Nutritional Biochem. Corp., Cleveland, Ohio) was
prepared as a 1% aqueous suspension (pH 8-0) and tested for its activity on the test
substrates by filling penicylinders placed in the centre of each plate, and incubated
overnight at 35 degrees. On removal of the cylinders, areas of lipolysis were usually
8-10 mm. in diameter.

In later experiments, certain compounds were incorporated into Spirit blue agar
to measure their effects on the lipase activity ofthe bacterial isolates. These compounds
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included glucose, sodium lactate, sodium oleate and urea which were sterilized
separately by filtration and added to melted media at 46°.

Strains were tested for neomycin sensitivity in the medium of Schultz-Haudt &
Scherp (1956). Neomycin solutions were sterilized by filtration. Growth of the
strains was measured in a Spectronic 20 colorimeter (Bausch and Lomb). Tween 80
hydrolysis was measured by the method of Wayne (1962).

RESULTS

The Gram-positive cocci were classified as group 2 staphylococci. The lipophilic
diphtheroids were Gram-positive catalase-producing bacilli which consistently grew
in palisade forms. Glucose and sodium pyruvate were fermented; maltose, sucrose,
fructose, mannitol and lactose were not fermented. These strains were also negative
in the following tests: urease and indole production, nitrate reduction, gelatin lique-
faction, action on litmus milk and motility. Growth occurred in broths containing
6-5% and 7-5% NaCl and feebly in 15% NaCl broth. One strain produced a brown
pigment; the other strains were non-pigmented. These strains were tentatively con-
sidered related to the Corynebacteriaceae because of their morphology and salt
tolerance (Bergey’s Manual, 1957).

Table 1. Lipolytic activity ofselected strains of the predominant
human cutaneousflora

GrouR tested
i . Coryne- i
_ Lipophilic  bacterium  Pancreatic
Substrate Staphylococci diphtheroids — acnes lipase
Number of positive strains
Tributyrin 20 | 33 +
Trica%in 10 0 0 +
Tricaprin 10 0 0 +
Trilaurin 10 0 0 +
Trimyristin 0 0 0 —
Tripalmitin 0 0 0 —_
Tristearin 0 0 0 —
Triolein 2 0 0 +
Trilinolein 19 0 0 +
Trilinolenin 19 0 0 +
Olive ail 19 0 0 +
Cholesterol 0 0 0 —
Cottonseed ail (Proflo) 19 0 0 +
(T:Om 0|2|30 hydrolysi 18 . 48 njcr*
Ween rolysis 9
Total strains teygted 20 10 4
* nt, not tested.

Forty-two strains of corynebacterium acnes Were compared with 20 staphylococci
and 10 lipophilic diphtheroids for their lipolytic action on 14 lipid substrates and
for Tween 80 hydrolysis (Table 1). One lipophilic diphtheroid and 33 C. acnes
strains hydrolysed tributyrin and 40 strains hydrolysed Tween 80. None of the other
substrates was attacked by these two groups. C. xerosis atcc 373 and Propioni-



444 R. F. SMITH AND N. P. WILLETT

bacterium acnes atcc 11828 acted on tributyrin. propionibacterium acnes hydrolysed
Tween 80. The Gram-positive cocci acted on tributyrin, triolein, trilinolein, trilino-
lenin and the oil emulsions; only half of the staphylococci attacked tricaprylin,
tricaprin and trilaurin and no action was observed by this group on trimyristin,
tripalmitin or tristearin. Repeated tests with these three compounds at 0-1% con-
centrations were negative. Tween 80 was not hydrolysed by the cocci. Pancreatic
lipase was active on the same substrates as the lipase-producing cocci.

Lipolytic activity of the cutaneous cocci was also shown by enumerating this
group in plating experiments (Table 2). Colony counts of lipolytic bacteria on Spirit
blue agar were almost identical to those on mannitol salt agar. Lipolytic colonies
from both Spirit blue media showed only Gram-positive cocci; similar results were
obtained incubating the plates anaerobically. Lipophilic diphtheroids and coryne-
bacterium acnes Were not routinely found among the nonlipolytic colonies developing
on Spirit blue media.

Table 2. Enumeration of the major lipolytic bacteria on human skin

Medium Colony counts/sample*
Total 126,000
Mannitol salt agar 85000
Spirit Blue agar

+ Tributyrin 85,000
+ Cottonseed ail 83000

* Counts based on facial sweb of 16cm.2area diluted in sterile saline. Plates were incubated
aerobically 5 days at 350 Total count medium consisted of heart infusion agar with 0-2% glucose,
c>|2% Tween 80 and 0-i% yeast extract. Only lipase forming colonies were counted on Spirit
Blue agar.

The cocci and pancreatic lipase were retested for lipase action on tributyrin,
triolein and cottonseed oil. The following compounds were separately added to
each medium: glucose, 2mg./ml.; sodium lactate, img./ml.; urea, 0-5mg./ml.;
sodium oleate, 304 /tg./ml. (this is equal to a final concentration of 1//m). Sodium
oleate inhibited pancreatic lipase action on triolein and cottonseed oil but not on
tributyrin. The other compounds were not inhibitory to pancreatic lipase. The lipolytic
action of the cocci was not inhibited by any of the added compounds.

The incorporation of neomycin sulphate 5-10 fig.imI. to broth or agar media
inhibited the growth of all strains.

DISCUSSION

Gram-positive cocci appear to be the only major cutaneous bacteria with appreciable
lipase activity. These results provide evidence that corynebacterium acnes is not one
of the predominant lipolytic bacteria of skin. Inhibition of bacterial lipase in tissue
sections treated with neomycin spray (Strauss & Mescon, 1959) is more likely to be
due to inhibition of coccal growth and not C. acnes growth or activity.

Glucose has been reported to suppress microbial lipase formation (Smith & Alfords,
1966) but the glucose concentration used in our test medium did not prevent the
action of the lipolytic cocci. Lactate and urea, which are excreted in large quantities
by the skin (Marples, 1965) were also inactive as lipase inhibitors. Certain lipases
are known to be inhibited by a concentration of /;M-oleate (Smith & Alford, 1966).
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This was observed by using pancreatic lipase with a cylinder diffusion method. The
accumulation of oleic acid on skin would not appear to inhibit staphylococcal lipase
activity. The continued recognition of new lipids secreted by skin (Kellum, 19673, b)
may indicate that many more substrates are available for bacteria to act upon.
Corynebacterium acnes, Which resides primarily in the pilosebaceous units of the
skin (Marples, 1965) might act differently in response to certain yet unidentified
lipids. The C18 unsaturated triglycerides were hydrolysed while failure of the cocci
and the pancreatic lipase to act upon trimyristin, tripalmitin and tristearin may be
a function of chain length and saturation of the compounds. Variations in qualitative
determinations of lipase activity has been reported (Muys & Willemse, 1965). Spirit
blue agar was generally satisfactory for this comparative study.
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SUMMARY

Water-insoluble complexes of ganglioside with cerebroside fixed tetanus
toxin at low concentrations (a few LD 50/ml.) of toxin. A complex containing
25 % ganglioside with cerebroside was 50 times better at fixing toxin than
complexes containing either 2% or 50 % ganglioside. A complex containing
25 % of a mixture of the gangliosides Gm and GIVwas 12 times better at
fixing toxin than a similar complex with gangliosides Gxand Gn. Complexes
of ganglioside with sphingomyelin and lecithin fixed toxin to a slight extent,
while complexes with tripalmitin and cholesterol did not fix toxin. The
complex of cerebroside and ganglioside, containing 25 % ganglioside, did not
fix strychnine, serotonin, botulinum toxin or plasma albumin.

INTRODUCTION

Whole brain homogenate fixes tetanus toxin (Wassermann & Takaki, 1898). The
only purified components of nervous tissue which have been found to fix toxin are
the gangliosides. This fixation has been demonstrated in the analytical ultracentrifuge
where, at high concentrations of toxin (5 mg./ml., 30 million LD 50/ml.), ganglioside
will fix up to 20 times its own weight of toxin (van Heyningen, 1963). The gangliosides
are water-soluble but can be made insoluble by complexing them with other sub-
stances, such as cerebrosides, which are themselves insoluble in water. The cerebro-
sides do not fix tetanus toxin but their insoluble complexes with gangliosides do, and
these can be used to study toxin fixation at low concentrations (a few LD 50/ml.) of
toxin (van Heyningen, 1959a, b ; van Heyningen & Miller, 1961). However, when the
ability of nervous tissue to combine with toxin is compared with that of a complex
containing equal parts of ganglioside and cerebroside, or with ‘protagon’ (a crude
cerebroside preparation containing about 2-5% ganglioside; see van Heyningen,
19594, b), the toxin-fixing capacity apparently decreases with increasing ganglioside
content of the preparations (Table 1). This would appear either to contradict the
suggestion that the ability of nervous tissue to fix tetanus toxin is due to its content
of ganglioside, or to suggest that some other component of nervous tissue (present
also in ‘protagon’) takes part in the fixation of tetanus toxin by nervous tissue without
necessarily being able to fix toxin by itself. In the present work, the fixation of tetanus
toxin by complexes of gangliosides with water-insoluble lipids has been further
investigated. A preliminary report of the conclusions of some of the work in this
paper has appeared elsewhere (Mellanby & van Heyingen, 1965).

Z? G. Microb. 52
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METHODS

Tetanus toxin was the preparation TD 464 D kindly supplied by Dr R. O. Thomson
of the Wellcome Research Laboratories; it contained 40 % protein of which 75 %
was toxin (see van Heyningen, 1959a, b). Dilutions of the toxin were made in o-i m-
phosphate buffer (pH 7-0) containing 0-2 % gelatin. Mixed gangliosides were prepared
by the method described by Mellanby, Pope & Ambache (1968). Crude cerebroside

Table 1 Tetanus toxin fixing capacities of various preparations
containing ganglioside

mg. required to fix Relative
o to LD 50 of toxin toxinfixing
Ganglioside _; ===m-E-ooooooo-—- - CAPACITY PEr UNIt
Preparation (%)  Total weight Ganglioside ganglioside
Fresh guinea-pig brain 05 05 00015 800
homogenate .
‘Protagon’ ] 25 040 o-0i 100
Ganglioside+ cerebroside 50 2 1 1
complex

(containing 0-75% ganglioside) was prepared by the method of Klenk & Leupold
(1944). Samples of highly purified cerebroside and sphingomyelin (containing no
detectable ganglioside) were kindly provided by Professor H. E. Carter of the
University of Illinois. Lecithin was obtained from British Drug Houses Ltd. (from
egg: 95-100%). The gangliosides Gls Gn, Gni and GV were kindly provided by
the late Professor Richard Kuhn of Heidelberg. Total lipids of brain were prepared
by homogenizing fresh guinea-pig brain with 30 volumes of chloroform + methanol
(2+ 1, viv) and filtering off the residue. The filtrate was diluted one in four in the
same solvent. This solution, representing 8 mg. fresh brain/ml., contained 0-8 mg.
dry weight (i.e. total lipids)/ml. Strychnine and serotonin were obtained from British
Drug Houses Ltd.

Sialic acid was estimated by the resorcinol method of Svennerholm (1957). Where
the determination was to be made on mixtures of lipids, the gangliosides were first
partially purified by adsorption on silicic acid followed by elution with methanol.
The procedure used was adapted from a method devised by McCluer, Coram & Lee
(1962). An appropriate amount of the lipid extract in which the ganglioside was to
be measured was evaporated to dryness and the lipids dissolved in 1ml. methanol
followed by 15 ml. chloroform. Silicic acid (1-5 g.; previously washed in absolute
methanol, 2 ml./g., and dried overnight at 70°) was weighed into a clean dry fritted
glass funnel (porosity 2) and packed by gentle tapping. The silicic acid was wetted
with 2-3 ml. chloroform + methanol (15+ 1, v/v) and the lipid solution was applied
to it. The solvent was then forced through under positive pressure (rubber bulb) until
the solvent was just level with the top of the silicic acid. The silicic acid was then
washed in the same manner with 5ml. chloroform + methanol (9+1, v/v) followed
by 5 ml. chloroform + methanol (3+ 1, v/v) and the washings discarded. The ganglio-
sides were eluted from the column with two 5ml. portions of absolute methanol, the
second portion of methanol being forced through until the silicic acid was dry. The
methanol eluate was evaporated to dryness in a stream of air in a water bath at 60°
and the residue was suspended in 2 ml. water (for the determination of sialic acid).
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Complexes of ganglioside with water-insoluble lipids were prepared by dissolving
the two together in organic solvent, mixing, evaporating off the organic solvent and
resuspending the residue in hot water (van Heyningen, 1963). When it was desired
to add a constant amount of total brain lipid to decreasing amounts of ganglioside +
cerebroside complex, the following procedure was used. The appropriate amounts of
ganglioside and cerebroside were dissolved in chloroform+ methanol (1+1, v/v) and
serial 2-fold dilutions of this solution were made with the same solvent. The appro-
priate volume of the chloroform + methanol extract of brain was then added to each
of these dilutions, the solvent evaporated off, and the residues suspended in appro-
priate constant volumes of water.

Toxin-fixing capacity was measured by adding constant volumes of toxin solution
(44 LD 50/ml.) to equal volumes of suspensions containing decreasing concentrations
of nervous tissue or lipid complex, standing for 10 min., centrifuging at 20,000 rev./
min. for 15 min. (40-2 head in Spinco Model L) and injecting 0-5 ml. volumes of the
supernatant fluids intra-muscularly into pairs of mice. In this way the least amount
of suspension required to fix 10LD50 doses of toxin could be determined (van
Heyningen, 1959b).

RESULTS

To see whether a lipid component of brain was responsible for the superior toxin-
fixing ability per unit ganglioside of a brain homogenate compared with a cerebroside
+ ganglioside complex (50% ganglioside) the effect of the addition of the total lipids
of a chloroform-)-methanol (2+1, v/v) extract of brain on the toxin-fixing capacity
of the complex was tested. The results of these tests are given in Table 2. It can be
seen that the total brain lipids had comparatively low toxin-fixing capacity, but the
addition of 0-8 mg. of these lipids to cerebroside + ganglioside (containing 50%
ganglioside) increased the toxin-fixing capacity of the complex more than 90-fold.
Decreasing the ganglioside content of a complex to 10 % had a similar effect. However,
addition of 0-8 mg. total brain lipids to this complex then decreased its toxin-fixing
capacity 4-fold. A possible explanation of these apparently contradictory findings on
the effect of brain extract on toxin fixation by cerebroside + ganglioside complexes
was that the substance in brain extract enhancing toxin-fixation was cerebroside itself

Table 2. The effect of total brain lipids on the fixation of tetanus toxin
by cerebroside:ganglioside complexes

required to fix
Lipids rTg|o LD50 toxin

Pure cerebroside 5-0
Total brain lipids i-6
Crude cerebraside (containing 0-76% ganglioside) 0%
Crude cerebroside+0-8 mg. total brain lipids 0 &b
Crude cerebro&derganglmde (containing 18

50% gangllicside
Crude Cerel rmldergagglloslde (containing 02

50% ganglioside)+0-8 mg. total brain |IpIdS
CrudeI cerge r05|dergangI|03|de (containing 10% 0@

iosi
rude cerebrosiderganglioside (containing 10% 008

ganglioside)+ 0-8 mg. total brain lipids

29-2
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and that there is an optimal proportion of cerebroside in the complex—more than
50% but not much different from 90 %. Figure 1 shows the results of an experiment in
which this possibility was tested. Complexes of ganglioside and cerebroside con-
taining from 2% to 50 % ganglioside were prepared and the weights of such com-
plexes required to fix 10LD50 doses of tetanus toxin were determined. With a
complex containing 25 % ganglioside only one-fiftieth of the weight of the complex
was required as compared with complexes containing either 50 % or 2 % gangliosides.

Complex fixing 10 LD 50 (mg.)

0-8 -

06 -

0-4

.\'/‘

T T T T T
10 20 30 40 50

Ganglioside in complex (%)

Fig. 1 The effect of the proportion of ganglioside in a cerebroside+ ganglioside

complex on the toxin-fixing capacity of the complex.

Table 3. The toxin-fixing capacity offresh guinea-pig brain and of a cerebroside:
ganglioside complex, comparedper unitdry weight and per unit ganglioside

Toxin sanyple

gabwn —

. ] Ratio of ganglioside
W\kight needed to fix 10 LD50 of toxin in complex to
1t PP * ; d>e gangliosi tlnﬁbram
. total wei . iosi heeded to fix

m‘f’ g nggar’g 10 L D50 of toxin
Brain  Complex* Brain Conyplex* (col. S/cal. 4)
0'59 0*07 0*002 0%02 10

R 0 0+0019 0008 4
14 oL 00007 0400723) 4

(050¢) 0008 000045 o 4

06 01 (0400¢] o4 8

* Cerebroside:ganglioside complex containing 25% ganglioside.

In Table 3 the results of five experiments are given in which the toxin-fixing capacity
of brain homogenate and of the cerebroside + ganglioside complex containing 25%
ganglioside are compared. In the fourth and fifth column of the table, the toxin-fixing
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capacity per unit of ganglioside is shown, and in the last column the ratio of these
values is given. Although a 6-fold variability in the toxin-fixing capacity of brain
and of the complex was found from experiment to experiment, the toxin-fixing
capacity of brain expressed per unit ganglioside was consistently higher (4- to io-fold)
than that of the cerebroside + ganglioside complex.

Complexes of ganglioside with lipid components of brain other than cerebroside
were also tested for their ability to fix tetanus toxin. Table 4 compares the ability to
fix toxin of complexes containing 25 % ganglioside with cerebroside, sphingomyelin,
lecithin, cholesterol or tripalmitin. The complex with cerebroside was the most
effective in toxin fixation, but the complexes with sphingomyelin and lecithin also
had a little toxin-fixing capacity; the cholesterol and tripalmitin complexes did not
fix toxin. The toxin-fixing capacity of ganglioside + sphingomyelin complexes was,
like that of ganglioside + cerebroside complexes, greater when the proportion of
ganglioside in the complex was 25 %, rather than 2% or 50 %.

Table 4. A comparison of the toxin-fixing capacity of complexes
(]:ontaining 25% ganglioside) of ganglioside with different lipids

. complex required
ntJto #)P]OL

Second lipid

Cerebroside 007

%ﬁlesterol ’ > g
ingomyelin 0

Le_cipt%n_ ) 54

Tripalmitin > 8

These results suggested that the receptor substance with which tetanus toxin
combines, when it is fixed by nervous tissue, might include a complex of ganglioside
and a water-insoluble component, probably cerebroside, containing about 25% of
ganglioside. The question arose as to whether the combination of tetanus toxin at low
toxin concentration (20 LDso/ml.) with cerebroside+ ganglioside complexes was an
aspect of the same phenomenon as the fixation demonstrated in the ultracentrifuge
at high toxin concentration (5 mg. toxin/ml.; 30 million LD5o/ml.). It had been
shown in the ultracentrifuge that the ability of pure gangliosides to fix toxin depended
upon the number and position of the sialic acid residues (van Heyningen, 1963).
Complexes with cerebroside were therefore prepared containing 25% either of a
mixture of gangliosides G: and G,,, which were comparatively poor toxin-fixers in
the ultracentrifuge, or of a mixture of gangliosides Gm and GIN which were six
times better. Table 5 shows that when their abilities to fix toxin at low toxin con-
centration were compared, the Gm+ Grv complex was twelve times as efficient
as Gx+ Gn.

It had also been shown previously, in the ultracentrifuge, that ganglioside alone
would fix strychnine and serotonin (5-hydroxytryptamine) (van Heyningen, 1963).
In contrast, however, it was found in the present work that a cerebroside + ganglioside
complex which fixed tetanus toxin would not fix these substances. Like ganglioside
alone, the complex would not fix botulinum toxin or plasma albumin.
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Table 5.Fixation of tetanus toxin by different gangliosides and by their complexes
(containing 25% ganglioside) with cerebroside
mg. complex

mg. toxin fixed/  needed to fix
Ganglioside Oligosaccharide moiety mg. ganglioside* 10 LD50 of toxin

Gx Galactose

Galactosamine
I 26
Sialic acid—Galactose

Glucosle 0006
Gn Sialic acid—Galactose
Galact(l)samine 36
Sialic acid—GaIact!Jse
Glucose
Gjn Galactose

Galactosamine
| 19-3
Sialic acid—Galactose

| |
Sialic acid  Glucose
0-0005
Gxv Sialic acid—Galactose

Galactosamine
| 190
Sialic acid—Galactose

o |
Sialic acid  Glucose

* Measured in the analytical ultracentrifuge; van Heyningen, 1963.

DISCUSSION

It has been found that the optimal proportion of gaglioside for toxin foaton in
a ganglicside+ cerebroside complex s about 25% gaglioside. The major part of
both ganglicside and toxin-fixing capecity resices in the grey matter of brain. The
proportions of ganglioside and cerebroside in grey matter are about equal. Thus if
the receptor in nervous tisse for tetanus toxin includes such a complex of ganglioside
and cerebroside (containing 25% garglicsice), only about one quarter of the ganglio-
sicke in grey matter can be invohved.

Table 2 showed that itwas not possible to account for more than 10-25% of the
toxin-fixing capecity of brain per unit gangliocside on the assumption that the receptor
for toxin isa complex of cerebroside and mixed gagliosides such as were used here.
However, these gangliosides were extracted from dried brain with hot chloroform+
methanol, (2+ 1,VA) and in these extracts the “slow” gangliicsides (GIIKG N) com-
prised only about 10% of the total gagliocsides. This is about a quarter of their
proportion in the ganglicsides in fresh brain (Suzki, 1965). thas been shown inthe
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present work that only about one-twelfth as much of a complex of cerebroside with
Gni and G IV gangliosides s needed to fix 10L D50 doses of tetarus toxin as B
needed of a complex with G rand G n gaglicsides. Hence, ifa ganglioside-1-cerebro-
sice complex were used in which the ganglioside contained the same proportion of
Gm and G Nas ispresent inbrain, the toxin-fixing capacity per unitof gangliosideof the
complex would be closer to that of brain. It is possible that the receptor substance
for tetanus toxin inbrain includes a cerebroside + ganglioside complexwith other, non-
lipid, constituents (perhaps histones; see van Heyniingen, 1963).

It was previously shown that a major part of the toxin-fixing capacity of brain
resickes in the nernve endings (Mellanby, van Heyningen & Whittaker, 1965)and within
the nernve endings, it is the membranes rather than the mitochondria or the synaptic
esicles which fix the toxin (Mellanby & Whittaker, 1968). It is possible that within
the membrane fraction there s the optimal cerebroside+ ganglicside ratio; but this
need not be the case since there might of course only be small reogptive areas on the
membrane where the ratio s optimal, the ratio of cerebroside t gangliosice in the
whole fraction not being optimal for foatdan. For this reason itdid not seem likely
to be partiaularly fruitful © inestigate the cerebrosidegagliosice ratics of sub-
cellular fractions of the brain.

The fixation of tetanus toxin by high concentrations of gaglicsides, as demon-
strated in the ultrecentrifuge, is fairly gecific- none of the other enzymes, toxins or
irert proteins that were tested were fixed exogpt, o a far lessr extant, tetanus
toxoid; but gangliosides also fix strydmnire, bruceine, thebaine and serotonin under
these conditions (van Heyningen, 1963). If the fixation of tetanus toxin by mixed
gagliosides were relevant to itsmode of action, the fxation of these drnugs, the first
three ofwhiich have a physiolagical action comparable to that cf tetanus toxin, might
also be relevant to the biochemical actiion of tetanus txin. However, ithasbeen shown
in the presentwork that strydhnine and serotonin were not fixed by the cerebroside +
gargliosice complex. It can therefore be seen that the fixation of tetanus toxin by
cerebroside+ ganglicside s more gxcific for tetanus toxin than is the fixation by
gaglicsice aloe. The complex is therefore perhaps more likely than ganglicside
alone to be included in the receptor for tetanus toxin innernvous tisse. The gxcificity
of the cambiination between ganglicside and tetanus toxinwith respect to the structure
of the gangliosice s retained when the gagliosides are combined with cerebroside;
the ganglicsides which contain two sialic acid residues joined to each other are
much better in fbation.

Van Heyningen & Woodman (1963) showed that frog brain has a low toxin-fixing
capecity compared with mammalian brain, and that frog brain ganglicside s ex-
tractable from the brainwith water. The toxin-fixing capecity of frog brain gangliocside
does not appear to differ from that of mammal ian brain gaglicsice. In mammalian
brain the gangliosicde isnot extractable with water, and possibly ismore firmly bound
in water-insoluble complexes than frog brain gaglicsice. This may be relevatt
1o the relatively poor toxin-fixing capacity of frog brain.

Al'though thiswork may furtherhave defined the receptor for tetanus toxin innervous
tisste and have shown itto be a more specific receptor for the toxin than ganglicside
aloe, ithas not of course any further elucidated the role (ifany) of gagliosice in
the lettal action of tetanus toxin.
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SUMMARY

Extracts (ultrasmnic treatment) of Clostridium sordellii contained a lyso-
lecithirese, which was activated by ether, calcium fons and ammonium
sulphate and irhibited by EDTA, magnesium and manganese. The enzyme
was not responsible for the lettality, oedema-producing or haemorrhagic
actions of extrects of the organism.

INTRODUCTION

Extracts of Clostridium sordellii are letrel and dermonecrotic (s for example
Brooks & Epps, 1959), and intradermal injection produces lesios involving haemor-
rhagic areas of skin with underlying gelatinous oedema. It is not known to what
enzymic action the pathological effects may be ascribed. Lewis & Macfarlane (1953)
confirmed the dbservation of Miles & Miles (1947) that a phospholipase C can be
produced by C. sordellii (bifermentans). Although this enzyme is todc, it is much
less taxic per wnit of phospholipase activity than the antigenically similar phos-
pholipase C produced by C. welchii. Moreover, in the present work a strain of C.
sordellii was used which does not produce a phospholipase C and yet culture filtrates
and extracts of the organism are nevertreless letral and dermonecrotic.

During a search for other lipolytic enzymes which might be responsible for the
pathological action of Clostridium sordellii, itwas found that the organism consistently
produced a lysolecithirese. Arseculeratne (1965) had produced preliminary evidence,
in this laboratory, that such an enzyme might be produced. Since lysolecithin is
amore toxic substance than glycerylphosphoryldolire, the product of lysolecithirese
activity, one might perhaps not expect a lysolecithinese to have any pathological
activity. On the ather hand, lysolecithin isprobably a component of natural membranes
and therefore itsbreakdown might resukt inpathological effedts. To investigatewhether
therewas any correlation between lysolecithinese activity and the pathological action
of C. sordellii two approaches were used. Arstly, the organismwas grown for4,8 and
12 hr and the various activiiesmeasured inculture supermatant fluids, inextractsmade
by ultrasonic treatment and insalire extracts of the becteriaat these three tines. ltwas
hoped to seewhether therewas any correlation, intime of production or extractzbility,
between the activities. Secondly, the enzyme was put through a 6-fold purification
step and the pathological activities of the fractions with low and high lysolecithinese
specific activities compared.
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METHODS

Lysolecithin and lysophosphatidylethanolamine (prepared from lecithin and phos-
phatidylethanolamire, respectively, by the action of snake venom phospholipase A)
and Ancistrodon piscivorus venom were abtained from Koch-Light Laboratories Ltd
(Colnbrook, Buckinghamshire, England).

The strain of Clostridium sordellii used was kindly provided by the Wellcome
Research Laboratories. The organism was grown for 4hr at 370, in 11 flds
or 10 1 botdes, in a medium comaining: 30g. Oxoid Bacteriological Peptore,
7-5 g- Na—/?-glycerophosphate and o-iml. of neutralized thiolacetic acid (approxi-
mately 0-3mmoles), in 1 1 water. This medium was inoculated with an inoculum
(2 ml.) of a aulture grown overmight in cooked meat medium, which had mtselfbeen
inoculated per 10ml. with 1 drop of a spore suspension (containing equiv. 100 mg.
dry wt/ml ) which had been stored in50% (VA7) glyocerol inwater at — 40°. The becteria
were oollected by centrifugation and washed once in /5 of the original volume of
09% sodium chlorice. The equiv. dryweight of organisms inthe aulturewas estimated
by measuring the extinction at 600 n¥/, of a suitzbly diluted sarple. There was a linear
relation between equiv. dry weight and Eem over a range of readings up to o-60.
A reading 0f0-300 on the spectirophotometer corresponded to 0-7 mg. drywt organisn/
ml.

The becteriawere centrifuged down (@t 10000g for 10 min.), resuspended inwater
and given ultrasmic treatment for 10 min. inan MSE sonicator (Using a power of
100W). The broken suspension was then centrifuged at 17.000g for 10min.; the
supematant fluid constituted the sonic extract. This was passed through a Seitz
becteriological filter and the protein in the extract precipitated by adding solid
ammonium sullphate (707 gA.), keeping the mixture at2° and pH 7-5.Thisamm onium
sulphate precipitate comtained large amounts of material with an absorption at
260 mn, which was not separated from the lysolecithinese activity by pretreatment
with protamine sulphate and nucleases, precipitation with acid or passing the pre-
paration through G 75 Sephadex.

The purification step adopted gave a 6-fold increase in gecific activity. The pro-
cedure involved adsorbing the enzyme from a solution (in water) of the ammonium
sulphate precipitate of the sonic extract, on to calcium phosphate, by adding (&t 40)
o-i volume of 0-2M-NaH P 0 4 folloned by 0-06 volume of M-CaCl2; the mixture was
adjusted o pH 7-5 and allowed to stand at 4° for 30 min. The suspension was then
centrifuged in the cold at 12,000g for 10 min. The precipitate was stinred gently at
2°for 30 min. withammon i um sullphate solution (containing 177 gA. = 0-25 saturated)
at pH 75. The suspension was then recentrifuged; the supematant fluid contained
the 6-fold purified enzyme.

Protein was estimated by the technique of Lowry, Rosebrough, Farr & Randall
(1951) on samples which had been dialysed for at lesst 6 hr against running cold
weter.

Lethality of preparations was investigated by injectirg pairs of Swiss albino mice
intranuscularly wirth 2-fold seriial dilutions prepared in gelatin buffer (0-1 M-phosphate
buffer (pH 7-0) containing 02% celatin). One L D 50 dose was defired as the dose
which killed within 72 hr half the mice injectsd.

A rough assay system was worked out for oedema—producing and haemorrhagic
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effects. Comparisons of the activity of different preparations were made by injectirng
equal amounts of protein, dissolved in o-i ml. celatin buffer (s aboe), Into the
shaved flark skin of albino guinea pigs. The skins were examined 4 hr after injectin
and the degrees of oedema and haemorrhage assessed on an arbitrary relative sale,
qz1 +, + +, + + +) from the exterral and intermal post-mortem appearances. The
lesions usially appeared as dark-red round haemorrhagic patches up to 10-15 mm.

diam., sometimes with a paler area of necrosis in the middle. Where there was much
oedema factor, the oedema spread all round the injected sice of the animal as a thidk
celatinous layer and the skin adhered tightly to the underlying fescia. However,
where thare was little oedema fector, the oedema remained as a bleb around the site
of injection.

Thin-layer chromatography was done on Kieselgel-G (nach Stahl; Shandon).
Incubation mixtures of phospholipid and enzyme were extracted with chloroform+
methanol @+ 1,VA), the loner chloroform layers were evaporated to dryness and the
residle was taken up in /5 volume or less of chloroform-tmethanol @+ 1,VA). The
solutions were loaded on to the plate in stresks (1 an.) and the plate developed by
ascending chromatography in chloroform+ methanol+ water (60+ 30+ 5, by \ol.).
The spots were located by spraying the dried plates lightdy with sulphuric acid+ water
1+ 1,vA) and heating at 160° for about 30 min.

The action of a sonic extract of Clostridium sordellii on purihed lysolecithin was
demonstrated by comparing the thin-layer chromatograms of @) lysolecithin alore,
(b) lecithin alone, (C) an extract from an incubation mixture of lecithin and the phos-
prolipase A of the venom of Ancistrodon piscivorus, and (d) an extract from an
incubation mixture of lysolecithinand a sonicextract of C. sordellii. The chromatogram
from (©) showed the lecithin spot replaced by a lysolecithin spot and a fast-moving
spot corresponding to the free fatty acid liberated by the phospholipase A; in the
chromatogram from @) the lysolecithin spot was absent, but a free fatty-acid spot
similar to that in (©) was present. This showed that the sonic extract of C. sordellii
cortained a lysolecithinese likerating free fatty acid from ysolecithin.

Assay of lysolecithinase activity

The preparations from Clostridium sordellii were incubated with Nsolecithin
(0-25 mg-/ml.) in phosphate buffer (0-004 m; pH 7-5) in a firel volume of 1ml.
+ initdally 1 ml. ether, at 30° for 30 min. The reaction was started by adding the
enzyme and stopped by placing the mixture in ice and adding 5 ml. of extraction
mixture (isojpropylalcohol+ «-heptane+ 2 N-H2504; 80 + 20 + j, by wl.). The free
fatty acids extracted were then titrated after the method described by Kelley (1965)
with N/200 tetra/zutyl ammonium hydroxide in methanol, by using an automatic
titrator (Radiometer, Copenhagen; typeABU 1b ;suppliedby V. A. Howe, London).

RESULTS
Some properties of the lysolecithinase
When ether was added 1t the incubation mixture itwas found that a constant
rate of reaction for at lesst 30 min. was dotained. In the absence of ether the rate

decreased after the first5 min. Therewas an optimal value around pH 75 ;fora 15 min.
incubation period (in the absence of ether) the optimal temperature was around 30°;
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in the presence of ether the activity of the enzyme was decreased by EDTA and
magnesium and manganese salts (0-0i m firal concentration); and itwas completely
inhibited (in the absence of etrer) by deoxycholate (0-012m); itwas activated by
calciun chloride (0-0i m) and by ammonium sulphate G5 m). With lysophospha-
tidylethanolamine as substrate for the enzyme (in the presence of ether) the reaction
proceeded at about halfthe rate of that with lysolecithin.

Effect of time of incubation of Clostridium sordellii on the production
of lysolecithinase and other active substances

A comparison was made of the lysolecithinese activity, the lettellity (in mice),
haemorrhage-producing and oedema-producing actions (in guinea—pig skin), haemo-
ytic activity, and proteolytic activity of supematant fluids and extracts from the
C. sordellii incubated and hanvested at 4, 8 or 12 hr. Table 1 shows that the lyso-

Table 1.Production of various biological activities by a culture
of Clostridium sordellii
Samples of the culture were taken after incubation for 4, 8 and 12 hr. Activities were

measured in the culture supernatant fluid and in sonic extracts of the organisms. The
results from two similar experiments are given. The activities are given per ml. of original

culture.
Time of incubation
4 hr 8 hr 12 hr
Supernatant Sonic Supernatant Sonic Supernatant Sonic
fluid extract fluid extract fluid extract
LD50 80 <10,000 1,600 4,800 1,600 9,600
8 3,840 1,920 960 2,560 1,920
Lysolecithinase > o-i 0-45 > 0-i 0-43 03 0-40
> 0-i 2-8 > 0-i 14 > 0-i 2-2
Haemorrhagic 0 + + + + + + + + + + +
activity 0 + + + + + + + + + + +
Oedema activity 0 + o+ b + L
0 0 0 + + + +
Haemolysis 7-2 0-02 4-1 0-02 2-8 0-02
units 10 0-08 6-5 0-08 5-8 0-io
Protease 0-6i 0-03 0-8i 0-03 0-65 0-03
0-72 0-045 0-96 0-045 1-02 0-04

lecithirese activity remained within the organisms for at lesst 8hr and was dill
mainly intracellular after 12 hr. On the other hand, very weak proteolytic and haemo-
Iytic activities, almost paralleling each other, were found almost eclusively in the
aulture supematant fluid. Oedema-producing activity was also unrelated t lyso-
lecithinese ectivity, since itwas decreasing between 4 and 12 hrwhile the lysolecithirese
remained approximately constant over this period. From this kind of experiment
itwas not possible to say whether or not therewas any relationbetween lysolecithirese
ectivity and the haemorrhagic (guinea—pig skin) activity.

Pathological activities ofpreparations differing in their lysolecithinase content

In Table 2 the pathological activities of two preparations whose lysolecithinese
activity differed about 7-fold are compared. The two preparations were the super-
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natant fluid (CaSF) after most of the lysolecithinese activity of a sonic extract of
Clostridium sordellii had been adsorbed on calciun phosphate, and the naterial,

enriched in lysolecithirese activity, eluted from the calcium phosphate with 0-25
saturated ammonium sulphate (0-25 ). It can be seen that the haemorrhagic

Table 2. Pathological activities ofpreparationsfrom Clostridium sordellii
differing in their lysolecithinase content

See text for method of preparation.

Oedema-
Lysolecithinase producing Haemorrhagic

activity Lethality activity activity

(units/mg. (LD50/mg. (0-0i mg. (0-0i mg.

protein) protein) protein) protein)
Sonic extract of organisms 0-42 133,000 + + + +
Supernatant after calcium 0-32 400,000 (+) + +
phosphate adsorption
(calcium SF)
Material eluted from 2-45 133,000 + + +

calcium phosphate with
ammonium sulphate
solution (0-25 SF)

activity of the two preparations was the same; hence the lysolecithirese was inde-
pendent of the haemorrhagic activity. It was confirmed that lysolecithirese was
independent of the letrelity. Table 2 also further illstrates (as can be seen inTable 1)
that the oedema factor was not chiefly responsible for the letral action of preparations
frrom C. sordellii, and that the oedema and haemorrhagic factors could be independent.
It can be concluded that the lysolecithinese of C. sordellii s not responsible for the
lethal, oedema—producing or haemorrhagic activity of extracts of this organism.

We thank Dr D. S. Robinson of the Department of Biochemistry, Oxford, for his
kelp, particularly with the estimation of free fatty acids; and Mr P. A. Thompson
for silled tedmical assistance. This work was done under comtract (Project no. 103-
474) between the Office of Naval Research of the United States Department of the
Navy and Dr W. E. van Heyningen, to whom we are grateful for advice and en-
couragement.
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SUMMARY

The “spray”mutant of Neurospora crassa responded differatly from the
wild type when grown in conidiogenic (C) and mycelial (M) media. Inboth
media spray produced an unpigmented non-conidiating form of growth,
whereas the wild type formed pure mycelial cultures on M-med ium and conii-
diating growth on C medium. Analysis of the fire structure of spray revealed
that the modal width of mitochondria of C- and M-media grown aultures
was virttelly identical. Since it is known that C-aultures of wild-type N.
crassa possess swollen mitochondria, a relationship was suggested between
mitochondriial sielling and the metaboliic mechaniisms which govern conidial
differentiation. Spray also varied from the wild type in cellvall thidaess.
Intraconidial conidia were observed in the spray mutant. These intermal
conidia always contained normal cytoplasm, while that of the host &l con-
sistad of degenerate components. Intra-conidial conidia might arise as a
result of proliferation of the septal vall.

INTRODUCTION

The changes in fire structure accompanying the process of conidiation in Neuro-
spora have been examined by saveral inestigators. Weiss & Turian (1966) reported
that conidial cultures (C-aultures) of willd-type Neurospora crassa possessed mito-
chondria which were considerably more swollen than those of mycelial aultures
(Maultures). These morphologically distinct forms were obtained by growing wild-
type N. crassa on C-medium, which favours conidiation, or on M-medium, which
gives mycelial aultures (Turian, 1964). The study of conidiation has been extended to
various morphological mutants of Neurospora. Lowry, Durkee & Sussman (1967)
described the events taking place during microconidial formation in the ‘peach-
fluffy” mutant, and Turian, Oulevey & Tissot (1967) and Oulevey-Matikian & Turian
(1968) observed the fire structure of the “Auffy’ and “amyc’ mutants. The present
paper s concermed with the detailed structural amalysis of the spray morphological
mutant. Hs purpose was twofold. Airst, since spray differed from the wild type in that
it did not respond to the conidiating effect of the C-medium, and therefore C- and
M-cultures were idntdcal, an electron-microscope study was made to determine
whether or not the sielling of the mitochondriawas related t conidial differentiation
or was merely due to the composition of the medium. Secondly, with ligitmicroscopy,
this mutant was seen to possess a wide variety of sizss and shapes of aonidia. Some
conidia resemblled those of wild-type Neurospora whereas otherswere more elongated.



462 V. G. DELVECCHIO AND G. TURIAN

A large percentage of mature conidia tended to remain attached to neighbouring
alls, and certain conidia were found which served as hosts o intermal alls which
were considered to be intraconidial anidia.

METHODS

Organisms. The spray mutant (6874 was obtained from the Fungal Cenetics Stock
Center, Dartmouth College, Hanover, New Hampshire, U.S.A., and was origirally
isolated by D. D. Perkins.

Growth conditions. Conidiawere obtained by growing the organismat 2500n Wester-
gaard and Mitchell solidminimal medium which was modified with respect to potas-
sium nitrate concentration. The altered medium (designated Ps minimal) contained
2x 10 2M-potassium nitrate instead of the usual 10 2m . Conidiation usually began on
the 5th day of incubation. Samples for electron microscopy were cllected at differatt
tines.

The spray mutant was also incubated at250in 50ml. Tiquid C-medium or M-minimal
medium in 150 ml. Erlenmeyer flads. These media were similar to Westergaard &
Mitchell minimal medium except for a modification in the nitrogen source according
to Turian (1964). M-medium contained i0 aM-diammonium citrate; to C-medium
i0-2 M-dipotassium citrate-}2 X 10 2M-potassium nitrate were added. Mycelia to be
examined were removed on the 3rd day of incubation and immediately placed in
foatihe.

Light microscopy. Conidia and mycelia were initially observed in the unstained
state ; honever, the use of a cellulose stainwas later found to accerntuate the visibility
of the &l vall. The following procedure was used. Cell material suspended in 0-2 M-
hydrochlloric acidwas placed on a glass slick, stained with a zinc-chlor-iadice reagent
(Jersen, 1962), covered wirth a coversliip, and examined with an O-lux Leitz microscope.

Electron microscopy. Fixation for the preparation of thin sections was done by
putting the tisse in 2%-potassium permanganate for 2 hr at 50. Post-stainingwith a
saturated solution of uranyl acetate was done, folloaed by dehydration through a
series of graded acetone water solutions. The method of Kellenberger & Ryter (1958)
was used for embedding in Vestopal W. Blocks were sectioned with glass knives on a
Porter-Blum manual ultramicrotome. Sections were mounted on parlodion-covered
grids and all examinations were made with an Hitachi HS-7S electron microscope.

RESULTS
Description of cultures

The spray mutant was not stinulated to produce conidiawhen aultivated on licuid
C-medium; aultures on C-medium and M-medium were idatical. In licuid cultures
spray formed many unpigmented isolated colonies, presumably the result of growth
of the individual conidia of the conidial inoculun. Occasionally after the 8th day of
incubation some liquid cultures showed very slight conidiation in the area of the
valls of the flask just above the surface of the medium. This conidiation took place in
both C-cultures and M—culltures, and only at a few isolated sites along the surface of
the medium due to attachment of mycelia there to the valls of the fladk. The amount
of conidiation was virtually negligible when compared to that of cultures grown on
Ps solid medium.
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Conidiation and carotenoid production of spray were greatly enhanced on solid Ps
medium, where the production of conidia usually began between the 5th and 6th day
of incubation. On solidmedium the mycelia were dharacterized by a more restricted
growth than willd-type Neurospora. Periadicity was never displayed.

Light-microscope observations

Mycelia were considerably branched and very septate. Conidia showed a wide
variety of sizsand shgpes. A percentage of spray conidia resembled those found inthe
wild type; however, the majority were greatly elongated and sometimes showed a
reluctance 1o separate from neighbouring cElls (1. 1, fig. 1). An interonidial bridge
was noted between these attached clis. Conidia were also found which possessed
intermal conidia (1. 1, fis. 2, 3).

Electron microscopy

Except for the cll vall the fire-structure morphology of the spray mutant was
similar to that described by Shatkin & Tatum (959) and Weiss & Turian (1966) for
wild-type Neurospora; the cll wall of the spray mutant was, honever, considerably
thider and very electron-transparent.

The major difference between the spray mutant and the wild type was in the be-
haviour on C- and M-media. The width of the mitochondria of spray in C- and M-
media was idatical with a modal width value of between 0-20 and 0-28 /Z, whereas
C-aultures of wild type, as reported by Weiss & Turian (1966), had mitochondria
whiich were more swollen than those of Mcultures.

Conidiawere grouped intwo types by means of electron microscopic examination:
ovoid conidia which reserbled those found in the wild type (1. 2, fig. 6); conidia
whiich senved as hosts to intermal conidia (1. 3, figs. 7, 8). The el wall of such intra-
aonidial conidia was similar to that of the host @l The intemal conidia contained
cytoplasmwhich had all the normal components, while the cytoplasm of the exteral
cll was always composed of degererate structures. Firally, an intercellular septum
was observed which displayed an intermal extension of its wall into the cytoplasm
(L. 3, fig. 9). This extension may represent an initial stage in the development of
intermal conidia.

DISCUSSION

The “spray” mutant behaved differently fromwild-type Neurospora crassa inC- and
M-media. This difference was not only reflectad in the gross morphology but also in
the fire structure. The lack of srelling of the mirtochondrria of spray C-med ium cultures
sugoests that the mitochondrial sizvariations ofwild-type N. crassa may be related to
metabolic processes goverming morphogenesis. C- and M-media grown aultures of
spray had mitochondria with a modal width between 0-20 and 0-28 i1, a range inter-
mediate to the value odotained by Weiss & Turian (1966) for C- and M-cultures of
wild type. It is difficiit o relate mitochondrial sielling to metabolic activity; how-
ever, the data suggest a connexion between inflated mitochondria and metabolic
mechanisms governing conidial differantiation.

An exceptionally thick el wall was seen in the spray mutant. The composition of
cll vall has been inplicated in the determination of fungal morphology. Bartnicki-
Garcia & Nickerson (1962) reported fire-structure modifications in the thidaess of

30 G. Microb. 52



464 V. G. DELVECCHIO AND G. TURIAN

the aEllwall ofMucor rouxii and correlated this alterationwith quantitative differences
in the c&l. Mahadevan & Tatum (1965) showed alteratias in cell-vall constituents in
sorbose-induced and mutated ocolonial morphological forms of Neurospora. Fine-
structure cell-vall variatios have been reported for other morphological mutants of
Neurospora. Lowry, Durkee & Sussman (1967)poirnted out thatthe each-Fluffy "micro-
amidial cllvall was more extersively layered than that of the willd type; Culevey-
Matikian &Turian (1968)found an extremely thickalivall inthe ‘amyc hutant. Inview
of these firdings it is not surprising that themorphological spray mutant displayed an
abnormal ly thick cell vall.

Intra-conidial coniidiawere observed inthe “spray "mutant. These intermal forms hada
cllvall which resenbled that of the host calll in appearance. All normal cytoplasmic
components were found in these intermal als, while those of host Ells were always
degererate. This ks reminiscent of the intra-hyphal hyphae of the “‘clock”mutants de-
scribed by Lowry & Sussman (1966). Another similarity between ‘clock’and ‘spray”
was the high incidence of moribund hyphae found. However, the ‘spray’ never dis-
played periadicity under the growth conditions described.

Kendrick & Molnar (1965), with Ceratocystis dryocoetidis, explained the formation
of intrahyphal hyphae and endoconidia as the possible result of proliferation of the
septum. The median proliferation of the septum that we observed in the spray mutant
ofNeurospora crasa might representan early stage in the development of intraconidial
anidia.

The authors are indebted to Miss B. ten Heggeler for her tedmical advice. This
work was supported in part by Postdoctoral Research Grant 1-F2-GM-31, 861-01
from the National Institute of Health, United States Public Health Service to one of
the authors (V.G.D.).
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EXPLANATION OF PLATES

Light micrographs of Neurospora crassa spraymutant cellular material stainedwith zinc-chlor-iodide
reagent; figs. 1-3. All electron micrographs of spray were fixed with KMnQj and stained with uranyl
acetate; figs. 4-9.

Prate i
Fig. 1 A chain of elongated conidia interconnected with bridges. Immediately to the right of the
chain is an isolated conidium which resembles a norma! ovoid wild-type ccnidium. x 1075.
Fig. 2 Conidium which contains an intraconidial conidium. x 1075.

Fig. 3. The most elongated conidium in this group of conidia can be seen to possess two intraconidial
conidia. x 1075.

Fig. 4. A section of hypha taken from a culture grown for 3 days in M-medium. The cytoplasmic
components are similar to those grown in C-medium (PI. 2, fig. 5). On the left is an hexagonal crystal
presumed to be ergosterol. x 21,000.

Prate 2
Fig. 5. A section through a hypha obtained from a 3-day C-medium culture. The cell wall is thick and

electron-transparent. The mitochondria have well-defined cristae with restricted matrices, and the
endoplasmic reticulum is continuous with the nuclear membrane, x 21,000.

Fig. 6. A section through a conidium obtained from an 8-day culture grown on Ps solid medium. The
mitochondria are well defined as are the other cytoplasmic components. The characteristically thick
cell wall is present, x 21,000.

Plate 3

Fig. 7. A conidium containing an intraconidial conidium. Note the moribund cytoplasm of the host
cell whereas that of the internal cell is normal, x 21,000.

Fig. 8 A conidium with two internal conidia. Each internal cell possesses a nucleus. Again the cyto-
plasm of the host cell is moribund, x 21,000.

Fig. 9. Section through a septum showing a median extension of the wall, x 24,500.
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SUMMARY

The sihermethanamine techniquewas used to locate mucopolysaccharides
inultrathin sections of becteria. Polysaccharides were located along the Gl
wall and developing crossvalls inyoung vegetative forms and along the de-
veloping cortex in sporulating kecilli. The results are discussed in relation to
morphological and chemical studies.

INTRODUCTION

The details of sporulation and germination inbacteriahave been extersively studied
by the technique of ultrathiin sectioning. Species studied include both those inthe genus
Bacillus (Young & Fitz-Jares, 1959a, b; 1962; Fitz-Jares, 1960;Chye & Murrell,
1962; Kawata, Inoue & Takagi, 1963) and in the genus Clostridium (Hashimoto &
Naylor, 1958;Takagi, Kawata & Yamamoto, i960;Fitz-Janes, 1962). More recently
electron-microscope studies have been combined wirth immunological and cytochemical
studies to demonstrate the location of antigens (Thomson, Walker & Hardy, 1966;
Walker, Baillie, Thomson & Batty, 1966; Walker, Thomson & Baillie, 196743, b)
and enzymes (van Iterson & Leene, 1964a, b; Sedar & Burde, 1965a, b\ Ballie,
Thomson, Batty & Walker, 1967) during various phases of grosth.

Proteins and nucleic acids have been located on ultrathin sections of becteria by
observing the changes in structure produced folloving extraction of these components
by digestion with gecific enzymes (Granboulan & Leduc, 1967). Although proteins
could be digested by proteinases in ultrathin sections of osmium-treated clls (Mon-
neron & Bermhard, 1966), satisfactory digestion of nucleic acids with nucleases was
only obtained after aldehyde fixation and the use of a water-soluble resin (Gran-
boulan & Leduc, 1967). Nermut (1967) attempted to stain ultrathin sections of
Bacillus megaterium for polysaccharides using Ruthenium red, although the resulits
were not very satisfectory. Various methods have been devised for staining ultrathin
sections of animal tisses to demonstrate carbohydrates such as glyocogen, mucopoly-
saccharides and glyooproteins. One of these, the sibler methanamine tedniqee, was
first devised for conventional ligit microscopy (Gomori, 1946;Jones, 1957) but was
later extended to the demonstration of polysaccharide-rich structures in isses using
the electron microscope (Churg, Mautner & Grisham, 1958;De Martino & Zamboni,
1967). In the present paper modifications of this technique are described for the
staining of becterial polysaccharides during phases of sporulation and germination.
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METHODS

Organisms. The followving organisms were used: Clostridium bifermentans (Well-
come Research Laboratories collectial) CNie17; C. botulinum type C CNaoas; C.
sporogenes (Leeds University Bacteriology Department collecian) Lzoe; Bacillus
cereus \ar. terminalis.

Sporulation. In the case of Clostridium bifermentans and C. sporogenes the deposit
from 25 ml. of a 6 hr sporulating aulture in heart infusion broth Qifoo) was foed
for 18 hr in the foative of Kellenberger, Ryter & Séchaud (1958). Similar deposits of
sporulating becteria of C. botulinum type C and Bacillus cereus were prepared from
18 hr aultures in Robertson meat broth and the sporulatingmedium of Young (1958),
respectively.

Germination. Spore suspensions of Clostridium bifermentans and Bacillus cereus
were heat-shocked at 650 for 10 min. and incubated in nutrient broth containing
5 mM-L-alanine. Samples were removed after 5min. and 1hr for centrifugation and
fixation.

Preparation of ultrathin sections. After fixation all specimens were dehydrated in
ethanol and embedded in Maraglas (Freeman & Spurlock, 1962). Sections were cut
with an L.K.B. “‘Ultratome”on to distilledwater and transferred by means of a wire
loop on to the various staining solutians. After the firel rinse the sections were col-
lected on 200-mesh formvar—coated grids and examined in a Philips EM 200 electran
microscope at 60 kv.

Staining solutions and method of staining. The method used was esstially that of
Marinozzi (1961) as modified by Short (1968). To 10ml. 025% (WA) siher nitrate
add 10ml. absolute ethaol, 0-3 g methanamine and 10 ml. distilled vater.

Method. Float the sectianson to05% periodicacid, to axidize them, for 10-20 min. ;
wash in two changes of distilled vater; transfer to the sibher solution in a covered
receptacle and leave for 2 hr at room temperature (@bout 220); wash thoroughly four
or five times in distilled water; transfer to 05% sodium thicsulphate for 1-2 min.;
wash in distilled water; mount on grics.

RESULTS

The resulits of staining ultrathin sections of Clostridium bifermentans wirth siler are
shown inPis. 1,2 and 3; in each case similar sections are compared before and after
treatment. Htcan be seen inPL 1,fig. 1 that siler deposits were arranged along the &l
vall of the young \egetative form and along the developing aossall, with little
staining of the cytoplasm; there was considerable difference in contrast between the
oxidized and unoxidized sectios. Staining of the developing spore isshown inPl. 2,
fig. 2. Both the vegetative cll vall and the develloping cortex are stained with sibher
grairs. In the section of germinating spores, shown inPl. 3,fig 3, only the cellvall of
the emerging vegetative form is stained.

A similar picture s shown for sporulating forms of Clostridium botulinum type C
(PL 4,1k, 4,5) and C. sporogenes (PL 4,fig. 6). In both cases the &l wall and de-
veloping cortex, but not the spore aoat, were staired by silver deposits. Very similar
results were found both in sporulating forms and in germinating spores of Bacillus
cereus. In freshly germinated spores of B. cereus only the region of the disintegrating
cortex and developing vecetative &l vall was stained (PL 4, fig. 7).
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DISCUSSION

Staining of carbohydrates results from the reduction of the silver solution by free
aldehyde groups released frrom the mucopolysaccharides by oxidation; electron-dense
silver deposits are thus formed at the site. Oxidation also senves 1o re-axidize reduced
osmic acidwhiich would, ifnot removed, also reduce siher. During fixation of biologi-
aal specimens with osmic acid, loner oxides of osmium are formed which blacken the
clisand are responsible for much of the electron-density of the sectias. Treatment of
sectios with periodic acid re-axidizes the reduced osmium by converting it to the
soluwble tetraxices. This reaults in a decrease in electron-dersity in the specimen,
perticularly in the membranes (Sila, 1967).

The development of sibher grains along the cell vall isin agreement with the demon-
stration of polysaccharide components in isolated walls of both Gram-positive and
Gram-negative becteria by Salton (1953). Staining of the cortex isalso explicable by
reference 1o itsmode of development and to chemical studies on disintegrated spores.
It isknown that the cortex Is secreted between the two membranes of the foresore,
whiich develops as an invagination of the cytoplasmic membrane (Fitz-Jares, 1960;
Ohye & Murrell, 1962). The cortex is in close contact with the “outer” sice of the
cytoplasmic membrane, which would normally be in comtact with the becterial cll
wall and can thus be regarded, in part, as an endogenous cll vall (Warth, Ohye &
Murrell, 19634, b). From their chemical studies on disintegrated spores these workers
have also suggested that the spore cortex and becterial cell vall have a simillar chemical
composition. Their abservation that the spore coat and exosporium consistmainly of
protein is supported by our observation that membranes of neitherwere stainedwith
siher grairs.

In some previously reported studies the chemical analyses of various fractions of
becteria have been complicated by the fact that these have not always been homo-
geneous. For exanple, itwas pointed out by Warth et al. (1963 b) thatwhile the aalysis
of spore-coat preparations by several workers had indicated the presence of small
amounts of hexosamine or DP A material, this could be explained by the presence of
small amounts of adherent cortical material in their preparations. The advantage of
direct staining is that the chemical components can be identified in situ without any
undue distortion of the structure. As far as isknown this is the first suocoessful gpplica-
tion of this method to the demonstration of becterial carbohydrate in situ.
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EXPLANATION OF PLATES

Abbreviations used: cw = cell wall; co = cortex; sc = spore coat; E = exosporium;
N = nuclear material.

Plate i

Fig. i. Section of young ve&etative cells of clostridium bifermentans CNie 17 unoxidizedv%? and
oxidized with periodic acid (R); stained with silver. Silver grains can be seen along the cell wall and
developing cross-wall, Xes,000.

Plate 2

Fig. 2. Section of sporulating cellsof c. bifermentans < 1617 Unoxidized (L) and oxidized with periodic
acid (R); stained with silver. Deposits of silver are located along the cell wall and cortex, not the spore
coat. L, Xe0,000; R, X76,250.

Plate 3

Fig. . Section of germinating spore of c. bifermentans cn 167, Showing outgrowth after . hr incuba-
tion unoxidized, L ; and oxidized with periodic acid, R ; stained with silver. Deposits of silver grains are
seen along the cell wall of developing vegetative cell, but not along the spore coat or exosporium.

Xsa,400 ) R, X46,000.

Plate 4

Figs. «, 5. Section of sporulating cells of c. botutinum type C cnas 4 after oxidationand staining with
silver. Deposits of silver are arranged along the vegetative cell wall and along the cortex. Fig.
>45,750 flg-s, X 61,000.

Fig. 6. Section of sporulating cells of c. sporogenes L206 after oxidation and staining with silver.
Deposits of silver are evident along the vegetative cell wall and cortex, but not the spore coat,
X 45,750.

Fig. 7. Section of germinating spore of Bacillus cereus Var. terminalis (s Min. incubation), after
qmdatw&gﬂd staining with silver. Deposits of silver are evident along cortex and developing vegeta-
tive cel , X93,500.



Journal of General Microbiology, Vol 52

Index of Authors

Also, K, simidu, U. & Hasuo, K. Microflora
IC%lthe digestive tract of inshore fish in Japan

Anand, J. C &Brown, A D. GrO\Nth rate
patterns of the so-called osmophilic and
non-osmophilic gsts in solutions of poly-
ethylene glycol

Anderson, J. D., Dark, F. A. & Peto, S.
The effect of aerosolization upon survival
%gd potassium retention by various bacteria

Arbuthnott, JP. & ¢ emmell, C. G., see
Lominski, |. A staphylococcal toxic lex
affecting particular areas of the mitochondrial
electron transport system 107

Bauchop,_T. &Dawes, EA The rmtabollsm
of formic acid bySarcina_ ventriculi 1%

Barnett, J. A The catabolism of acyclic polyols
by yeasts 131

vanBoven, C P. A,E_nsering,H . L.&H ijmans,
W, Size determination by the filtration method
of the reproductive eléments of group A
streptococcal L-forms 403

van Boven, C. P. A., Ensering, H L &H ijmans,
W, Size determination by phase-contrast
microscopy of the reproductive elements of
group A streptococcal L-forms 413

Brown, A. ., see Anand,\].C. GrO\Nth rate
patterns of the so-called osmophilic and non-
o:lsmo % yeasts in solutions of polyethylene

Bugr}lgvs, T. W&Mor_ris, B._C., see Lawton,
W. D. Gene transfer in strains of pasteurella
pseudotuberculosis i

Byrde, RJIW, & Fietaing, A H Pectic
methyl-irani-eliminase as the maceration
factor of scierotinia fructigena and its signifi-
cance in brown rot of apple 287

Campbell, L L., Hughes, J E & Saunders,
G F,see Mirter, J. D. A Physiological and
biochemical characteristics of some strains of
sulphate-reducing bacteria 173

Dark, F. A. & Peto, S., see Anderson, J.D.
The effect of aerosolization upon survival and
potassium retention by various bacteria 99

Dawes, E:A., see Bauchop, T. The metabolism
of formic acid by sarcina ventriculi 19

DeBusk, A. G., see Roess, W. B. Properties of
a basic amino acid permease in Neurospora
crassa 421

DelVecchio, V. G &Turian, G |ntraconidial
conidia in the spray mutant of Neurospora
crassa

D raper, P.&Hart,P. DA rcy. mCOprOSItIOﬂ
of normal and elongated Mmycobacterium
lepraemurium 181

Edington, M. A, see Jcnes, J. G. An eml(glcaj
survey of hydrocarbon-oxidizing micro-orga-
nisms 3L

Ensering, H. L &H ijmans, W, see van Boven,
C.P. A Size determination by the filtration
method of the reproductive elements of group
A streptococcal L-forms 403

Ensering, H: L &H ijmans, W, see van Boven,
C.P. A Size determination by phase-contrast
micr of the reproductive elements of
group A streptococcal L-forms 413

Eveleigh, D ., Sietsma, JH & Haskirjs,
R. H. The involverment of cellulase and lamin-
aranase in the formation of Pythium proto-
plasts 89

Fielding, A H-z see Byrde, R J W PeCtln
nethygl—pva-eIlmnase as the maceration
factor of sclerotinia fructigena and its sig-
nificance in brown rot of apple 287 B

Franklin, L1. see Hugo, A B. Oellular ||p|d
ag%l the antistaphylococcal activity of phenols

Garegg, P. J, Onn, T. &Lind_b_erg, A A, see
Hoime, T. Chemical composition of cell-nell
polysaccharide of rough mutants of saimonelia
typhimurium

Gemmell, G & Arbuthnott, J. P., see
Lominski, I. A staphylococcal toxic complex
affecting particular areas of the mitochondrial
electron transport system 107 .

Gifford, G. D. Toxocity of hyperbaric oxygen
to bacteria in relation to the cell cycle’and
catalase synthesis 375

Haas, H., Sacks, T. G. & Razin, S. Identification
of mycoplasmas of human origin 119

Halls, S, see Smith, H. Williams. The trans-
missible nature of the genetic factor in
Escherichia coli that controls enterotoxin
production 319

Hart, P.D’Arcy, see D raper, P. The compo-
sition of normal and elongated mycobacterium
lepraemurium

Haskins, R H. &Sietsma, J. H., see Eveleigh,
D.E The involverent of cellulase and
laminaranase in the formation of Pythium
protoblasts ) )

Hasuo, K, see Simidu, U. An In'pr()\/ed medium
1:‘% the isolation of bacteria from marine fish



i Index of Authors

H asuo, K., see Simidu, U Salt de rmncy Of
the bacterial flora of marine fish 347

Hasuo, K &simiau, U, see Also, K. Microflora
%fhe digestive tract of inshore fish in Japan

Hijmans, W_&Enserin_g, H L, see van Boven,
C.P. A Size determination by the filtration
method of the reproductive elements of group
A streptococcal L-forms 403

Humans, W&E nsering, H L., see van Boven,
C.P. A Size determination by phase-contrast
mcroscog%/ of the reproductive elements of
group A streptococcal L-forms 413

Hirr, R F. Modification of lethality and muta-
Qenesis gy growth inhibition of ultraviolet-
irradiated Escherichia coli b/r ]

Holme, T_., see Lindberg, A A |mn0Chem|-
cal studies on cell-wall polysaccharide of rough
mutants of salmonella typhimurium

Holme, T., Lindberg, AA., Garegg, PJ &
onn, T. Chemical composition of cell-wall
polysaccharide of rough mutants of saimonella
typhimurium

Holt, C, see Leadbetter, ER The ﬁm
structure of Bacillus fastidiosus 295

Hughes, J. E., Saunders, G F. & Campbell,
L L, see Mitrer, J. D. A Physiological and
biochemical characteristics of Sorme strains of
sulphate-reducing bacteria 173 o

Hugo, W B &~F ranklin, |CE”UIar ||p|d and
the antistaphylococcal activity of phenols 365

Jones, J. G &Edington, MA An eCOI(nl(HI
survey of hydrocarbon-oxidizing micro-orga-
nisms 381 . .

Junasz, S E Growth retardation, colonial
changes and nutrional defici in Myco-
bacterium phlei due to lysogeny

Kocur, M, Martinec, T. &Mazanec, K Fine
structure of Thiobacillus novellas 33

Lawton, WD, Morris, B.C &Burrows,
T. W. Gene transfer in strains of pasteurella
pseUdOEUbéécgllggiscal relationships of Coryne-

Lazar, L i of
bacteria 77

Leadbetter, E.R. & Hoit, 5. C. The fine
structure of Bacillus fastidiosus 299 .

Leth Bak, A, see Stenderup, A moxyrlbo—
nucleic acid base composition of some species
within the genus candida 231

Lindberg, ,G_aregg,P.\]._&Onn,T., see
Hoime, T. Chemical composition of cell-wall
polysaccharide of rough mutants of saimonella
typhimurium .

Lindberg, A&Holme,T. |mTUnOChemlcal
studies on cell-wall polysaccharide of rough
mutants of saimonella typhimurium 56

Lominski, L, Gemmell, 3. Arbuthnott,
J. P. A staphylococcal toxic complex affecting

icular areas of the mitochondrial electron
ransport system 107

Loveless, J. E. &Painter,_H. A The |rTﬂuence
of metal ion concentrations and pH_ value
on the growmth of a Nitrosomonas strain iso-
lated from activated sludge :

Marsh, D. G &waiker, P. D. Free endotoxin
and non-toxic material from Gram-negative
bacteria: electron microscopy of fractions from
Escherichia coli 125

Martinec, T. & Mazanec, K., see Kocur, M.
Fine structure of Thiobacillus novelius 343

Mazanec, K. & Martinec, T., see Kocur, M.
Fine structure of Thiobacillus novelius 343

Meers, J L &7 empest, D. W. The |nﬂuence of
extracellular products on the behaviour of
mixed populations in  magnesium-limited
chemostat cultures 309

Mellanby, \]., see van Heyningen, W E The
effect of cerebroside and other lipids on the
fixation of tetanus toxin liosides 447

Metianby, J. &whnite, A B The independence
of the lysolecithinase activity of extracts of
Clostridium sordellii fromth_elr Iejrhal, oedema-
producing and haemorrhagic actions 455

Miller, J. D. , Hughes, ., Saunders,
(3_. F. &Campbell, L.L. PhySIOIOQICa_I and
biochemical characteristics of some strains of
sulphate-reducing bacteria 173 )

Mitchert, R &wirsen, C Lysis of non-marine
fungi %y marine micro-organisms 3%

Moore, D. Theeffect of 2-deoxy-D-glucose on the
growth and respiration of coprinus lagopus 433

Morris,B. &Burroyvs,T._W, see Lawton,
W. D. Gene transfer in strains of pasteurella
pseudotuberculosis 5 |

Moses, \VA &Sharp, P.B Stlﬂles on the regul_a—
tion of glucose-metabolizing enzymes in
Bacillus subtilis i i

Murray, |. G. Some aspects of the biochemical
dzllfsferentlatlon of pathogenic fungi: a review

Myers, N. H. &R einhart, R. W, see Schade,
A L Carbohydrate metabolism and pro-
duction of diffusible active substances by
Staphylococcus aureus Qrovn InN serum at Iron
levels in excess of sideraphilin iron-saturation
and below 253

Onn, T., Lindberg,_AA. &c aregg, P. J., see
Hoime, T. Chemical composition of cell-well
polysaccharide of rough mutants of saimonelia

typhimurium

Painter, HA, see L oveless, JE The |nﬂuence
of metal ion concentrations and pH value on
the growth of a Nitrosomonas strain isolated
from activated sludge 1

Peto, S. &D ark, F. _A.,_see Anderson, J. D.
The effect of aerosolization upon survival and
potassium retention by various bacteria 9

pite, D. Histochemical demonstration of certain

rolytlcenzym&sthh%n7 cytoplasmic particles

of Botrytis cinerea FT.



Index of Authors iii

Prebble, J. The carotenoids of Corynebacterium
fascians strain 2y 15

Razin, S. & Sacks, T. G., see Haas, H. ]denti-
fication of mycoplasmes of human origin 119

Reinhart, R w. & Myers, N. H., see Schade,
A L Carbohydrate metabolism and pro-
duction of diffusible active substances by
Staphylococcus aureus grown IN serum at Iron
levels in excess of siderophilin iron-saturation
and below 253

Rodriguez-Barrueco, C. The occurrence of the
root-nodule endophytes of Aim s glutinosa and
Myrica gale IN soils” 189 .

Roess, W. B. & DeBusk, A. G. Properties of a
basic amino acid permease in Neurospora
crassa

Rowbury, R.J. The inhibitory action of a-
methylmethionine on escherichia coli 223

Ryan, W. J. An X-factor-requiring Haemophilus
species 25

Sacks, T. G. & Razin, S., see Haas, H. ]denti-
fication of plasmes of human origin 119

Saunders, G. ., Campbell, L L. &Hughes,
J. E, see Minter, J. D. A Physiological and
biochemical characteristics of some strains of
sulphate-reducing bacteria 173

Schade, A. L., Myers, N. H. _& Reinhart,
R W. Carbohydrate metabolism and pro-
duction of diffusible active substances by
Staphylococcus aureus grown In serum at 1Iron
levels in excess of siderophilin iron-saturation
and below 253 i

Sharp, P B., see Moses, V. Studles on the
regulation of glucose-metabolizing enzyrmes in
Bacillus subtilis i

Short, J., see Walker, P.D. Th_e |Oca!:|0n of
mucopolysaccharides on ultrathin sections of
bacteria by the silver methanamine staining
technigue 467

Sietsma, J. H. _&Haskins, R. H., see Eveleigh,
D. E The involvenent of ceilulase and lami-
naranase in the formation of Pythium proto-
plasts 8 . ,

Simidu, U: &H_asuo, K An In'pr(]\/ed r_rEdlum
g; the isolation of bacteria from marine fish

Simidu, U & Hasuo, K. Salt dey ndency of the
bacterial flora of marine fish 347

Simidu, U. & Hasuo, K., see AlSO, K. MCfOflOfa
g}althe digestive tract of inshore fish in Japan

Smarda, J. &Taubeneck, U. Situatio_n of colicin
receptors in surface layers of bacterial cells 161

Smith, H Williams & Hants, S The trans-
missible nature of the ic factor in
Escherichia coli that controls enterotoxin pro-
duction 319 S

Smith, R F. &Winrert, N. P. Lipolytic activity
of human cutaneous bacteria 441 )

Stenderup, A. & Leth Bak, A Deoxyrlbo-
nucleic acid base composition of some species
within the genus candida

Taubeneck, U., see Smarda, J. Situation _Of
colicin receptors in surface layers of bacterial
cells 161 )

Tempest, D. W, see Meers, J. L The Inﬂl.ErCe
of extracellular products on the behaviour of
mixed microbial populations in magnesium-
limited chemostat cultures 39 ]

Thretfart, R J. The genetics and biochemistry
of mutants of Aspergillus nidulans resistant to
chlorinated nitrobenzenes 35 o

Turian, G, see DelVecchio, V. G. Intraconidial
conidia in the spray mutant of Neurospora
crassa

van Heyningen, W E & Mellanby, J. The
effect of cerebroside and other lipids on the
fixation of tetanus toxin by gangliosides 447

Walker, P.D. & Short, J. The location of
mucopolysaccharides on ultrathin sections of
bacteria by the silver methanamine staining
technique 467

Walker, P. D., see Marsh, D G. Free endo-
toxin_and non-toxic material from Gram-
negative bacteria: electron microscopy of
fractions from escherichia coli 125

Warr, J. R A mutant of Chlamydomonas rein-
hardii With abnormal cell division 243

White, A B.,See_M_elIanby,_\]._-l-rlemdemndence
of the lysolecithinase activity of extracts of
Clostridium sordellii from their lethal, oedema-
producing and haemorrhagic actions 455

Wintetr, NP, see Smith, RF. L!aolytlc
activity of human cutaneous bacteria 441

Wittetts, H. J. Stromatal rind formation in the
brown rot fungi 271 ]

Wirsen, C., see _Mitchell, R._LySIS of non-
marine by marine micro-organisms 335



Journal of General Microbiology Vol. 52

Index of Subjects

Active diffusible products of staphylococcus
aureus (Schade, Myers &Relnh_arts X3
Aerosolization, effect on various bacteria

(Anderson, Dark & Peto) 9
Ainus endophytes in sils (Rodriguez-Barrueco)

a-Methylmethionine inhibition on . coli 223
Aspergillus nidulans, mutants resistant to nitro-
enes (Threlfall) 3B

Bacillus fastidiosas, fine structure (Leadbetter &
Holt) 299 .
Bacillus subtilis, regulation of glucose-meta-

bolizing enzyr &Sharg% Kol
Base composition of Candida (Stenderup &
LethBak) 231 .
Basic amino acid permease in Neurospora (Roess
& DeBusk) - - . .
Biochemical “differentiation of pathogenic fungi
(Murray) 213

Botrytis cinerea, hydrolase localization (Pitt) 67
Brown rot fungi,” stromatal rind formation in

(Willetts)

Candida, DNA base composition (Stendrup &
LethBak) 231 ) .

Carbohydrate metabolism of  staphylococci
(Schade, Myers & Reinhart) 253

Carotenoids Of corynebacterium fascians (Preb

ble) 15 :
Cell dl\sls% abnormal, in Chlamydomonas
T
Cell lipids and phenols él;ugo &Franklin) 365
Cell-wall  polysaccharide of rough s. typhi-
murium (Holme, Lindberg, Garegg & Onn) 45
Cerebroside, effect on fixation of tetanus toxin
%Yganghoslde (van Heyningen & Mellanby)

Chlamydomonas reinhardii with abnormal cell
division (Warr) 243 ) )
Chlorinated nitrobenzenes, resistant Aspergillus
mutants (Threlfall) 3 =~

Clostridium sordellii, lysolecithinase (Mellanby &
White) 455 )

Colicin receptors of €. coli and Proteus and their
L-forms (Smarda & Taubeneck) 161

Composition of normal and elon%zz\ted Myco-
bacterium lepraemurium (Draper Hart) 18

Conidiation In  Neurospora (DelVecchio &
Turian) 461

Coprinus lagopus, effect of 2-deoxy-D-glucose on
(Moore) 433

Corynebacterium fascians,

(Prebble) 15
Corynebacterium,
lationships (Lazar

carotenoids  from

hology, serological re-
L 0ogy, 0g

Culture, continuous, magnesium-limited, mixed
populations in (Meers &Tenmpest) 309

Cytology, fine structure of Thiobacilli (Kocur,
Marfinec & Mazanec) A3

2—Deoxy—Dquoose effect on coprinus lagopus
(Moore) 433 g

Deoxyribonucleic acid base composition of
Candida species (Stenderup & Leth Bak) 231

Desulfovibrio and Desulfotomaculum, characters
of somme strains of (Miller, Hughes, Saunders &
Camplell) 173

Ecology of hydrocarbon-metabolizing micro-
organisms (Jones & Edington) 381
Electron micr of fractions from E. coli
(Marsh & Walker) 15
Endophytes of Alnus and Myrica in soils (Rod-
riguez-Barrueco) 189
Endotoxin of . coli (IMarsh & Walker) 125
Enterotoxin, transmissible, frome. coli (Smith &
Halls) 319 :
, basic amino acid permease in Neuro-
spora FRoess_&_DeBusk) Livil
Enzyme lysolecithinase from ciostridium sordelii
(Mellanby & White) 455 )
O O T rOLOpIAS (i S
tion of Pythium protop veleigh,
Enfcyl_lrne@]essklnS o metabolizi lation i
. glucose- izing, regulation in
B. subtilis (IMoses &Sharp)r%l o
( / ) g;Botrytiscinerea, hydrolaselocallzatlon
It
Escherichia coli, colicin receptors (Smarda &
Taubeneck) 161 ) )
Escherichia coli, €lectron microscopy of fractions
(Marsh & Walker) 15 )
Escherichia coli, genetic control of enterotoxin
(Smith &Halig) 319 "~~~ "
Escherichia coli, growth inhibition in irradiated
(Hil) 21 :
Escherichia coli, inhibition by a-methylmethio-
nine (Rowbury) 223

Fine structure of Bacillus fastidiosus (Leadbetter
&Hol) 20 .

Fine structure of Thiobacilli (Kocur, Martinec &

Fls'gi?rmnne, bacterial flora (Simidu & Hasuo)

Fish, marine, medium for isolation of bacteria
from (Simidu & Hasuo) 35

Fls:%lsea, gut flora (Aiso, Simidu & Hasuo)

FI%E%’ bacterial, of marine fish (Simidu & Hasuo)



Index of Subjects \V;

Fo(rmate ngtabolisn; 1% sarcina

Formation of P%_thium protoplasts (Eveleigh,
Sietsma & Haskins) 89

Fug% non-marine, lysis of (Mitchell & Wirsen)

ventriculi

Fungi, pathogenic, biochemical differentiation
(I\(‘}Urrg?/t) %

Gangllioside fixation of tetanus toxin, effect of
ﬁ;ebroslde on (van Heyningen & Mellanby)
Genetic factor ink. coli controlling transmissible
enterotoxin (Smith & Halls) 3 ]
Genetics Of Aspergillus nidulans resistant to
nitrobenzenes reIfaII? K} i
Gene transfer in Pasteurella (Lawton, Morris &
Burrows) 2 . .
Growth inhibition of irradiated £. coii (Hill)

261

Growth of Coprinus, effect of 2-deoxy-D-glucose
(I\/bore% 43% VI

Growth of Nitrosomonas, some factors (Loveless
&Pamtep 1 o

Gut flora of sea fish (Aiso, Simidu & Hasuo) 361

Haze?rgophilus species requiring X-factor (Ryan)

rocarbon-oxidizing micro-organisns (Jones
H>gEdington) 3l o gan ] ‘ ]
I—|\éd7rolase of Botrytis cinerea localization (Pitt)

Identification of human mycoplasmes (Haas,
&Razin) 119
Immunochemistry of s. typhimurium  cell-wall
ﬁply,sacchande (Lindberg & Holme) %5
Inhibition of E coli by a-methylmethionine

(IRQWOU??BZS : -
Iso%[mn of bacteria from fish (Simidu & Hasuo)

L-forms of E. coli and Proteus colicin receptors
]gﬁrarda_&Taubeneck)_ |

L-forms, size determination by filtration (van
Boven, Ensering & Hijmans) 403

L-forrrs, size determination by phase-contrast
microscopy (van Boven, Enséring & Hijmans)

413
Uﬁllysis by cutaneous bacteria (Smith & \WMllett)
Location of mucopol harides in ultrathin
sections (Walker & Short) 467
Ly%% of non-marine fungi (Mitchell & Wirsen)
Lyszggeny causing changes in m.phlei (Juhasz)
Maceration f_act(_)r from sclerotinia fructigena
(Byrd.e&F.Iel.dé@) B
nesium-limited” mixed microbial  cultures

rs &Tenggst 39
I\/k(edium for fish c?eria (Simidu & Hasuo) 3%

I\/Ietabolism1£f sarcina ventriculi (Bauchop &

Method of size determination of L-formsbyfiltra-
tion (van Boven, Ensering & Hijmans) 403
Method of size determination of L-forms by
phase-contrast microscopy (van Boven, En-

_sermP &HPma_ ns) 413 )

Microflora of digestive tract of sea fish (Aiso,
Simidu & Hasuo) 361

Microflora_oxidizing hydrocarbons (Jones &
Edington) 381

Micrascope, electron, study of Bacillusfastidiosus
(Leadbetter & Holt) ]

Mitochondria acted on by staphylococcal toxins
(Lominski, Germmell & Arbuthnott) 107

I\/IorphoIJo%S% in M. phiei due to lyso-

Ul
I\/Utager(1esis in)E. coli (Hill) 261
Mutant of Chlamydomonas with abnormal cell
division (Warr) “243 ]
Mycobacterium lepraemurium, chemical compo-
sition (Draper &Hart%anlgés g I
Mycobacterium phlei, Cl ue to lysogeny
(Juhasz) 237 -
nlasmes of human origin (Haas, Sacks &
ozin) 19 .
I\/Iylggca endophytes in soils (Rodriguez-Barrueco)

Neurospora crassa, basic amino acid permease
from (Roess & DeBusk) 2L~

Neurospora crassa, m_traconld!al conidia in spray
mutant (Del\Vecchio & Turian) 461

Nitrosomonas europaea, _grovvth from activated
sludge (Loveless & Painter), 1

Osnné)rhilic yeasts, growth rate patterns (Anand
&Brown) 26~ o
O%%n, hyperbaris, toxicity for bacteria (Gifford)

Pasteurella pseudotuberculosis, gene transfer in
(Lawton, Morris & Burrows) 25

Pectin methyl-ra/weliminase as  maceration
factor of “sclerotinia fructigena (Byrde &
Fielding) 287 )

Ehoienolﬁy?nd OelllylégllOb (HGLII\%R &I;rankltltn) %f

ene , gr rate patterns o
e 8 d&%rown) 25 .

et

Polyol metabolism by yeasts (Barnett) 131

Polysaccharide from rough s. typhimurium 0l
viall (Holme, Lindberg, Garegg & Onn) 45

Polysaccharide of s. typhimurium el wall,
immunochemistry (Lindberg &I_—Iolmez)a;!!ti )

Potassium  efflux “from aerosolized eria
(Anderson, Dark & Peto) 99

Proteus mirabilis, Colicin receptors (Smarda &
Taubeneck) 161 = . )

Protoplasts, formation in Pythium (Eveleigh,
Sietsma & Haskins) 89 o

Pythium protoplasts, formation (Eveleigh, Siet-
sma & Haskins) 89



vi Index of Subjects

Regulation of glucose-metabolizing enzymes in
etg subtilis (REBES & Sharp) ang

Sal lla typhimurium, cell-nall | ide
e e (it Linda, cove &

Salmonella typhimurium, immunochemi stry of
cell-wall polysaccharide(Lindberg&Ho! ) 5
Salt dependency of fish bacteria (Simidu &
Fosuo) formate metabolism (Bauchop
s triculi, formate metabolism
azgcclna ven)rlclt%

Sclerotinia fructigena,

naﬁgél -rralVielimi-
%e as maceration actor (Byrde & Fielding)
Sclerotlnla fructigena, Stromatal rind formation

Serology of 80rynebactena (Lazar) 77
Silver “methanamine staining of  mucopoly-
saccharides (Walker & Short) 467
Skin, normal human Ilpolytlc activity of bacteria
from (Smith & Wllett) “44
Slud% actlvated Nltrosomonas from (Loveless
&Painter)
Spray mutant of Neurospora (DelVecchio &
SpEltman) 361 ifi f myco I fr
um,  identi |cat|on ) asmes from
(Heas, Sacks &Razin) 119 P

Stalnlng of mucopol ccharldes in ultrathin
sectlons (Walker & 467
hylococcal toxins actl on mitochondria
mtnskl Genmrell & Arbuthnott) 107
Stfa/lococa activity of phenols against (Hugo
ranklin) 366
lococcl, carbohydrate metaboli sm(Schade,
Myers &Relnhart) 23

Streptococci Igroup A, L-forms, size determina-
tion by ﬁ tration (van Boven, Ensering &
Hijmans) 403

Streptococci, group A, L-formrs, size determi-
natlon phase-contrast microscopy  (van

ring & Hijmans) 413
Stromatal rind ormatlon in fungi (Wlletts)

Sulphateureducm bacteria, |dent|f|cat|on (Miller,
Hughes, Saunders & Campbell) 173

Taxonomy of Corynebacterla from serological
relationships (Lazar) 77

Taxonomy of Desulfovibrio  and Desulfoto-
Eéﬁ)utum (Miller, Hughes, Saunders & Camp-

Tetanus toxin fixation ganglloslde (van
Heyningen & I\/bllant%/

Thiobacillus _novellus, fine structure (Kocur,
Martinec & Mazanec)

Toxicity of hyperbaric o (Glffor

Toxins Of C sordellii (Nb anby &\/\hlt@?|

Toxin, on mitochondria
(Loml i, Gemell &Ar uthnott) 107

Toxin, tetanus fixation
Heynlngen&l\/bllanby)

Ultrathin sections of bacteria, location of muco-
polysaccharides in (Walker & Short) 467

X—Zf%tor—requiring Haemophilus species (Ryan)

ganglioside (van
W

Ye%s;ts, gronth rate patterns (Anand & Brown)
Yeasts utilizing polyols (Barnett) 131



	JOURNAL OF GENERAL MICROBIOLOGY 1968 VOL.52 NO.3
	The Transmissible Nature of the Genetic Factor in Escherichia coli that Controls Enterotoxin Production
	Lysis of Non-marine Fungi by Marine Micro-organisms
	Fine Structure of Thiobacillus novellus
	Salt Dependency of the Bacterial Flora of Marine Fish
	An Improved Medium for the Isolation of Bacteria from Marine Fish
	Microflora in the Digestive Tract of Inshore Fish in Japan
	Cellular Lipid and the Antistaphylococcal Activity of Phenols
	Toxicity o f Hyperbaric Oxygen to Bacteria in Relation to the Cell Cycle and Catalase Synthesis
	An Ecological Survey of Hydrocarbon-oxidizing Micro-organisms
	Studies on the Regulation of Glucose-metabolizing Enzymes in Bacillus subtilis
	Size Determinationby the Filtration Method of the Reproductive Elements of Group A Streptococcal L-Forms
	Size Determination by Phase-contrast Microscopy of the Reproductive Elements of Group A Streptococcal L-Forms
	Properties of a Basic Amino Acid Permease in Neurospora crassa
	The Effect of 2-deoxy-D-Glucose on the Growth and Respiration of Coprinus lagopus
	Lipolytic Activity of Human Cutaneous Bacteria
	The Effect of Cerebroside and Other Lipids on the Fixationof Tetanus Toxin by Gangliosides
	The Independence of the Lysolecithinase Activity of Extracts of Clostridium sordellii fromTheir Lethal, Oedema-producing and Haemorrhagic Actions
	Intraconidial Conidia in the Spray Mutant of Neurospora crassa
	The Location of Mucopolysaccharides on Ultrathin Sections of Bacteria by the Silver Methanamine Staining Technique
	Index of Authors
	Index of Subjects

