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Printed in Great Britain

Obituary Notice
E. G. D. MURRAY, 1890-1964

A stimulating teacher of outstanding ability, a research worker and philosopher of
distinction, a linguist of no mean competence, a taxonomist endowed with an unusual
share of common sense, above all a microbiologist and a friend of microbiologists; this
was Everitt George Dunne Murray, an honorary member of this Society, who died
suddenly on 6 July 1964, at his home in London, Ontario. Known to his English
students, his friends, and his colleagues as Jo’burg, Murray enjoyed every moment of a
full life, for he knew not only how to work hard but how great was the pleasure to be
found outside the laboratory, in the company of his family and his friends.

EARLY LIFE IN SOUTH AFRICA

Murray was of the third generation born in South Africa. His great grandparents
went there from England early in the nineteenth century and settled near Graafrienet,
Cape Colony, where they built a fine homestead called Roodeblom and raised a large
family. Their eldest son, Walter, carried on at the farm and became a stockbreeder.
Of his five sons, two entered medicine; one died early in his career;the other, Jo’burg’s
father, George Everitt Murray, studied medicine at Bart’s, took his F.R.C.S. and
M.R.C.P., then married Kathleen Dunne, a sister at Bart’s, and returned to South
Africa, where, at Johannesburg, he practised for the rest of his life.

Jo’burg Murray was born there in 1890; one of the first British babies born in that
collection oftin and wood houses that so soon became a great and wealthy city. During
the Boer War while Johannesburg was in siege, the elder Murray was Surgeon-in-
Chief to the British Forces and with his wife ran a large hospital for British casualties.
Meanwhile, Jo’burg and his young brother were at Roodeblom safe in the care of the
grandparents and it was there that he spent the happiest time of his young life. His
independent spirit revelled in the freedom of the enormous farm and the huge areas of
surrounding veldt. He had no fear, and, ranging afar on foot or on horseback he came
to know the creatures of the veldt and studied their life habits. It was there that he laid
the foundations of his deep and lifelong interest in zoology. His grandfather taught
him efficiency in everything he tried to do; being a perfectionist himself, grandfather
expected perfection and was ready to teach how it could be achieved. Jo’burg often
said he owed much to the teachings and precepts of this wonderful man. After the war
the boys returned to Johannesburg—and to school. Those were not such happy days,
for the schools were grim and Jo’burg never got over his deep and justified dislike of
them. But he treasured many good memories of holidays, when he could travel on the
veldt with his father, camping and shooting game—or going off by himself on his
horse for weeks on end—or swimming—or playing cricket. They had to ride 20 miles
to swim, but in spite of this he became a fine swimmer and loved it all his life. Early in
his boyhood his maternal grandfather, Captain J. J. Dunne, taught him to fish, to tie
his own flies, and to master that most delicate art of fly-fishing. (Grandfather Dunne
was a famous fly-fisherman and even today a make of fly-rod is named after him—the
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2 Obituary notice. E. G. D. Murray, 1890-1964

Hi-Regan; he was the Hi-Regan, being the direct descendant of an ancient Irish king,
and he wore the heavy silver thumb-ring which was his ancestors’ insigne.) Captain
Dunne was well known as a soldier (he fought sundry battles in many parts of the
world), explorer, writer and caricaturist, raconteur and wit.

At home Jo’burg met many interesting people, for the Murray home was a hospitable
house for innumerable people. Some of the famous men he met in his boyhood
continued their friendship in later life, among them General Smuts. Lord Baden-
Powell, with whom he became great friends when he was in his early teens, had a
standing invitation to tea every Wednesday afternoon and they used to discuss
the possibilities of B.P.’s ‘great idea’ which later became the Boy Scout move-
ment.

In one way and another Jo’burg did a great deal of travelling—on foot and on horse-
back, by Cape cart and ox-wagon; by train as an ordinary passenger and in his Great-
Uncle Richard’s private railway carriage (this was Sir Richard Southey, Premier of
South Africa for a number of years). Also he made five or sixjourneys by ship between
South Africa and England with his parents before he went to Cambridge. To one like
Jo’burg, keenly interested in everything he saw, this was wonderful experience for a
growing boy. Throughout his life he was never bored by travel—except, perhaps, on
innumerable journeys to Washington in World War 11!

TRAINING IN ENGLAND

Murray was about 15 when he and his two younger brothers were sent to Downside
School in England. He had full responsibility for them—a heavy burden for one so
young. Those school years were, again, not happy ones, but they all did well and, in
turn, went to Cambridge. Holidays were spent with relations in England and in
Ireland, and Murray was able to fish in wonderful trout waters with his Grandpa
Dunne and proved an apt pupil. Then came the years at Cambridge, where he was
entirely happy doing work he loved and excelling in intellectual freedom, the lack of
which was one of the many things that irked him so much at school. He was a dedicated
and indefatigable worker and after classes would spend long hours through the night
working at the bench he set up in his sitting-room in Christ’s College; one half
resembled a laboratory with bench and microscope, and there were rows of shelves
for the aquaria and other specimens. He found time for many outside activities—
digging for fossils, cricket, swimming and tennis being only some of them—and he
made many friends. Among them were some of the famous men who were teaching at
Cambridge at that time—Sir Arthur Shipley (Master of Christ’s College), Gowland
Hopkins, Haddon, Sedgewick, Duckworth, Hardy, Brindley, and these friendships
were a delight to him for many years and when he returned to Cambridge. During
that period he spent vacations either fishing in Ireland, collecting specimens at various
marine biological stations, or at his cousin’s house at Oulton, which was only three
miles from Blundeston, Suffolk, the home of Winifred Woods, whom he met during
his first year at Cambridge. While there, near the east coast, he often went out in
fishing trawlers on regular North Sea fishing trips, seeking specimens when the nets
were hauled. It was hard living—mostly cold and wet but he loved it. One long vaca-
tion he spent on the west coast of Wales with a zoologist friend. They lived in Caldy
Island entirely isolated from human contacts, for the only other inhabitants of the
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island were a few cloistered monks in a tiny monastery. It was a marvellous place for
collectors of zoological specimens.

At that period of his life he was, at first sight, a very serious and thoughtful young
man, shy, until one knew him well, but underneath it all was that tremendous sense of
fun, wit, and warm friendship which was a part of him all his life. Even as an under-
graduate he made something of a name for himself in zoology, and he was asked to
jointhe Scott Expeditionto the Antarctic as a zoologist. He cabled his father asking per-
mission to do so and received the answer ‘No. Continue your studies "and that wasthat!

After taking his degree Murray went to Bart’s, where he seems to have been very
happy with medical training in general, though for ‘lunacy’ he always had a deep and
ineradicable loathing. He had a tremendous admiration for the teachers of that time—
especially Archibald Garrod and Frederick Andrewes. He very soon became great
friends with Mervyn Gordon and it was through him that he developed his lifelong
interest in pathology and bacteriology for, as time went on, he spent more and more
hours in the pathology laboratories learning and working with Gordon. He knew, now,
what his life’s work was to be, and where his interest lay; but when war broke out in
1914 he joined up. But it wasn’t long before he was recalled and was sent to the Central
Cerebrospinal Fever Laboratories, where he joined Gordon, and they worked together
on cerebrospinal fever throughout the epidemic which was raging at the time. Thus,
before he was qualified, Murray was doing work that established him as an expert on
the meningococcus, and he later wrote the chapter on that organism for the M.R.C.
System of Bacteriology.

TIME IN THE RAMC.

While doing the cerebrospinal fever work Murray must have worked under
difficulties to complete his medical studies, but he qualified as a Licentiate of the
Society of Apothecaries in 1916. He was then commissioned in the R.A.M.C. and
worked at Millbank under Colonel David Harvey at a time when Sir David Bruce was
Commandant of the R.A.M. College. Murray had a deep admiration and affection
for Sir David and Lady Bruce. This was another very active and busy period. He did
not have much time for recreation but made the most of what opportunities arose and
sometimes he would spend a few days in Paris at the Institute Pasteur, or with an old
friend, Charles Legalle at Chateau Tuloc. It was there that he laid the foundation of a
taste for good wines—he had a fine and precise palate and claimed that he could tell
the exact vintage of a good Port or Burgundy. M. Legalle’s family lived in London
and they were great friends of Murray’s from his student days at Bart’s. It was thus
that he learned to speak French with ease and fluency.

Also at that time (1912-15) Murray met many of the most famous actors and actresses
of the day. His mother’s sister (‘George Egerton’, the writer) lived in London and her
husband, Golding Bright, was a well-known impresario and it was at their house that
he met these people of the theatre—for whom he never had much use. ‘Mummers—
justmummers’ he would say. Nevertheless, he enjoyed the theatre as such—especially
musicals, D’Oyly Carte and the music halls—so he was really quite normal in his
tastes. He was a member of the Fly Fisher’s Club in Piccadilly, where his grandfather
Dunne had been well known for many years; and always enjoyed his meetings with
fellow-piscators there. During the Second World War the Club roused his ire because
they refused to let him use their library.
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In 1916 Murray was sent to Mesopotamia to work on dysentery, which was causing
enormous casualties in our troops in that theatre of war. He arrived there during the
hot season—120-130° F. in the shade—and found that conditions were indeed very
bad. Inadequate food, millions of flies, no refrigerators and barely sufficient apparatus
to work with. His laboratory was a small canvas tent and he had to keep test tubes of
specimens and thermometers in buckets of water so that the one should not cook and
the other not burst! Nevertheless, he did a great deal of work there, collected more
than a thousand cultures and got a lot of important information on dysentery before
he, too, fell victim to the disease. He was seriously ill and nearly died in the hospital
at Basra. When he was convalescent he was sent to India and went to Kasauli, where
he found congenial friends in the Institute and spent much of his time there while he
recovered his strength and health. It was at this time that a certain letter (which made
him hopeful) caught up with him and was the prelude to a wild chase halfway round
the world that took him to the Devonshire Hospital, Buxton, where Winifred Woods
was nursing; the chase seemed fruitless for his proposal was refused. However,
Murray never gave up and the chase ended, months later, in their marriage on 17
December 1917 at St Luke’s, Kensington. Between the dash from India and his
marriage he had been to Johannesburg to see his father and he had been Medical
Officer in charge of troopships on both east and west coasts of Africa.

CAMBRIDGE PERIOD

In 1919 Murray was appointed Demonstrator in Pathology at Bart’s and in 1920 he
became an M.R.C. Research Bacteriologist, at first working in the Field Laboratories
in Milton Road, Cambridge. In 1922 H. R. Dean went tc Cambridge as Professor of
Pathology, and Murray moved to the department in the following year when Dean,
R. A. Webb, and he planned the Part Il Pathology Tripos, which was first offered as a
course in 1924-25. The class was held in the old pathology laboratory on the corner of
Corn Exchange and Downing Streets. Graham Smith taught most of the systematic
bacteriology but Murray did some, and introduced practical immunology, a revolu-
tionary development in undergraduate teaching. Being a perfectionist in technique he
imparted something of his critical ability of his students. The students in that first
year were L. Foulds, Miss C. P. Giles, A. A. Miles, F. Smith, Miss M. P. Shackle,
E. T.C. Spooner and Colonel Whitmore (of Bacterium whitmori, so spelt by Stanton
and Fletcher). Murray was made a Fellow of Christ’s College in 1923, and became
Director of Medical Studies there in 1925; in 1926 he was appointed Lecturer in
Pathology. It was during these Cambridge years that Murray, Webb and Swann
started their work on Bacterium monocytogenes (which later became Listerella mono-
cytogenes and finally Listeria monocytogenes), an organism that was infecting and
killing some of their laboratory rabbits.

Murray left a permanent memorial to his time in Cambridge in the present Pathology
Department in Tennis Court Road; during the building he played the big part of
unofficial Clerk of Works and was responsible for much of the detailed planning. At
the time, the design of the Department was regarded as something outstanding and it
was described in the M.R.C. System of Bacteriology.

Murray was always at war with pomposity and humbug, and in this war his Cam-
bridge students and friends were his allies, and he made them so. Part of his greatness
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as a teacher and administrator lay in his persistent questioning of everything, even
things that seemed to others to be unquestionable until he got to work on them. In his
Cambridge days Murray had not grown his famous beard and without it his wide open
eyes seemed even more penetrating. He would produce the most devastating comment
on things and people in a soft, almost drawling voice that rose a semitone or two when
he became really emphatic. He used to tell how Graham Smith reacted to the news that
he was going to Canada by saying: ‘It’s going to be a hell of a shock for McGill; they
don’t know what they’ve let themselves in for.” He left Cambridge in 1930 and took
with him the love and friendship of all his old students. One of them summarized this
period in the sentence: ‘He had a great capacity for loyalty and for friendship; he was
a most lovable person and a wonderful man to have on one’s side in a controversy.’

CANADA

Murray was appointed Professor of Bacteriology and Immunology at McGill
University, Montreal, in 1930. Before his appointment there had not been any
organized teaching of microbiology in the Faculties of Medicine or Arts-Science at
McGill. It is true that as early as 1905 a Department of Agricultural Bacteriology had
been established by Professor F. C. Harrison at Macdonald College, some twenty
miles from the main Montreal campus, but the only teaching of bacteriology to
medical students took the form of contributions made by Professor Harrison, the pro-
fessors of Pathology and Hygiene and members of the staff of the Royal Victoria
Hospital. Dr Harrison was appointed Professor of Bacteriology in the Faculty of
Medicine in 1929 but within a year was forced to retire owing to ill health, and before
time allowed for the organization of a department. When Murray reached McGill he
found that he had been appointed the chairman of a department of which he was the
sole staff member, in charge of a few small and poorly equipped laboratory rooms
which had never been designed for bacteriological work, and he was to have the
assistance of one trained technician. With the energy characteristic of the born
pioneer and his usual determination and skill he undertook, without delay, the task of
creating a new department within the Faculty of Medicine responsible for the teaching
of medical students, undergraduate students in science and eventually graduate
students in medicine and in the Faculty of Graduate Studies and Research. Before the
term started he had organized a full and properly integrated course in bacteriology
and immunology for the medical students. In a surprisingly short time he succeeded in
creating a service in clinical diagnostic bacteriology and consultation which won the
respect of the clinicians in the teaching hospitals in Montreal and which within a few
years became the envy of his colleagues throughout Canada. To the credit of the
University authorities and particularly the then Principal and Vice-Chancellor, Sir
Arthur Currie, despite the fact that the University was suffering the financial depriva-
tions of the depression years, they did not let a new man down and provided Murray
with every support and encouragement for the onerous task with which they had
charged him.

Murray came to McGill primarily with the reputation of a research man, although
he had proven himself, in the planning and supervision of the construction of the
Pathology Laboratory at Cambridge, an able builder of physical plant. This experience
was to serve him well in building up and equipping his new Department of Bacteriology
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at McGill. However, in the early years the task of establishing teaching and clinical
diagnostic services involved a very real sacrifice in time and energy that he might
otherwise have devoted to a continuing career in research. In 1931 he was fortunate
in being able to recruit to his staff-one of his former students at Cambridge, Frederick
Smith (later to become Dean of Medicine at McGill), and from that time until the
death of Dean Smith in 1949the two shared in the responsibility of buildingup a depart-
ment which, within not too many years, came to enjoy an enviable reputation in the
fields of teaching, research and clinical diagnostic microbiology. The load was
gradually lightened as Murray managed to attract to his staff young, able and enthusi-
astic recruits. While, up to the early war years, he unselfishly devoted his own energies
to the creation and administration of a thriving and rapidly expanding department
he tried, at all times, to provide his junior colleagues with the freedom and stimulus
for research. He had a small but well-equipped laboratory leading directly from his
office where he retired, when time allowed, to take up some much interrupted line of
investigation, but the going was slow and the projects were rarely completed because
of the day-by-day distractions of teaching, consultation and administration. When
beset by some thorny administrative problem he could be found standing in his
laboratory gazing longingly at the all too little used benches. Despite the pressure of
administrative duties, however, he managed to participate in some, at least, of the
research problems which his students and junior staff members had undertaken under
his direction. One such project that particularly held his interest in his early years at
McGill was a study of staphylococcal toxins, the development of improved methods
for the production of staphylococcal toxoids, and for the evaluation of their antigenic,
prophylactic and therapeutic efficacy.

Murray was a builder and an investor in talent. Indeed, the story of Murray at
McGill is the saga of a university department that became one of the leading centres
of microbiology on the North American continent. It was a department of which he
was intensely proud and he sometimes fondly referred to it as his ‘ship’; there was
never any doubt in the minds of his colleagues as to the ability of the captain to hold a
firm helm. His pride and enthusiasm were infectious and were shared by his colleagues
and those who trained under him so that, wherever their careers might eventually take
them, they never ceased to identify themselves with ‘The Chief” and McGill. During
his twenty-five years at McGill there was not a period during which things remained
static in the department. A perfectionist in all things, he was never quite satisfied that
things could not be better. The physical facilities were constantly being enlarged,
remodelled or rebuilt and re-equipped. The teaching and diagnostic services continued
to expand under his direction, and when Murray retired in 1955 the staff had grown
to some sixty persons. The department developed along the diverse but related lines of
teaching, graduate study and research, and medical diagnostic bacteriology.

Murray felt strongly that courses in microbiology must be designed, at all levels, to
meet the specific needs and interests of the students. As a result of this attitude the
department soon gained recognition for its invaluable services, not only to the faculty
under which it had been instituted, Medicine, but to other faculties and schools within
the university. With his personal participation in all courses, instruction was given in
the schools of Medicine, Dentistry, Nursing and Arts-Science, with separate and
appropriate courses for each. His special pride in undergraduate training lay in the
development of a curriculum, leading to an Honours B.Sc. degree in bacteriology and



Obituary notice. E. G. D. Murray, 1890-1964 7

immunology, which brought the teaching of the subject to a level higher than had
hitherto been attempted for undergraduates in North America.

GRADUATE TEACHING AT MCGILL

For some years the lack of space made it impossible for the Department to accept
more than the occasional graduate student but immediately after World War 11
graduate training in microbiology became a major preoccupation of Murray and his
teaching staff. The building up of a leading graduate school in microbiology was not
the least of his contributions as an organizer. At the time of his retirement there were
fifteen graduate students in the Department working towards the M.Sc. and Ph.D.
degrees. In the relatively brief period between the end of the war and his retirement
some forty-four postgraduate students went from his Department to take up pro-
fessional positions in university, hospital, government and industrial laboratories in
Canada and the United States. Indeed, virtually every university and major teaching
hospital in Canada has or has had on its staff at least one Murray graduate. Murray
was not one for large, integrated departmental research projects. He encouraged his
colleagues to follow their own interests and as a result research in the Department
developed along diverse lines relating, at one time or another, to almost every specialized
branch of microbiology. New graduate students were encouraged to spend at least a
couple of weeks talking with individual staff members about the research projects
which they directed, and reading the theses and publications which had arisen from
the investigations. They were then permitted to choose the general field of work and
thus indirectly to choose their research director; it was rare, indeed, when the problems
under investigation did not meet their interest and needs. Although Murray had his
own students whom he personally directed, he made a point of taking a day-by-day
interest in every graduate student in the Department and the students never failed to
appreciate this gesture on the part of their departmental chairman. Upon arrival at
his office in the morning he would turn a blind eye to the deep stack of mail which
awaited his attention and, starting out while still buttoning his laboratory coat, he
would make the Grand Tour. Starting at one end of the long corridor where the
students were housed in a series of individual staff laboratories, he would stop for a
while to chat informally with each student about his progress, his problems and to
offer encouragement and advice from a vast storehouse of knowledge which was
always a source of wonder and stimulus to his audience. He demanded from his
students the highest standards of performance and refused to tolerate carelessly
planned experiments or ‘sloppy’ thinking. Never hesitant to express positive and
forceful criticism when it was needed, this sometimes couched in rather startling
phraseology, he never withheld praise when it was merited. Murray was a raconteur
without equal and in lectures and informal discussions with students he frequently
spiced his dissertations with witty anecdotes relating to the great men of microbiology.

The post-war years were rewarding ones for Murray. The research activities of his
Department and the output of worthwhile publications rapidly and steadily increased
from year to year, and, as a result of his untiring administrative efforts of the earlier
days, the Department ran as the efficiently designed machine he had made it, and he
had time to turn more and more to his own research interests and writing. His research
publications in co-operation with his students and colleagues ranged over a variety of
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subjects in the fields of medical bacteriology, immunology, antibiotic therapy, etc.
In his later years he gained particular recognition for his writings and lectures in the
speculative and philosophical realms of science.

Because of his administrative abilities, his great energy and wide interests Murray
served the University in many capacities. He was a member of the Faculties of Medi-
cine, Arts-Science and Graduate Studies, for some years an elected member of the
Senate from the Faculty of Medicine and served during the last six years of his tenure
of office at McGill as one of the two University representatives on the Montreal City
Council. Murray had the reputation of a man ‘to be reckoned with’ at Senate, Faculty
or Committee meetings. He possessed a thorough working knowledge of the status of
the University, of procedural methods and was a master in debate. He was never loath
to object strenuously to the decisions of duly constituted authority when he felt them
to be wrong. Two of his very close friends at McGill, T. H. Mathews, the then
Registrar, and the late D. L. Thomson, Dean of the Faculty of Graduate Studies and
Research, writing in the McGill News in 1954, described him thus: “.. .he is the best
type of “no-man” for his instinctive opposition to most things (anything, in fact,
which was not done in his day at Cambridge) is combined with a sense of humour
and a trenchant flow of strong words devoid of rancour. Nothing brings a brighter
light to his eye, a more electric crackle to his whiskers than the opening rounds of a
promising argument with no holds barred and no insults excluded; but it is only fair
to add that if there is one thing he enjoys more than delivering a bludgeon-stroke, it is
receiving one that meets his high standards.’

In addition to his various academic posts, Murray actively served McGill’s teaching
hospitals. Until 1955 he was Bacteriologist-in-Chief of the Royal Victoria Hospital
including the closely affiliated Montreal Maternity Hospital and the Montreal
Neurological Institute, and an Honorary Consultant to the Royal Victoria, Montreal
General, Children’s Memorial, Jewish General, and Royal Edward Laurentian
Hospitals. He was also Honorary Consultant to the Victorian Order of Nurses for
Canada and a member of the Board of Governors of the Alexandra Hospital.

AN INTERNATIONAL FIGURE

Beyond the confines of McGill, Murray’s talents were much in demand in national
and international endeavours concerned with both microbiology and medicine.
Recognition by his colleagues in microbiology for his contributions in the field of
bacterial taxonomy, particularly for his studies of the meningococcus, of Shigella
and Listeria monocytogenes, led to his appointment in his second year at McGill to the
Committee of the Society of American Bacteriologists which had been formed to
assist Professor D. H. Bergey in the preparation of his Manual of Determinative
Bacteriology. Bacterial taxonomy was to become for Murray a field of major interest
and intense endeavour for the rest of his life, and it was for his outstanding contribu-
tions in this area of microbiology that he became most widely known. Before his death
in 1937, Bergey had requested that a Board of Trustees take over future editions of the
Manual and Murray was appointed a member of the Trust. With R. S. Breed and
A. P. Hitchens he was co-editor of the fifth (1939) and sixth editions (1948) of the
Manual and, with Breed and N. R. Smith, of the seventh edition (1957). In addition to
his editorial duties, to which he gave a very great deal of time and energy, he contri-
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buted in one or other edition to the sections on Neisseriaceae, Diplococcus, Strep-
tococcus, Corynebacteriaceae, Parvobacteriaceae and Spirochaetales.

Murray was well aware that Bergey’s Manual was not an easy or even a practical
book, and he voiced the opinion of many workers that the keys to the higher ranks
were, when put to the test, useless, and that it was necessary for the user of the Manual
to know enough bacteriology to identify his unknown organism down to the genus
level. His description of Listeria monocytogenes was a model of what could be done and
showed up the inadequacies of much of the rest of the Manual. Only the tape-recording
made at the meeting of the Trustees in Washington in May 1964 remains of the flow of
taxonomic wisdom, anecdotes, wit, leg-pulling (usually at the expense of his many
American friends), and scorn at nomenclatural niceties and absurdities. A transcript of
Murray’s contributions would make fascinating reading but, alas, would be un-
publishable. But behind the ribaldry there was the utmost common sense, and the
other Trustees always sought and usually acted on Murray’s advice in the discussions
that must inevitably precede a new edition.

In the records of the International Committee on Bacteriological Nomenclature,
Murray’s name first appeared in a rare mimeographed document dated February 1939,
‘Rules of Nomenclature Annotated with suggestions for Rules of Bacteriological
Nomenclature prepared for the American-Canadian Committee on Compilation of
Proposals for Consideration by the Third International Congress for Microbiology’.'
Other members of the Committee were R. E. Buchanan (chairman), R. S. Breed,
J. H. Brown, I. C. Hall, W. L. Holman, O. Rahn and G. B. Reed. The joint committee
produced the first ‘Proposed International Rules of Bacteriological Nomenclature’ in
July 1939, and the Third International Congress for Microbiology agreed in Plenary
Session to make them the basis of a Code to be presented at the next congress. At the
Third Congress Murray was elected to the newly formed Judicial Commission. He was
not at the Fourth Congress (1947) which approved the renamed International Bacterio-
logical Code of Nomenclature, but in his absence he was appointed to an ad hoc
Commission to act in an advisory capacity on the distribution of any funds that might
become available for culture collections. This was an ill-fated Commission and was
later replaced by a smaller committee to which Murray was appointed and on which
he gave most valuable service, for he had the knack of picking out the most worthy
from a large number of worthy collections for which there was inadequate financial
support.

At the Sixth Congress (1953) Murray was a Vice-President of the Section on Bacterial
Taxonomy; at this time he was also chairman of a Taxonomic Subcommittee on the
Neisseriaceae, and had, as secretary, his old friend Sara Branham.

In 1939 Murray had been made the Canadian representative on the Permanent
Commission for the Organization of Microbiological Congresses; and in 1958 he it
was who conveyed the invitation of the Canadian Society of Microbiologists to hold
the Eighth Congress in Canada. When this was accepted Murray was chosen by his
colleagues to be President of the Congress.

At the end of the 1953 Congress Murray had been elected to succeed A. J. Kluyver
as chairman of the International Committee on Bacteriological Nomenclature, and he
presided at the meetings of the Committee in Stockholm in 1958. In the intervening
period, and indeed until he announced his retirement as chairman at the beginning ofthe
1962 meeting (at which, as President of the Congress, he pleaded other business) he
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was a great source of inspiration to, and a solid supporter of, the two secretaries. It was
at the 1962 meeting, after he had resigned as chairman and indicated his retirement as
a Canadian representative, that he was nominated and appointed a Life Member of
the Committee (though this fact escaped record in the minutes of the meeting), an
honour previously bestowed only on the two original secretaries of the committee
(R. St John-Brooks and R. S. Breed).

Murray was called upon for active service in many capacities during the years of
the Second World War. During the period from 1940 to 1945 he served as a member of
the National Research Council Subcommittees on Infections and Shock and Blood
Substitutes and was a member of the War-Time Prices and Trade Board Pharmaceutical
Advisory Committee. He was Chairman of the Joint United States-Canadian Com-
mission of the War Disease Control Station, Chairman of the Biological Warfare
Committee and a Superintendant of Research of The Directorate of Chemical Warfare
and Smoke at National Defence Headquarters in Ottawa. The latter three posts kept
him away from the University almost continuously in the war years, during which
time the Department continued to serve the University and teaching hospitals under
the able direction of Dr Fred Smith. Murray’s valued services to the joint U.S.-
Canadian War Disease Control Commission and the Directorate of Chemical War-
fare and Smoke were recognized by the award of the Medal of Freedom by the United
States War Department and by his appointment following the war to the Advisory
Board of the newly formed Canadian Defence Research Board.

Murray was an active member of many national and international scientific societies
and committees and served many of these bodies in an executive capacity. In ad-
dition to his association with the older, well-established societies he gave freely time
and energy to the development of new organizations and, indeed, the now thriving
Canadian Society of Microbiologists virtually owes its existence to the organizing
ability of two Murrays, E. G. D. himself and his son R. G. E. Murray, Professor of
Bacteriology at the University of Western Ontario, and first President of the Society.

Murray was widely known at scientific meetings not only for his personal contribu-
tions but particularly for his always stimulating discussion of the papers presented.
His pungent, discerning and witty comments, based on a wealth of experience covering
many fields, were awaited with interest—and not infrequently with apprehension. His
criticisms although forthright were delivered in a fatherly manner and in such good
humour as not to breed resentment; they were received, rather, with the respect due
to his obvious interest, authority and considered judgement.

HONOURS AND AWARDS

During his period of tenure at McGill, Murray was the recipient of many honours
in recognition of his services as a teacher, scientist and administrator. These included
Fellowship in the Royal Society of Canada in 1938, the award ofthe Medal of Freedom
of the United States in 1947, the Flavelle Medal of the Royal Society of Canada in
1953 and the Coronation Medal of Queen Elizabeth 11 in 1953. On the eve of his
retirement in 1955 the University of Montreal conferred upon him the Honorary
Degree of Doctor of Medical Sciences and McGill an Honorary Doctor of Science
degree. At the same time the University of Montreal appointed him an Honorary
Member of the Executive Council of the Institute of Microbiology of that University
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in recognition of the unfailing help and encouragement that he had so freely given in
the early formative years of the Institute.

In the years following Murray’s retirement from active duty at McGill other honours
came his way. In 1955 he was elected an Honorary Fellow of the Montreal Medico-
Chirurgical Society (of which he was a past president) and he received Honorary
Life Membership in many associations including the Canadian Public Health Associa-
tion (1957), the Canadian Society of Microbiologists (1957), this Society (1960), the
American Society for Microbiology (1961) and the Canadian Association of Medical
Microbiologists (1962). A special issue of the Canadian Journal of Microbiology
containing contributions by his friends, colleagues and old students in Great Britain,
the United States, Germany, Australia and Canada was dedicated to Murray in 1956
‘in recognition of his contribution to science’.

THE RETIREMENT YEARS

Murray had not in any way slackened his pace with the approach of retirement; his
colleagues could not conceive him in retirement except in the technical terms of the
rules of tenure of the University and in this he did not disappoint them. He was
appointed Guest Professor of Medical Research at the University of Western Ontario
in September 1955, a post which brought him great delight in that he could, at long
last, return to the satisfying quietude of work in the laboratory uninterrupted by a
myriad of administrative details. He initiated most useful investigations dealing with
the habitat and activities of his old friend Listeria monocytogenes; unfortunately
unpublished at the time of his death but freely discussed with his colleagues in the
field. He was particularly interested in finding improved methods of isolating Listeria
from natural environments rich in other microbes and in epidemiological problems of
listeriosis in wild life. In the last years of his life he struck up an effective partnership
with K. K. Carroll of the Collip Laboratory at the University of Western Ontario on
various projects concerning the isolation and characterization of the lipids of L.
monocytogenes. This work is still very active and is being carried on by Carroll in
association with R. G. E. Murray.

One of the most onerous of Murray’s preoccupations in the first few of his post-
retirement years involved the Bergey’s Manual Trust, a service to his fellow bacteriolo-
gists that he took very seriously over the many years that he was a member, co-editor
and contributor. The editing of the seventh edition was a task demanding a very great
deal of work and there was much to do subsequently with the Index Bergeyana,
published in 1966.

In addition to his research and editiorial duties he continued to serve on various
committees and one particularly, which required continuing attention to detail and
much travel, concerned his chairmanship of the very active Canadian Associate
Committee on the Control of Hospital Infections. Canadian microbiologists elected
him President of the VIII International Congress for Microbiology held in Montreal
in 1962, a post which he filled with characteristic energy and distinction and a fitting
crown to a truly great career in the service of science.

Although he had suffered a myocardial infarction and was forced to take things
easier in the later years of his life, he lost none of his zest for living. He cheerfully
continued to pursue his researches, to give the benefit of his wealth of experience to
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committee affairs and to attend and take an active part in scientific meetings to the
time of his sudden death on 6 July 1964.

RECOLLECTIONS

Jo’burg Murray was a very real person who will be remembered as a scientist, a
teacher, a philosopher and a raconteur, but above all he wif be remembered as a friend.
He lived up to the highest Christian principles, but he was in fact an atheist, and he
delighted to tell the story of how, as he lay in bed after his coronary, the hospital
chaplain came to attend to his spiritual needs. Jo’burg put his viewpoint succinctly
by saying that he worshipped devils and had no wish to have his soul commended to any
other authority. The rest of the conversation, on other subjects, was very friendly. The
chaplain often stopped by Jo’burg’s bed to talk with him, and some weeks later, on one
of these visits said: ‘Are you still here? Your devils aren’t doing much for you;
you’d better change them.’

Jo’burg liked to do some leg-pulling, which he often combined with sarcasm. After
hearing a paper in which a form of coding (humbers and letters) was suggested to
replace names, he went to the microphone, stuck his chin out so that the beard re-
inforced the wagging and pointing finger, and said “When Dr Cowan dies | hope they
will put on his tombstone 606, 914... ° (the rest was lost in laughter). Afterwards, he
happily remarked ‘and | meant to add G.P.I.".

Tributes have been paid to the memory of Jo’burg Murray by colleagues from all
over the world, and we cannot end without adding one more. He was a wonderful
man to work with, but above all he was our friend.
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Facsimile of Curriculum vitae compiled by E. G. D. M. and annotated
in his own hand

NAME: MURRAY, Everitt George Dunne j
NATIONALITY: (British) Canadian

PLACE AND DATE OF BERTH: Johannesburg, South Africa,

July 21, 1890.
Degrees:
B.A—Cantab. (Hon. 1912)
M.A—Cantab. (1918) S
L. MSSA—(Lond. 1916) (Licentiate in Med. and Surg. of the

o Society of Apothecaries) . .
Specialists Certification as a Pathologlst and Bacteriologist, Royal
llege of Physicians and Surgeons of Canada, 1946.
Honorary Degrees:

M. D—Doctor of Medical Sciences, University de Montreal, 1955.
D.Sc—Doctor of Science, McGill University, 1955.

University and Medical School:

Cambridge (Christ’s CoI_Ie?e) England.
St. Bartholomew’s Hospital, “London.

Honours :
O.B.E. (Military Division) 1918
F.R.S.C. Sfellow of the R(()}/al Society of Canada) 1938
Medal of Freedom awarded by the United States War Dept. 1947
Royal Society of Canada Flavelle Medal 1953,
Coronation Medal, Queen Elizabeth |1, 1953. .
Hon. Fellowship Montreal Medico-Chirurgical Society 1955.
Hon. Membership Canadian Society of Microbiologists 1957.
Hon Life Member Canadian Public Health AssoCiation 1957.
Honoured by dedication Special Number of the Canadian Journal of

Microbiology Vol. 2 No. 3, May, 1956.

Present Appointments:

Visiting, Professor in Medical Research, University of \Western
Ontario, September 1955.

Past Appointments:

Professor of Bacteriology and Immunolggy, McGill University,
Montreal, and Chairman of the Dept. 193010 1955.

Member of Senate, McGill University 1943-53.

Honorary Consultant up to 1955.

Royal Victoria Hospital, Montreal

Mantreal General Hospital, Montreal

Children’s Memarial Hospital, Montreal

Alexandra Hospital, Montreal

Jewish General Hospital, Montreal

Victorian Order of Nurses for Canada

Royal Edward Laurentian Hospital, Montreal

Administrative Appointments: In Universities and Hospitals:

University of Cambridge, between 1923 and 1930—
Member of Board of Biology
Member Board of Mediciné
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Member Degrees Committee Board of Biology
Member University Building Syndicate
Examiner in Natural ScienCes Tripos . .
Examiner in Pathology in Medical Examinations.

McGill University—

Faculty of Medicine .
Faculty of Arts and Science
Faculty of Graduate Studies . L
Elected to represent the Faculty of Medicine on the University
Senate 1943 to 1953,
Medical Board of Alexandra Hospital, Montreal, 1932 to 1955.

Member of Board of Governors of Alexandra Hospital, 1947 to 1955.

Academic and Teaching Appointments held previously:

London: (St. Bartholomew’s Hospital) Senior Demonstrator in
. athology, 1919.
Cambridge: Fellow of Christ’s College, 1923-3L
Cambridge: Lecturer in Pathology 1926-30.
Cambridge: Director Medical Studies, Christ’s College, 1925-30.
Professor and Head of Defartment of Bacteriology and Immunology
McGill University 1930-1955

BacterioIQf;lst— n-chief and member of the Medical Board of the
Royal Victoria Hospita

| .

Bacteriologist-in-chief and ‘member of the Medical Board of the
Children’s Memorial Hospital, 1938-48. .
M<|e_|mbe[t ?f the Medical Board of the Royal Edward Laurentian

ospital

, 1940-46, .
Member of the Medical Board of the Alexandra Hospital 1932 to 1955
SPECIAL POSITIONS HELD:

War Research and Service (1914-1918 inclusive)

Capt. Royal Army Medical Cogjhg_. .

Research™ Staff of the War Office Central Cerebro-Spinal Fever
Laboratory 1915 (Feb.) to 1916 (June). ) .

Missions (War Office) to Pasteur Institute, Paris, on Meningococcus
Serum (1915 and 1917).

Detailed for special duty on dystentry (3 B.G.H. Laboratory,
Mesopotamia) 1916. .

Staff of the War Office Vaccine Dept. RAM. College, 1917-1919.

One of the_ British representatives to Allies Medical Services Con-
ferences in Paris

| g917)=
Member War Office Committee on Dysentery 1918.

Medical Research Council, Great Britain:

Research Bacteriologist 1920-26 (then given a Research Grant)
Committee on Meningococcus and Pneumococcus Serum.

5th International Botanical Congress
Recorder Bacteriology Section 1930.

International Association of Microbiological Societies

A Vice-President of Section VII for the Third Congress 1939. Mem-
ber of Permanent International Commission for the Organization
of Congress. Representative for Canada on_the Permanent Inter-
national Commission 1938-53. Member of Committee on Bacterio-
logical Nomenclature (Chairman of this Committee at the 3rd
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International Congress, Sept. 1939, New York). .
Member of the Judicial Commission of the Permanent Committee of
‘Nomenclature 1943-53 and re-elected 1953-63. )
Vice-President,  Section 1, (General Microbiology) V International
‘Congress (Rio de Janeiro )
Vice-President Section (Taxonomy and Nomenclature) VI Inter-
national Congress (Rome? 1953 ) L
Elected Chairman of the International Committee on Bacteriological
Nomenclature, 1953 to «kite, .

Appointed to “Committee of Honour” at VII International Congress
Of_MICFObI0|O% Stockholm, 1958, o

President Il International Congress of Microbiology 1962,

Ameyican-Canadian Committee on Bacteriological Nomenclature:
Member of Committee.

Society of American Bacteriologists:

Committee of Bergey’s Manual of Determinative Bacteriology 1932-S6

Member of Council” 1940-42. ) ] ]

Member of the Committee on the Inter-American Society of Micro-
biology 1940. . ] .

Member of the Committee on Teaching lBQ%%terlology 1944,

Member of the Nominating Committee

War Research and Service (1940-40 inclusive)

Member of N.R.C. Subcommittee on_Infections. )

Member of N.R.C. Subcommittee on Shock and Blood Substitutes.

Member of War-Time Prices & Trade Board Pharmaceutical Ad-
visory Committee. ] ] o

Canadian Chairman of the Joint U.S.-Canadian Commission (War
Disease Control Station). . . .

Chairman Biological Warfare Committee Directorate of Chemical
Warfare and Smoke, N.D.H.Q. awa.

Superintendent of Research D.CW. &S., N.D.H.Q. Ottawa.

Member of an Advisory Board and Chairman of a Panel Under
Defence Research Board, Ottawa, 1946-48.

Bergey’s Manual of Determinative Bacteriology
Member of Trustee Board of Editors constituted in. 1936 to date.
i ICjltcS
Canadian Public Health Association: :
Chairman of the Laboratory Section 1937-38.
Chairman qof the Programme Committee for the Laboratory Sec-

tion meeting in Montreal, December 1946.
Member of Council 1952-53.

Montreal Medico-Chirurgical Society

Vice-President and Chairman of Finance Committee 1940-41.
President 1942.
Member of Council and Trustee 1946.

Special Conference on Gas Gangrene in United States (Harvard
University)
Chairman by Invitation, April 1942,

irtclfi fiNoviTficay
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American Journal of the Medical Sciences

One of the Associate Editors (Progress of Medical Science, Bac-
teriology) 1940 to 1955.

National Research Council of Canada

Member of the Scientific Advisory Sub-Committee of the Institute
of Parasitology 1947 to 1953.

A Member of Medical Advisory Committee and its Executive Com-
mittee 1952-56.
Member of National Research Council 1953-56.
Member of the Standing Joint Committee on the Institute of Para-
it sitology 1953 to date. JoRT]
, Member of the Associate Committee on Dental Research 1954-56.
Ny Chairman Associate Committee on Control of Hospital Infec-
v tions 1957.
g\ University of Cambridge

Represented University of Cambridge at the installation of the
Chancellor of the University of Toronto, Nov. 21, 1947.

City of Montreal :

Councillor (Class C) of the City of Montreal for three years to
represent McGill University, 1947. Reappointed for four years.
1950.

Re-appointed for 3 years 1954.

Appointed member of the Board of Health of City of Montreal 1948;
and several of its committees.

Member of the Board of Governors of Alexandra Hospital, 1948-1955.

Arctic Institute of North America
Charter Associate 1948 to date.

International Federation of Culture Collections of Microorganisms
Member of the Permanent Commission.
MEMBERSHIP OF SOCIETIES (SCIENTIFIC)

Member Pathological Society of G. B. and lIreland (and some time
member of Comm

Fellow Cambridge Phllosophlcal Society.

i to American Association of Pathologists and Bacteriologists. r
°f American Bacteriologists (Member of Council 1940-42)
r Montreal Medico-Chirurgical Society (President 1942-43, Hon.
Fellow 1955).

Cambridge Natural History Society (President 1929)

McGill Chapter of Sigma XI

American Association for the Advancement of Science

American Association of Immunologists

Canadian Public Health Association (Chairman Laboratory Sec-
tion 1938, Hon. Life Member 1957).

Montreal Physiological Society.

Biological Photographic Association.

Canadian Medical Association.

International Association of Microbiological. Societies (Chairman
and Member of various committees). BU** VT77i

Canadian Physiological Society 7

Royal Society of Canada (President of Section V. 1954) Flavelle
Medalist 1953).
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Institute of Food Technologists
Society de Biologie de Montreal. . . .
géof McGill University (Associate member).

'y
é . Graduate _Society o
oN Osier Society, . ill University, Honorary President 1950.
N Canadian Society of Microbiologists (President 1956-57).
™ Société’ de Microbiologie de la Province de Quebec (PreSident 1955)
) e 1 11e VLemner 1907).
641'_1;-2;?'7 é«w&f WM 1oty ﬁ

PUBLISHED J?M%Z)
On Intercalary Vertebra—Journal of Anatomy and Physiology 1910.

The Identification of the Meningococcus (with M H. Gordon, M.D..
GMC, CBE, F.R.S.)—J of RAM.C. Oct.-Nov. 1918,
Attempt at Classification of B. dysenteriae, based ng[n the A?gqllutin—
ating Properties of 53 strains—J. of RAM.C. Oct.-Nov. 1918.

Some AS{JeCtS of Meningococcus Virulence—J. of Hygiene, 22, No. 2,
1924, 175-207.

Observations on the Growth of Menirgococci in vitro in relation to
Virulence, J. Hygiene, 23; No. 1, 1924, 23-63.

Staining_Tubercle Bacilli in Formol-Fixed Tissues—J. of Path. &
Bact."27: 1924, p. 118, 119
A Disease of Rabbits Characterised by a large mononuclear Leuco-
cytosis, caused by a_hitherto undescribed Bacillus_ Bacterium
onocytogenes (n: sp.) J. Path. & Bact. 29: 1926, 407-439.
Chapter “The Meningococcus” Chag%er 5 Vol. 2, Med. Research
Council System of Bacteriology 1929.

Monogragph, The “Meningococcus” (M.R.C. Special Report Series 4.
12471929).

CMte_r,_ Cerebro-Spinal Fever in Byam & Archibald “Practice of
T

a
eﬂ%&f@ri%ﬁﬁe ﬁﬂ@hﬁhenon —s Can. Med. Assn. J. 24: No. 5

1931, 697-699.

Some Difficulties in_ Immunization with Vaccine — Can. Med. Assn.
J. 25: 1931, 125-130.

Some General caonsiderations indicating lines of Investigation of the

h/lediamsm of Meningococcus InfeCtion. — J. Bact. 23: 1932
o.
The Titration of Dysentery (Shiga) Antitoxin —J. Bact. 25: No. 1
1933, p. 8.
Thl\e/rlea(ljjeutic Immunization in StathQIIococcus Infections — Can.
. Assn. J. 31: No. 1, 1934, 66-68.

Observations by Dr. Murray — Discussions of ppaﬁers by Dr. Ric
and Menkin on Inflammaftion — Amer. J. of Path. 12: 1936, 728.
Co-editor (with Prof. R. S. Breed and Prof. A. P. Hitchens) of

Bergeg’s Manual of Determinative Bacteriology (5th Ed.) "and
contributor of Sections: _Neisseriaceae, Farvobacteriaceae, Dip-
lococcus, Streptococcus, Listerella and Comynebacterlum.
Changes in_the Outline of Classification .introduced in the 5th
Edition of Berglgy’s Manual of Determinative Bacteriology, Dr. R.
S. Breed, E,.GD. Murray and A P. Hitchens — Abstracts of
Corgmunécatlons 3rd. Int” Congress for Microbiology, N.Y., Sept.

The Place of Immunological Criteria in the Classification of Bacteria
—~Abstracts of Communications 3rd Int. Congress for Microbiology
N.Y., Sept. 1939, p. 8.

G. Microb. 46
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Meningococcus _Infections of the Male Urogenital Tract and the
Liability to_Canfusion with Gonococcus Infections. Urologic and
Cutaneous Review, Path. Number, 1939, 43: No. 1L

Outline of Classification Introduced in the 5th Edition of the
Bergey’s Manual of Determinative Bacteriology. Dr. R. S. Breed,
E. G D. Murray and A Parker Hitchens, Osentralbl. fur Bakt.
Parasit. & Infekt. 11

“Public_Influences of the Medical Profession”. Address to Mitl. Med.
Chi. Society as Retiring President of the Society — Med. Chi. Soc.
Eslu7lle|£in. lu ust 1943 11, 8, 76-82. Can. . Assn. J. Vol. 49,

, Nov. .

The Progress of Medicine — Can. J. of Comp. Med. Science, 1944, 8:
5 1359138.

The Qutline of Classification used in Burgelx’s Manual .of Determin-
ative Bacteriology (with R S. Breed an P. Hutchins) Bacterio-
logical Reviews 1944, 8 (2) 255.

Note_on the new edition of Bergey’s Manual of Determinative Bac-
teriology, Dr. E. G D. Murray, R S. Breed and A Parker
Hitchens, Chronica Botanica, 1945, 9: 226-227.

The value and function of Scientific Societies — Can. J, of Comp.
Med., Feb. 1947, 47-52.

Bergey’s Manual of Determinative Bacteriology, Co-Editor (with D.
Bergey, R. S. Breed, A P, Hitchens and N."R. Smith) 4th Edition,
1934: “and 5th Edition, 1939 and 6th Edition 1948 and contributor
of Sections: Neisseriaceae, Diplococcus, Streptococcus, | Coryne-
bacteriaceae, Parvobacteriaceae, Spirochaetales. 7th Edition 1957
and contributor to various sections.

Reflections on the Future of Veterinary Medicine — Can. J. of

Comp. ., 12: , Oct.1948.

Dubos’ Bacterial and. Mycotic Infections of Man. (Lippincott 1948)
Chapter 1 opsis Of the History of Medical Bacteriology. 1st
2nd ‘and 3rd Editions.

Dubos’ Bacterial and_Mycotic Diseases of Man, 1948 (Lippincott)
Chapter 37, (with Dr."G. G Kalz) The cultivation and identifica-
tion of Pathogenic Bacteria. 1st and 2nd Editions.

A Discussion of the Fuso-Spirgchaetal Disease of the Mouth — J. of
the Can. Dental Assn. Feb. 1949.

Plaster of Paris as a Source of Infection in Tetanus and Gas
?&r&grene, with Dr. G D. Denton, Can. Med. Assn. J., April 1st

“Listeria Monocytogenes as the cause of disease in man and animals
and its relation To infectious mononucleosis from an etiological
and immunological aspect.” %h K F. Girard) Amer. J. .
Sci. 221: (No.”3) Mar. 1951, 343.

The Emergencg for Research in Unexplored Fields of Public Health,
Can, J. "of Public Health 42: 485 Dec. 1951. Republished Can.
Med. Assn. J. 66: 275-277, 1952,

Dubos’ Bacterial and cotic Infections of Man, 2nd Ed., 1952

Ié(':l%grl{(])ﬁgg ”lChapter “A Synopsis of the History of Medical

Dubos’ Bacterial and Mycotic Inflections of Man 2nd Ed., 1952
(ngpmcott) Chapter "37, (with Dr. G. G. Kalz). “Applied
Medical Bacteriology.”

V\m'\P/ be a Microbiologist” Revue Canadienne de Biologie, Vol. 11
(No. 5) March 1955,"522.
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"The Value of_Dih%drostrgii)tomycin in Pre-operative Preparation of
the Gut” (with I. Riddell and H. S. Morton.) Amer. J. of Med.
Sci. 225: (No. 5) 535, May 1953,

“The Value of Oral Terramycin in Pre-operative Preparation of the
Gut.” (with H. S. Mortorand M |. Riddell) Am. J. of Med. Sci.
“Natures Place in Man’s World.” American Scientist. Vol. 42, No. 1

Jan. 1954, pp 130-142.

Some Trends in Bacteriology. The Lancet. Jan. 30, 1954, pp. 22L

l(:'A ?pemal lecture in Pathology given in the University of London
ngland, Oct. 1953).

“The Story of Listeria,” Flavelle Medalists Address. Transactions of

tlhg%3 ngyasl Society of Canada. Vol. 47, Series 3, Section V., June,

“The Implications of Recent Advances in Medical Bacteriology.”
Transactions of the Royal Society of Canada. Vol. 47, SerieS™3,

V. Section V., June 53, p. 4.

w=Tre bottom sediments of Lake Lauzon. Montcalm County, P.Q.
Bacteriological Investigations” with B.A. Cooper and H. "Kleere-
koper.45F§evue Canadienne de Biologie Vol. 12, No. 4, Dec. 1953,
page 457.

Interim Report of the Sub-committee on the Family Naisseriaccae
Proceedings of the VI International Congress dt Rome of the
grg%rnftlongl Assn, of Microbiological Societies. Sept. 1953. Vol.

ct. L, p. 7.

The influence of a sustained Monocytosis upon the Antibody response
in Rabbits to various, Antigens. (With Kenneth F. Girard)
Canadian Journal of Biochemistry and Physiology Vol. 32, No. "L
Jan. 1954, page 1

The presence of Antibody in Macrophage extracts. (With Kenneth
F. Girard). Canadian”Journal of Biochemistry and Physiology.
Vol. 32, No. 1 Jan. 1954, page 14.

Report of Committee on Neisseriaceae. International Assn. Micro-
biological Society. (Committee in Nomenclature) and .minutes of

Meetmg/.
Congress 1950
VI Congress 1953 .
International Bulletin Vol. 4 (No. 2) p. 95-108.

April 15, 1954

Qil Partition for the Collection of Small numbers of Tubercle Bacilli
from Aqueous Suspensions (with R 1. Hawarko). Canadian
Journal of Public Health 43 (No. 5) 208, May 1954.

A Characterization of Listeriosis._(Read to the North Western Con-
ference on Natural Diseases Transmissible to man. Sept. 1954
Saskatoon, Sask.) Canadian Medical Assn. J. Jan. 15, 1955. Vol. 72
(M2) pp. 9.~ _ _

A Plea for_Constructive Speculation (Read to the American Assn,
of the History of Medecine May 1954). The Bulletin of the His-
tory of Medicine. Vol. 29 (M. Iy 69, Jan. 1955,

The Isolation of Mycobacterium tuberculosis by filtration technique
from Cerebro-Spinal fluid gv3wth O._Morl%an i) Canadian Journal
of Microbiology 1 (No. 5) 331, April 1955.

Destiny and Determinism in infectuous disease. Canadian Medical
Assn. J. 72, 639-647, 1955.

The Balance of Bacterial Virulence. Presidential Address Section V,
Proceedings of the Royal Society of Canada 1955.
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Determinate Variability in Bacterial Infection. The John Stewart
Memorial Lecture, Dalhousie University, Nova Scotia Medical
Bulletin, November 1955.

“Robert Stanley Breed 1877-1956" International Bulletin of Bact.
Nomenclature and Taxonomy 6 (2) 47. April 1956.

In Quest of Obscurities in Bacterial Infections. CMA Journal 76,
1057, June 15th, 1957.

Editor “Studia Varia” Royal Society of Canada. “Literary and
Scientific Papers”. University of Toronto Press 1957.

Editor “Studia Varia” Royal Society of Canada. “Our Debt to the
Future” University of Toronto Press 1958.

A Toxin-Neutralizing Substance (Noxiversin) from Penicillium

cyaneofuloum (Bourge)” (with G. D. Denton, J. W. Stevenson
and B. B. Diena) Can. J. Microbiol 4, 593 (1958)

“About the Staphylococcus” The Canadian Nurse 55 (9) 787, Sep-
tember 1959.
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Editor's note
This list of publications, although compiled by E. G. D. M., contains two mistakes
and omits two papers.
The first paper should be:
‘Note on a supernumerary vertebra’ (with an appended note by W. L. H.
Duckworth, M.D.), Journal of Anatomy and Physiology, 1913, vol. 47, 363-4.
The second paper should be:
‘Identification of the Meningococcus ’ (with M. H. Gordon, M.D.), Journal of the
Royal Army Medical Corps, 1915, Vol. 25, 411-423.
To this bibliography should be added:

‘The story of Listeria’, Transactions Royal Society of Canada, 1953, vol. 47,
Series hi, 15-21.

‘The place of nature in man’sworld’, American Scientist, January 1954, Vol. 42,
130-135.
and one posthumous publication

“The interaction of guanofuracin and Listeria monocytogenes' (with B. K. Gosh &
R. G. E. Murray), Canadian Journal of Microbiology, 1966, vol. 12, 285.
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The Inhibition of the Growth of Clostridium welchii by
Lipids Isolated from the Contents of the
Small Intestine of the Pig

By R. FULLER ana J. H. MOORE
National Institutefor Research in Dairying, Shinfield, Reading, Berkshire

(Acceptedfor publication 1 August 1966)

SUMMARY

The growth of Clostridium welchii type A nctc 8246 was inhibited by the
contents of the small intestine of pigs from which food had been withheld
for 24 hr; no inhibitory activity was observed by the contents of the stomach,
caecum and large intestine. Inhibitory activity was absent from the contents
of the small intestine during the early stages of digestion but first appeared
about 6 hr after the pigs had been given food. This indicated that under
normal feeding practice there were periods during each day when the
contents of the small intestine would be inhibitory for C. welchii. The
inhibitory activity was in the lipid fraction of the intestinal contents.
Fractionation of the intestinal lipids showed that the inhibitory substances
were linoleic and arachidonic acids, lysolecithin and an unidentified phos-
pholipid. The poly-unsaturated fatty acids and IKsoIecithin appeared to be
derived mainly from the action of pancreatic phospholipase A on biliary
lecithin in the lumen ofthe small intestine. The possibility that these inhibitory
lipids control to some extent the numbers of C. welchii in the alimentary
tract of the pig is discussed.

INTRODUCTION

During an investigation of the microflora of the alimentary tract of the pig it was
observed that the contents of the small intestine inhibited the growth of certain
micro-organisms. A study ofthe factors responsible for this inhibition is now reported.

METHODS

Pigs. The animals used in this work were of the herd of Large Whites maintained
at the National Institute for Research in Dairying. The pigs were weaned at 8 weeks
and were then given a commercial pig diet until they were sent at the age of4-7 months
to the local slaughterhouse. As is normal practice, food was withheld from certain
of the animals for 24 hr before they were killed. Other animals were killed at 4, 6, 15
or 21 hr after they had been given food. In all, some thirty pigs were examined.

Collection and treatment of material. The gastro-intestinal tracts, gall bladders and
pancreatic tissues were collected at the slaughterhouse within 20 min. of death. The
gastro-intestinal tract was divided into the stomach, small intestine, caecum and
large intestine; as rapidly as possible thereafter the contents were removed from each
section of the tract. To remove gross food residues, the samples of contents were
centrifuged at 12509 for 30 min. The supernatant fluid was removed and the dry
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matter content of each sample determined so that the concentration of the various
components in the fluid phase of the gestro-intestinal conterts could subsequenttly
be calaulated. The samples of intestiral fluidwere either stored at — 20° or freeze-dried
and then stored at — 20° untill required for the determinatiion of antibecterial activity
or for chemical investigation. Samples of the small intestire vall, obtained from the
upper, middle and lover regions, were washed free from contents with 0-85% (WA)
NaCl solution. Portions of each of the three sections were pooled and homogenized
in0-85% (WAY) NaCl solution. The homogenate was centrifuged at 1250g for 30 min.
and the supematant fluid removed and stored at — 2. Bile was removed from the
call bladders and was stored at — 20° uttil required. Acetone-dried powders of the
pancreatic tisses were prepared as described by Laws & Moore (1963).

Sterilization of material. Initially, intestirel contents and extracts of intestirel
tisseswere sterilizalby Seitz filtrationbut, after ithad been shown that the inhibitory
factors were heat steble, material was sterilizad in an autoclave by alloving a pressure
of 10 pounds/inch2 (115°) to develop and then immediately removing the source of
heat. In the case of lipid fractias, the chloroform treatment (see later) was aufficiet
to steriliz the saple.

Organisms tested. The microbial spectrum of inhibitory activity was determined as
folloss. A vell aut in the centre of a yeast glucose agar plate was filladwith contents
of the small intestire and the contentswere alloned to diffuse inthe cold for 24 br. The
test organism was streaked up to the edge of the vell, the plates incubated at 37° for
24 hr and then examiined for irhibition. The organisms testedwere clostridium welchii
type A, nctc 8246; salmonella paratyphi B, nctc 57/05; S. cholerae suis, nctc 535,
and three strains of haemolytiC Escherichia coli (isolated from cases of oedema diseese
by Mr W. J. Sojka, Central Veterinary Laboratories, Weybridge). Other organisms
tesutwere E. coli I, E. coli HI; streptococcus equinus, S. faecalis, S. liquefaciens,
S. durans, S.faecium, S. bovis, two uclassified Strepm}Ci;Lactobacillus salivarius,
L. acidophilus, L. brevis, L.fermenti, L. cellobiosus and L. plantarum all isolated from
the alimentary tracts of normal pigs as described by Fuller et al. (1950).

Test for inhibitory activity. Preliminary tests on a number of different organisms
showed that clostridium welchii nctc 8246 and two otherswere the most sarsitive to
the inhibitory agent; C. welchii nctc 8246 was adopted as the test organism. Cultures
were grown in glucose Lemco broth (%, w/v: Evans peptore, 1; Lab. Lemco, 1;
NaCl, 0-5; gluoose, 1). Spore crops were produced by the method of Ellner (1956) and
the remaining vegetative organisms killed by heating at 80° for 10 min.

To 09ml. ofthetestmaterial was added 0-1 ml. ofan overmightaultureofclostridium
welchii ncte 8246 in glucose Lemco broth for vegetative organiisms or in the medium
of Elner (1956) for spores. The number of vigble vegetative forms added was between
5x 10sand 5x 107; the number of vidble spores present in the spore inoculum was
about 104. After 5 hr contact in an anaerobic atmosphere of95% (VA)H 2+ 5% (VA)
C 0 2colony counts were made on nutrient agar containing 5% (WA/) sheep blood and
incubated anserdbically for 24 hr at 3r°.

For the titration of inhibitory activity, dilutions were made in OT M-phosphate
buffer (pH 65) containing 0-1%(w/v) Tween 80 (polyoxyethylene sorbitan mono-
oleate; obtained from Honeywill & Stein Ltd., London). The Tween 80 was purified
by the method of Bier (1955) and was included to enulsify the lipid fractions in the
test olutians. Stable emulsions of the various lipid fractions were prepared as follois.
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A known amount of lipid dissolved in chloroform was placed in a glass-stoppered
tube and the solhventt removed under reduced pressure at room temperature by means
of a rotary film evaporator attached to a supply of nitrogen. The requisite volume of
a solution of Tween 80 in chloroform was then added and the solvent was again
removed. When all traces of chloroform had disappeared the requisite volume of
0T M-phosphate buffer was added and the tubes were shaken vigorously. Solvent con-
trolswere prepared similarly. Htwas established that therewas no irhibition due tothe
presence of Tween 8. To assess theminimum irhibitory concertrations of the various
lipid fractios, the lonest concentration at which each fraction completely sterilizd
the inoculum was determined. In Table 1 the results are expressed as the % of the
inoculum killed when the undiluted intestirel material was tested. Unless otherwise
stated, all fractions separated from the intestiral contents were reconstituted and
tested at the concentration at whiich they occurred in the fluid phase of the intestiral
comeEts.

Extraction of lipids The lipids were extracted from the freeze-dried contents and
alltures of c. welchii nctc 8246 by a method similar to that described by Folch,
Lees & Stanley (1957). The lipidswere extracted from pig bile by a procedure adapted
from that devised for plasma lipids by Nelson & Freeman (1989). The total lipid
contents of the purified lipid extracts were determined graviretrically.

Chromatography on columns ofsilicic acid. Total phospholipids were separated from
the non-phospholipids by fractionating portions of the lipid extracts on 3 g. columns
of dliac acid (100mesh: A.R.; Mallinckrodt Chemical Works, New York). As
described by Moore & Doran (1962) the non—-phospholipids were eluted from the
columns with chloroform and the total phospholipids with chloroform+ methanol
(1+4, by wol.) and then methanol. The wuesterified fatty acids were separated from
the other non-phospholipids (dolesterol, dolesterol esters, glycerides) by chroma-
tography on columns of Harisil (Koch-Light Laboratories Ltd., Colnbrook, Bucking-
hamshire) according to the method of Carroll (161). The individual phospholipids
were fractionated on 5g. columns of silicic acid. The columns were prepared by the
method of Marinetti, Erbland & Kochen (197). The individual phospholipids were
then eluted with chloroform+ methanol mixtures by the procedure of Hanahan,
Dittmer & Warashina (1957) as modified by Moore & Doran (1%61).

Chromatography on thin-layer plates of silica gel and on filter paper impregnated
with silicic acid. The individual phospholipids were also separated by fractionation
on thin-layer chromatoplates of siliagel (Camag A.G., Muttenz, Swvitzerland) with
a sohent systemofchloroform+ methanol + aceticacid+ water (5+15+4 + 2, bywol.)
as described by Skipski, Peterson & Barclay (1964). After development the chroma-
tograms were sprayed with a solution of dichlorofluorescein (0T %, wA/) inmethanol +
water (95+ 5, by vol.) and the positions of the various phospholipid bands located by
viewing the plates under ultraviolet radiation. The various phospholipid fractios
were eluted from the bands of siliagel by the procedure of Skipski et al. (1964). As
additional aids in the identification of the various compounds, the phospholipids
were chromatographed by the technique of Marinetti (1963) on filtar paper impreg-
nated with siliccacid and by the technique ofMangold (1961) on thin-layer plates of
siliael G E. Merck A.G., Darmstadt, Germany) +ammonium sulphate (90+10,
by weight) with a solvent system of chloroform+ methanol + water (65+ 2+ 5, by \ol.).
Chromatography on thin-layer plates of silia el G with a solvent system of chloro-
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form+ methanol +14 N-ammonia (65+ 25+ 4, by wol.) was also used to establish the
identity of certain of the phospholipids (Horrocks, 1963).

Fatty acid analysis. The fatty acids present in the various phospholipid and
westerified fatty acid fractions were converted to the corresponding methyl esters
by the trars-esterification procedure of Stoffel, Chu & Ahrens (1959). The methyl
esters were analysed by ges-liquid chromatography on both non-polar and polar
columns (Moore & Williams, 1963, 1964). The non-polar (APL) columns consisted of
10% (w/w) Apiezon L grease on 100-120 mesh Celite and the polar (PEGA) columns
cosisted of 10% (w/w) polyethylene glyool adipate also on 100-120 mesh clite.
Identification of the methyl esters of the fatty acids was made by comparison of their
retertion times on the two types of columns with those of known standard methyl
esters and by plotting the logarithms of treir retention times relative to methyl
palmitate on PEGA columns agginst the logarithms of their retention times relative
tomethyl palmitate on APL columns (James, 1959). A cheek on the number of double
bonds in each fatty acid was made by fractionating certain of the samples of methyl
esters on thin-layer plates of silia el G + siher nitrate (%+ 5, by weight) with
a sohvent system of light petroleum (b.p. 40-60°) + diethyl ether (85+ 5, by wol.). This
technique (Morris, 1962) separated the methyl esters into saturated, mono-, di-,
tri- and tetra-enoic acid esters. The separated zones were scraped from the plates and
the methyl esterswere eluted from the siliagel G + siler nitratewith hexane + diethyl
ether (50+ 50, by vol.). The resulting methyl ester fractions were then analysed by
ges-liquid chromatography. Thus, by these procedures, the number of carbon atoms
and the number of double bonds in each fatty acid could be established.

Reference compounds. From egg yolk, phosphatidyl cholire was prepared by the
technique of Saunders (1957) and phosphatidyl ethanolamine by the technique of
Rhodes & Lea (19%57). The method of Saunders (1957) was also used to prepare pure
lecithin from pig bile. Lysophosphatidyl choline and lysophosphatidyl ethanolamine
were obtained after the corresponding pure diacyl compounds had been hydrolysed
with the phospholiipase A of snake (Crotalus adamenteus)venom. To prepare phospha-
tidic acid a sample of pure phosphatidyl doline was hydrolysed with the phospho-
lipese D of cabbage by the method of Kates (1954). Phospholipase A and D and
sphingomyelin were abtained from Koch-Light Laboratories Ltd. Diphosphaticyl
ghlycerol (cardiolipin) was prepared from pig heart by the technique of MacFarlane
(1961). Pure fatty acids and their methyl estexs were obtained from Calbiochem In;.,
New York.

Hydrolysis ofphospholipids with phospholipase A. Phosphol ipase A solutios were
prepared from snake venom by the method of Long & Penny (1957) or from an
acetone-dried powder of pig pancreas by the method of Magee, Gallai-Hatchard,
Sanders & Thompson (1962). The conditions of hydrolysis of lecithin and phospha-
tid/ ethanolamine were the same as those described in cetaill by Moore & Williams
(1954, 1965). The reaction products, i.e. uesterified fatty acids and lyso-compounds,
were separated on columns of dilidc acid as described by Moore & Williams (194).

Chemical analysis. Unesterified fatty acids were determined by the microtitratinn
procedure of Albrink (1959) and lipid phosphorus was determined by the methods of
Allen (1940) and Chen, Torribara & Warner (196).
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RESULTS

The location of inhibitory activity and the variation in the inhibitory activity
of the contents of the pig small intestine with time afterfeeding

Inhibitory activity (this refers throughout to tests against Clostridium  welchii
type A, ncec 8246) was tested for in the contents of the stomach, small intsstire,
caecum and colon. The activities of bile and of salire extrects of the wall of the srell
intestire were also examined. Significatt irhibitory activity was found only in the
contents of the small intestire.

It is comercial practice to withhold food from pigs on the day of slaughter so
that animals may have been fasted for 20-24 hr when they are killed. Inhibitory
activity was found in the cotents of all of the small intestines obtained from twenty
pigs that had been sent to the slaughterhouse in thisway. However, itwas important
o inestigate t what extent the irhibitory activity of the contents of the small
intestire varied as the period of time after feeding was decreased. The results of such
an investigation are shown inTable 1, from which itcan be seen that no activity was
detected in the cotents of the small intestire of pigs that were killed 4 hr after they
had been fed. Appreciable inhibitory activity was detected in the comtents of the
small intestires of animals killed 6 hr or more after they had been fed. The pigs in
the Shinfield herd are given food twice a day and the periods between feeds are 7 hr
during the day and 17 hr during the night. Thus itwould appear that there are periods
ofabout 1and 11 hr in every 24 hr when the contents of the small intestine might be
irhibitory for clostridium welchii.

Table 1 variation in inhibitory activity against Clostridium welchii type A,
nctc 8246, of the contents of the pig small intestine with time after feeding

Proportion of

Time _after Clostridium welchii

feeding ) inoculum killed
(hr) Pig no. (%)
4 ( 1 00
13 %0
f4 09
6 5 99
1 6 999
P B39
5 8 99
I 9 100-0
n |T° 100-0
e 1000

Microbial spectrum of inhibitory activity

None of the Gram-negative organisms tested was irhibited by the cotents of the
small inlfsu'ne, rerther were Streptococcus faecalis, S. durans, S. faecium, NOF Lacto-
bacillus plantarum. The other streptococci and lactdecilli showed slight inhibition on
one of the two occasionswhen they were testad. C. welchii nctc 8246 was markedly
inhibited and was by far the most sasitive organism of those testad.
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Preliminary observations on the nature of the inhibitory factor

The inhibitory activity of the contents of the small intestire was destroyed when
the contents were ashed but not when heated for 30 min. at 56° or for 10min. at
1Xr. Inibitory activity was unaffected when the pH value of the intestiral contents
was increased to pH 10 but when decreased to pH 4 the active substance appeared t©
be precipitated. The observation that the inhibitory factor was extracted from the
intestiral contents with diethyl ether suggested that the factor was present in the
lipid fraction of the intestiral contertts. The fact that the growth of clostridium welchii
was not inhibited by pig bile indicated that the irhibitory activity of the intestirel
contents could not be attributed to the bile acids that would be present in them.
Nevertheless, tests were made with pure bile acid salts, but solutions of sodium
glycodholate (2%, w/Av) and sodium taurocholate (8%, wAv) possessed no inhibitory

The colony counts made at the end of the period of contact involved dilution
beyond the point at which the inhibitory agent was active. In site of this, organisms
dill present at this dilution did not grow when plated out on rnutrient agar containing
5% (WA) sheep bllood. For this reason the substance was considered to be bectericical.

Fractionation of the intestinal contents

During the investigation various samples of intestiral contents were fractionated
and the inibitory activities of the various fractioswere determined. The fractionation
of a sample of intestiral contents with high inhibitory activity isnow described as an
example ofthe type of result dotained. The pooled sample (o. 1) of intestiral cotents
used in this fractionation was obtained from four pigs from which food had been
withheld for 24 hr before slaugter.

Freeze-dried material (30g.), equivalent to 360 ml. intestirel fluid, was refluxed
for 2hr with 750 ml. chloroform, 750 ml. methanol and 120ml. water. After the
addition of a further 750 ml. chloroform the mixture was fiklterad through a funrel
fitted with a sinteredglass plate. No attibecterial activity was found in the insoluble
reside. To purify the crude lipid exdract, 500 ml. water were added to the filtrate
and the resulting mixture shaken and then allowed to stand at room temperature
until separation between the lower chloroform layer and the upper agueous methanol
layer was conplete. The purified lipid contained in the chloroform layer possessed
inhibitory activity; the material in the aqueous methanol solution did not. A portion
(39 mg.) of the purified lipid dissolved in a stall volume of chloroform was placed
on a 3¢g. column of diliac acid. The non-phospholipids were eluted with 300 ml.
chloroform and the phospholipids with 200 ml. chloroform+ methanol (L+4, by \vol.)
followed by 100 ml. methanol. Both the non-phospholipid and phospholipid fractions
contained irhibitory fectors. Thin-layer chromatography showed the presence of
dolesterol, dolesterol esters, trighyoerices, diglycerides, monoglycerides and un-
esterified fatty acids in the non-phosphol ipid fraction. The non-phospholipid fraction
was separated into unesterified fatty acids and neutral lipids by chromatography on
a 5¢g. column of Harisil. Atibecterial activitywas found in the unesterified fatty acid
fraction but none was detected in the neutral lipics (dolesterol, dolesterol estars,
glycerides). The neutral lipid fraction was not investigated any further. The various
steps in the fractionation procedure up to this stage are shown in Fig. 1, which also
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shows theweights of the various fractias. Attention should be drawn to the relatively
high concentration (12%) of total lipid in the dry intestiral contents and the very
high proportion (55%) of unesterified fatty acids in the total intestiral lipids. The
westerified fatty acids were analysed by gas chromatography; the results are shown
in Table 2, which also shows the calculated concentratiions of each fatty acid in the

Freeze-dried

intestinal contents

(30g.)

Active
Refluxed with
CHCI: + MeOH + Hs0
and filtered

/

Insoluble Material soluble in
residue CHCl: + MeOH + HD
(23-29) (G-90g.)
I nactive Active

Addition

of water

CHCI: phase, MeOH + HjO
pure lipids phase
(3-00g.) (3-209.)

Active I nactive

Chromatography
on column of
silicic acid

/\

Phospholipids Non-phospholipids
(0-37g) (3-20g.)
Active Active

Chromatography
on column
of Florisil

Neutral lipids, Unesterified
cholesterol, fatty acids
cholesterol esters, (1-97g.)
glycerides Active

(I-23g.)

I nactive

Fig. 1 Fractionation of pig intestinal contents le no. 1 This le was from a pool
J from four pigg r%]aving had food vvithst?eq}jofor 24 hr befosrgnsraugmer. poo

intestiral fluid. Unsaturated fatty acids constituted about 65% of the total fatty acids
and liroleic acid was the major fatty acid. In view of the small amounts of fatty acids
used in gas chromatographic separations it was not possible to test the inhibitory
activiies of individual fatty acids that were actually isolated from the unesterified
fatty acid fraction of the intestiral contents.

The intestiral phospholipids were analysed by quntitative thin-layer chromato-
graphy (Skipsky et al. 1964); the results, together with the calcullated concerntratiions
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of individual phospholipids, are given inTable 3. Lysolecithinwas the major phospho-
lipid in the intestiral contents. Some doubt edsts about the idxtity of one of the
intestiral phospholiipids, component A. When chromatographed on thin-layer plates
of silia ¢, either by the tedmiiques of Kipski et al. (1954), Mangold (1961) or
Horrocks (1963), component A moved with the solvent frant. Italso moved with the
solvent front when chromatographed on filtar paper impregnated with siliac acid

Table 2. Composition of the unesterifiedfatty acids present in the
pig intestinal contents {sample no. 1)

Sample no. 1wes a pool of intestinal contents of 4 p.gs from which food
had been withheld for 24 hr before slaughter.

Calculated con-
) centration of each
Weight % of the fatty acid in the

) total fatty intestinal fluid
Fatty acid acids (rrg 1100 Ml
istic 14:0)* 0-2 M
Pl\évr | / ic (15.0 0-2 H
Palmitoléic  (16:1 24 131
Palmitic 16: 182 96
- 17:0'hr) 03 1-6
NlargarlC 17:0 1-6 8-8
Ste@.rlC 18:0 110 60-2
Oleic 18:1 27 1410
Linoleic 18: D8 1690
Llnole_nlc . 18:3 2-2 12-0
Arachidonic  (20:4 70 333

* Shorthand designation of Farquhar et ci. (1959).

Table 3. com position of the phospholipids present in
pig intestinal contents {sample no. 1)

) Calculated
Proportion concentration of
of total _ each phosphalipid
o phospholipid in intestinal fluid
Phaspholipid (%) (Mgr100 M
Component A ) 29 236
Ehospﬂatlo?]/l t_ethanoLarane ] 55 2-7
osphatidyl ethanolamine 3
SLgchsﬁﬁm P I_ v 150 135
ingomyelin 52
Lysolecithin 300 310

(Variretti, 1963). Investigationby column chromatography revealed that component A
was eluted from columns of siliac acid with chloroform+ methanol (%5+ 5, by \ol.).
Thus, the chromatographic behaviour of component A was similar to that described
for diphosphatidyl glyocerol by Skipski et al. (1964), Marinetti (1963) and MacFarlane
(1%61). A mixture of component A and diphosphatidyl glycerol prepared from pig
heart was not separated by thin-layer chromatography. Thin-layer chromatography
did not separate a mixture of component A and phosphatidic acid. However, in ite
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of these similarities in chromatographic properties, evidence presented in a folloving
sectionwould seem 1o indicate that component A was neither diphosphatidyl glycerol
nor phosphatidic acid.

In order that the attitecterial activities of the various intestiral phospholipids
could be tested, a portion of the mixed phospholipids containing about 750 £g-
lipid phosphorus was fractionated on a 5 g column of silidcacid- Component A was
eluted with chloroform+ methanol (95+ 5, by \ol.), phosphatidyl ethanolamine with
chloroform+ methanol (80+ 20, by \ol.), lecithin with chloroform+ methanol
60+ 40, by wol.) and Iysolecithin with chloroform+ methanol (20+80, by \ol.).
Examination of the four fractios by thin-layer chromatography revealed the presence
of traces of lysophosphatidyl ethanolamiine and sphingomyelin in the lecithin fraction.
Traces of sphingomyelin were also observed in the lysolecithin fraction. Antibecterial
activity was found in the fraction containing component A and in that containing
Iysolecithin and traces of sphingomyelin. Thin-layer chromatography (Mangold, 1961)
of component A showed that this component was not contaminated with unesterified
fatty acids. The lysolecithin fraction was rechromatographed on columns of silicc
acid until traces of sphingomyelinwere removed. Nevertreless, the inhibitory ectivity
of the Ilysolecithin fraction was retained. ltwas concluded therefore that the anti-
becterial activity of the intestirel phospholipids was due to component A and to
Iysolecithin.

Table 4. Minimum inhibitory concentrations against Clostridium welchii nctc 8246
ofpurefatty acids and methyl esters in 0-1 M-phosphate buffer (pH 6-5 or 7-5) containing
0-1% (w/v) Tween 80
Fatty acid pH 65 pH 75
Minimal inhibitory concentrati
(rrg./lOB/ ml.)

Caproic (6:0 160 5810
Caprylic (8: ) 2 3610
Capric (10:0 172 862
Laurie (12:0 1000 200
istic (14:0 2280 457
Palmitic (16:0 > 2560 > 2560
Stearic &18 :0) > 2850 > 2850
Oleic ( 23 3
Erucic (22: 1) 39 3
Unolelc (18:2) 561 561
Linolenic (18: 36 279 279
Arachldonlc( 4) 609 60
Methyl linoleate 146 3
Methyl linolenate 3 1480

The inhibitory activities of various unesterified and esterfiedfatty acids
The inhibitory activities of the pure fatty acids and methyl esters listed in Table 4
were determined at concentrations between 10-1M and 10-5M. Tests were carried
out In0T M-phosphate buffer containing 01 % (WA) Tween 80 atpH 6-5and at pH
7-5. The minimum irhibitory concentration of each fatty acid isgiven inTable 4. An
increese frompH 65t pH 7-5 increased theminimum inhibitory concentrations of the
short-chain acids (cgoroic, cgaylic, caric) but decreased the minimum irhibitory
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concentrations of the two medium-chain fatty acids (lauric, myristic). At pH 65 and
7-5 palmitic and stearicacids were irective at 10-1m . (When present in concentrations
greater than 10-1m, palmitic and stearic acids formed unstable emulsions under the
test conditions and were therefore not tested at concentrations greater than 10-1m.)
The minimum irhibitory concertrations of the unsaturated fatty acids were unaffected
by achange inpH value of the medium. OF the fatty acids testad, those with the lonest
minimum irhibitory concentrationswere the poly-unsaturated acids, liroleip, lirolenic
and arachidonic ecids. However, the minimum irhibitory concentration of liroleic
acid, with two double bonds, was somewhat less than that of linolenic acid, with three
double bonds. At pH 65 and 7-5, the minimum irhibitory concentrations of methyl
limleate and methyl lirolerate were greater than the corresponding minimum in-
hibirtory concertrations of the free acids. An increase from pH 65t pH 7-5 increased
the minimum irhibitory concentrations of the methyl estexs of liroleic and lirolenic
&cids.

Comparison of the results given in Table 4 with those given inTable 2 shows tret,
of the major fatty acids present in the unesterified fatty acid fraction of the intestiral
comtents (sanple no. 1), only liroleic and arachidoniic aciids occurred in the intestiral
Fluid at concentrations in excess of their respective mi nimum irhibitory concerntrations.
Thus itseemed reasonable to conclude that the irhibitory activity of the unesterified
fatty acid fraction of the intestirel contents (sample no. 1) was due to liroleic and
arachidonic &cics.

The inhibitory activity ofpure phospholipids

A number of pure phospholipids obtained from various sources were tested (in
OT M-phosphate buffer, pH 65, comtaining 0T%, wAs,, Tween 80) for attibecterial
activity at concentrations which the phospholipids might be expected to attain in the
intestiral fluid. Lecithin and phosphatidyl ethanolamine (from egg yolK) were inective
at concertrations as high as 10-3m (e lecithin, 77 mg./100 ml. ; phosphatidyl
ethanolamine, 73 mg./100 ml.). Sphingomyelin (Koch-Light Laboratories Ltd.) was
also inective at 10~3m (75 mg./100 ml.). Lysolecithin, prepared from egg yolk lecithin,
was active at 10-3m (51 mg./100 ml.); dilution experiments showed that the minimum
irhibitory concentration of lysolecithin was 0-9x 10-4m (4-5mg./100ml.). Owing t
the small amount of lysophosphatidyl ethanolamine aailable, the highest concen-
tration at which this compound was tested was 2x 10 4m (9-3mg./100 ml.). At this
concentration, lysophosphatidyl ethanolamine was irective. The concentration of
lysophosphatidyl ethanolamine in the intestiral fluid of sample no. 1 (Table 3) was
only 3T mg./100 ml. Phosphatidic acid (prepared from egg-yolk lecithin) and diphos-
phatidyl glycerol (prepared from pig heart) were not active at 10°3m (@.e. phosphatidic
acid, 69 mg./100 ml_; diphosphatidyl glycerol, 143 mg./100 ml.).

Comparison of these firdings with the results given in Table 3 showed that in the
intestiral fluid of sample no. 1 the concentration of hsolecithin was 7 times the
minimum inhibitory concentration. The factthat phosphatidic acid and diphosphatidyl
ghycerol exhibited no antabecterial activity at concentrations far in excess of the
concentration of component A in the intestiral fluid (Table 3) would seem to indicate
that component A was reither phosphatidic acid nor diphosphatidyl glycerol.
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Experiments with biliary lecithin

It seemed possible that the lysolecithin and the unesterified unsaturated fatty acids
in the intestiral contents might have resullted in part from the action of the phospho-
lipese A secreted in the pancreatic juice on the lecithin in the bile. Accordingly, a
sample ofpure lecithin, prepared from pig bile, was hydrolysed by the phospholipase A
extracted from an acetone-dried powder of pig pancreas. The products of hydrolysis
were separated by silidc acid chromatography and the compositions and the anti-
becterial activities of the origiral bile lecithin and the resulting lysolecithin and fatty
acids were determined. The fatty acid composition of the bille lecithin and lysolecithin,

Table 5. Fatty acid compositions of biliary lecithin, the lysolecithin and fatty acids
derivedfrom the biliary lecithin ,and the lysolecithin isolatedfrom pig intestinal contents
{sample no. 1)

Sanple no. 1wes from 2pool from 4 pigs having had food withheld

hr before s aughter
o lecithin Fatty acids  Lysolecithin
Lecithin rom bile  from”-position from intestinal
from bile lecithin of bile lecithin ~ contents
) Fatty acid composition (%)
Fatty acid ; *
istic (14:0 03 03 04 02
Semle & B 0§ &
mitic
Palmltolelc E] % 1) (l}%, BAS (l}% (13
Margarlc 17:0) 09 15 03 16
e 151) o i 25 5
eic
IJnoIe(lc (18:2) 200 14 B3 35
L|nolen|c (18 2) 1 <02 23 <02
Arachldonlc (20:4) 4 <02 149 <02

with the composition of the fatty acids derived from the /position of the lecithin, are
shown in Table 5. The fatty acid composition of the lyolecithin isolated from the
intestiral contents (sample no. 1) salso given in Table 5. The similarity in fatty acid
composition of the two samples of lysolecithin shown iin Table 5 should be noted.

The bile lecithinwas irective at the highest concentration tested (50 mg./100 ml.).
The Nysolecithin derived from the bille lecithinwas active at the highest concerttration
tested (Bmg./100ml.) and dilution experiments showed that, in OT M-phosphate
buffer (pH 65) and in the presence of 0T % (WAY) Tween 80, the minimum irhibitory
concentration of lysolecithin from this source was between 6-6 and 2-7mg./100 ml.
This compares quite well with the minimum inhibitory concentration found for the
Iysolecithin prepared from egg yolk lecithin (i.e. 45mg./100 ml.). Since lysolecithin is
1o some extent water soluble, tests were also made with the ysolecithinderived from
biliary lecithin, inOT M-phosphate buffer (pH 6-5) but comtaining no Tween 8. Inthe
absence of Tween 8), the minimum irhibitory concentration of lysolecithin was
between 1-3 and 0-3mg./100 ml. Thus the presence of Tween 80 appeared to increese
the minimum inhibitory concentration of lysolecithin.

The unesterified fatty acids derived from the ~position of the biliary lecithinwere

3 G. Microb. 46
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active and the minimum irhibitory concentration was between 18-2 and 7-3mg. total
fatty acid/100ml. The calaulated concentrations of the individual fatty acids corre-
sponding 1o these two concentrations of total fatty acids in the test solutions are given
in Table 6. ltmay be seen that the antibecterial activity of the total fatty acids at
a concentration of 13-2mg./100 ml. could well be accounted for by the fact that the
minimum inhibitory concertration of liroleic acid (.e. 5-6mg./100 ml.) was exceeded.
The minimum irhibitory concertration of liroleic acid was not exceeded in the test
solution containing 7-3mg. total fatty acids/I00ml. The minimum inhibitory con-
centration of arachidonic acid (e. 6T mg./100ml.) was not exceeded in the test
solutions containing either 18-2 or 7-3mg. of total fatty acid/100ml.

Table 6. The concentration ofindividualfatty acids in a sample inhibitoryfor Clostridium
welckii nctc 8246 (containing 18-2 mg. total fatty acidllOO ml.) and a non-inhibitory
sample (containing 7-3 mg. total fatty acid!100 ml.) derived from the jl-position of
biliary lecithin by the action ofpig pancreatic phospholipase A

Total fatty acids (mg/100m.)

182 7-3

Fatty acids Individual fatty acids (nmg/ICO

istic (14:0 007 0®
I\/lyr i 6%5 0) o 001
Palmtlc 16 % 108 043
PalmtolelcE] %? 8{% 8%%

br)

Margaric (1 0) 005 002
Stearic (180 067 027
Oleic (18: % 5% 2-23
Unolelc (1 -2) 68 280
Linolenic (18; % 042 017
Arachldonlc (20:4) 272 1-09

Experiments with samples of intestinal contents of differing inhibitory activities

An attempt was made to conrelate the differat inhibitory activities of various
samples of intestiral contents wirth the concentrations of inhibitory factors present in
each sample. Three samples of intestiral contents were chosen for this investigation.
Pooled sample no. 2 (high inhibitory activity) was obtained from 4 pigs from which
food had been withheld for 24 hr before slaughter; the irhibitory activity of sample
no. 2 was retained even after a 25-fold dilution of the intestiral contents. Pooled
sample no. 3 (medium irhibitory activity) was obtained from four pigs from
which food had been withheld for 21 hr before slaughter; the irhibitory activity of
sample no. 3was lost after a 2-fold dilution of the intestiral conterts. Sample no. 4
possessed no antibecterial activity and was obtained from one pig killed 4 hr after
being given food; irhibitory activity was detected in sample no. 4 after a 2-5-fold
concerttration of the intestirel contents.

The lipid compositions of the three samples of intestiral contents are shown in
Table 7. ltmay be seen that the total lipid content of the dry material was greatest in
the sample with high attibecterial activity and losest in the sample with no anti-
becterial activity. In the sample of high antibecterial activity the unesterified fatty
acid content was about 5 times greater than that of the sample with no antibecterial



Inhibition of C. welchii by lipids 35
activity. The proportion of lysolecithin in the total phospholipids of the sample with
high activity was considerably greater than in the phospholipids of the samples with
medium or no activity.

Table 7. Lipid compositions ofsamples ofpig intestinal contents with
different inhibitory activities against Clostridium welchii nctc 8246

le no, 2* le no. 3f le no. 4
(hig gcrt]i(\)/ity) (nSggﬂ% ggtivity) S?rﬁtr)pa&ﬁty)}

Lipid composition (g/100g. dry material)

Total lipid_ 108 7-10 33
Neutral lipid ) 381 363 13
Unesterified fatty acids 610 341 1-25

Total phospholipids 0833 0655 0448

Phospholipid composition (g./100 g. total phospholipid)
Component A ] 29 213 2r-7
Phosphatidyl ethanolamine 185 198 2-3
Lysophasphatidyl ethanolamine 66 75 22
i in
Lyso?gcimln 230 133 121

* Sample no. 2, a pool from 4 pigs having had food withheld for 24 hr before slaughter,
f Sample no. 3, a pool from 4 pigs h‘_avm_%;l had food withheld for 21 hr before slaughter.
% Sample no. 4, obtained from one pig killed 4 hr after being given food.

Table 8. Compositions of the unesterified fatty acids and concentrations of each un-
esterifiedfatty acid in thefluid phase ofpig intestinal contents of different inhibitory
activities against Clostridium welchii nctc 8246

Sarmple no. 2 Sample no. 3 Sample no. 4

(high activity) (medium activity) (no activity)

_ Fattyacid ~ Fatty acid _ Fatty acid
in intestinal fluid in intestinal fluid in intestinal fluid

Fatty acid % (mg/100ml) 9  (mg./100 %  (mg/100ml.)

Myristic (1_4:0% 06 22 06 1 07 05
Pentadecylic (15:0) 03 1 07 12 11 07
Palmitoleic (16:1) 19 70 17 30 23 14
Palmitic (16:0) 204 75 284 497 %3 237
—(17:0br) 05 19 07 12 11 07
Margarte (17:0) 14 52 16 28 19 1-2
Stearic (18:0) 154 570 163 285 124 &1
Oleic (18:1 25 795 180 315 23 21
Linoleic (18:2) 286 1060 %1 457 83 54
Linolenic (18:32) 20 74 24 42 13 09
Arachidonic (20:4) 61 26 24 42 1 07
Total 3700 1750 652

The compositions of the uresterified fatty acids obtained from the samples of
intestinal contents are given in Table 8, together with the calculated concerntrations of
the individual fatty acids in the intestiral fluid. In the sample of high activity (ro. 2)
the concentrations of liroleic and arachidonic acids in the intestiral fluid exceeded
the respective minimum inhibitory concertrations of these two fatty acids (sse Table 4).

3-2
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In the sample of medium activity (ro. 3) the concentration of liroleic acid in the
intestirel fluid exceeded the minimum inhibitory concentration of this fatty acid. The
respective minimum inhibitory concentrations were not exceeded either by the con-
aentrations of liroleic or arachidonic acids in the intestiral fluid of the sample wi:h
no antibecterial activity. Dillution experiments with the total westerified fatty acid
fraction obtained from sample no. 2 showed that activity was lost when the con-
centration of uesterified fatty acids was reduced from 23T to 11-5mg./100 ml.
(Table 9). This decrease in concentration of total unesterified fatty acids corresponded

Table 9. Effects of concentration of the unesterified fatty acidfractions, obtainedfrom
pig intestinal contents of different activities, on the inhibitory activities against
Clostridium welclri nctc 8246

. Calculated concentrations
Concentration of (mg./l%) ml.)
total unesterified  Recorded C .. ----=-- X
fatty acids antibacterial Linoleic Avrachidonic
(mg.J200 nil.) activity acid acid
Samole no. 2 (high activity) 310 + 106* 26~
1% + 53¢ -3~
25 + 26-5¢ 56
462 + 132* 28
231 + 66~ V|
115 - 33 07
Sanple no. 3 (medium activi 15 + 457 42
( v 815 + 2-8* 21
437 + 1-4* i
28 — 56 06
109 - 28 03
54 - 14 01
Sanple no. 4 (no activi 662 — 54 07
( V) 815 — 68* 09
163 + 135* 18
%6 L 21-1* 36

* Greater than the minimum inhibitory concentration (see Table 4).

10 a decrease in concentration of liroleic acid from 6-6 to 3-3mg./100 ml. Part of the
antibecterial activity of the unesterified fatty acids at concentrations above 92 mg./
100 ml. would be due to arachidonic acid. Dilution of the unesterified fatty acid
fraction dbtained from sample no. 3 resulted in the loss of inhibitory activity when
the concentration of unesterified fatty acids was decreased from 43-7 to 21-8mg./
100ml., i.e. adec-ease inthe concentration of liroleicacid from 11410 5-7mg. /100 ml.
As exected, the total uesterified fatty acids obtained from sample no. 4 were not
active when tested at the concentration at which they occurred in the intestiral fluid
(©6-2mg-/100ml.). However, antibecterial activity was observed when the con-
centration of ttal uesterified fatty acids was incressed t 163 mg./100 ml. At this
concentration of total uesterified fatty acids the minimum inhibitory concentration
of liroleic acid was exceeded. The calculated concertrations of the individual phos-
pholipids inthe intestiral fluid of the three samplles aregiven inTable 10. The minimum
irhibitory concentration of lysolecithin was considerably less than the concentration
of lysolecithin in the intestinal fluid of the sample with high activity, but was about
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the same as the concentration of lysolecithin in the intestiral fluid of the sample with
medium activity. The concentration of lysolecithin in the intestiral fluid of the sample
with no antibecterial activity was below the minimum irhibitory concentration of
=olecithin. The results of dilution experiments (Table 11) show that antibecterial
activitywas retained when the concentratiion of the total phospholipids dbtained from
sample no. 2 was reduced to 13-5mg/100 ml. At this concentration of total phospho-
lipics, the calculated concentration of lysolecithinwas somewhat below theminimum

inhibitory concentration of lysolecithin. However, the unidentified phospholipidwould

also contribute 1o the irhibitory activity of the total phospholiipid fraction. Experi-
ments with sample no. 3 showed that the loss of inhibitory activity that was observed
on diluting the total phospholipids t 17-0mg./100 ml. corresponded with a decrease
in the calaulated concentration of hysolecithin to 2-3mg./100 ml. When the concen-
tration of the total phospholipids ootained from sample no. 4 was increased, anti-
becterial activity was observed at 53-5mg./100ml. At this concentration of total

phospholipids the calaulated concertration of lysolecithin was greater than the
minimum irhibitory concentration of lysolecithin.

Table 10. Concentrations of individual phospholipids in the fluid phase ofpig intestinal

contents of different inhibitory activities against Clostridium welchii nctc 8246

le no. 2 leno. 3 le no. 4
gty (redumahan) (0 HE)

Concentration (mg./100 ml.)
Total phosphollplds 42 Al 234
mponent A 140 93 65
Pnos hatl ethanolamine 100 68 52
Lyso hosphatidyl ethanolamine 36 26 05
ingomyel
Lysngmthm 125 45 28

Table 11. Effect of concentration ofphospholipidsfrom pig intestinal samples 2, 3
and 4 on their inhibitory activities against Clostridium welchii nctc 8246

Calculated
Concentration of Recorded concentration of

total phos (%holl ids antibacterial lysolecithin

(mg./2 5) activity (Mg./200 ml.)
Sanple no. 2 (high activi + 125
(hig ) 27—1 + 63
135 + 31
67 - 16
33 08
16 - 04
Sample no. 3 (medium activi Al + 45
(ediumactivity) 170 - 23
85 - M
Sarmple no. 4 (no activi 234 - 28
( ty) oo ] S
585 + 73
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Thefatty acid composition of the lipids isolatedfrom
Clostridium welchii nctc 8246

In view of the inhibitory action of liroleic, linolenic and arachidonic acids on the
growth of Clostridium welchii nctc 8246 itwas of interest to determine the composition
of the fatty acids synthesized by this organism when grown in a fat-free medium.
C. welchii, nctc 8246, was therefore grown inthe defined medium of Boyd, Logan &
Tytell (1948). The organisms were harvested by centrifugation, washed twice with
0-85% (WAY) sodium chlloride solution and freeze-dried. The lipics were extracted
from the organisms and the composition of the constituent fatty acids determined.
The fatty acids listed in Table 12 amounted to about 94% of those present. The
remaining 6 % was accounted for by srall amounts of several unidentified ecids. The
results in Table 12 show that saturated acids comprised over 80% of the fatty acids
of C. welchii. An octadecadienoic acid was present in very low concentration (0-6%)
butwe have no evidence that this fatty acidwas liroleic acid, i.e. A912 octadecadienoic
acid. Oxidative degradation studies were not possible on the small amounts of
octadecadienoic acid that could be isollated frrom the lipids obtained frrom the organism.

Table 12. Composition of totalfatty acids obtainedfrom
Clostridium welchii, type A, nctc 8246

Fatty acid % Fatty acid %
Laurie (12:0) 24 Linoleic (18:2 06

istic (14:0 186 - (191 13
Palmitic (16:0 126 Arachidic (20:0 142
Palmitoleic &1 1) 13 - 20:1 26
Stearic (18; 148 - 2111 29
Oleic (18:1) 33

discussion

The results of the work now reported indicate that the antibecterial activity of the
contents of the srall intestine of pigs may be attributed to the presence of unesterified
fatty acids, lysolecithin and an unidantified phospholipid. Fthas been vell established
that unsaturated fatty acids exert an antibecterial influence on Gram-positive micro-
organisns. The sbject was reviewed by Nieman (1954), who concluded that the
irhibitory effects of unsaturated fatty acids increased as the number of double bonds
in the molecule incressed. Our findings (Table 4) support this conclusion in that the
irhibitory effect of liroleic acid (18:2) was far greater than that of oleic acid (18:1).
However, theminimum inhibitory concentration of arachidonic acid (20:4) was about
the same as that of liroleic acid, whereas the minimum irhibitory concentration of
linolenic acid (18:3) was somewhat greater than that of lirpleic acid (Table 4). The
mechanism of the antibecterial effect of unsaturated fatty acids has yet to be elucidated.
As suggestedby Kodicek & Worden (1945) theunsaturated fattyacids could form anad-
sorption layer around the bacterium and irhibit the absorption of essential rutriats.
On the other hand, the unsaturated fatty acids might enter the becterial cell and irhibit
some essatiial metabolic process. In this respect it should be noted that unsaturated
fatty acids do not appear to be synthesized to any extent by Clostridium welchii
(Table 12). The reaults in Table 12 are in fair agreement with those of MacFarlane
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(192), who found that the fatty acids of C. welchii type A grown in a medium con-
taining 3-0% peptone, 0-5% glucose and 0-45% sodium chlloride were predominantly
saturated and consisted mainly of lauric (12:0) and arachidic (20:0) acids.

Lysolecithin has been isolated from the contents of the small intestire of man
(Borgstrom, 1957) and of sheep (Lennox, Lough & Garton, 1965). Hoffman (1961)
and Lennox et al. (1965) suggested that lysolecithin, in addition to bile acids, fecilitates
the absorption of fatby forming soluble micelleswith fatty acids and /?-monoglycerides
in the intestiral lumen. As far as we are anare, the only previous report drawing
attention to the antibecterial properties of lysolecithin is that of Trager (1948), who
found that the growth of Lactobacillus casei ina medium that contained suboptimal
amounts of bictinwas prevented by the presence of low concentrations of lysolecithin.
At present it is diffiault to put forward any suggestion about the nature or origin of
the unidentified phospholipid component A that we found to irhibit the growth of
Clostridium welchii.

It seems reasonable to contend that the lysolecithin present in the contents of the
small intestire is derived from the hydrolytic cleavage of lecithin secreted in the hille.
This view is supported by the similarity between the fatty acid composition of the
Iysolecithin isolated fFrom the intestiral contents and that of the lysolecithiin prepared
from the lecithin isolated from pig bile (Table 5). The biliary lecithin s presumably
hydrolysed in the lumen of the stall intestire by the action of the phospholipase A
whiich s secreted by the pancreas. The reaults in Table 5 show that the fatty acids
liberated from theposition ofthebilliary lecithinby phosphol ipaseA were particularly
rich in liroleic acid. This liberation of liroleic acid from the /j-position of the biliary
lecithin could account for the relatively high concentrations of liroleic acid observed
in the uesterified fatty acid fraction of the contents of the small intestire of pigs
which had not received any food for 20-24 hr. However, the fatty acids liberated from
the a and a" positions of dietary or endogenous triglycerides by the hydrolytic action
of pancreatic lipese might also contribute to the uesterified fatty acid fraction of
the contents of the small intestire. Inhibitory activity was thus absent from the
contents of the stamach, caecum and large intestire since little or no hydrolysis of
lipids oocurs in the stomach and most of the products of lipolysis are absorbed before
the digesta reaches the caecum. Bermhart et al. (1952) showed that the inclusion of
soya lecithin in the diet of rats decreased the numbers of Clostridium welchii in the
Toeres.

It is not clear why the concentration of inhibitory lipids in the contents of the
small intestire increases as the time after feeding increases. Moore (1952) showed that
the rate of passage of digesta from the stomach to the small intestire of the pig
decreased very markedly between 4 and 6 hr after feeding. If there were no such
decrease in the rate of searetion of bile during this period then there woulld be an
increase in the concentrations of lipids of biliary origin in the fluid phase of the
intestirel cotents. This might explain why irhibitory ectivity is first detected in the
comtents of the small intestire 6 hr after feeding. Consistent with our findings are
those of Smith (1961), who observed that itwas possible to increase the numbers of
Clostridium welchii inthe intestinal contents ofpigs by inducing the animals to consume
large quantities of food after a period of enforced starvation. Subsequent periods of
starvation resulted in a rapid decrease in the counts of C. welchii in the intestiral
aontents. Our results show that even under the conditions of normal feeding practice
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there isaperiod during each day when the contents of the stall intestineare inhibitory
for C. welchii. I isthus tempting to suggest that the production of inhibitory lipids in
the cotents of the srall intestire costitutes a mechanism whereby the numbers of
C. welchii type A, the normal type in the alimentary tract of the pig, are controlled.

The authors thank Dr R. Braude of the Pig Husbandry Department for his co-
operation and Miss J. A. Hannaford and Miss J. Carrinci for their skilled tedmical
assistance.
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SUMMARY

From a Park-Williams No. 8 strain (Weissensee g) of Corynebacterium diphtheriae,
recerttly reported by Rajadhyaksha & Rao (1965) to be toxinogenic but non- lysogenic,
two diphtherial strains have been isolated: 1, a typical prege-resistant, slov-growing,
toxinogenicp w 8 Strain; 2, a fast-groving non-toxinogenic strain that is sarsitive o
diphtherial phages.

INTRODUCTION

The lysogenic conversion of sasitive, non-toxinogenic diphtheriabecilli to lysogeny
and toxinogeny by the temperate bacteriophage (>was firstdemonstrated by Freeman
(1%61). Since that time, there has accumulated a considerable body cfevidence which
suggests that the capecity of a given strain to produce the diphtheria toxin protein
depends upon the phage genome (Groman, 1955; Groman & Eaton, 1955; Barksdale,
1959). However, expression of the toxinogenic character also depends upon certain
peculiarities in host cll metabolism and the mere presence of the phage genome does
not suffice (Miller, Pappenheimer & Doolittle, 1966). ttdill remains uncertainwhether
or not the /7phage DN A codes directly for the toxin protein.

Recently, Rajadhyaksha & Rao (1965), working with a variant of the classicp w 8
strain (leissensee ¢) reported, in thisJournal, experiments which they interpreted as
indicating that toxinogenicity depends upon an episomal cytoplasmic host fector, T+.
They suggested that the role of phage ismerely to facilitate ettry, by transduction, of
the T+ factor into sersitive T~ ks, According to the Indian workers, itispossible to
remove the phage genome from lysogenichecteriaby treatmentwith low concentrations
of aaiflavire, without altering their capacity to produce txin. They report that their
Weissensee ¢ strain is non-lysogenic and sersitive to phage despite its capecity to
synthesize toxin in high yield.

Because of the important inplications of these unexpected findings and because
recent studies with our stockp w 8 strain (Miller et al. 1966) are not in agreementwith
Rajadhyaksha & Rao, we decided to compare the Weissensee ¢ strainwith our own
pw 8 strain.

RESULTS AND CONCLUSIONS

A filtar paper strip comtaining the dried Weissensee ¢ organisms was kindly sent

us by Dr S. S. Rao of the Haffkine Irstitute, Bombay. Hwas placed asgptically in

a flask containing Casamino acidmedium (Milleret al. 1966) and incubated overnight
at 35° on a rotary shaker. The folloving day, the culture was stresked on chocolate
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agar plates. After 48 hr of incubation, most of the colonies that grew out were tiny
and resembled closely colonies of our own , « s strain. There were, however, a few
large colmies. After several subcultures and replatings, two distinctstrainsof diphtheria
kecilli were separated from the Weissensee ¢ specimen. The first gave small colonies
on chocolate agar, grew slowly in liquid medium, did not require tryptophan for
growth, was phage resistait and produced high yields of toxin. The second gave
large colonies, grew rapidly on liquid medium containing tryptophan, was sasitive
tophage /?and itsmutants and was non-toxinogenic. Table 1summarizes the properties
of the two strairs separated from the Weissensee ¢ aulture and compares them with
three stock strains from our own laboratory.

Table L Properties of certain strains of Corynebacterium diphtheriae
Strains

pw 8 (\Nelssersee a)

Property rw8* p60 (> C7 iR)*
Colony size (chocolate agar) Small Large Sl Large Large
Generation time (35°) 180 min. 60 min. 160 min. 60 min. 60 min.
Tryptophan requirement - . : .
Sensitivity to phages B and - . - .
Toxin production (Lf/ni) >80 0 80-130 1520 0
Yield of /S pamcles/108
U.V.-irradiat ISs 1-2 0 ca. 5 ca. 109 0
Qoit (rrmgrrg./hr . Succinate  Not done &6 1520 1520 85-100
Glucose Not done 3 1520 1520 40-60
Ethanol Not done ™4 3540 3540 100-150

* Strains marked with an asterisk are stock strains from this Iaborator&gThe termlnology is that of
Milleretal. %1966) Strain 60(/’))\/\esformerlycalled pw 8 (p) (Barksdale, 1 penheimer et at. 1962,
Rajadhyaksha & Rao Miller et al. have shown that the phage P is |nd|st|ngwshable from?in
host a . serological and other E)ropem&

appenhelmer etal. (

The possibility, suggested by Rajadhyaksha & Rao (1965), that toxin production by
diphtheria kecillli depends upon host cytoplasmic particles which are not controlled
by the phage genome, cannot be rigorously excluded, as was indeed pointed out
saveral years ago by Jacob & Wollman (1961). Nevertreless, evidence dbtained in
many laboratories makes such a possibility appear extremely wnlikely. Inany caee, the
results reported by the Indian workers cannot be considered as evidence since all of
their doservations can be readily explained by the presence of phege-sensitive fast-
growing becteria in their , » s aulture. On rich media such as are used to dbtain
phage plagues, the fast-growing sasitive strain would often predominate, thus
accounting for the apparent phage sasitivity of the Weissensee ¢ strain. Since, « s
strains do not absorb phage (Milleretal. 1965), only the fast-growing strainwould be
affected by treatment with /(+phege and would be converted to a lysogenic strain
similar t cl{R) which s fast-growing and gives low yields of toxin in comparison
with , « 8. Since the » « s strairs do not relesse phage particles except after
induction with ultraviolet (U.v.) radiation (and then less than one /(particle/107
imradiated becteria), a mixed aulture of a few sasitive becteria together with v s
becteria might be maintained through many trasfars without conversion of the
srsitive strain to lysogeny.
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The findings reported by Rajadhyaksha & Rao (1965) are not in agreement with
those of Saragea & Maximesco (1964), who included the Weissensee ¢ strain in treir
suney of many diphtherial strairs. In their hands, this, w 8 Variant was resistait to
phages and yielded a few phage particles after u.v.-inadiaion. Our own results
with the small colonies isolated from the strain received from the Haffkine Irstitute
agree with those of Saragea & Maximesco.

This inestigation was aided by Grant G 15,83% from the U.S. National Science
Foundation. The work was done in part under the sponsorship of the Commission on
Inmunization, Armed Forces Epidemiological Board and supported in part by the
Office of the Surgeon Gereral, Department of the Army.
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SUMMARY

Sixty differatt isolates of methionineless auxotrophs of Proteus mirabilis
were arranged innine biochemical groups according to theirgrowth responses
to methionine or its precursors. These reguirements suggested that P.
mirabilis possesses a route for methionine biosynthesis which issimilar to the
pathway operating inEscherichia coliand Salmonella typhimurium. Incortrast
1o findings wirth the latter organisms syntrophismwas not observed between
these mutants of P. mirabilis even with sonically disrupted potential feeder
strains. Two methionireless auxotrophs of E. coli fed auxotrophs of P.
mirabilis which had metabolic blocks eardier in this pattway. These reallits,
whiich suggested an irebility of methionineless auxotrophs of P. mirabilis
to accumulate precursors of metabolic blocks, were confirmed by a quantita-
tive comparison of methionine precursors inwild-type and mutant strairs of
P. mirabilis and E. coli. The presence of Anethylcysteine (SMC) was
demonstrated in wild-type and methionineless auxotrophs of P. mirabilis
and E. coli. The growth responses of methionineless auxotrophs of P.
mirabilis 0 SMC supported a hypothesis for the participation of this
amino acid in the synthesis of methionine via an altermative route.

INTRODUCTION

Syntrophism amongst methionineless auxotrophs of becteria has been used to
study the sequence of intemediates in the synthesis of methionine. The reports of
Lampen, Roepke & Jones (1947) and of Davis & Mingioli (1950) dealt with such
mutants of Escherichia coli; syrtrophism occurred between auxotrophs with differat
nutrient requirements. Demerec et al. (1965) and Smith (1961) demonstrated syntro-
phism amongst differant phenotypic groups ofmethionineless auxotrophs of Salmonella
typhimurium. Clowes (1958) reported syntrophism among osteireless mutants of
S. typhimurium. Figure la represaits the pathway of methionine formation by
micro-organisms as revealed by the syntrophism tests of the above workers. Htproceeds
via oysteire and Osuccinylhomoserine t form cystathionire, which is cleaved to
homocysteine and then methylated to methionine. A second pathway was demon-
strated by Wiebers & Garner (1963) who isolated from Neurospora crassa an enzyme
which was capable of forming homocysteine from homoserine and H 2. Ragland &
Liverman (1956) suggested a third route, namely a transthiomethylation of the
thiomethyl group of S-methylcysteine (SMC) to homoserine to yield methionine (Fig.
1b). These authors isolated SMC from extracts of N. crassa and reported that SMC
could sene as sole sulphur source for certain strairs. The results of Wiebers & Garner
(19%4) indicated the participation of SMC in the biosynthesis of methionine in
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Ar. crassa by a pathway which excludes gsteire. The same may be true for yessts
(Maw, 1961D). WoIff, Black & Downey (19656) showed the synthesis of SMC in bakers
yesst. Roberts et al. (1955) reported that SMC could be utilizd by E. coli in isotope
competition experiments and also by a cysteine-requiring mutant of this organism.

The present paper deals with the pathway for methionine symthesis in proteus
mirabilis, the absence of syntrophism among methionineless mutants of . mirabilis
and the presence, INP. mirabilis and INEscherichia coli, 0OF SHncthylcysteinewhich had
not previously been shown to occur in becteria.

O-Succinylhomoserine Cysteiie SO ,>—» APS*—» PAPST

J metB 1
cysA
métA / cysE
Cystathionine
cysC
hser/met
— Homoserine +—— S ———— SO
Serine
\ J cysG
Homocysteine ser[met
Y
Threonine 5,0,
Methyltetrahydrofolate
VitaminB12-pathway metE metF
Methylene
tetrahydrofolate

fa Homoserine+ SMC t-»- methionine

Fig. 1 Two possible pathways of methionine synthesis, a, Classical pathway; b, alternate
pat ¥ * Adenosine-5'-sulphatophospha:e; 7| 3-phospho-adenosine-5'-sulphatophas-
phate; T S-methylcysteine. metr, ¢y.SE, tiser/met, etc., Indicate metabolic blocks.

METHODS

Media. The minimal medium was a modification of that of Davis & Mingioli (1950)
@AN): KHPO4, 105; KH2P04, 45; Na3citrate2HD, 047; (NHAHS04, 1-0;
MgS04.7H2D, 0T02; glucose (autoclaved sgarately), 2-5; agar 17-5; distilled water
11 The pH of this medium was 7-2. For the growth of Proteus mirabilis Strains
nicotinic acid (7-5/4g-/Ml., membrane filtaad) was added. Top-layer agar contained
0-7% (WA) agar. The sulprur-freemedium had (NHA2S04and MgS04.7HD replaced
by egquivalent amounts of N H 421 and MgC12.6H2D, respectively.

Chemicals. Carrier-free 35-sulphate in aqueous solution (pH 6-5-7-5) was obtained
from the Radiochemical Centre, Amersham, Buckinghamshire, England, and amino
acids from the Nutritional Biochemicals Corporation, Cleveland, Ohio, U.S.A.
Analytical grade sulphate, sulphite, thiosulphate and sulphidewere used to testgrowth
responses to inorganic precursors of oysteire (Postoate, 1963).
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Organisms. Mutants of proteus mirabilis strain 13 (Coetzee & Sacks, 1980) were
obtained by treatment with ultraviolet radiation, manganese chlloride or hydrogen
peroxide (Demerec, Bertani & Hint, 1961). The penicillin method of Lederberg &
Zinder (1948) and Davis (1948) was used to elect auxotrophic mutants which were
isolated by the replica-plating technique of Lederberg & Lederberg (1952). For the
isolation of methionineless mutants of Escherichia coli Strain ca-7 (Obtained from
Professor Fredericg, Liége) the more selective method of Gorini & Kaufman (1960)
was used. The nutritional requirements of mutants were determined auxanographical ly
(Ledertery, 1946); sulphur sourceswere applied indrops containing 3mg. $/ml. The
abbreviationsmetE, cysE, hser/met, etc., are used to indicate gecificmetabolic blocks
in the methionine pathway (Sanderson & Demerec, 1965) as shown in Fig. 1 and
correspond to the growth requirements fistad in Table 1 Organisms were maintained
on nutrient agar slopes at 4°.

Disruption of organisms. Extracts of organisms were prepared from suspensions
(0ml. ;equiv. 500 mg. drywt. becteria) by ultrasoic treatment ina Raytheon model
S102A cscilator Qkoyc./=c. for 2 hr).

syntrophism. Thiswas determined by the fol lowing tedmiques, (a) Parallel stresking
(Demerec et al. 1955; Smith, 1961; Clowes, 1958). Parallel stregks of mutants were
made about 2-3mm. agpart on minimal medium enriched with either methionine
@ /ig.Ml) or 0-2% (WAY) Difco nutrient broth powder, (b) Auxanographic technique
(Clones, 192). Liquid acultures of organisms grown wirth limiting amounts of methio-
nine 2/ig.Ml.) were centrifuged down and the supematant fluids and the deposits
(after ultrasonic treatment) were tested auxanographical ly for their abillity to support
growth of other mutants. Testing of disrupted cell material for feeding aoility elimi-
nated the possible impermeability of feeding strairs for accumulated metabolites.
(© Replica plating (Snith, 1961). Inocula of 6 methionineless mutants were spread
over well-separated areas of about 1 cm. diameter on each of a number of Difco SS
agar plates (Difco MacConkey agar for Escherichia coli), over a temlate. After
overnight incubation these plates were replicated (Lederberg & Lederberg, 1952) to
sirgle enriched minimal medium plates on which different methionireless auxotrophs
were spreed. Syntrophism was evident as haloes of growth round replicated aress.
@) Turbidimetric technique (Lampen et al. 1947; Davis & Mingioli, 1980). Overnight
broth cultures of test strairs were washed twice with salire and resuspended in the
original volume of salire. Tubes containing 40 ml. enriched minimal medium were
inoculated separately with 0-5ml. of these washed suspensions. Similar tubes were
inoculated with 0-25ml. of washed suspensions of each of two different strains o
yield a total inoculum volume of 0-5ml., analogous to that of tubes with simgle
inoculun. After 24 hr incubation the turbidity of cultureswas compared. Syntrophism
was indicated by mixed inoculayieldingheavier growth than sirgle inocula. €)Colonial
syntrophism (Demerec et al. 1956). Pairs of mutants were plated in proportions so
that one would form a background growth on the surface of slightly enriched minimal
medium and might feed the stall number of organisms of the other mutant present
in the mixture. Apart from the turbidimetric technique, syntrophismexperiments were
observed for at lesst 7 days. Incubation temperature was 37°.

Isolation offree amino acids. Strainswere grown for 20 hr on a sulphur-freemedium
supplemented with F-sulphate (0-5/tc.Al.) as the sole sulphur source. For methio-
nireless mutants the medium was enriched with DL-methionine (7/tgAl.). After

4 G. Microb. 46
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20 hr incubation, by which time all free sulphur-comtaiining amino acids would be
metabolized and replaced by intermediates containing the isotope (Cowie, Bolton &

Sands, 1950; Robertset al. 1955) the organismswere harvested and a 30 ml . suspension
(equiiv. 500 mg. dry wt. becteria) prepared in distilled vater. Bacterial concentrations
were also estimated by measuring the extinction at 630 rap (E,m ) and by determination
of the protein content of disrupted extracts by the biuret method of Gormall, Bardawill
& David (1949) with bovine albumin as standard. Disrupted cell material was catri-
fuged at 151,000g- in a Spinco Model L ultracentrifuge for 30 min. Proteins and
peptides in the supematartt fluid were precipitated with a firal concentration of 10%

perchloric acid and centrifuged. The supematant fluid was neutralized with 5n -KOH

folloned by centrifugation and filiation. The filtrate was passed through a column
(25 x 1am.) of cation exchange resin (Arberlite IR 120, H+ form) followed by 100 ml.
water to remove carbohydrates, slts, inorganic sulphur precursors of gsteire and
excess Is-aulpate. The amino eacids were then eluted with n-NHOH (®0nl.),
concentrated to dryness under vacuum and one half of the material oxidized with
performic acid (Leggett Bailey, 1962; Moore, 1963). Unoxidized sulphur-containing
amino acids possess differatr F values than the oxidized derivatives, and experiments
were done with both types of preparation (Wiebers & Gamer, 1964; Roberts et al.

19%).

Chromatography of amino acid mixtures. Two-dimensional chromatograms on
Whatman no. 3M M paper were developed for 16 hr by the descending tedhnique. The
sohvents used vere: first dimension, «-butanol + formic acid-1-water (77+ 10+13, by
\0i.); second dimension, «butanol + pyridine+ water (L+1 +1, by \oi.). Amino acids
were located by dipping into 0-2% (WA ninhydrin in acetone and heating at 100° for
5min. The identity of amino acids was confirmed by paper electrophoresis, thin-layer
chromatography and auxanography, using samples eluted from uncoloured chroma-
tograns. Paper electrophoresiswas done onWhatman no. 3M M paperwithapH 1-8&
buffer cosisting of 2-5% (VA) formic acid+7-8% (WA) acetic acid (Legoett Bailey,
192). Thin-layer chromatography was done on activated silica-gel G layers according
1o Randerath (1964). For auxanographic idetification crops of eluates from paper
chromatograms were spotted on minimal medium plates seeded with auxotrophs
with known nutrient requirements in top laers. Positive results were ootained after
24-48 hr incubation.

Quantitative comparison of sulphur-containing amino acids. The radio-activity of
the sulphur-containing amino acids was determined by counting rectangullar pieces
(O5bx2-0cm.) of the two-dimensional chromatograms in a Packard Model 3003
tricarb liquid scintillation spectrometer. The efficiexy of the counter for &8 was
62% and sufficient counts were recorded to give a statistial ervor of less than 2%.
Counts were corrected for isotopic decay. The scintillation fluid was 0-4% (WAY)
p-terphenyl + 0-04% (WA) 1,4-te-(4-methyl-5phenylaxazol-2-yl)-berzere in luere,
+ 1,4-dioxane (7+ 3, by voi.). Similar determinations were carried out after separation
and identification by paper electrgdhoresis. The radicectivity of the sulphur-containing
amino acids/mg. dry wt. organisms grown on 85-sulphate was used as standard for
comparison of the amounts of these amino acids in mutant and wild-type strairs of
Proteus mirabilis and Escherichia coli. These estimates are minimal since no attempt

was made to compensate for excretion of accumulated metabolites during growth or
losses during isolation and chromatography .
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RESULTS

Methionineless auxotrophs. Fifty-two isolation experiments yielded 2066 auxotrophic
strairs of Proteus mirabilis 0Fwhich the largest group, 380, required methionine for
growth; of these, auxotrophs responding to cysteire were especially abundant. These
findings are analogous to those of Horowitz (1955) witth mutants of Neurospora crassa.
About 50% of our methionineless proteus auxotrophs were lesky. A firel group of
60 auxotrophs was chosen on the besis of one phenotypically distinguisheble type
per isolation experiment. Mutant ser/met-544 was leaky but s included as the only
represetative of s type. The growth responses shown in Table 1 indicate that these

Table 1. Grouping and growth requirements of methionineless auxotrophs

of Proteus mirabilis

Growth requirements were determined by applying possible precursors in drops of
appropriate concentration on minimal medium containing auxotrophs in a top layer.

Growth requirements
*

Auxotroph
group SO S0y s Sr COs  Hser Oyt Hos B2 Vet
metE - - - - —_ _ _ +
metE - - - - —_— - — —_— + +
metA/B — — — — — — + + - +
hser/met - — — — — + + + — +
cysE —_— - — — + —_ + + — +
ser/met - - - + + — + + - +
cysG — + + — + —_— + + — +
cysC + + + —_ + —_ + + —_— +
cysA + - + —_ + —_ + + - +
Oys, Cysteing; Cyst, cystathionine; Heys. homocysteine; Hser, homoserine; Met, methionine;

Ser, "sering; B12, vifamin'B12; +, growthequivalent to that with methionine as supplement; — no

growth.

Table 2. Methionineless strains ofProteus mirabilis

Auxotrophic mutants were obtained by treatment of the wild-type strain with mutagenic
nts, selected with penicillin and isolated by replica-plating. Sixty auxotrophs Were
chosen on the basis of one phenotypically distinguishable atgr)e J}?er isolation experiment.
The growth requirements for each group are listed in Table

Auxotroph
group
meiF
metE
metA/B
hser\met
cysE
ser/met

cysG

cysC
cysA

Auxotrophic strains

286, 291, 974, 1445, 1710.
244, 380, 452, 506, 572, 687, 855, 933, 1001, 1261
%45% 13083, 15%.

309, 448, 554, 663, 699, 811, 846, 1002, 1602, 1638

4 (leaky).

243,( , 313, 435, 470, 523, 545, 576, 756, 845, 921, 1080,
M4, 1174, 1262, 1648, 1795, 1808,

484, 606, 697, 7066, 865, 1148, 17%6.

354,832,932,1211.

mutants could be separated into nine biochemiical groups. The nomenclature of each
group corresponds to the metabolic block indicated in Fig. 1. Auxotrophs responding
to methionine, homocysteine, cystathionine or homoserine are referred to as hser/met

4-2
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(Table 2). It s not known where the metabolic block in the homoserine pathway s
since the growth response of these mutants 1o possible precursors of homoserine was

not tested. The same holds for the ser/met mutant which responds to methionine,

homocysteine, oystathionine, cysteire or serire (Table 2). The strains of p. mirabilis

used inthese experiments will be referred to asmethionineless strains and they are listed
in Table 2. All the auxotrophs inTable 2 excepthser/mei-1430 and ser/met-544, when

supplementedwithS-methylcysteine (SMC) inminimal medium, showgrowthequivalent
to thatwithmethionine. The two exceptions grew very poorly with SMC . Prototrophic
strainsof P. mirabilis and Escherichia coli Utilizz2dSMC as the onlly source of sulphur
in accordance with the findings of Robertset al. (1955) WithE. coli. Proteus mirabilis

metEi-\00\ was clessifiedasmete because itresponded erther to methionine or to vita-
min B 12 but not tohomocysteine. However, this mutantwas alsofound togrowwhen

supplemented with threonine. The growth response of the aLxotrophs to the possible
intermediate O-succinyl-haomoserine (Rowbury, 1964) was not tested and consequently
metA and mete mutants were classed together in group met A/B which responded,

1o oystathionine, homocysteine or methionine. All mete auxotrophs, exceptmete-505,

attained complete growth after 24 hr when supplemented withvitamin B 12. M etE-505

was fully groan, with vitamin B 12, only after48 hr. When supplemented with methio-
nine the mete mutants like all methionine auxotrophs showed full growth after 24 hr.
This difference in response to vitamin B 12 was also noted by Davis & Ming;oli (1950)
with similar mutants of . coli.

Two methionine-requiring auxotrophs of Escherichia coli Strain ca-7 were isolated
and designated mete-\, 2 In minimal medium these mutants responded only to
methionine and, in cotrast to the mete mutants of p. mirabilis, did not grow with
SMC.

Syntrophism among methionineless mutants of Proteus mirabilis and Escherichia coli.
Al syntrophism techniques gave positive results with several biochemical ly different
arginine-requiring mutants ofp. mirabilis (Coetzee, 1986). These experiments served
as controls for the synitrophism techniques used. No syntrophismwas detected between
pairs of methionineless mutants of p. mirabilis. The only exception was metE-1001
which was fed by all the methionineless mutants ofp. mirabilis and by the two metE
auxotrophs of e. coli. These methionineless strains of P, mirabilis and the two metE
mutants of E. coli also fed both threonine-requiring and glycine-recquiring mutants of
P. mirabilis, and it is possible that the ability to feed me/E-1001 may be due to this
mutant’s growth response to threonine. This behaviour ofm et -\00\ was not further
inestigated.

The absence of syntrophism among methionineless auxotrophs ofproteus mirabilis
pointed t an irebility of these mutants to accumulate the precursors of metabolic
blocks in a methionine pathmay. Since symtrophism is known to occur among
methionine-requiring auxotrophs of Escherichia coli (Lampen et al. 1947; Davis &
Mingioli, 1950) the two mete mutants of this organism were tested for their abillity
1o feed methionineless mutants of P. mirabilis. MetE mutants of e. coli fed dl the
methionineless mutants of p. mirabilis except those of groups mete and metE.

Quantitative comparison ofsulphur-containing amino acids in wild-type and methio-
nineless auxotrophs ofProteus mirabilis and Escherichia coli. The estimates of sulphur-
comtaining precursors of methionine inwild-type and some methionineless auxotrophs
ofP. mirabilis and E. coli are listed in Table 3. These quantitative estimates confirmed
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the results of syntrophism tests. Although metF-1IW and weiE-855 contain about
three times as much homocysteine and mefA/B-1599 cotains almost twice as much
oysteire as the wild-type organism, this small accumulation of precursors ofmetabolic
blocks s possibly not enough to produce syntrophisn. In contrast, E. coli metF-I

contained about forty times as much homocysteine and more than thirty times the
oystathionine content of the wild-type strain. Similar results were obtained with all
representatives of each group of P. mirabilis mutants. As would be expected from its
early block, P. mirabilis cysC-691 only contained traces of sulphur-containing pre-
cursors of methionine.

Table 3. Sulphur-content of amino-acid precursors of methionine in wild-type
and methionineless auxotrophs ofProteus mirabilis and Escherichia coli

Organisms were grown on sulphur-free medium containing limiting amounts of 35
sulphate as sole sulphur source, harvested after 20 hr and sonically disrupted. Free amino
acids from equivalent amounts of organisms (equiv. 500 mg. dry wt.) were isolated and
separated by paper chromatography. The radicactivity of each amino acid/mg. dry wt.
bacteria wes taken as quantitative  standard of comparison. Counts were corrected for
isotopic decay which ranged between 9 and 22% when the measurements were made.

Sulphur source
__ Homo- Cysta- . Total
Methionine cysteine  thionine = Cysteine  SMC* activity
Radioactivity (counts/mw./rrg. dry wt. bacteria)

Organism r-

Escherichia coli

Wild type 1360 1240 %0 1280 180 6010
metF-i 58 58000 36000 2460 44000 140518

Proteus mirabilis

1220 1060 00 120 1020 440

m etF -1\0 2 30 1960 1660 38 6720
me/E-855 36 240 1920 1530 38 651-4
me/A/B-1599 38 34 28 2140 42 2282
cysG-697 40 36 30 38 32 176

= SMC, 5-rethy]cysteine.

The chromatographic studies of methionine precursors led to the discovery of
Nrethyloysteine (SMC) in willd-type and mutant strairs of Proteus mirabilis and
Escherichia coli (Table 3). The identity of SMC was confirmed by two-dimensional
paper chromatography, paper electrgphoresis and thin-layer chromatography of
oxidized and unoxidized samples of amino acids isolated from these organisms. SMC
isolated from strains grown on 3B-sulphate as sole sulphur source contained the
35 isotope. Mutant strairs of P. mirabilis which attained growth equivalent to that
with methionine when supplemented with SMC contained negligible amounts of
SMC themselves. The two metF mutants of E. coli which did not respond to SMC
accumulated SMC in large qentities (Table 3); this suggested that they should feed
metF and metF mutants of P. mirabilis which do respond to SMC. However, no such
syntrophism was observed.
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DISCUSSION

The growth requirements of the methionineless auxotrophs of Proteus mirabilis
(Table 1) indicate that the route of methionine synthesis (Fig- 1a) s similar to that
found In Escherichia coli, Salmonella typhimurium and Newospora crassa Q\feister,
1965; Cauthen, Foster & Woods, 196). The absence of syntrophism between
methionineless auxotrophs of p. mirabilis comtrasts sharply with similar mutants of
E. coli and s. typhimurium. According to growth requirements the metF, mete and
metA/B mutants ofr. mirabilis appear t be similar to auxotrophs of s. typhimurium
with which Smith (1961) and Demerec et al. (1955) dbtained syrtrophism. Clowes
(1958) showed cross-feeding with osteineless mutants cyst>, cysc, cysE and cysa of
s. typhimurium whose growth requirements are much the same as the cysG, cysc,
cysE and cysa mutants of p. mirabilis. Lampen et al. (1947) and Davis & Mingioli
(1950) reported syntrophism between saveral methionireless strairs of E. coli with
similar blocks to the p. mirabilis straiins studied here. The absence of syntrophism
caused by impermeability of the cll membranes to intermediates in methionine
synthesis was ruled aut, furthermore the syntrophism techniques appeared to be
relizble and all previous studies on methionine metabolism have indicated that these
intermediates are steble. The explanation for this behaviour appears to he in the
inbility of P. mirabilis mutants to accunulate sufficiet quantities of methionine
precursors 1o produce syntrophism. Evidence for this possibility was contributed by
the finding that methionireless auxotrophs and wild-type strairs of P. mirabilis
contained equivalent amounts ofmethionine precursors. Inamtrast, ametr mutant of
E. coli comtainedmore than twenty times the methionine precursors than the wild-type
strain.

The observation that all our mutants which require osteire, homoserine and
serire respond to methionine s noteworthy. This may mean that the methionine-
oysteire pathway is reersible inpProteus mirabilis and that methionine can sene as
a precursor for these amino acids. However, oysteireless mutants of Escherichia coli
(Lampen et al. 1947) and salmonella typhimurium (Denerec et al. 1955) were also
found to respond to methionine although the pathway i widirectional in these
organisms (Celavier—Klutchko & Flavin, 1965). In cotrast to reports on the latter
two becterial organisms the methionine—cysteine pathway is reersible in various
fungi QelavierKlutchko & Flavin, 19865). The possible reersibility of this pathway
inP. mirabilis has not been inestigated but in the light of the above-mentioned
reports on E. coli and s. typhimurium the growth response of o/steine, hcmoserine
and serire requiring mutants to methionine does not provide any proof in this respect.

The quantitative estimates of S™-methyloysteine (SMC) inmethionineless auxotrophs
ofpProteus mirabilis and Escherichia coli are inagreement with the growth responses of
these strairs to SMC. The metr mutants of E. coli which do not grow with SMC
accunulate it in large qentities. The metr mutants ofp. mirabilis which do grow
with SMC cortain negligible amounts of this amino acid. This difference inthe metF
metabolic blocks of P. mirabilis and E. coli cannot be explained. Previous reports of
the occurrence of SMC in micro-organisms have been confined tO N. crassa and
yessts. SMC and itssulphoxide occur inthe non-protein nitrogen fraction of various
plaits (Morris & Thompson, 1955; Synge & Wood, 1956; Thompson, Morris &
Zacharius, 1956). Bolton, Cowie & Sands (1952) did not detect itinE. coli Straino,
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nor did they find homocysteine and cystathionire, although thismay be due t the
saverity of the hydrolytic techniques used. In the present investigation the organisms
were not hydrolysed and onlly free amino acids were examined.

The irebillity of auxotrophs to accumulate precursors of metabolic blocks has not
been reported for other amino acid synthetic pathways in micro-organists. The
existence of more than one pathway leading to the same end-product may possibly
influence the accumulation of intermediates in metabolic routes, although this has
not been reported. The present findings support the hypothesis that methionine
may be syrithesized by more than one pathway. Ragland & Liverman (1956) suggested
that methionine was synthesized altermatively by the transthianethylation of the
thiomethyl group of SMC to homoserine. According to Wolffet al. (1956) SMC
synthesized from serine and methanethiol in yessts. The restricted growth of the
homoserine-requiring methionireless mutant of Proteus mirabilis (hser/met-1430)
when supplemented with SMC inminimal medium supports these findings since this
amino acid s a precursor of methionine in the pathway via SMC. The ability of
metF, metE and metA/B mutants of P. mirabilis to grow with SMC also supports the
participation of SMC in the formation of methionine via a route which excludes
oysteire (sxFig. D). These results agree wirth the findings of Wiebers & Gamer (1964)
who encountered a ¢ystathionireless mutant of Neurospora crassa whiich responded
1o SMC.

Maw (1961) reported the ability of ,Smethyloysteine (SMC) 1o annul the irhibition
of yesst growth by L-ethionine. This methionine analogue isa campetitive armtagonist
of methionine in reactions subseguent to the synthesis of the latter, e.g. incorporation
into protein (Gross & Taner, 1955) and conversion to S-adenosylmethionine (Parks,
1968). According to Maw (1961) the apparent absence of SMC from proteins argues
against the possibility that itmay annul the actiion of ethionire by substituting for
methionine in one or more reactions essential for growth which have been blocked
by ethionire. Htisalsodoubtful whether SMC isan intermediate inthemajor metabolic
reactions ofmethiionine, such asproteinsyrthesis and S-adenosylmethionine formation.
Maw (1961) concluded that the most tenable explanation is that SMC gives rie to
methionine by a separate pathway unaffected by ethionine. Even ifSMC participates
in the gynthesis of methionine by an alterrative route, the formation of methionine
remains obscure since Wiebers & Garner (1964) presented data which indicate that
reither SMC nor cystathionine are doligate precursors for methionine in Neurospora
crassa. They proposed that SMC and cystathionine contribute to sulphur metabolism
in gereral as altermative sources of reduced sullphur, or function as regulatory com-
pounds. The fact that conventional methionineless auxotrophs can be isolated suggests
that methionine syrthesis by an altemative route does not satisfy the requirements of
the organism except when exogenous SMC ispresent. Thismay mean that methionine
synthesis via SMC s intum dependent on the synthesis of methionine by the clessical
pathway or on the presence of methionine or a source of methyl groups. The role of
SMC in the synthesis of methionine by P. mirabilis and E. coli s at present being
inestigated. This may vield information to exlain the failure of methionine auxo-
trophs of P. mirabilis to accumulate precursors of metabolic blods.

This investigation was supported by grants from the South African Council for
Siattific and Industrial Research to Professor J. N. Coetzee.
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SUMMARY

Dictyostelium discoideum wild- amoebae incorporate 3H-uridine into
RNA ata lirear rate during the developmental sequence until the terminal
stage of frurting body construction. However, 3 aggregateless strains perform
in similar fashion (exogpt for the firal dearease). A sasitive ariterion of
becterial contamination, making use of MAK-column chromatography of
the labelled RNA, s described.

INTRODUCTION

The RN A content of Dictyostelium discoideum vegetative amoebae isabout 15% of
the total dry weight and the aosolute amount of RN A decreases during fruiting body
construction in proportion to the owerall loss of cll material (White & Sussman,
1961). Previous experiments involving pulse latelling with 3H-uridine and 3P-phos-
phate have shown that gppreciable RN A synthesiis occurs during at lesst part of the
development of a mutant strain (¢r-17) of D. discoideum. Sucrose density gradient
centrifugation of the laelled material revealed it to be distributed primarily in
4, 16, and 23 S components, but also to a small extent in regions other than these
(Sussman & Sussman, 1965; M. Sussman, 1965). The present conmunication indicates
that, inthewildtype, RN A synthesis as reflectad by 3H-uridine incorporation proceeds
at a significant rate throughout morphogenesi's and decreases to a low value only at
the teminal stage of fruit construction. However, three aggregateless mutants of
D. discoideum yielded incorporation patterms essmtially like that of the willd type
(except for the firel decrease in rae). Thus, the gross aspect of RN A synthesis does
not of it=lfaccurately reflect developmental events though differential transcription
assuredly does (Sussman & Sussman, 19665).

METHODS

Organisms and experimental conditions. Wild-type Dictyostelium discoideum strain
nc-4 (heploid) and aggregateless mutant derivatives were grown in association with
Aerobacter aerogenes on SM agar (Sussman & Lowgren, 1965). The amoebae were
harnvested at room temperature in SM broth and streptomycin sulphate (0-5mg./ml.),
spun at 1000g for 2-3min. and resuspended in the SM + streptomycin broth at a
oconcentration of 2 x 107amoebae/ml . After incubation for 1 hr on a shaker at 2°, the
amoebae were harnvested by cetrifugation, washed once with ocold water and

* Present address: 1 Chome 13-11 Daiz AWA, Setagaya-Ku, Tokyo, Japan.
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resuspended inwater at 2x 108 amoebae/ml. Samples (-1 ml.) were dispensed on
quarter pieces of 2 in. black Millipore filtas, resting on absorbent pads saturated
with 0-05 M-phosphate (pH 6-5)+ streptomycin sulphate (0-5mg./ml.) within 60 mm.

Petri dishes and werre incubated at 22° ina humid atmosphere. Under these conditions
a very high degree of morphogenetic synchrony was achieved (Sussman & Lowvgren,
19%).

Incorporation experiments. The amoebae were labelled by adding 3H-uridine to the
fluid saturating the support pads (4mc.//tole; 5 Ac.Al, pad fluid). After the desired
periods of incorporation, the amoebae were harvested in coldwater, spun at 7000g

for 5min. and the pellets frazen. After thawing and briefhomogenizationwithaVortex
mixer, 10% (WA trichlorcecstic acid (TCA) was added along with 200/A0. DN A as
a carier. After 30 min. in the cold the precipitates were collected on Millipore filtas,
washed with cold 5% (WA) TCA and placed in vials with a toluene base scintillation
fluid for counting. A Nuclear-Chicago courtter was used at an efficiency of 16%.

RNA fractionation. RN A was extracted from the harvested amoebae by treatment
with 3% Duponol and purified by the method of Gierer & Schramm (1966). The
material was then adsorbed to a methylated albumin+kieselguhr (MAK) column and
eluted ina lirear NaCl gradient (Mandell & Hershey, 1990). The extinction at 260 m/i

was monitored in a Gilford recording spectrophotometer and 1mi. samples
were precipitated in 10% TCA for counting.

RNAse controls. In some experiments duplicate TCA precipitates were suspended
in 0075 M-phosphate (pH 7-5) with 30fig. of 2 x rearystallized pancreatic RNAse.
After 30min. at 37° the material was reprecipitatedwith TCA, 10% WAY), washed, and
counted. 80-90% of the origirally precipitable counts were rendered soluble by this
teatment.

RESULTS
Cumulative and pulsed uridine incorporation

Wild-type amoebae, treated as described in the Methods section, were dispensed
on Millipore filtas and incubated at 22° for 4 hr. The Millipore filtas were then
shifted t new support pads comtaining 3H-uridine and the organisms harvested at
2 hr intenals thereafter to determine the incorporation into TCA-insoluble material.
As Fig. 1 idicates, the rate of incorporation remained constant over a 6 hr period
but then declined. However, this represented equilibration, not cessation of RNA
gynthesis, since a second setofMillipore filtas shifted to 3H-uridine for 2 hr incubation
periods between 8 and 14 hr continued to incorporate uridine at the original rate.
Thus the apparent declire simply represented a resultant between the breakdown of
previously syrithesized RN A and the fabrication of new. To avoid this complication,
the complete time course of RNA synthesis was follored by pullsed incorporation
studies. Duplicate Millipore filtas were exposed to 3H-uridine between 2 and 4 hr
and then hanested; two other Millipore filtasbetween 4 and 6 hr; two more between
6 and 8 hr and so forth. In thismanner a succession of 2 hr pulses was administered
over a 26 hr period. Figure 2 shows the results. The counts incorporated during each
pulse were added to the previous ones to provide a measure of the cunulative in-
corporation. The net rate is seen 1o have remained constant for about 20 hr and then
1o have declined at the end of fruit construction.

Three aggregateless straiins of Dictyostelium discoideum yielded the same gereral
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pattermn of incorporation except that they continued to increese at a high rate over
the period inwhich the willd-type rate declined. The data for one mutant, Agg-204, are
summarized in Fig. 2

The problem of bacterial contamination

When one examines the synthesis of developmentally regulated cell components
which are unique to the slime moulds, i.e. certain enzyme activities, antigenic deter-
minants, ec., the presence of the becterial associate in srall quantities areates no
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Fig. 1 -O—Cumulative incorporation of 3H-uridine into TCA-insoluble material. The
uridine wes added 4 hr after the amoebae were dispensed on Milliporefilters. -~ 3H-uridine
incorporated during 2 hr exposures starting at 8, 10, 12, and 14 hr, respectively.

Fig. 2 Pulsed inc%rﬁoration of 3H-uridine by pictyostelium discoideum: -O-, Wild type;

-©-, mutant Agg-204. Each point (the mean of duplicate sanyples), represents the counts/

min. incorporated during exposure of the amoebae to 3H-uridine for the preceding 2 hr.

Each successive 2 hr pulse wes added to the previous ones to provide a measure of cumulative

incorporation. Under these conditions aggregationwes confleted in 10hr, pseudoplasmodia

5%2% by 12hr, fruiting body construction started at 15-16 hr and wes completed by
r.

arbiguities. When, however, the component is common to both, as is tre in the
present instance, the possibility of becterial contributions must be eliminated. In the
case of RN A gynthesis, a sasitive ariterion does fortunately edst, namely the com-
parative elution pattems of ribosomal RN A from becteriaand that from slimemould
c&lls during MAK-column chromatography. The former s distributed in two vell-
defined peaks corresponding to the 16 and 23 S fractions (Hayashi, Hayashi &
Spiegelman, 1963). The latter s eluted as a single peak and s relessed by a salt
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concentration differait from those for erther of the becterial fractias. Figure 3A

shows the elution of RN A synthesized by the slime mould clls prepared as described
in the Methods sectiion during 20 hr incubation on Millipore filtas in the presence of
FHuridine. Unlabelled carrier RN A frrom wild-type amoebae was added for purposes
of comparison. The labelled RN A s seen to have been eluted coincidental ly with the
carrier RNA . The degree of becterial contamination in this experiment, as revealed
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Fig. 3 A MAK-column phronﬁtogréaghy of RNA from amoebae prepared as in Methods

and labelled with 3H-uridine during 20 hr incubation on Millipore filters. Extraction e 10

was measured in a continuous flowcell with the Gilford recording spectrophotormeter. Radio-

activity (-O-) measured in TCA-precipitable material from Iml. sanples of the eluate.

U?rper curve shows the gradient of NaCl concentration in the eluate measured bga calibrated

refractometer. B: Chromatogra_Phy of RNA from amoebae not pretreated in SM+ strepto-
II|_n me?illltjm and labelled with "3H-uridine between 14 and 20 hr during incubation on
illipore filters.

by colony counts, isgiven inTable 1 Figure 3B shows the extent towhich the presence
of the becterial associate even in relatively low concentration affected the elution
patterm of the RNA. The amoebae were not pre-incubated in SM + streptomycin
medium but instead were washed three times in cold water by 5min. cemtrifugation
at 3200# and were dispensed directly on t Millipore fillas. The 3H-uridine was
administered over a 6 hr period (14-20 hr of incubation). The elution pattem is
typical of Aerobacter aerogenes RN A with the exception of the barely significant
peak at the refractive index of 1-3425 (similar to that of the slime mould RNA) .

Table 1 shows that under these conditions the degree cf contamination at the time
of exposure to uridine was 3x 106becteria/2x 107 amoebae or about 1 part in 104 by
veight.
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DISCUSSION

The uridine incorporation data indicate that RN A synthesis was not confined to
any particular stage of slime mould development but continued at an appreciable
role throughout the morphogenetic sequence. However, it should be noted that no
absolute rate estimates can be made uttil determinations of the oecific activity of
the UTP pool are aailable.

Table L Extent of bacterial contamination during the incubation of
amoebae Dictyostelium discoideum on the Milliporefilters

Period of incubation Viable bacteria/2 x 107amoebae
on Millipore filters e — A
r) A B
0 5x 103 5x 107
5 — 3x 105
5 @& © 3x 106

* A amoebae treated as described in Methods; B, amoebae harvested from growth plates,
washed three times by centrifugation (1200g for 5 _ml?g in cold water and dispensed on Millipore
filters. After incubation the amoebae were harvested in 10 ml. sterile cold water and samples (005 m.)
were spread on SM agar plates and incubated at 37° overnight in order to make colony counts.

In addition, thenet lcssofRN A conterit (White & Sussman, 1961) and the evidence
for equilibration seen in Fig. 1 suggest an appreciable tumover, both of the RNA
that was part of the vegetative amoebae and the material synthesized during
development. Parallel studies with another gecies, Polysphondylium pallidum grown
in axenic medium, indicate that ribosomal RN A contributed the major portion of
this tumover, such that at the end of frurt construction at leest 50% of the ribosomal
RNA then present was synthesized during the morphogenetic sequence R. R. Suss-
man, private comunication). The results of MAK-column chromatography shown
in Fig- 3 indicate that appreciable amounts of ribosomal RN A were also synthesized
by Dictyostelium discoideum. The guestion then arises as to why amoebae which are
starving and are in the process of losing a significant proportion of their dry weight
during development fird itnecessary to synthesize new ribosomes.

At present, numerous developmental studies are being made with phagotrophs
like the slime moulds and cilliated protozoa and with forms like sea urchins, sponges
and Acetabulariawhich are contaminated with becterial parasites and syrbionts. The
danger that the becteria contribute to the data isalways serias. For RN A sthesis,
MAK-column chromatography offers a sasitive and convenient criterion of such
cormtamination.

Thiswork was supportedby aU.S.A. National Science Foundation Grant GB-1310.
J. l.was a postdoctoral trainee holding N IH Graduate Training Grant (TI-HD-22).
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SUMMARY

The abillity of suspensions of washed spores of pPénicillium roqueforti O
axidize trighlyoerides was markedly stinulated by L-prolire, L-alanire and
Lserire, although all the sources of nitrogen tested were effective over
extended periods to different degrees. The rate of oxidation was further
increased by the addition of certain sugars, although these were without
effect in the absence of a nitrogen source. The same compounds that
stinulated methylketone formation from triglycerices also promoted the
rapid germinatiion of spores, suggesting thatcommon reactionswere inolved.
The maximum yield of methylketone adbtainedwas 25% from trioctancinand
trihexanoin at pH 60, with lover yields from tridecanoin, tributyrin and
trilarin. The addition of sodium azide, and to a lesser extent of 2,4-dinitro-
phenol and certain organophosphorus compounds, inhibited the oxidation
of triglycerides. The possible role of fungal esterases in spore gemination B
disoussd.

INTRODUCTION

Growing aultures of Penicillium glaucum have been shown to oxidize up t 15% of
synthetic triglycerides containing C4 to C 12 fatty acids to the corresponding methyl-
ketones with one less carbon atom (Ad<lin, 1929; Thaler & Eisenlohr, 1941). The
first step in the oxidation s presumably the hydrolysis of the trighycerice, since the
formation of extracellular esterases isvell documented (e.g. Morris & Jezeski, 1953;
Alford, Pierce & Suggs, 1964). It is not clear however from these investigatios
whether the initial hydrolysis of the triglycerice and the subseguent metabolism of
the liberated fatty acid isthe result of spore activity or of mycelial activity. Gehrig &
Knight (1988, 1963) considered that spores of penicillium roqueforti are able to
axidize fatty acids but that the capacity to form methylketones disappears rapidly and
progressively as the spores germinate. On the other hand Lawrence (1965a) found
that the slow rate of formation of heptan-2-one from octanoic acid by washed spore
suspensions of P. roqueforti Was markedly incressed by the addition of the same
gecificamiino acids and sugars that have been shown to stinulate fungal germination.

The germination of sporangiospores ofRhizopus arrhizus (Weber & Ogawa, 1965),
R. stolonifer (Weber, 1962) and the conidia of Aspergillus niger (Yanegita, 1957;
Miller, 1962) is strogly stimulated by Lproline and less effectively by some other
amino &cids. For A. niger alanire isalso stinulatory, but for r. arrhizus proline can
be replaced by omithire, arginine or asparagine only when phosphate is also present.
Cochrane, Cochrane, Simon & Spaeth (1963) showed tret, in addition to glucose

* Permanent address: The Dairy Research Institute (N.Z.), Palmerston North, New Zealand.
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and a nitrogen source, the macrospores of Fusarium solani reguired a factor present
in yesst extract which could be partially replaced by saveral amino acids but not by
carbohydrates.

Germination has also been associated with the decrease in fungal spore lipidwhich
occurs during incubation (Farkas & Ledingham, 1959; Cochrane, Cochrane, Collins &
Serafin, 1963; Jack, 1994). Lipids are a prominent constituent of saveral species of
fungi (Allen, 1965) and the activation or synthesis of an esterolytic system and s
subsequent attack upon the lipid of the spore coat may be related to the sielling and
increase in permeabi lity of fungal spores whiich precedes germination (Yanegita, 1957;
Ekundayo & Cadisle, 1964).

The present paper descriibes the effect of amino acids and sugars upon the ability
of suspensions of washed spores of Penicillium roqueforti to metabolize trighycerides
containing short-chain fatty acids. The possibility of a relatioship between the
hydrolyticactivity of the spores and theiir subseguent germinationwas also investigated.

METHODS

General. Penicillium roqueforti atcc 6989 (American Type Culture Collection,
Washiington, D.C.) used in previous work on the oxidation of fatty acids (Lavrence,
19653, 19%6), was grown on slopes of Czapek-Dox agar or malt agar (Oxoid)
at 2°. After incubation for 7-10 days the spores were gently dislodged with an
inoculation needlle and quickly washed in Sterilewater by cetrifugation. The washed
spores were resuspended inwater or phosphate buffer to give an extinction of 0-6 at
650 m ji which corresponded to about 5x 10s spores/ml. as determined from a cli-
bration curve of haemocytometer counts of spores against extinction.

Samples of these spore suspensions (10ml.) were incubated at 3°, the optimal
temperature for axidation, with equimolecular amounts of trighyoerides (normally
30 /¢moles) which were dispersed by shaking in stoppered bottles (100 ml.). Strepto-
mycin (0-25 mg.-/ml.) was added to prevent becterial gronth. Germination (gppearance
of the germ tube) was determined by microscopic observation of samples of the spores
stained with dilute carbol fudsin.

Cell-free extracts of spores. Sufficient 0-056 M-phosphate + 0-05 M-sucrose huffer
(pH 7-0) was added at 4° t© spores (Lg. wet wt) and acid-washed sand (2g.) in
a pre-cooled mortar t form a thick peste. This was ground for 5min., more buffer
added to a firel volume of 5ml. and the suspension certrifuged at 1200g for 10 min.,
the supermatant fluid being used.

Measurement of oxygen uptake. Manometiic measurements of respiration were
made by the direct Warburg method at 3. Tie total volume in each Warburg flask
was ustally 3-Oml. spore suspension+ substrate, with 0-2ml. 20% (WA) KOH inthe
centre vell.

Estimation of methylketones. Methylketone concentrations were determined at
intenals during the experiments by adding 1ml. of the contentts ofa 100-ml. stoppered
bottle containing spore suspension and susstrate into 2 ml.. 2,4-dinitrophenyl hydrazine
solution 2gA. 2 n-HCI) in a stoppered test-tuic. After 30 min. the 2,4-dinitrophenyl
hydrazone was extracted and the methylketone subsequently estimated by the method
previously described (Lawrence, 19656).

Estimation of esterase. Esterase activity was determined by aquantitative thin-layer
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agar diffusion method at 30° (Lawmrence, Fryer & Reiter, 1966) by measuring the
zones of clearing (recorded inmm.) ofa0-1% emulsion of tributyrin in agar buffered
with 0-06m phosphate (pH 9).

Hydrolysis of o-nitrophenylbutyrate was measured by the spectrophotometric
estimation of the liberated onitrophenol at 410 v/t with 1cm. ownettes and total
volumes of 32ml. Assay mixtures comtained 100/;mles tris+ HCl buffer and
7-5//.0les onitrophenyl butyrate (added as a solution in 0-2ml. methanol). In
preliminary experiments p-nitrophenyl acetate was also used, but the very low esterase
activiies of the aultures with this sustrate were of the same order as the rate of
spontaneous hydrolysis of the substrate atpH 7. The more steble o-nitrophenylbutyrate
did not spontaneously hydrolyze although non-enzymic hydrolysis in presence of
certain nitrogen compounds, eg. proline and ammonium sulphate, had 1o be taken
into acocount. When the rates of hydrolysis (change in extinction/min.) were appro-
priately corrected for spontaneous hydrolysis and non-enzymic hydrolysis, the esterase
fromPenicillium roqueforti appeared to be equally active against o-nitrophenylbutyrate
and p-nitrigphenylacetate. In the present work itappeared that only one enzyme was
involved in the hydrollysis of the enulsified tributyrinand of the solublle o-nitrophenyl-
butyrate; the gereral tem esterase has therefore been used to cover both types of

Chemicals. Chromatographically pure glycerides were obtained from Sigma
Chemical Co. (St Louis, Mo., U.S.A)), Tween 20 (polyoxyethylene sorbitan mono-
laurate) from Honeywill-Atlas Ltd. (Carshalton, Sunrey), p-hitrophenyl acetate and
o-nitrophenyl butyrate from British Drug Houses Ltd. Bactopeptone, Casamino acids
(Oifoo), amino acids and sugars British Drug Houses Ltd.) were either autoclaved or
Seitz-filterad (Ford’s Sterimats, A. Gallenkamp and Co. Ltd.). Chloramphenicol was
obtained from Parke, Davis and Co. (Oetroit, Mich.). Di-isopropylfluorophosphate
(DFP) and diethyl p-nitrophenylphosphate (E 600) were gifts from Dr G. C. Cheese-
man and Dr P. Andrews (N.1.R.D.), respectively.

RESULTS
Effect ofshaking spore suspensions

Although shaking the spore suspensions increased the oxygen uptake and methyl-

ketone formation, the spores tended to clump together and replicate experiments

showed considerable variation. Reproducible results were obtained by using 100-ml.
medical flat bottles, sloped to give the max imum surface area of solution.

Activation of spores

Spores from 5-day aultures were hanested, washed and suspended in phosphate
buffer (pH 65). These spores axidized trioctanoin extrerely slomy, whereas equivalent
amounts of octanoic acid were reedily oxidized, indicating that the hydrolytic activity
of the spores for triglycerides was extremely lov. The addition of Casamino acids
or gecific amino acids to the spore suspensions markedly increased both oxygen
uptake (Fig- 1) and methylketone formation (Fig. 2) afteran initial lag of at lesst 5 hr.
This lagwas shorter in the presence of Casamino acids than with any single amino
acid, but Lprolire stinulated methylketone formation t a greater extent over a
period of 24 hr. Even small amounts of Lprolire (1 //mole/10ml.) were effective;

52
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about 100/;moles/10 ml. were optimal. Whereas the lag before oxidation of fatty
acids occurred was less than 2 hr, no mixture of stimulatory compounds was able to
decrease the lag period with triglycerides below 5 hr, presumably because the additional
step of esterase formation or activation was involved. L-alanine was nearly as effective
as Casamino acids followed by L-serine, L-arginine, L-glycine, L-leucine, L-glutamic
acid, L-asparagine, L-glutamine, L-aspartic acid, L-ornithine, in decreasing order of
effectiveness. Although other sources of nitrogen tested did not stimulate the oxidation
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Fig. 1 The oxidation of octanoic acid (9/;noles) and trioctanoMS/&nnles?]by washed
6-day spores (1-5 X 109 Of penicillium roqueforti at pH 60 (100/¢noles phosphate buffer).
Each flask contained either octanoic acid (3—J), octanoic acid+0 05 g casamino &ci
(m—m), trioctanoin (O—O), trioctanoin+casamino acids (e—=) or casamino acids
only (A—»). Total volume 3ml. Endogenous respiration deducted.

Fi% 2 The effect of amino acids (200/¢moles) on the formation of pentan-2-one from
trihexanoin (30/¢noles) by washed 7-day spores (3x 10) of penicillium roqueforti at pH 60
(200/¢noles phosphate buffer). Total volume 10m.

of triglycerides in the first 24 hr of incubation, oxidation was markedly increased
after 48 hr, to various extents, by L-valine, ammonium sulphate, potassium nitrate,
L-hydroxyproline, L-phenylalanine, L-lys:ne, L-threonine, L-methionine, L-histidine,
in that order. After 72 hr the yield of pentan-2-one from trihexanoin in the presence
of potassium nitrate was significantly greater than with L-proline (Fig. 3).

In the absence of a source of nitrogen, none of the sugars added to the spore
suspensions was stimulatory in the first 24 hr. In the presence of a nitrogen source,
however, some sugars were remarkably effective even when the nitrogen compound
was not stimulatory by itself. Thus D-galactose, D-glucose or D-xylose in the presence
of potassium nitrate markedly activated the oxidation of trihexanoin to pentan-2-one;
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sucrose and maltose were less effective; D-ribose and lactose were virtually without
effect (Fig. 4).

The time of harvesting the spores had no significant effect upon the rate of oxidation
of triglycerides, in marked contrast to the oxidation of fatty acids (Lawrence, 1966).
The hydrolytic step appeared to be a function of spore germination and might
therefore be expected to be independent of the age of the spore. However, although
a source of nitrogen was essential for formation of mycelium, spores in the absence of
stimulatory compounds oxidized triglycerides very slowly to methylketone (up to
5% after 6 days) without any obvious morphological change.
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Fig. 3 The formation of pentan-2-one from trihexanoin (30/;noles) over extended periods
by washed 7-day spores g X 10) of pénicillium rogqueforti at pH 6-0'(200/¢moles phosphate
buffer) in the presence of 100/¢holes glucose (3£, alanine ( , proline (A—A),
KNO3(®—#), and in the absence of stimulating compounds (O—O). Total volume 10ml.

F:cg. 4. The effect of sugars on the formation of pentan-2-one from trihexanoin by spores

of penicillium roqueforti in the presence of KNO3 Each flask contained 3x 109 spores

200/¢moles phosphate buffer (pH 6-0), 200/;noles of each sugar, 100/;moles KNO3 Total

Xlolume 10ml. Control flasks containing glucose or ribose, respectively, but not KNO3 are
S0 shown.

Effect of Seitzfiltration on amino acid solutions

Solutions of amino acids which had been Seitz-filtered were considerably more
active than were autoclaved solutions in stimulating the oxidation of triglycerides by
spores (Fig. 5). Distilled water that had been Seitz-filtered was also stimulatory after
an extended lag period but only in the presence of a nitrogen source. This confirmed
the results of earlier work that Seitz-filtered solutions may contain a factor which is
stimulatory to the germination offungal spores (Farkas & Ledingham, 1959; Lawrence,
1966) and which may be identical with a partially characterized factor extracted from
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cotton which permits the rapid germination of rust uredospores (Atkinson & Allen,
1966). Since, however, the effect of Seitz-filtered solutions on the oxidation of tri-
glycerides varied, autoclaved solutions were used in the experiments reported in this
paper even although the rate of oxidation was considerably lower.

Esterase activity

The extremely low esterase activity found in the spore suspensions was unexpected
since Pénicillium roqueforti was strongly esterolytic when grown on standard tributyrin
agar or butterfat +Victoria Blue agar. However, this difference in activity as between
solid and liquid media has also been observed with bacterial lipases (O’Leary & Weld,
1964). Fodor & Chari (1949) found that lipolytic activity of p. roqueforti in liquid
cultures was very weak even under optimal conditions.

Table 1 Peénicillium roqueforti: the effect of stimulatory compounds on the esterase
activity of spores, formation of heptan-2-one from trioctanoin and growth of mycelium

Each flask contained 3x 109spores, 30 mmroles trioctanoin, 200/«noies phosphate buffer
(pH 6:0), 200 /«noies amino acid or 01 g Casamino acid, 200 /«voles glucose, distilled water
to 10ml.: time of incubation 20hr. Esterase activity er substrate o-nitrophenylbutyrate
(o-NPB) is expressed as rate of chan%e of extinction/min. x is the diameter of the Zone
of clearing of tributyrin emulsion (0-1%) minus the diameter of the well.

Esterase activity
- o-NPB Tributyrin  Heptan-2-one )
Addition (%r femoles)  Mycel
- 001 08 014 -
Glucose 001 09 015 -
Alanine 004 12 037 +
Alanine+ glucose 007 26 0N +
Ammonium sulphate 002 08 oA -
Ammonium sulphate+ glucose 002 08 040 -
Casamino acid 010 29 090 +
Casamino acid+ glucose 010 26 -2 +

* +, Nearly all spores germinated; — no spores germinated.

Suspensions of Penicillium roqueforti Spores in water, phosphate buffer or solutions
of sugars did not germinate. Such suspensions were only weakly active against tri-
butyrin and o-nitrophenylbutyrate but nevertheless oxidized triglycerides very slowly
during a longer period of incubation. The addition of stimulatory compounds such as
Casamino acids and L-alanine resulted in a slight increase in the esterase activity of
the suspension, although methylketone formation from triglycerides (Table 1) and
the rapid germination (i.e. within 24 hr) of the spores was greatly stimulated. No
increase in esterase activity was detected until after a lag of at least 6 hr; the activity
reached a maximum after about 24 hr. Attempts to increase esterase production by
germinating the spores in complex media such as Bactopeptone and yeast extract
were unsuccessful. The addition of butterfat or tributyrin to growing cultures of
Penicillium roqueforti did not enhance esterase production, in contrast to earlier
reports (Goodman, 1950; Imamura & Kataoka, 1963) that fungal lipases are adaptive
enzymes.
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Effect ofphosphate

Although suspensions of spores harvested from growth on malt agar did not require
added phosphate for the initiation of oxidation of triglycerides in the first 24 hr, the
rate of oxidation by spores harvested from Czapek-Dox agar was markedly stimulated
by small amounts of phosphate (0-1 /;mole/ml.) and was further increased by higher
concentrations (Fig. 6). After 48 hr, however, considerable amounts of methylketone
were formed in the absence of phosphate and after 6 days a maximum of 18% of the
trihexanoin had been oxidized to penta-2-one. At no stage was the yield of methyl-
ketone as great as with added phosphate.
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Fg. 5 The effect of Seitz-filtered solutions on the formation of nonan-2-one from tri-
decanoin by spores of pénicillium roqueforti in the presence of proline. Each flask contained
6ml. spore suspension (3x109 spores), 30/«noles tridecanoin, 2ml. phosphate buffer
(pH 60; 200/tmoles), 1 ml. autoclaved proline solution (200/«noies) and 1ml. autoclaved
water ﬁ(ID—D) or Seitz-filtered water g)—l); glucose (200/«noies) solution (A—A) or
Seitz-filtered glucose solution (A—A). Control flasks containing Seitz-filtered water (O—O)
and Seitz-filtered glucase solution (¢—=) but not proline are also shown.

Fig. 6. Effect of phosphate concentration on the formation of pentan-2-one from tri-
hexanoin (30 «moles) by washed 7-day spores (3x 109 after gromth on Czapek-Dox agar
slopes, at pH 6-0 (50/;moles maleateb uffer) in the presence” of Casamino acids (OT Q).
Total volume 10ml. Tl('rres of incubation 24 hr ) and 48 hr (o —=).

There was a slight but significantly greater difference in the esterase activity of
spores harvested after growth on malt agar than of those from Czapek-Dox agar. The
two media contain different sugars which may have affected the relative amounts of
available phosphate in the spores and their esterolytic behaviour. Grover (1964)
found that the characteristics of spores of Aspergillus flavus, including their require-
ments for germination, were apparently greatly influenced by the cultural conditions
during spore formation.
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Effect ofpH value

The rate at which methylketones were formed from triglycerides by spores activated
by OT % Casamino acids increased rapidly below pH 7-0. Trihexanoin and trioctanoin
were most readily oxidized at pH 6-0 (Fig. 7). approximately 25% of each triglyceride
being oxidized to the corresponding methylketone after 6-10 days. Lower yields of
methylketone were obtained from tributyrin (8% at pH 5-5), tridecanoin (14% at
pH 6-0) and trilaurin (2% at pH 6-8). Only the corresponding methylketone with
one less carbon atom was detected in each case. The oxidation of these triglycerides
followed the same pattern as that of trihexanoin (Fig. 3), i.e. methylketone formation
increased after an initial lag of 6-12 hr to a maximum after 6-10 days; after which
the methylketone itself was slowly metabolized.

(a) pH 53 (b) pH 60 (0 pH 68
2:0 20 10 20}
10 10} 10
3 5 7 9 11 3 5 7 9 11 3 5 7 9 11

Number of carbons

Fig. 7. Formation of methylketones from triglycerides 3)/ moles 628b{ washed 7-day spores
(3% 109 ofpenicillium roqueforti at (a) pH 5 g (b) pH 60, 200/;moles phosphate
buffer) in presence of Casamino acids (01 g). Total volume

The ability of amino acids to stimulate the oxidation of trihexanoin to pentan-2-one
by spores was most pronounced at pH 55 (Table 2) although only the basic amino
acids arginine and lysine showed markedly decreased stimulatory activity at pH 6-5.

Trilaurin is solid at 30° the temperature used in this work, which may have
accounted for the low rate at which it was oxidized (Fig. 7). The water-soluble
Tween 20 (polyoxyethylene sorbitan monolaurate), which contains approximately
60% lauric acid, was not, however, rapidly oxidized by spores in the presence of
Casamino acids, the maximum yield of undecan-2-one obtained being less than 2% at
pH 6-8.

Effect ofsome enzyme inhibitors

Sodium azide and 2,4-dinitrophenol, which are considered to disrupt the develop-
ment of transport systems by uncoupling oxidative phosphorylation mechanisms
(Quastel, 1964), also inhibited the formation of pentan-2-one from trihexanoin
(Table 3) and from hexanoic acid by spores activated by Casamino acids. Sodium
azide was the more effective inhibitor and it also completely inhibited the growth of
mycelium. On the other hand high concentrations (10 3w) of 2,4-dinitrophenol did not
completely suppress the oxidation of triglycerides and was without effect upon
mycelial growth.

Low concentrations (10 5m) of the organophosphorus compound (E 600), which
specifically inhibits hydrolytic mechanisms, partially suppressed the oxidation of
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triglycerides to methylketones but did not inhibit the growth of mycelium from spores
activated by Casamino acids (Table 3). Compound E 600 was considerably more
effective than di-isopropylfluorophosphate (DFP) against triglycerides, but neither
compound inhibited to any significant extent the oxidation of fatty acids to methyl-
ketones. Chloramphenicol has been reported to inhibit bacterial esterases (Smith,
Worrell & Swanson, 1949) but even high concentrations were without effect on the
oxidation of triglycerides or fatty acids by spores.

Table 2. Penicillium roqueforti: the effect ofpH value on the ability of amino acids to
stimulate theformation ofpentan-2-one from trihexanoin by washed spores
Each flask contained 3x109 spores, 200//moles phosphate, 30/tmoles trihexanoin,

Zzg%/«rmles amino acid or 01 g. Casamino acid, distilled water to 10ml. Time of incubation
r.

pH value of spore suspension
pH 55 pH 65 H 75
N Pentan-2-one formed (/«roles
Addition ; *

- 0l 001 003
Proline 380 251 024
Alanine 241 256 039
Arginine 19 02 007
Lysine 031 003 003

utamic acid 043 ol 006
Aspartic acid 049 05 o
Casamino acids 347 316 037

Table 3. pénicillium roqueforti: the effect of inhibitors on theformation of
pentan-2-one from trihexanoin by spores activated by Casamino acids atpH 6-0

_Each flask contained 3x10® spores, 200/«oles phosphate buffer (pH 60), 30/«oles
trihexanoin, inhibitor as below, distilled water to 10ml. Times of incubation as below.

Time of incubation (hr)

f

20hr 24 hr 0hr

P2 o -

«roles mycelium

Inhibitor r Banl B
None 307 52 +
2,4-dinitrophenol (m) 1X104 1-10 490 +
5« 104 1-44 381 +
1« 10-3 019 030 +
Sodium azide (m) 1x 10-4 Nil Nil -
5x 104 Nil Nil -
Chloramphenicol (ftg./ml. 500 317 540 +
amp (rg/m) 1000 321 574 +
E 600 (M)t i0-4 161 34 +
i0-5 266 42 +
DFP (m)i 104 2-40 477 +
io-5 314 4% +

* +, Nearly all spores germinated ; —; no spores germinated.
f E 600, diéthyl-p-dinitrophenyl phospfﬁate.
i DFP, di-isopropyl fluorophosphate.
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Cell-free extracts ofspores of Penicillium roqueforti

A thick paste of spores and sand ground with buffer (see Methods) yielded an
extract with slight esterase activity and which also slowly oxidized low concentrations
of trioctanoin (3/;moles/10 ml.). Disintegration of a concentrated spore suspension
by ultrasonic treatment for times up to 45 min. resulted in inactive extracts.

DISCUSSION

Suspensions of washed spores of Penicillium roqueforti oxidized triglycerides ex-
tremely slowly but the addition of Casamino acids or certain amino acids (particularly
L-proline or L-alanine) greatly stimulated oxidation after an initial lag of about 6 hr.
The addition of other amino acids did not increase the effectiveness of L-proline,
indicating that the pathway of activation was the same for all amino acids. The
specificity of the stimulatory amino acids was very marked; L-hydroxyproline and
L-phenylalanine had no effect during the first 24 hr of incubation. Over extended
periods, however, the formation of methylketones from triglycerides by spores was
stimulated by the addition of a variety of sources of nitrogen, but to different degrees.
The rate of oxidation was further increased by certain sugars (particularly D-galactose,
D-xylose, D-glucose) although these were effective only in the presence of a nitrogen
source. It may be significant that these three sugars all possess the same spatial
configuration about carbon atoms 1, 2 and 3.

A source of nitrogen was essential for triglyceride oxidation by spores and for their
germination, but not for the oxidation of fatty acids (Lawrence, 1966). Since cell-free
extracts of spores possessed esterase activity it seems likely that the utilization of
certain nitrogen compounds resulted in the transport of hydrolytic enzymes across
the spore wall. One of the essential prerequisites to the formation of germ tubes is
considered to be the accumulation of amino acids in the spore (Yanagita, 1957). The
enhancement of the stimulatory affect of amino acids by certain sugars on spore
germination and on triglyceride oxidation may be due therefore to a greater rate of
transport of amino acids across the cell wall in the presence of an external source of
energy; this has been shown to occur in bacterial and mammalian systems (Kepes &
Cohen, 1962; Scholefield, 1964). Similarly, 2,4-dinitrophenol and sodium azide may
inhibit triglyceride oxidation by spores in the presence of Casamino acids by preventing
the accumulation of exogenous amino acids in the spores, as has been shown for
Escherichia coli (Kepes & Cohen, 1962). Sodium azide, but not 2,4-dinitrophenol, also
prevented the growth of mycelium. The differential sensitivity of various phosphory-
lation steps toward uncouplers is well established (e.g. Maikov & Suprunenko, 1958)
and 2,4-dinitrophenol is presumably more inhibitory to the phosphorylation processes
involved in the metabolism of triglycerides than to other phosphorylations of viral
importance in germ-tube growth.

The ability of fungal esterases to synthesize triglycerides has recently been shown
(Iwai, Tsujisaka & Fukumuto, 1964) but the results of the present work support the
view that lipid metabolism is predominant during the early stages of germination
(Farkas & Ledingham, 1959). Factors which greatly stimulated the formation of
methylketones from triglycerides by spores of penicillium roqueforti also promoted
the rapid germination of these spores, suggesting that similar mechanisms may be
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operating. Methylketone formation involves two hydrolytic steps: the initial liberation
of fatty acid and the hydrolysis of the subsequently formed /?-oxo acyl ester to the
unesterified /?-oxo acid. The insensitivity of fungal de-acylases to high concentrations
of organophosphorus compounds observed in the present work confirms similar
findings with de-acylases from mammalian tissues (Srere, Seubert & Lynen, 1959).
These inhibitors only partially suppressed methylketone formation from triglycerides
and were without effect upon either fatty acid oxidation to methylketones or the
germination of the spores. While such evidence is not conclusive it is consistent with
the view (Lawrence, 1966) that de-acylation may play an important part in spore
germination.

I would like to thank the Director of the National Institute for Research in Dairying
for affording facilities for doing this work and to colleagues in the Bacteriology
Department for helpful discussions and assistance.
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SUMMARY

The spore-surface spicules of pithomyces sacchari contain the cyclotetra-
depsipeptide, angolide.

INTRODUCTION

Spores of species of the genus pithomyces (Ellis, 1960, 1965) are covered with
minute easily detached spicules. In p. chartarum, P. maydicus and p. cynodontis
(imilO1184; Ellis, 1965) these spicules are composed largely or entirely of cyclo-
depsipeptides (Russell, 1966), the chief components being sporidesmolide I, spori-
desmolide 1V, and angolide, respectively (Bertaud, Morice, Russell & Taylor, 1963;
Bishop et al. 1965). The spore-surface spicules of p. sacchari (Speg.) M. B. Ellis have
not hitherto been examined chemically, because the isolate available, imi102686,
formed very few spores when grown under the same conditions as the other three
species (Bishop et al. 1965). We now report experiments, with this and two other
isolates of p. sacchari, Which show that the spicules in this species contain angolide.
A preliminary account has already been given (Riches & Russell, 1965).

METHODS

Organisms

Isolate imi 102686 of pithomyces sacchari Was obtained from the Commonwealth
Mycological Institute. Dr M. O. Moss (Tropical Products Institute, Grays Inn Road,
London, W.C. 1) sent us an isolate, tpi122, which was also disposed (Dr M. B. Ellis,
personal communication) as p. sacchari. This isolate, which spored sparsely on
potato glucose agar at 25°, was designated TPil22a. From it, by single-spore isolation
from a vigorously sporing sector, was obtained TPil22b (see p. 83). The two isolates
were distinguishable only by their different sporulation intensities. Mycelial colonies
growing on potato glucose agar at 25° are superficial, olive green when young becoming
black later. Hyphae are of two types, those in contact with the substratum consisting
of main branches with laterals radiating as if from a common origin, and aerial
hyphae forming a loose irregular network. Conidiophorcs form from modified aerial
hyphae, usually where several of these approximate and form many anastomoses.
Aerial hyphal elements are 3T x 19-5/i; conidiophores, 2-5 per hyphal element, are
born randomly; conidia are bom singly, with 2-5 transverse septa; the distal septum
is occasionally oblique. Spores with 2 septa are 14-18 p long; with 3, 18-22p; with 4,
22-28 p; with 5, 27-36 //; all spores are 6-8 p wide at the widest point.

The pithomyces chartarum Used was a new isolate, obtained from a high-sporing
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sector of a culture of isolate ‘c’ (Done, Mortimer, Taylor & Russell, 1961) which
during repeated subculture on potato glucose agar had lost its capacity to spore
freely. Grown in surface culture on potato+ carrot broth at 25° it spored profusely and
produced the typical mixture of sporidesmolides (Bishop et al. 1965) in a yield of
more than 300 mg./I.

Cultivation of organisms

The isolates were maintained by subculture on potato glucose agar plates at 25°.

Agar cultures. Each isolate of pithomyces sacchari was grown on the salts + glucose
+ asparagine medium of Ross (Ross & Thornton, 1962; Butler, Russell & Clarke,
1962) to which was added 2% (w/v) agar. This medium, in 100 ml. portions, was
distributed into 1 pint milk bottles (44 mm. internal neck diameter) which were
plugged with cottonwool, autoclaved (20 min. at 120°), allowed to cool in a horizontal
position and inoculated with a mycelial suspension (2 ml.) prepared as described for
p. chartarum (Russell, Sturgeon & Ward, 1964). Cultures were incubated at 25° under
a standard light regime (Bishop et al. 1965) for 2-3 weeks.

Liquid surface cultures Were grown in 11. Roux bottles as previously described
(Bishop et al. 1965) on Ross medium containing 0T % (w/v) yeast extract (Difco).

Shake-flask cultures Were grown in plugged 21. conical flasks each containing
sterile Ross+ yeast extract medium (200 ml.), which were inoculated with a spore
suspension (0T ml. containing 105 spores) and incubated on a Gyrotory Incubator
Shaker (New Brunswick Scientific Inc., New Brunswick, N J.) at 26° and 250 strokes/
min.

Harvesting and extraction

Agar cultures. Chloroform (50 ml.) was rocked gently over the surface of each
culture for 5min. and decanted through Whatman no. 1 silicone-treated filter paper
(H. Reeve Angel and Co. Ltd., London) to remove entrained water. The filtrates
from three successive extractions were mixed and evaporated to dryness in vacuo at
50°. To the residue was added diethyl ether (2-5 ml. for each culture extracted). The
depsipeptides were isolated from the ether-insoluble material and recrystallized from
ethanol to constant melting point and specific rotation.

Liquid cultures Were harvested at intervals, and spore counts and dry-weight
determinations made; depsipeptide analyses were done, using ether saturated with
angolide.

In one experiment, five 2-week liquid cultures of pithomyces chartarum were mixed
with five similar cultures ofp. sacchari TPil22b in a Waring Blendor, and the chopped
felts collected, washed, dried and coarsely powdered. The powder (10-4 g.) was stirred
with chloroform (20 ml.) in a sintered-glass Buchner funnel (porosity 4) for 15 sec. and
the extract removed by suction. Three more similar extractions were made. The
powdered felts were then completely extracted with chloroform in a Soxhlet extractor.
Lrom each of the five extracts so obtained, total depsipeptides were isolated by using
ether saturated with respect to both angolide and the total sporidesmolide fraction of
P. chartarum (Done et al. 1961).

Spore profiles were examined in the electron microscope as before (Bishop et al.
1965).
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Analytical methods

Except where otherwise statad, details of or references to the aalytical methods
used in thiswork were given by Bishop et al. (1965).-

Isoleucine + alloisoleucine in cyclodepsipeptide hydrolysates were determined by
paper chromatography in a solhvent system that did not separate them. Spots (10pi.)
of an acid hydrolysate of authertic angolide (Risell, 19653) or of a presumptive
angolide saple, reconstituted to contain the material from 4-26mg. cyclodepsi-
peptide/ml ., were applied t Whatman no. 3M M paper. The paper, bearing three
soots each of sample and standard arranged alterrately, was chromatographed at
25° inthe descendiing sense for 16 hr with the solvent tutyl alcohol+4-25N-ammonia
(4+1, by wl.;Yining & Taber, 1957) and dried ovemnight in a stream of air at room
tenperature. ktwas then dipped ina solution of ninhydrin (0T %, w/v) inacetone and
heated at 105° for 15min. All samples gave a sirgle spot corresponding exactly with
that given by the standard. The spot intasitieswere measured by reflectance, on both
sides of the paper, with a Chromoscan densitometer (Joyoe, Loebl and Co. Ltd.,
Gateshead-on-Tyne), with the dark green filtarno. 5025 and the dlitno. 5007 supplied
for the instrument, which was operated at maximum sasitivity and with a chart
speed:strip speed ratio of 1:1. The six readings for the sample were averaged (T) as
were those for the standard ). The total amount of isoleucineta//oisolewcire, in
mmoles/426 my., was 2T/S, since 1 mole of angolide vields 1 mole of each amino
acid on hydrolysis. In view of the close correspondence of the sample and standard
readings no standard curve was used. In separate experiments itwas established that
the densitometer reading was proportional t the amount of amino acid in the range
0-02-0-2/;mle.

Separation of isolewcire from a//ocisolewcire in the system t-amyl alcohol + acetic
acid+ water (20+ 1+ 20, by vol., lower phase; Gray, Blake, Brown & Fowden, 1964)
was ireufficiatt for this method to be used for their separate determination, but
enabled a visal estimate of the relative amounts 1o be made.

Partial hydrazinolysis was performed, and the products examined, as described by
Russell (19653, b).

RESULTS

Profile electron micrographs of spores of Pithomyces sacchari TPil22a and TPil22b
showed the presence of spore-surface spiaules similar to those observed earlier in
imi102686 (Bishopet al. 1965) (Pl. 1, figs. 1,2). Spiculeswere absent from sporeswhich
had been rinsed with chloroform on the grids before being shadowed.

Isolation and identification of angolide

Al three iolates of Pithomyces sacchari spored on the agar medium. Chloroform
that had been leftfor a short time in contact with the surface of such sporing cultures
contained depsipeptices, which were isolated from the chloroform extracts by an
established technique (Bishop et al. 1965) and shown to be homogeneous by thin-layer
chromatography. The yields (g./1. aulture fluid) were 48 and 18 for imi102686, 146
for TPil22a and 241 for TPil22b. The materials so dotained, after being purified by
recrystallization, were identified as angolice, the oclotetradepsipeptide previously
(Bishopet al. 1965) isolated from P. cynodontis imi101184. The physical and chemical
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Table 1. Physical properties ofpure depsipeptidesfrom
isolates of Pithomyces sacchari

Value determined for:
Depsipeptide isolated from

Property IMI102686 TPil22a TPil22b Angolide
Mp. 261-262° 261-262° 261-262° 261-262°
Mixed mp.* 261-262° 261-262° 261-262°
Rl 0-61 0-60 0-61 0-60
Moi -82° -81° -82° -83°
M 431 433 409 443

* With authentic angolide.
tI In thin-layer chromatography on Kieselgel G, and solvent chloroform+ ethyl acetate (4+1 by
volure).
g Spt)aciﬁc rotation, for the sodium D lire, in chloroform solution. ]
Molecular weight, micro-Rast method. Calculated molecular weight of angolide = 426.

Table 2. Elemental analysis of depsipeptides from isolates of
Pithomyces sacchari

Percentage found in depsipeptide from:

F . C22H38N206
Element imi102686 TPil22a n>il22b requires
Carbon 615 61 6 61 6 61-9
Hydrogen 91 88 8-8 90
Nitrogen 67 6-85 6-65 6-6

Table 3. Properties of the products of chemical degradation of
depsipeptidesfrom isolates of Pithomyces sacchari

Depsipeptide isolated from:§
imil 02686 TPRil22a TPRil22b Angolide

Degradation product
Components of a total acid hydrolysate
«Hydroxyisovaleric acid* + + + +
ISOIeUC|m* - =+ + +
AlZoisoleucine™ ] -U + + +
Isoleucine + al/oisoleucinef 22 207 20 240
Properties of hydrazinolysis products!
b REL 1@ 08 08 1-00
R+ (pic) 061 061 061 061
RT E[?LC)§ 041, 048 0-39, 046 040, 047 040, 048

* In the hydrolysate of authentic an%olide, the amounts of the degradation products are given
arbitrarily as "+ ; in the hydrolysates of the other samples, the symbol + indicates that no difference
n} thteénacrimclimt %f the d(legradatlon product could be detected by visual inspection of the chromatograms
of standard an e

1 In millimoles released on h){)dr_olysis of 426 my. of the sanple. )

I urer = electrophoretic mobility on paper at pH 2 relative to the products from angolide;
rRf (pic) = r¢ Of the picryl derivatives on Whatman 3MM paper with solvent 15% (wv
dipotassium hydrogen phosphate in water; r+ ('H_C? = re in thin-layer chromatography with

gs_e}lgel G and solvent benzene+ ethanol (2+1, by vol.).

WO Spots.



Spore surface in Pithomyces sacchari 81

evidence on which this identification isbased in presented in Tables 1-3. In addition,
the P. sacchari depsipeptides and authentic angolide had identical infrared spectra
and optical rotatory dispersion anes. The latter were kindly measured for us by
Dr V. T. lvanov as a part of his study (to be published) of conformation in gclic

peptides and cyclodepsiipeptices.

400

300

200

13
100

Spores (x 10-3/ml.) and angolide (mg./1.)

I
e
Dry weight (mg./ml.)

3456 7 89 10

Time (days)
Fg. 1 Dry weight, spores and an%eS ; production in pithomyces sacchari TPil22b GrOWN
U

in Ilqwd surface culture at 2° ts are gLven for two segarate experiments, open
sbelngusedfor one and full symbols for the other. « and O, spore count x 10_s/ml.;
and A, angolide (mg./I.); E and CJ, mycelial dry weight (mg./ml. culture).

Morphological location ofangolide in Pithomyces sacchari

Having thus established that three isolatesofpithom yces sacchari produced angolice,
we wished to determine whether, as in other Socies, the depsipeptide was present in
the spore-surface spialles. Only one of the isollates, TPil22b, spored in liquid surface
allture. Under such conditions it also formed angolide, the amount formed being
approximately proportional to the number of spores present in a aulture at any
given tine, but not to the total dry weight (Fig.- D). The same isolate, grown in
submerged liouid aulture, formed abundant vegetative mycelium but no spores, and
only traces of angolide were isolated from such aultures. Similar results have been
recorded for sporidesmolide production by p. chartarum (Dingley et al. 1962). This
evidence, taken with the previous failure to dotain more than traces of depsipeptide
from feebly sporing liquid surface aultures of p. sacchari imi 102686 (Bishop et al.
19%), established that the angolide from p. sacchari Isassociated with the soores.

The experiments of Bertaud et al. (1963) showed that the bulk at lesst of gori-

6 G Moadh. 46
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desmolides inPithomyces chartarum was located on the spore surface, and Bishopet al.

(1965) found sporidesmolides to be completely removed from dried sporing felts by
three suooessive brief chloroform washes. To compare the rates of removal of spori-
desmolides from driedp. chartarum feltsand of angolide from driedp. sacchari felts,
liquid surface aultures of the two speciies were mixed before hanesting. Very brief
extractions of the mixed, dried and powdered feltswere made with a limited volume
of chlorofom; after four such extractions the residual depsipeptides were completely
removed by a fifth extraction in order to determine the total amount present. The

depsipeptides present in each extract were isolated and weighed, and the proportions
of sporidesmolides and angolide calaulated from the measured secific rotations of
the mixtures. Rather more than 60% of both depsipeptides was removed by the first
two extractions. The third and fourth extracts, however, contained a rather staller
proportion ofagolide, and after the fourth extraction about 20% of the total angclide
remained unextracted, as compared with only 10% of the total sporidesmolides
(Table 4). itwas concluded that most of the angolide InP. sacchari Was preserton the
spore surface but thet, as compared with the sporidesmolides ofp. chartarum, a larger
proportion was relatively irecosssible. Whether, in either species, any of the depsi-
peptide s intracellular s uncertain. Conceivably some might be located within the
matrix of the thick spore vall.

Table 4. Extraction ofsporidesmolides and angolide from mixed powdered
driedfelts of Pithomyces chartarum and P. sacchari
Each extraction wes performed by stirring mixed dried powdered felts with chloroform

for 15 sec. After four extractions, the remaining depsipeptide was removed by continuous
extraction with chloroform.

Depsipeptide remaining unextracted (% of total)

Extraction ;
no. Sporidesmolides Angolide
1 72-9 67-3
2 37-9 38-3
3 19-3 27-3
4 10-8 21-3
DISCUSSION

Although many species of the genus pithomyces are described and figured by Hllis
(1%),1%5), mly/5,chartarum, P. maydicus,P. cynodontis and/&sacchari are available
in allture. ltmay therefore be useful at this stage to summarize the state of our
knowledge of the spore-surface spiadles. As to treir rature, ithas been established
that a major component in each case i a cyclodepsipeptide (Whose chemical nature
has been defined and which can sene as a taxonomic daracter). This does not exclude
the possibility that other substances, such as lipids, may enter into the spiaule
strnucture. As to the location of the spore-surface spiadles, there can be no doubt that
the major portion of the spicullar depsipeptides is located on the surface of the pores.
We cannot exclude the possibility that small numbers of spialles, or small amounts
of spiacular depsipeptides, may occur elsenhere than on the spore surface. As to the
geresis of the spore-surface spiadles, itisknown Butleret al. 1962) that sporidesmolide
I can be derived from exogenous amino ecids, but biochemical details of cyclo-
depsipeptide biosynthesis, where it takes place, and how the insoluble products come
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1o be located on the spore surface, are all unknown. As to the significace of the
surface giaules, they appear wnlikely to confer a selective advantage by antimicrobial
action; no such actionwas demonstrable by Bishopet al. (1965). Theiir contrriibutionto
spore water-repellancy, and their possible biochemical inplication in the process of
soorogenesis, remain open guestions. 0T the oustandiing problems, the lastappears to
be the most fundamental. All the Pithomyces spore-surface cyclodepsipeptides are
composed of residues which may be derived from branched-chain aliphatic a-keto
acids. This suggests that such acids may accunulate at the time of sporulation.
Whether such accumulation does occur, and whether it is causally related to sporo-
geresis, are questions which it ishoped 1o explore further.

We thank Mr D. Woodward for preparing the electron micrographs.
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EXPLANATION OF PLATE

Profile electron micrographs of portions of spores of two Pithomyces sacchari isolates, shadowed
with carbon; x 20,000. Fig. 1. Strain TPil22a. Fig. 2. Strain TPil22b.

NOTE
Isolates +pi 122a and «pi 122b have been allocated the accession numbers imi 120724
and imi 120725 respectively.
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SUMMARY

Staphylococcus aureus penicillinese plasmid diploids of the type (a.i+p#A/
/2.1 pC+), when constructed in strain 147, normally segregated one of the
two paremtal genotypes at a frequency of about 1/5000 divisias, and
recorbinants were rare. Inabout 2% of the diploid claes, however, segre-
gation occurred atamuch higher frequency and inthese clones both plasmids
might be lost together. Examination of these “‘unstable” diploids suggests
that their two plasmids are associated to form a sirgle stnucture, so that
they are subsequently lost or transduced together. The ease of formation
of alssociamd diploics sugests that the penicillirese plasmids may be
ciralar.

INTRODUCTION

The genes responsible for penicillirese synthesis in staphylococcus aureus are
wsually carried on a plasmid, an extrachromosomal piece of DNA (Novick, 1963).
Apart from the penicillirese-oontrolling and structural geres, a number of other
geretic markers have been located on the penicillinese plasnids, and a number of
distinctplasmid types can be idatified on the besis of the markers they carry (Novick
& Richmond, 1965; Richmond, 1965a; Dyke & Richmond, 19%67).

Transduction of a picillinese plasnid to a strain al ready containing another, leads
to one of two situatias, depending on the pair of plasmids involved. With some
pairs, recombination occurs and is folloned by elimination of one of the parental
plasmid types. With other pairs, however, diploids are formed (Richmond, 1965h;
Novick & Richmond, 1965). Normal ly, these diploids— such as the diploid 147@a. i+p+/
/?.ipH) which is formed by transducing strain 147(/?.i p+) with phage propagated
on strain 8325(a.i+pt+)- segregate to the two possible parental haploid states,
147@@.i+pt) and 47(/2.1~ pt), ata frequency close to the rate atwhich the relevant
plasmids are lost from a haploid cll, and recorbination is rare.

The use of a special dye reagent (s later) al loas thisprocess to be seenby doserving
stained colonies growing on the surface of agar, aostitutive segregants appear
as dark sectors ina pale purple colony (ss=fig. 4 inNovick & Richmond, 196). When
the dye isused in thisway, hosever, a few colonies are found in which segregation
appears 1o occur at a much higher rate. Further examination of these ‘unstable’
diploids shows that, in addition to a high rate of segregation of the a-plasnid, a very
high rate of loss ofboth the a- and //-plasmids ocours, togive nise to pnicillinsasitive
organisns. This high rate of loss to the a-plasmid in a small proportion of the clones
was found to be daracteristic of the a-plasmid when present instaphylococcus aureus
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strain 147, whether alone or accompanying another plasmid (Richmond, 1966a).
However, the /7-plasnid (the one carried by strain 147 innature) shows an abnormal ly
high rate of lass only in the presence of an “‘unstable”a-plasmid. The irstability of the
/?-plasmid in the presence of a s almost certainly due to association of a and /? so
that they act as a sirgle wnit whose stability is controlled by the a-component.
Furthermore, examination of the behaviour of such a.\p “associated” diploids shows
that recorbinants are common among the segregants obtained from this diploid,
whereas segregants from “stable” diploids are almost invariably parertal in type. This
suggests that a geretiic interaction between plasmids s possible in the ‘unstable”
diploids which is not possible when the diploids are in the stable state. The sinplest
mechanism whereby two plasmids can interact t form an associated diploid, from
which reconbinants can arise essily, isone inwhich the plasmids are ciralar.

METHODS

Organisms. The strains of Staphylococcus aureus used in these experiments were
derived from three raturally occuring strairs- nctec 8325, 147 (Seplove, 1947;
Richmond, 1965C) and 258 (Mitshuhashi, Morimura, Kono & Oshima, 1963). The
following nomenclature has been used throughout. The host strains and the plasmids
are distinguished by keeping the original strain numbers of the hosts and inserting
the genotype of the plasmid in parethesis. The Greek letter refers 1o the plasmid as
awhole. It sfolloned by letters and subscript figures indicating the markers carried
by the plasmid and which are relevart to the cross under consideration. The symbol
p refars to the structural gene for penicillinese, pAbeiing the gene for the A-type and
pc Tor the C-type penicillirese (Richmond, 1965c). The symbol i refers to an induci-
bility gene and z+ is the induced state since this isdominant to the constitutive (i~) In
diploids (Richmond, 19656). The symbols HgE and emLrefer to markers conferring
mercury and erythromycin resistance, regectively.

Strairs carrying no penicillirese plasmid fall into two categories: those that are
natural ly occurriing penicilllinese-less strains and those that have lost their pnicillinese
plasmid to become penicillin sasitive. The former are designated by treir strain
number alore: the latter have the auffix (\), e.g. 147(N), for emphasis. In caseswhere
reconbination has occurred between differat plasmids, the designation indicates
which of the markers in the recombinant comes frrom each of the parent plasmids- as
far as can be ascertained. Thus 8325(a.i+p+HgE...yemB) desigates strain 8325
carrying a recombinant plasmid, the penicillinrese and mercury regions being those
from a and the erythromycin being from plasmidy. Inplasmid diploids the plasmid
genotypes are separated by an ablique strde, eg. 147@. i+pH//2iph).

Diploid 147(a.i+pt+...y.emE/i-Z8/p+.ems) was constructed by transducing
strain 147(/?.1-23/p+.em9 with phage obtained by u.v.-iradiating strain 8325
(a.i+p+.. ,y.emb). Similarly, strain 147 (a.iJ p+ ...y emELi+p+emwas made by
transducing strainl47(Ji. i+p+. em8with phage raisedon strain8325(a.i-lp+...y .emE);
and diploid 147(a.i+pt+.Hg9...y.emE/? 23 p+_HgE .emd was made with phage
from strain 8325(a.i+p+.Hg9..,y.emE) using strain 147(/7.1~28 p+.HgE.em9) as
recipient. In all cases the transductants were selected on plates containing 10 fig.
erythronycin/ml . and the diploid character of the transductants detected by examining
their segregation patterms. The method whereby strains 8325(a.i+pt..,y.emE),
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835(@.i-p+...y. emE) and 8325(a.i+p+Hg3...y .emn) are dbtained from strairs
835@.itp+.emd, 8325(@.ip+.emd and 8325(a+p+Hg3.emd), repectively, B
described by Richmond (19666). Strain 147(N) i the pmicillirese-less variat
obtained sportaneously from strain 147(/?_i+pt) (Novick & Richmond, 1965).

Media. The composition of the CY medium used was described by Novick (1963).
When colonies were to be stained with the Y-phenyl-naphithylamine-azo-o-carboxy-
benzene (PNCB) dye reagent, they were grown on A 1agar. This medium has the
composition of Andrade agar (Kogut, Pollock & Tridell, 1965) but omits the
indicator. The test for mercury resistance or sasitivity was done on the peptone agar
described by Moore (1990).

Staining of colonies. The production of penicillinrese by colonies was normally
detected by the penicillint iodiremethod (Novick & Richmond, 1965) and the PNCB
dye reagent was reserved for detecting sectored colonies. Staining with the dye was
done as described by Novick & Richmond (19%65). The test is qalitative but, in
gereral, oolonies producing much penicillirese stain dark purple, those producing
less are pale purple and those producing no enzyme are orange. The presence of
anstitutive segregant sectors in diploid colonies thus appear as dark purple wedges
round the edge of pale purple colonies when the diploids are plated out on agar
lacking inducer. Any penicillirese-less sectors appear as orange wedges under simillar
conditions.

Resistance markers. Erythromycin-resistant strains were detected by using discs
cotaining 10/13 erythromycin bese/disc; resistance to HgCl2 was tested by the
method of Green (1952).

Materials. A-phenyl-1-naphthylamine-azo-o-carboxybenzene was obtained from
British Drug Houses (Poole, Dorset, England). Berzylpenicillin was obtained from
Glaxo Ltd., and the methicillIm used for induction experiments was part ofa generous
gift from the Beecham Research Laboratories.

RESULTS
‘Stable’ and ‘unstable’ diploids

The diploid 147(a.i+p+...y-emE//?2.ip+.ed was grown eqonentially in CY
medium and about 500 colony-forming units plated on A 1 agar. The plates were
incubated ovemight, stainedwith thePNCB dye resgent, and developed with penicillin
as described in Methods. Two types of sectored colony were observed. () Colonies
with one or two fire dark (costitutive) sectors; these will be called “stable” cloes.
(@ Colonies with many dark (costitutive) fleds, mostly towards the periphery of
the colony. In these colonies the rimwas often pale purple or even orange (penicillin-
les) and substantial orange sectors were often seen. These colonies will be called
“‘unstable’ clares.

The appearance of these two types of colony suggested that segregationwas occur-
ring at dilferent rates and, since the a-plasmid was known to enter an unstable state
in strain 147 (Richmond, 1966a), the proportion of the segregants in each type of
clore was measured.

For this purpose, six entire colonies of each type were picked from the surface of
agar after treatmentwithPNCB + berzylpenicillinand subcultured in2ml. CY medium
cortaining 5000 units sterille staphylococcal penicilllinese to destroy excess pnicillin.
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The tubes were shaken for 4 hr at 35° and about 15,000 colonies from each tube
plated on CY + starch agar. After incubation ovemight, the plates were stainedwith
the penicilllin/iadine reagent and a differantial count made to determine the proportion
of costitutives and negatives on each plate. Although this method alloned ready
sooring of these two segregant classss, itdid not allow inducible segregants, such as
147(a. i+pt+..,y.emE), t be distinguished from the parent diploid and, for the
purposes of thisexperiment, the costitutives and negatiives are quoted as a proportion
of al colonies (Table 1). As expected from previous work, the constitutive segregant—
U7(/2.ip+ .ems)- was present at a frequency of about 1/5000 colonies in the
relatively stable diploid clones and all those picked (24/24) were erythramycin-
sgsitive. Penicillinese-less colonies were extrerely rare; in fact, only one was found
among the 40,000 or so colonies screened from the stable diploids.

Examination of the unstable diploids showed a very different picture. Constitutive
segregants occurred at a very varigble frequency but the lonest was about 1/600
(Table 0). Among these, erythranycin-resistant reconbinants were relatively common,
amounting to between 10 and 20% of all the costitutives isolated from the six
parent claes. However, itwas the incidence of penicillirese-less cocci inthese clones

Table 1 Staphylococcus aureus: proportion of constitutive and negative segregants
obtainedfrom stable and unstable clones of the diploid 14/{<Xi+p+...y.emRfi.i~p+enf)

Total number o
ofclones  Number of Constitutives Number of ~ Number of  Penicillinase-less
o examined  constitutive as %oftotal i_.err>  penicillinase-less  as % of total

Stable diploids (approx)  segregants  colonies  segregants segregants colonies

1 24,03D 6 0025 0 1 (07007}

2 14GD 6 0043 0 0 —

3 9@ 2 002 0 0 —

4 14D 4 0036 0 0 —

5 10D 2 0020 0 0 —

6 15,000 4 0026 0 0 —

Unstable diploids

I 11,000 18 016 2 107/11,000* 097

2 16,000 4 026 4 47/2,000* 235

3 8,000 23 02 3 407/2,000* 20-3

4 10,000 107 107 19 681/2,000* #0

5 10,000 6l 061 8 127/2,000* 64

6 10,000 44 044 5 69/2,000* 35

* Smaller total samples screened because of the high incidence of negatives.

thatwas most surprisirg. In all cases the proportion of these cocci was far greater than
the proportion of costitutives, and in one case they appeared as frequently as 13
(Table D). All were erythranycin-sensitive.

The higher incidence of penicillirese-less than aorstitutive segregats in the lest
experiment could be due to a number of cases. For exanple, the unstable a-plasmid
(carrying the i+ gene) might destabilize the //-plasnid by competing for an attachment
site in the cl. Altermatively, the a-plasmid might join the /2to form a double plasmid
whose stability was determined by the a component. I the second possibility were
aorrect, a plasmid of this type might be transduced en bloc and this possibility s
supported by the finding that co-transduction of two plasmids ooours, as a rare
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evatt, in certain other diploid strains (Novick, 196).

If the coordinate loss ofboth the a- and /?-plasmid from the unstable version of the
diploid 147(a.i+pt...y.-emE//21 p+.em9 was due to the association of the two
plasmids, then the frrequency with which the diploid culture formed penicillirese-less
segregants at a given point in itsgrowth would be related to the frequency withwhich
transducing phage raised on these unstable diploids at that time could co-transduce
both plasmids to a suitable recipiatt. There are certain tedmical difficulties, honever,
against determiniing the frequency with which a clone isundergoing segregation to the
negative state, at a givenmoment in s history. 1n any segregating aulture the number
of segregants appearing de novo during a sirgle generation isa small proportion of
the total number of segregants, since most of the negatiives presentwilll have arisen by
divisionofthose formed eardier inthe lifeof the aulture. As a reault, to dotainan accurate
measure of the co-ordinate rate of loss of both plasmids during a single gereration, a
very large number of colonies would have to be examined to dotain an estimate of
worth-while precision. As an alterrative, itwas decided to compare the rate at which
both components of thediploidwere co-transducedwi th the proportion of penicillinese-
lessorganisms present at the time the transducing phage was grown on the strain. Under
these ciraumstances, there should be an approximately lirear relationship between
these two quentities, particularly sine the unstable state of the «-plasmid in strain
147 changes 1o the stable relatively infrequently (Richmond, 19656).

To test this possibility, the diploid 147(a.i~Tp+. . .y.emE//?.iHpt .em9) was grown
on the surface of agar, and 4 stable and 10 unstable colonies picked after staining
with PNCB+penicillin, as described above. This diploid, rather than the one used in
the previous experiment, was chosen to sinplify the idattification of haploid and
associated diploid transductants (s later). After transfer to 3-Oml. freshCY medium,
the colonies were grown t a concentration of about 109 organisms/ml. and the
aulture then divided into two parts. One part (1-Oml . ; culture T)was used to provide
serial dilutions for plating about 10,000 colony-forming initson CY + starch plates
to determine the proportion of cocci in the cloneswhich were ‘negatives “at this stage:
the other part 2-0ml.; aulture 2) was centrifuged, the cocci resuspended in 2-0ml.
physiolagical salire and u.v.-iradiated to induce the carried phages. Transducing
phage, prepared in thisway, was then used to infect strain 147(N) at a nultiplicity of
1«1 p.f.u/cf.u. and the transductants selectedwi therythromycin. Selectionby thismeans
alloned isolation of any transduced diploids, together with the a ...y haploid- ie
147(«.1 p+...y.emE)- and any recombinants of the type 147(/?.i+p+. ..y.emK).

The strain 147(a.1“p+. ..y .emE)was aorstitutive and could be reedily distinguished
therefore from the transduced diploid which was irmdcible. To distinguish the
inducible diploid transductants from the inducible recombinant 147(/2.i p+...y emE),
oolonies were streaked on CY +starch agar lacking inducer and the presence of
anstitutive segregants sought by staining with penicillin+ iadire. The frequency of
segregation of the diploids, and the darecteristically large amounts of penicillirese
synthesized by the aorstitutive segregants, ensured that the diploids were distinguished
essily from haploid transductants such as 147(/?.i+p+. . .y-emE).

The proportion of negatives present in each of the 10 unstable diploid clones and
the proportion of transductants which were diploids isshown inTable 2. By and
large there was an approximate correspondence between the proportion of negatives
found in an unstable diploid clore and the ability of that clore to act as a source of
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transducing phage capable of transferring both components of the diploid. As far as
the 4 stable clones are concermed, a sirgle penicillinese-less segregant was ootained
in one of the clones tested. Furthermore, no examples of transduced diploids were
found among the 50 or so emE transductants examined from each clone (Table 2).
In dll cloes the emB transductanits were dal identical with the stock strain
147@.ipt..,y.enbE).

These reaults suggested that the two plasmid components of an unstable diploid
associated 1o form a structure capable of being transduced by a single phage and
licble to be lost as a sirgle event. The absence of the phenomenon of co-transduction
from stable clanes and their property of segregating the two component plasmids
separately suggested that association of the two plasmids is rare in stable diploids.

Table 2 Staphylococcus aureus: comparison of the behaviour of stable and unstable
versions of the diploid 147(a..i~p+...y .emRfl.i+p+.enf), (a) as a source ofpenicilli-
nase-less variants, and (b) as a source ofphage capable of transducing both plasmids
from the diploid to strain 147{N)

o Total number
Penicillinase-less of
Total number ~ Number of  variantsas ~ Total number constitutive ~ Number of
o of colonies  penicillinase- % of total of emb emE diploid
Stable diploids examined less variants colonies transductants transductants transductants

1 11,000 1 0009 A6 92 0/%0

2 12,000 0 64 636 0/50

3 10,000 0 B2 o 050

4 8500 0 — 2 94 0/50

Unstable diploids

1 45 71 i 607 7125

2 714 192 27 88 240 2025

3 3% 87 2 619 n 16/25

4 & w K3} 712 al 2025

5 627 8l 3 7 233 7125

6 K33 70 18 51 239 925

7 912 28 24 5717 29 1425

8 AR 180 2 K24 12/25

9 K<TE 49 618 37 225
10 73 22 3 714 28 1825

Recombination in Stable and unstable diploids

The results shown in Table 1 suggest, on the besis of very small saples, that
recorbination between the /2 and y-plasmids (ie. the appearance of ¢2.i_..,y-emE)
recorbinants) was more common in unstable than in stable plasmid diploids. To
test this, aorstitutive segregants from stable and unstable clanes of the diploid
147(@a. i+pt...y.emE//? i~pt.em) were picked and screened to see whether they
were erythromycin resistait or sasitive. In dl, 67 costitutives were picked from the
stable diploid and only one was erythromycin resistant, whereas of the 81 constitutives
picked from unstable diploids, 13 were resistait to erythronycin. The twelve-fold
greater abundance of erythronycin-resistant recombinants among the unstable
diploids shows that recorbination, at lesst between thef and y plasmids, was more
common in the unstable than in the stable colonies.
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Similarly, in a separate experiment, examination of the costitutive segregants
from the diploid 147(a.i+p+Hg8...y emE/y.i~p+HgE .emB) showed that recombinants
invwlving the Hg marker also occurred more frequently in unstable than in stable
diploid clores.

DISCUSSION

The behaviour of the two plasmids which comprise the diploids studied here was
very differatt, depending whether they were present in a stable or in an unstable
cloe. In the stable state, each component of the diploid segregated to leave a haploid
coccus containing the other plasmid, and penicilllirese-less clones only arcse by the
step-wise loss of both plasmids. Propagation of phage on a stzble diploid folloned
by transduction to a suitable pmicillirese-less recipient alloned transfer of either
plasmid (but not both) and recombinants were only formed rarely between the
plasmid components of a steble diploid. Among the unstable diploids, however, three
characters appeared to be correlated with the unstable state: (D) a high freguency of
co-ordinate loss of both plasmids from the diploid; (@) a high frequency of co-
transduction ofboth plasmids to a suitzble pmicillirese-less recipiattwhen the diploid
is used as a source of transducing phage; () the appearance of recombinants at a
relatively high frequency among the segregants from an unstable diploid. The first
two of these characters suggest that in unstable diploids the two plasmids behave as
a sirgle unit. These properties, taken in conjunction with the relatively high frequency
of recombination found among the segregants from such diploids, suggests that the
connexion formed between the two plasmids may be similar to that formed on
integration of an Ffactor into the Escherichia coli chromosome. Campbell (1962)
has suggested that Ffactors may be ciraular and experiments on the mechanism of
integration of the Ffactor into the E. coli chromosome (Broda, Beckwith & Scaife,
1964) are cosistent with the idea that a ciraular Fparticle forms an “open-eight”
structure with the ciraular E. coli chromosome. Similarly, if it be postulated that
penicillirese plasmids are ciralar, an associated &7? plasmid could arise by a sirgle
cross-over between a and /?to form an “open-eight” structure (Fig. 1). Such a structure
could then act as a single unit both wirth respect to the loss of a and /?from the cell or
co-transduction ofa and fj by transducing phage. Furthermore, segregation ofa sirgle
plasmid from such a diploidwould reguire a retum to the unassociated state as a first
step and thiswould involve a cross-over between the two components of the “open-
eight” structure in the opposite sense 1o the one that established the stnucture. This
second cross-over would re-establish sirgle plasmids wherever it occurred on the
opposed circles of the open-eight structure, and plasmids arising by this process
would therefore be expected to cortain recombinants in proportion to the distances
which separate themarkers on the two parental plasmids. The relativelyhigh proportion
of recombinants among the segregants from associated diploids in these experiments,
when compared with segregants from stable claes, isetirely consistentwirth associated
diploids being structures of the “open-eight” type.

The appearance of associated plasmids in the unstable but not the stable diploid
sugoests that itisonly in the unstable clores that the plasmids come into close enough
comtact wirthin the clll for direct geretiic interaction to coour. Jacob, Brenner & Cuzin
(1963) postulated that there isa membrane attachment site for each distinct geretic
element within the becterial &, and Novick (1966) produced evidence that sites of
this type may exist for the penicillirese plasmids of Staphylococcus aureus. The
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fecility with which geretiic interaction occurs in the unstable diploids, as compared
with the behaviour of the stable diploids in the experiments reported above, sugests
that the stable and unstable states might be a reflexion of two different membrane
sites of attachment for the a-plasmid in strain 147: one which alloas geretic inter-
action with /?and the other which prevents it
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Fig. 1 A possible mechanism for the formation and separation of associated plasmid
diploids in staphylococcus aureus. () Normal diploids. (b) First stage of formation of
associated diploids; apposition of the two circles, (¢) Formation of the associated ciploid
by a cross-over. W Re-formation of two circles by a cross-over in the opposite sense from
the first, (€) Final form: note new position of emu marker in relation topc +.

IT genetiic interaction between plasmids can onlly occur via the associated state in
an unstable diploid, it is necessary to account for the presence of any recorbinants
among the segregants from the stable diploids (Table ). Previous work (Richmond,
1966) has shown that the a-plasmid can move from the stable o the unstable state
(and vice versa) in Staphylococcus aureus strain 147, and every colony of a stable
diploid will therefore contaiin some cocci carrying the a-plasmid in the unstable state.
The incidence ofunstable plasmids ina predominantly stableclone (Richmond, 1966a)
is aufficiat to account for the number of reconbinants among the segregants from
stzble plasmid diploids.
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SUMMARY

Potassium and phosphate were found to be the most suiteble of the
common ions for inestigations into a possible correlation between ion
movements and survival inpopulations recovered from aerosols ofEscherichia
coli strain ». Except at high relative humidities and short holding times,
populations of EX]-lakelled E. coli lost practically all the radioisotope
wirthin a very short time after recovery from becterial clouds. Very little B
was removed from laelled becteria by agitation inwater or buffer solutions
under conditions which sinulated some of the stresses arising from the
gereration and collection of aerosols. Loss of potassium appeared to be
a sequel of aerosolization, but was not in it immediately lethel t© the
organisns. However, the results indicated that organisms which had been
recovered from aerosols could not be regarded as unchanged rehydrated
forms of the origiral becteria. The pattem of phosphate efflux from BP]-
laelled organisns was quite differatt from the corresponding loss of
potassiun. A great deal of phosphate loss was due merely to the violent
‘Wwashing’ procedures involved in the gereration and collection of aerosols.
Damage to ionretention mechanisms may contribute to the decreased
viability of organisms recovered from becterial aerosols.

INTRODUCTION

Lethal processes in becterial aerosols are of interest since the causative organisms
of many diseases are transmitted in aerosols. Possible causes of loss of infectivity of
aerosols of pathogeniic becteriamay be inferred from the results of studies of factors
which affect the survival of non-pathogenic organisms. Since the intermal ionic
environment of a bacterium s of fundamental importance in maintaining normal
metabolic fuctias, the rate of efAux of various fons was measured from populations
of Escherichia coli straine both before aerosolization and immediately after recovery
from aerosols. The purpose of these measurements was to detect changes in ion
permeability or rates of exchange of ions and to esteblish whether any correlation
existed between such changes and changes in the gpplied stress and survival of
becteria. Although many factors may affect survival in becterial aerosols, this
investigation was mainly concermed with the effects of relative humidity and holding
time on aerosols maintained in the dark in a suiteble apparatus (Anderson, 19%6).

* Present address: The Medical School, University Walk, Bristol 2
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METHODS

Organism. Qultures of Escherichia coli strain b were maintained as described by
Anderson (1955).

Media. Tryptone agar medium and a standard liuid tryptone medium (concentra-
tion of main ions in/Zg/Ml.: K, 400; Na, 2480; total P04, 1110; inorganic P04, 800;
Cl. 2860; total S04,250; inorganic S04, 135) were described by Anderson (1965). For
certain radiotracer experiments, isotopic uptake was increased by modification of the
standard liquid tryptone medium to give smaller concentrations of either potassium
(catios in/:g./Ml.:K, 90; Na, 2500), sodium (cations in/Zg-Al.: Na, 1100; K, 1610),
phosphate (total phosphate 750/tg./l. ; inorganic phosphate 475 /tg./l.) or sulphate
&4 gMl. total S04;20 /Aig Al inorganic SO04).

Phosphate+ alginate buffer. KH 2204, 0-45%; (NH4204, 0-05%; N H 421, 0-05%;
sodium alginate (Manucol SS/LH by Alginate Indstries Ltd., London W.C.2),
0-25%; NaOH t pH 72, approximately 0-1%. Apart from a few special cases, this
fluid was used for the recovery of organisms from aerosols and for serial dilution of
most becterial samples. The alginatewas incorporated 1o decrease losses of organisms
by physical processes (Henderson, 1952).

Gelatine saline. NaCl, 0-5%; celatire, 0T%; pH 72. This fluid was used as an
altermative to phosphate + alginate buffer for serial dilutions and the collection of
certain aerosol samples.

Radiochemicals. These were supplied by The Radiochemical Centre, Amersham,
Buckinghamshire. Carrier free ] was obtained as the chloride in approximately
0-001 N-hydroch oric acid. pPNa] was provided as unprocessed irradiated sodium
chlloride of gxcific activity 350 mc./g. [BP] was obtained as the orthophosphate in
dilute hydrochloric acid solution; specific activity 41-5¢c./ng. Carrier-free [B5] was
supplied as the sulphate in aqueous solution.

Measurement of radioactivity. Solutions containing 5] and BP] were determined
by a “coincidence” scintillation countting technique by using apparatus which had
previously been used for PAC] assay (Anderson & Smith, 1965). The isotopes 2Na]
and EX] were assayed in a solid aystal scintillation counter (bench scintillation
coutter no. 6006 and scaler no. 1700 by Isotope Developments Ltd., Reading,
Berkshire). Suspensions or solutions (3ml.) were placed in 5ml. disposable polythene
potswith snap-on lids (catalogue no. X T 1580; X-Lon Products Ltd., London, S.W. ).

Determination ofcations byflame photometry. Sodium and potassiumwere estimated
with an E.E.L. flame photometer (Evans Electroselenium Ltd., Halstead, Essex).
Bacterial suspensions were heated at 100° for 10min. before ion estimation. The
apparatus was calibrated with standard solutios which contained appropriate
amounts of ions which might interfere with determinations.

Determination ofphosphorus, chloride and sulphate. Phosphoruswas determined by
the method of King (1932), chlorides by titration with silver nitrate and potassium
thiocyanate and sulphates by gravimetric estimation as barium sulphate.

Dry-weight determinations. A measured volume (about 5ml. containing 1011
organisms) of becterial suspensionwas centrifuged and the deposit washed once with
formol salire (sodium chloride, 0-85% (WAY); formalin 3% (A)). After cne wash
with water, the becterial pellet was dried (100° for 16 hr) and weighed.

Growth of radiolabelled suspensions of Escherichia coli, strain b. All suspensions
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were grown by shake aulture in liquid media at 37° and stored at room temperature
for 2-5 hr before use. An inoculum of 5x 107 organisms/ml. provided a resting phase
suspension containing about 100 organisms/ml. after overnight (16 hr) growth.
<] 1abelled becterial suspensions of low specificactivity were ootained by overmiight
growth in the standard tryptone medium supplemented with 40 /il of rediotracer.
E]-1abelled organisms of high specific activity were prepared by ovemight growth
instandard tryptone medium; the organisms were separated from the residual medium
by centrifugation then resuspended as a dense suspension (2x 1010 organisns/ml.) in
a “low potassium” tryptone medium containing the radiotracer (30/:;c./Ml.; 90/ig.K/
ml.). This suspension was then re-incubated in a shake flask (0 min. at 37°) and
stored for 1-5 hr at room temperature before ue. Naj-labelled organisms were
prepared by overmight growth in normal or Tow sodium”media supplemented with
radiotracer (10 /icAl).

[30] iaelled becterial suspensions were obtained by ovemight growth in normal
or Tow phosphate” media containing radiotracer 1/iC./nl. Ovemight growth in
a Tow sulphate” medium comtaining radiotracer 10/tc./Ml. provided [35]-lacelled
becterial suspensions.

Determination of bacterial survival values. Vigbility was defined as the adility to
produce a visible colony on tryptone agar in 18 hr. Total becterial numbers recovered
from aerosols were calaulated from the radiotracer content of impinger samples and
the viable and radiotracer content of unsprayed suspensions. Unsprayed suspensions
were given a nominal vigbility of 100%. Plate counts and radiotracer determinations
were so arranged that survival estimates gererally had a 95% confidence belt of
better than +10% of observed values.

Apparatus for the study of bacterial aerosols. The technique and apparatus used
have already been described (Anderson, 1966). Aerosols were stored in a rotating
drum (Goldbery, Watkins, Boerke & Chatigny, 1958) and were recovered over a
period of 1min. inmo sonic inpingers (raised Porton impinger; May & Harper, 1957)
comtaining either phosphate + alginate buffer or gelatine salire (12 ml.; in dplicate).
Impinger samples contained about 3x 106 organisns/ml. (equiv. 0T5 Ag. dry wt
organiswvml.)

Preparation of bacterial samples for aerosolization and ion analysis. The becterial
pellet obtained by centrifugation of aultures was quickly washed with water by
centrifugation and prepared as a suspension inwater containing about 4x 109organ-
isns/ml. Radiotracer and ion determinations were made on appropriate suspensions
and supematant fluids to determine the extent of incorporation of the various ions
and the amounts removed on washing.

Determination of BP] and B3] loss from populations of washed radiolabelled
Escherichia coli strain b. Bacterial suspensions recovered from aerosolswere cuickly
filterad through a membrane filea (Millipore PHWP) 1min. after the conclusion of
sampling and at intervals of 14 and 29 min. thereafter (nominal 2, 15 and 30 min.
samples). The efflux of radiotracer at each sampling time was ootained by subtraction
of the radiotracer content of the filtrates from that of the original utfiltered becterial
suspension. Suspensions removed from the spray pot before and after each experiment
were diluted 171000 in the appropriate collecting fluid t measure the rate of loss of
tracer from non-stressed organiisms at a becterial concentration similar to that of the
samples recovered from aerosols. After 2, 15 and 30 min., portions of these diluted

7 G. Microb. 46
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suspensions were filterad to measure the rate of efflux of radiotracer. Estimates of the
EX] and BP] content of labelled bacteria had 95% fiducial limits of the order of
+5%.

RESULTS

Survey of the suitability of common ions and growth proceduresfor
permeability studies with Escherichia coli strain b

The small becterial sanples (106-107 organisms/ml.; equivalent to about
10 8-10 7. drywt. organisms/ml. suspension) which may be recovered from aerosols
in converttional apparatus prevented the use of ordinary assay methods and limited
investigations to those ionswith suitable radicective isotopes. In apreliminary suney,
the rates of efflux of a number of common ions from dense (101 organisns/ml.)
suspensions of Escherichia coli was measured by radiotracer methods. lons were
identified which were normal ly retained in non-stressed organisms and which would

Table 1L Radioactive ion uptake and loss of suspensions of
various cultures of Escherichia coli strain b

Amount of

labelled ion

remaining in
Uptake of  organisis after
labelled ion  one wash with

_ Period of (% amount vvategé% amount
incorporation ] added to ed to
of isotope Growth medium lon growth medium) growth medium)
16hr Standard tryptone [2Na] Below —
measurable
e "%S 34
c&4]| 3 27
35 Below —
measurable
limits
16hr “‘Low sodium’ tryptone [2Na] 24 03
90 min. 16 hr growth in normal tryptone followed 1] 4 %
by incubation for 90 min. in “low
potassium’ tryptone
16hr ‘Low phosphate’ tryptone [EPOJ 5 43
16hr ‘Lowssulphate’ tryptone I3B0] 26 02

therefore be suitable indicators of changes inpermeability or rates of intemal-exteral
ion exchange. Considerations of cost and safety limited inestigations to EX],
[2\a], BP04]and 504} Results summarized in Table 1 show that the uptake of
the various radiotracers could be improved by modification of the standard liquid
tryptone medium. Sodium and sulphate were adbviously unsuitable for study since
they were essily washed out from non-stressed becteria. Phosphate efflux studies were
all made wi'th organiisms grown on amed i um of decreased phosphate content. Uptake
of EX] by organisms which had been grown ovemight in normal tryptone medium
was extremely lov. The low specific activity of organisms which had been grown in
this manner made radiotracer determinations ineccurate and the waste of large
quantities of BX] in the residual medium was expensive and hazardous. However,
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uptake of the radiolabel was improved, and the potassium content of the organism
increased from 0-12 t 0-58% (dry weight) by re-incuhation of a concentrated
suspensiion ofwashed organisms infresh f]-labelledmed i um of decreased potassium
ocontent.

Effect of relative humidity and holding time in the aerosol on the
rate of loss of [i3K\ by Escherichia coli strain b

As mentioned above, thiswork was largely done with becterial suspensions which
had been re-incubated in fresh medium to increase the gecific activity of the radio-
lael. Aerosols generated from washed becterial suspensions were stored at various
relative humidities. At each relative humidity value, becterial samples were recovered
from the aerosol cloud 1-2 sc., 5min. and 30 min. after generation of the cloud. For

100 &~
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1-2 sec. sample

10
5 min. sample

30 min. sample

[*3K] content of bacteria as %, of original content
T T
.I
/

1L 1 i
2 15 30

Mean time after sampling organisms
from the aerosol (min.

Fig. 1 The efflux of [4X] from labelled iaopulation_s of Escherichia coli Strain b as a
function of time after genération of aerosol, and of time after sampling of the bacterial
population from an aerosol held at a relative humidity of 9% % The plots represent (reading

downwards) efflux from ‘control’ les removed from the spray pot before, then after
the experiment, then sarmples recovered from aerosols at 1-2 sec., Smin. and 30 min. after
generation.

each becterial sample collected from the aerosol the BX] content of the organisms
was determined at 2, 15 and 30 min. after the mean time of sampling. The plot of
log X] content against time for these three points @, 15, 30 min.) showed excellett
lirearity in rearly all instances. Figure 1 illstrates the results of a simgle typical
experiment. A Ferranti Meteor-Mercury computer was programmed to retum the
slopes (log%  P3<]-contertt organisims against time) and intercepts for 13 experiments.
Since the radiotracer comtent of the becterial populations was calculated from the
difference between the observed radiotracer values of filterad and non-fi ltered becterial
suspensions, the statistically acoeptable scatter in radiotracer determinations some-
times resulted in apparent losses of over 100% of the oriiginal radiotracer.

The BX] content of becteria which had been recovered from aerosols could not

7-2
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gererally be conveniently measured at less than 2min. after the mean time of col-
lectin. However, values for the P] content of becterial populations 30 sec. after
oollection from the aerosol were similar to values obtained at 2min. Likewise the
B3] content of non-sprayed suspensions was similar at 10 ssc. and at 2 min. after
dilution with collecting fluid. The interogot or “initaal ” value of potassium efflux was
thus a measure of the extent of less or exchange of intermal potassium with the
ollecting fluid in a period of probably less than 10-30 sec. after recovery from the
aerool. Increases in “initdal” potassium efflux values imply increases in becterial
permeabi lity or damage to other ion retention mechanisms.

The “inidal” loss of EX] from aqueous becterial suspensions which were merely
diluted in phosphate + alginate buffer collecting fluidwas only 5-8% (mean cf thirteen
determinations). The corresponding figure (8-3%) for organisms recovered from
the spray pot at the conclusion of experiments, and which had suffered violent
agitation inwater for 3min., was similar. Agitation of washed becterial suspensions
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Fg. 2 The effect of relative humidity and holding time in the aerosol on the ‘initial’

ux of [|43<_| from labelled populations of Escherichia coli Strainb. A, Band C represent,
respectively, results obtained with populations recovered from aerosols at 1-2sec., S5min.
and 0min. after generation.

inwater thus had little effect on the inftial ] efflux frrom this organism. Figure 2
shows that organisms recovered from aerosols at relative humidities ranging firom
P 0 97% suffer amuch larger loss of PX] than the controls (5-8% and 8-3%). For
samples recovered from aerosols 1-2 s=c. after generation therewas a highly significant
negative correlation (P = 0T %) between relative humidity and initial potassium loss
(correlation coefficient = — 0-<9). For becterial populations recovered from aerosols
5min. and 30min. after generation the corresponding conrelation cosfficiats were
dill negative, although smaller (-0-26 and -0T6, respectively) and not significant
{P > 10%). “Initial”’ K] losses in samples recovered from aerosols after 1-2 sc.
were much higher than the two controls in all 12 experiments; losses after 5 and
30 min. were invariably greater than after 1-2sc. “Initial” EX] loss in samples
recovered from aerosols after 5 and 30 min. were mainly in the 90% region and
differences between losses at these two sampling times were therefore not pronounced.
The large initial loss of radiotracer from populations recovered from aerosols could
not have been due to mechanical stresses involved in the generatiion and collection of
aerosols since the extent of the effect was dependent upon the relative humidity and
holding time in the aerosol claud. The negligible increese (1-8%) in the “iniGal” loss
of radiotracerwhen organiisms recovered from the spray potwere diluted inphosphate +



lon effluxfrom aerosolized bacteria 101

alginate buffer and then violently aerated in an impinger for 1min. provided further
evidence that these mechaniical stresses were unimportant.

If Ioss of EX] were a controlled exchange process instead of a net loss, then
incresses in K] efAuxwould not be of such significance as a measure of the failure
of ion control mechanisms. This possibilitywas disproved by collecting a representa-
tive array of aerosol sanples into gelatire saline; this collecting fluid s free from
potassium and gives survival values only slightly inferior to those dotained with
phosphate + alginate buffer. Results summarized in Table 2 show that EX] efflux
into gelatire salire was only a little lower than into the normal collecting fluid. This
confirms thet, following recovery of this organism from aerosols, there was a loss of
cotrol over mechanisms responsible for potassium retertion.

Table 2. The effect of relative humidity and holding time in the aerosol on the loss of
\ffK\ by labelled populations of Escherichia coli strain b, sprayed into air and collected
into gelatine saline

‘Initial™ loss of [4K] (as % original radiotracer content)
from bacterial populations recovered from aerosol clouds

Relative at various times after generation:
humidity ; A ,
(%) 1-2 . 5min, 30 min.
45 a % (98 RBA
71 &4 A (A 53]
A 239 63 (89 &6

* Comparable figures for populations collected into phosphate + alginate buffer are shown in
entheses. Mean values for ‘initial” [4<] efflux from non-aerasolized populations sampled from
he spray pot before and after each experiment were 6-4% (5-8) and 65% (8-3), respectively.

Table 3. The effect of relative humidity and holding time in the aerosol on the loss of
[EX] by labelled populations of Escherichia coli strain b, sprayed into nitrogen and
collected into phosphate alginate buffer

“Initial™ loss of [4XK] (as % original radiotracer content)
from bacterial populations recovered from aerosol clouds

Relative at various times after generation
humidity . .
(%) 1-2sc 5min. 0 min.
48 a R (B &
06 &8 D a
R 26 98 (100) 102

* Comparable figures f(_)r_po?ulations recovered from an atmosphere of air are shown in paren-
theses. values for ‘initial’ efflux from non-aerosolized é)opulatlons sampled from the spray
pot before and after each experiment were 57% (5-8) and 7-6% (8-3), respectively.

The enhanced survival of aerosols of Escherichia coli strain b, and of other
organisms, in an atmosphere of nitrogen has been attributed to a toxic action of
oxygen (Ferry, Brown & Damon, 1958; Hess, 1965; Cox, 1985). The rate of efflux of
EX] was determined from organisms which had been aerosolized into an atmosphere
of nitrogen, in order to detect whether ion efflux was affected by the absence of
oxygen. Results given in Table 3 show that the extent of the “initial” K] efflux from
becteria recovered from aerosols which had been stored in nitrogen was similar to
that from aerosols stored in air-.
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Small variatios in growth conditions may often have a marked effect on becterial
aurvival In aerosols. “Resting phase” popullations were used for the phosphate efflux
studies described below and for past investigations of the biochemical properties of
organisms recovered from becterial aerosols (Anderson, 1966). To prove that EX]-
efflux phenomena described for “re-incubated” organisms were not unique to the
particular growth coditions, comparative studies were made of restmg-phase
populations over a representative array of holding times and relative humidities. The
low gecific activity of the resting—hase organisms widened the usual fidcial limits
for BX] loss from £5% to about +20% in these particular experiments. Results
summarized in Table 4 show that although 3] loss from non-stressed restingphese
organismswas greater than from “re-incubated” becteriaunder similar conditions, the
large initdal loss of tracer, and the gereral dependance of this inigal loss on relative
humidity and holding time, was similar for populations grown under either condition.

Table 4. Effect of relative humidity and holding time in the aerosol on the loss of
EBA] by labelled populations recovered from aerosols generated from resting-phase
suspensions of Escherichia coli strain b

‘Initial™ loss of [4XK] (as % original radictracer content)
from bacterial populations recovered from aerosol clouds

Relative at various times after generation:
humidity . .
(cg? 1-2%cC. smin. 30 min.
103 (A 120 (102 Il (9%
> %6 (A 101 (101 N
0 g7 100 (A4 12
7 97 % &0
& 62 — 107
R 53 (3% R (0) 8 (%8

* Comparable figures for populations derived from ‘re-incubated” cultures are shown in paren-
these. Mean values Tor “initial” efflux from non-aerosolized populations sanpled from the spray pot
before and after each experiment were 199% (5-8) and 39-4% (8-3), respectively.

Effect of relative humidity and holding time in the aerosol on the survival of
\ffK\-labelled populations of Escherichia coli strain b

Figure 3 summarizes the effect of relative humidity and holding time in the aerosol
on the survival ofEscherichia coli strainb aerosols generated from washed suspensions
of aultures whiich had been re-incubated for 90 min. in amedium of decreased potas-
sium cotent. The corresponding figures for the survival of lag-phase organisms were
gererally loner and similar to those of Anderson (1956). There does not appear to be
any sinple correlation between changes in viability and the extent of EX] efflux
shown inFig. 2

The effect of relative humidity and holding time in the aerosol on the
rate of loss of [3P] by Escherichia coli strain b

Aerosols were gererated from washed suspensions of restingphese aultures of
Escherichia coli strainb which had been grown in a medium of decreased phosphate
aottent. The “initdal” or “intercept” values for BP] effluixwere calaulated in a similar
way 1o the comparable figure for EX] efflux. The loss of BP] from populations
recovered from aerosols, and from non-stressed populations, in a sirgle typical ex-
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périment s shown in Fig. 4 (hote the enlargement of the y scale as compared t©
Fig- D). The pattem of lcss of phosphate was obviously quite different to that of loss

of BX].

Results summarized in Table 5 show that the “initial” BP] loss appeared to be

independent of the relative humidity of the becterial cloud, and only showed a small
incresse with increasing aerosol age. The large increese in the value of the “initial’

Viability (%)

100 o
! 1-2 sec. sample
n 100 r
» - 5
- ,g § Control before expt.
2 g -
10k 30 min. sample § § A Control after expt.
E S .g 90 '\‘\.
- § .E ~ 13 sec. sample
- § 3 5 min. sample
Q
- VRN 30 min. sample
"8
1 | I N N IR N N NN N U N N | 80 1 I I
100 90 80 70 60 50 40 2 15 30
Relative humidity (%) Mean time after sampling organisms
from the aerosol (min.
Fig. 3 Fig. 4

Fig. 3. Viahility of populations of Escherichia coli Strain o recovered from aerosols at
1-2sec., 5min. and 30 min. (reading plots downwards) after generation of aerosol.

FP._4. The efflux of [3P] from labelled populations of escherichia coli Strains, as a function
of time after generation of aergsol and of time after sampling of bacterial population
from an aerosol stored at a relative humidity of 70% The plots represent (reading down-
wards) efflux from “control’ samples recovered from the spray pot before, then after each
experlrtr_lent, then samples recovered from aerosols at 1-2sec., S5min. and 30min. after
generation.

Table 5. The effect of relative humidity and holding time in the aerosol on the
efflux of[3P\from labelled populations o f Escherichia coli strain o

‘Initial™* loss of [3P] (as % original radiotracer contgun(ti)s
from bacterial populations recovered from aerosol cl

Relative at various times after generation:

humidity ; * -
(%) 1-2seC. Smin. 30 min.
% n un 13
44 iV 10 14
33 8 8 9
% 10 7 7
70 9 10 n
I 6 10 13
A 10 16 14
& n 14 12
B 14 14 16

* Mean values for “initial’ [3P] efflux for non-aerosolized populations sampled from the spray

pot before and after each experiment were 1-2% and 7-4%, respectively.
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phosphate loss following agitation of the becterial suspension in the spray device
during the course of each experiment, suggests that a great deal of this ion was
removed from the organism merely by agitation with vater. Agitation of organisms
for 1min. in phosphate+ alginate buffer in an aerosol collection device caused an
exchange or loss of BP] approaching that from samples which had been recovered
from the aerosol 12 s=c. after its gereration. A high proportion of BP] efflux can
thus be accounted for as a sequel of the vigorous “‘washing”processes inolved in the
gereration and collection of aerosols.

The effect of relative humidity and holding time in the aerosol on the survival
of [ 2P]-labelled populations of Escherichia coli strain b

The response of BP]-labelled popullations of Escherichia coli strains to variations
of relative humidity and holding time in aerosols was similar to that described by
Anderson (1966) for non-labelled populations. There was no simple correlation
between survival and the extent of BP] efflux (Table 5).

DISCUSSION

The high and gererally complete loss of potassium by populations of Escherichia
coli straino, inmediately after recovery from aerosol clouds doviously prevents any
attenpt to establish a simple conrelation between potassium loss and survinal.
Organiisms recovered from becterial clouds may, under certain conditios, lose most
of their potassium and yet be susstatially vigble. Loss of control of potassium
metabolism s not therefore in itelf immediately lethal to the organisms provided
that these are eventually retumed to a medium containing adequate potassium.
However, these potassium effluix studies do suggest that after recovery from
aerools E. coli i biodhemically, and probably physically, quite differett to the
non-stressed organism. Therefore one cannot regard organisms which have been
recovered from aerosols merely as unchanged rehydrated forms of the original
becteria. Furthermore, loss of control of potassium inplies a possible derangement
of becterial processes which control the metabolism of other 1ons and substrates.

Populations of Escherichia straine show a severe decrease in ability to synthesize
inducible protein inmediately after recovery from aerosol clouds (Anderson, 1956).
Thiis decreased rate of protein synthesis might well be due to the disruyption of potas-
sium ion control, since there s evidence that potassium ion is responsible for normal
ribosomal function in a mutant of E. coli (Bnis & Lubin, 1965) and in Aerobacter
aerogenes (Tempest, Dicks & Hunter, 1966). The decreased rate of protein syrthesis
might also be explained by the finding that a particular ratio of monovalent ions to
magnesium isnecessary for the correct functioning of ribosomes fromE. coli (Cammack
& Wade, 19%5). Besides affecting protein synthesis, disturbances of potassium ion
metabolism might affect the many enzymes forwhich this ion isa co-factor, especially
those involved in carbohydrate and aromatic compound metabolism.

The rates of efflux of phosphate and potassium ions folloving stress in the aerosol
are fundanentally differait. A great deal of the [BP] present in Escherichia coli s
bound to high molecular weight organic compounds and would doviously be unable
to leae the organism before extensive damage had occurred. Although potassium
efflux appears to be a direct seqel of aerosolization, much of the loss of phosphate
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isdue to amere ‘washing out” of thisanion. No attempt was made to determine the
chemical nature of BP] lost from organisms recovered from aerosols, because of
tedical difficliies. If suitable techniques could be developed, a knowledge of the
effect of various stressss in the aerosol on the efflux of organiic phosphorus compounds
might provide further information on the changes in metabolism and ion cottrol
resulting from aerosolization.

We are grateful to Mr 1. H. Silver for help and encouragement, to Mr S. Peto for
statistical analysis and advice and t Mr G. Crouch for experimental assistance.
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SUMMARY

Micrographs of the envelope of fovl-plague virus revealed an arrange-
ment of subunits each one of which was surrounded by either five or six
others. The similarity of this arrangement to that of a cubic virus capsid has
led us o consider whiich components of morphological ly different viruses
fulfil similar functions.

INTRODUCTION

A virus particle axsists of two parts, the essattiial nucleic acid and a means of
protecting this from the environment. twas predicted that the protective covering
would be built up of idetical repeating subunits (Crick & Watson, 1956). Early
X-ray diffraction studies suggested that these units would be arranged symetrically
(Hodgkin, 1949) and that the symmetry would be one of two types, telical or abic.
The application of negative-staining to virns particles sortly after this revealed
pictorially both types of symmetry (Home & Wildy, 1961). Viruses which had by
previous techniques been considered to be spherical were now seen to be icosahedral,
i.e belonged to the cubic group, and particleswhich had been described as rod-shaped
were now seen to have helical ly-arranged subunits. The aubic arrangement was found
for DNA and for RN A viruses and can be found among kecterial, plant and animal
viruss. The sinple helical arrangement, on the other hand, seems to be confined
mainly to RNA vinsss, and, of even greater importance in the present connexion,
has not been found in the simple form among animal vinsees. Helical symretry,
honvever, s frequently present among animal virnses, the sinple RNA and protein
arrangement (ribonuclegprotein) being found enclosed within an additional lipo-
protein envelope. The owerall form of this outer envelope s usially inregular, and
viruses such as inflluenza are usual ly described as being pleamorphic. The lipoprotein
covering of such viruses seems 1o contain both viral and host material (Cruickshank,
1964). Until now ithas not been looked on as conforming to the requirements of virus
structure- that 5, made up of idatical repeating subunits idattically arranged ina
Felical vims, orwith each subunitsurrounded by either six or fiveothers ina cubic virus
(Caspar & Klug, 1952).

RESULTS

Whi le working with fowl-plague virus, an influenza A virus (Almeida, Himmelweit &
Issecs, 1965), we obtained micrographs which suggested thet, although not conforming
to thearrangement found ineither helical or cubic viruses, the envelope ofpleomorphic
Viruses such as the myxoviruses may bear amuch closer resemblance to these arrange-
ments than was previously suspected.
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Plate 1, fig 1, shows a negatively-stained fowl-plague virus particle with a com-
pletely regular array of subunits on the surface. Particles showing such complete
regularity of arrangement were found only with difficulty and probably resulted from
a fortunate combination of staining conditions and particx orientation. On the other
hand, particles showing regular subunit arrangement over small aress could be
found frequently and confirmed that the phenomenon was a real one and not an
artifact formed by local conditions (Pl. 1, fig- 2). Like the cubic capsid (1. 1, fig. 3) the
fowl-plague envelope illstrated inPl. 1, fig 1, ishuiltup of subunits surrounded by
either five or six other subunits. The difference between them Hes in the fact thatwhille
the distribution of “fives”and “sixes” is fixed for the adenovirus cgpsid, itisrandom for
the foml-plague envelope. (1. 2, fig- 5)

This firding, that the envellope of a myxovirus resembles more closely than had been
supposed the capsid ofa cubicvirus, led us to considerwhich components of morpho-
logically distinct viruses- for example, measles and poliovirus- correspond most
closely with regard to structure and function. OF course, there isno doubt that the
helical ribonucleoprotein which aostitutes the virion (the entire infective vins) in
plat virees, such as tobacco mosaic virus, bears a marked similarity to the interal
component of a virus such asmessles. They both cosistofRN A and protein:inboth
the protein isarranged relicallyand the diameter of both isthe same. The morphology
of the ribonucleoprotein of messles, though usually seen as a herringbone pattem
indicatie of an extended Felix, can nevertreless sometimes be seen in a much more
straight and compressed form, very similar to the tobacco mosaic virs rod (. 1,
fg 4.

However, when the two are compared biolagically, the roles of the two proteins
are markedly differeit The tobacco mosaic virus protein s in direct contact with
the environment and s apparently capable of protecting the nucleic acid from i,
whereas the measles helix s separated from the environment by the envelope, and it
seems improbable that the ribonuclecprotein should be capable of survival in the
environment as an infective attity when not surrounded by this evelope. Again,
when compared intheircapecity as antigens, the tobacco mosaic virus proteinwill cause
the production of antibodies which neutralize the virs, but the intermal myxovirus
protein will not (Sdhafer, 19%7). This means that, when compared biolagically, the
sinple cubic virus bears the same relationship to the helical protein of tobacco mosaic
VIS as itdoes to the outer envelope of animal viruses with an intermal helical com-
ponent.

itfolloss that that, interms of biolagical function, ifnot ofmorphology alare, itis
the coverings presented to the environment that correspond, and the fledble relical
ribonuclegprotein of the myxoviruses, irsice its envelope, corresponds with the
contents of the sinple cubic virus cgesid. This leads to the question of whether cubic
capsids contain an intermal protein in association with the nucleic acid. The absence
of such a protein isby no means certain, and its presence would of course heighten the
resenblance. One viruswith a regular capsid (vesiaular storatitis vins) has now been
shown to contain within its capsid a ribonuclegprotein helix (Brown, Cartwright &
Almeida, 1966); also, an arbovirus (Venezuelan equine enogphalanyelitis), which may
have a symmetrical cubic cgpsid, has been shown to contaiin a helix (Klimenko et al.
19%5).

A further corollary isthat the myxovirus envelope and the cubic capsid have more in
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common with each other than has been realized hitherto (1. 1, fics. 1, 3). Admittedly
the myxovirus envelope cottains lipid and carbohydrate, which are lacking from
the cubic casid, and s asymretrical. On the other hand, this envelope Is the besic
means of protecting the intermal nucleic acid, it is in comtact with the envirom et
and it, rather than protein of the ribonucleoprotein, isthe immunogen. In all of these
respects the myxovirus envelope parallels the function of the cubic virus casid.

Itappears therefore that animal virusesmay be regarded as having two components :
firdt, the nucleic acid, which insome cases, eg. themyxoviruses and vesicular storatitis
virs, has helically-arranged protein associated with i secondly, the capsid or
envelope, whiich aonsists essstiial ly of protein inits arranged as hexamers or pentamers,
and which surrounds and protects the contained nucleic acid or nucleoprotein.
Thi's protective apparatus of “fives”and “sixes”can be arranged in either a symetrical
or a pleomorphic manner and can be huilt solely of protein or may have additional
lipid and carbohydrate. The term ‘nucleo-capsid” (Caspar et al. 1962) used for both
the virion of simple aubic viruses and the ribonucleoprotein of myxoviruses s
therefore misleading, being applied t two functiocally different etities. If this
reasoning isvalid, then the distinction into cubicand helical would not be asmeaningful
as a division into cubic and pleomorphic. This would then compare analogous
structures that appear to be constructed in a similar manner .

We are indebted to Dr H. G. Pereira for supplying us with the fovl-plague vins.
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EXPLANATION OF PLATES

Plate 1

Electron micrographs of negatively-stained preparations, all at x415,000.
Fig. 1 An unusual micrograph of a fom-plague virus particle, showing the arrangement of subunits
on its surface. The majority of these subunits are surrounded by six others, but a small, randomly
located number have only Tive others round them. The arrow points to a location where a subunit
surrounded by five others can be clearly seen. The centre-to-centre spacing of the subunits, about 70A,
in this particle is almost identical with that of the capsomeres of the adenovirus particle shown in
fig 3
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'ﬁﬁ 2 Subunit arrangements of the kind shown here are frequently encountered in preparations of
influenza-type viruses. Although not as regular as the subunit array in fig. 1, it is still possible to see a
geometric arrangement on the surface.

Fig. 3 An adenovirus particleviewed along a two-fold axis. It is similar to fig. 1inasmuch as the capsid
is compased of subunits surrounded by either five or sixothers, but dissimilar in that the distribution
of these is rigidly fixed.

Fig. 4. A length of the ribonucleoprotein component of measles virus. More usually, micrographs of
th?s structure show a herringbone arrangement, but in this case the helix has remained compressed and
shows a strong resemmblance to helical plant viruses (e.g. tobacco masaic virus).

Plate 2

Fig. 5. Using 5 and 6-sleeve connectors, model (a) wes built to fulfil icosahedral requirements, that
is, a 5-sleeve connector at each apex and 6-sleeve connectors in between, to give a total of 92 subunits.
Model (b) is built of randomly distributed 5- and 6-sleeve connectors. Although the overall appearance
of the two models is quite ditferent, the basic arrangement of each is the same and differs only in the
presence or albsence of symmetry.
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SUMMARY

Mycobacterium smegmatis nctc 8159 grewwell inaminimal medium with
succinate or acetamide as sole carbon source. Washed becteria or cell-free
extracts hydrolyzed 15 monocarboxylic amides, but not 4 related TV-substi-
tuted amides. Formamide was the best substrate, followed by «-butyramide.
Extracts of becteria grown on acetamide hydrolyzed formamide about 60
timesand butyramide about 20 timesas rapidly asbecteriagrown on succirete.
Other short-chain fatty acylamides were also more rapidly hydrolyzed, but
benzamidase activity was not similarly induced by growth on acetamide.
Extracts of becteria grown on succinate transferred acyl groups from pro-
pionamide, butyramide and nicotinamide to hydroxylamine, to form hydro-
xamates. Transferase ectivity, unlike alighaticamidase activity, was decreased
inextracts of becteria grown on acetamide. Amidase activity in extractswas
purified twofold and freed from transferase activity. Formamidase and
butyramidase activities were not separated, and were similarly affected by
heat and dithio-te-nitroberzoic acid. The amidase was induced by growth
on acetate and on butyramide, but not on propionate, butyrate or benzamide,
all of which were good gromth-substrates. TV-methylacetamide and TV—meM
acetamide were non-substrate inducers of anidase for becteria growing on
succinate.

INTRODUCTION

That mycobacteria are able to hydrolyze amides has been recogniized by implication
since Sauton (1912) described a chemically defined medium for Mycobacterium
tuberculosis, which contained asparagine. Grossowicz & Halpem (1956a, b, 1957)
and Halpem & Grossowicz (1957) found that becteria and becterial extracts from
M. phlei and M. tuberculosis strainbcg hydrolyzed several amides, and they used
inhibitors and heat-treatment to differendate nicotinamidase, glycinamidase and
asparaginase activities. Pershin & Nesvabta (1960) showed by heat-treatment that
acetamidase and nicotinamidase were separate activities of a saprophytic myco-
bacterium. Kimura (1959a, b, c, d) studied M. avium and purified a nicotinanidase
from it, as vell as measuring the aility of M. avium, M. smegmatis and M. phlei to
hydrolyze saveral amides, and to form hydroxamates from salts or amides of organic
acids and hydroxylamine.

The daracteristic pattems of amide-hydrolyzing activity were used by Bbnicke

* Present address. National Institute for Medical Research, Mill Hill, London, N.W. 7.
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(1980) for classifying mycobacteria; the method has been discussed by Juhlin (1960)
and Schreidau (1963), who also extended the range of amides used and included
members of the genus Nocardia. Nagayama, Konno & Oka (1961) and Urabe, Takei &

Saito (1965) investigated the formamide-hydrolysing abillity of various mycobacteria,

though they disagreed as to iits ussfulness in dlassification.

Bonicke (1960) found that acetamide was hydrolyzed by Mycobacterium smegmatis
after incubation for 24 hr, but not in a shorter periad. He attributed this to very slow
hydrolysis, but the possibility of enzyme synthesis induced by acetamide was not
gecifically excluded. Several inducible enzymes have been found In mycobacteria:
penicillirese (Bonicke & Dittmar, 1957); enzymes for the oxidation of benzoic acids
and catechol (Fitzgerald, Bernheim & Fitzgerald, 1948; Gale, 1952); enzymes for the
oxidation of insitol (Ottey & Bermheim, 1956). Inducible permeases were found in
M. smegmatis nctc 8159 by Ellard & Clarke (1989). The observation that increased
oxygen uptake occurred only after a lag when acetamide was added t organisms of
the same mycobacterium grown on succirate led to the disoovery, described in this
paper, that the hydrolysis of some amides by M. smegmatis nctc 8159 Isan adaptive
process. A preliminary report has been presented (Oraper, 19%6).

METHODS

Organism. Mycobacterium smegmatis nctc 8159 was obtained from the National
Collection of Type Qultures, subcultured monthly on slopes of Lemco agar (Clarke &
Meadow, 1959) and stored at 4°.

Media. Bacteria for inoculation were grown ovemight at 37° with shaking in 5ml
Lemco broth containing 0-06% Tween 8). This culture was used to inoculate experi-
mental media at the rate of 4 ml. inoculu/1. The experimertal medium was based on
the minimal medium of Kohn & Harris (1941) without glucose, having trace—elements
provided in5ml/1. of the solution described by Kelly & Clarke (1962) and cortaining
0-05% Tween 8. was sterilizd at 121° for 15min. Solutions of carbon sources
(10%, wAY), sterillizd separately at 115° for 5min. or by filrationthrough Oxoid mem-
branes, were added at the rate of 20 ml/1. The medium (B0ml., 200 ml. or 11)was
contained in conical flads (230ml., 11, 51 resectively). Qultures were incubated
at 37° with vigorous shaking for 40 hr.

Suspensions of bacteria and cell-free extracts. Mycobacterium smegmatis nctc 8159
was collected by centrifugation, washed twice wirth 0-06 M-sodium potassium phosphate
buffer (pH 7-2) containing 0-05% Tween 8, and suspended in the same buffer. The
dry weight was measured erther by drying a known volume of becteria washed with
0-05% Tween 80, or by measuring the extinction of the suspension at 540 m i (Esi0)
and compar ing itwith that of suspensions ofknown dryweight. To prepare extracts the
becteriawere washed twice with cold OT Mris adjusted to pH 7-2with concentrated
HCI (s buffer), suspended in the same buffer, and disrupted either by ultrasmic
treatment ina 60 W. ultrasonic device (M.S.E.) with a cooled cl containing 2ml.
suspension, or with a becterial press modified from the apparatus described by
Milrer, Lawrence & French (1980). The extractwas certrifuged at 25,000, for 20 min.
at 4° 1o remove debris, and was stored at — 2°.

Further treatment o fextracts. All these manipulations were carried out on ice-cooled
solutians. Streptomycin sulphate was added to the extract (1 g-/40ml.), and the pre-
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cipitated material, comtaining nucleic ecids, was removed by centrifugation at 16,5003
for 20 min. Solid ammonium sulphate was added to the clear supermatant fluid until it
was 50% saturated; the precipitated material was oollected after 15 min. by ocentri-
fugation at 16,5009 for 20 min. The sediment was carefully drained and dissolved ina
small volume of tris buffer. The supematant fluid was vacuum-dialyzed aggpinst tris
buffer to remove (NHNSC” and streptonycin, and 1o concentrate the proteins.

The concentrated supematant solution from (NHASC” fractionation was further
dialyzed against tris buffer comtaining 0T5M-KC1 and applied to a 40x1-5 cm.
column of DEAE-Sephadex A-50. The column was eluted with 11 tris buffer con-
taining KC1 in a linear concentration gradient from 0-15 t 0-45m. The efflumtwas
oollected in 5ml. fractions, and the extinction was measured at 280 v/, Protein and
amidase activity were also measured in the fractions. Fractions containing anidase
activity were combined and vacuum-dialyzed, to give the material described below as
partially purified enzyme.

Estimation of amide hydrolysis. The hydrolysis of amides was measured at 37° in
0- 05 M-phosphate buffer (pH 7-2) for organisms, or 0-1 Mris buffer (pH 7-2) for ex-
tracts. In the gereral method, samples (L ml.) of a mixture containing 0-04 or 0-02
M-amide and organisms or extract were taken at appropriate times, and ammonia
determined in Conway wnits (Conway, 1947) by the method described by Kelly &
Clarke (1962) but al lowing diffusion of ammonia to occur for 90 min. at 37°. Amounts
of ellsor proteinwere chosen to givemeasurable hydrolysis in 30 min.-1 hr; typically,
5mg. adapted celks (02mg. for formamide) and 0-5mg. protein were used in 10ml.
buffer. OF the amides used only formamide, pyruvamide and glutamine were sigifi-
cantly hydrolyzed by the allali in the Conway wits. Hydrolysis of formamide was
altermatively folloned by measuring the formamide remainiing in the reaction mixture
after incubation with edract, by using a modification of the hydroxamate reaction
Sell & SEl, 1959). To 1ml. of incubation mixture containing becterial extract in
tris buffer (pH 7-2), and 5 /aoles formamide, were added 2ml. ofa 1+1 (by \ol.)
mixture of hydroxylamine hydrochloride (15%, w/) and NaOH (15%, w/v) cooled in
ie. Amounts of protein used in the incubation mixture were adjusted to hydrolyze
about half the formamide present in 5-10min., and were typically 50-100 /z3./5ml.
buffer. After 5min. or more (formation of the hydroxamate svery rgpid, and itis
stable under these conditions) at 37°, 2ml. of a solution of FeCI3 (5% (WAY) in 14
n-HCI) were added. The mixture was shaken vigorously for about 30 sc., and its
extinctionmeasured at 500 m ji. The colour faded, so that itwas necessary 1o read at a
fixed time after mixing, conveniently 1min. The colours were compared in each
experiment with standards containing formamide but no enzyme. Phosphate inter-
fered with the reection.

Estimation of transferase activity. The ebility of becteria and extracts to transfer
acyl groups from amides or fatty acid salts to hydroxylamine, to form hydroxamates,
was measured as by Brammar & Clarke (1954). Since the activity in Mycobacterium
smegmatis was low, incubation times of up to 1hr were used, and corrections were
made for the non-enzymic formation of hydroxamates which occurred in this time.

Heat and chemical dénaturation. The enzyme preparationwas heat-treated at 60° for
various periods in tris buffer (pH 7-2). The mixture was cooled and used for anidase
assay in the usual way. The thiol reagent dithio-Zu"s-nitrcberwoic acid was used at
1- 5x K)-6m intrisbuffer (pH 7-2) at 37° or at 1-5x 10 5m in tris buffer (pH 8) con-

8 G. Microb. 46
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taining 10 3M-ethylene-diaminetetra—ecetate, at room temperature (about 2°). The
reaction with thiol groups was measured at 412 m ji, with oysteire as an intermal stan-
dard. After use of the more concentrated reagent the enzyme was dialyzed against tris
buffer (pH 7-2) before the amidase activity was measured.

Ultracentrifugal analysis. The partially purified enzyme preparation was concen-
trated by vacuum dialysis and further dialyzed against trisbuffer containing 02 m -KCI .
The nondififusible material was clarified by centrifuging, and examined in a Spinco
model E ultracentrifuge at 10°. Sedimentation coefficients were calculated from the
observed rates of migration of protein boundaries.

Disc electrophoresis in acrylamide gel. Electrophoresis of extracts of becteriaand of
the partially purified enzyme on columns of acrylamide gel was done by using the
system of Omstein (1964) and Davis (1954). Zones of protein were stained with OT %
naphthalene black in methanol + acetic acid+ water (4+16+ 1, by vol.), and the cels
were de-stained electrolytically in the same sohvat.

Protein estimation. Protein in extracts was measured by the modified Fol:n phenol
method of Lowry, Rosebrough, Farr & Randall (1961).

chemicals. Pyruvamide was kindly prepared by Dr C. A. Vernon by the method of
Claisen (Claisen & Shadwell, 1878; Claisen & Moritz, 1880) using acetyl cyanide
(Tsdelirnzeff & Schmidt, 1929). /?-Hydroxypropionamide was made from /2?propio-
lactone (Gresham et al. 1961), glycolamide from ethyl glyoolate by aimoniolysis, and
lactamide from lactice (Schmuck, 1924). Other chemicals were from commercial
sources. Acetamide was recrystallized from acetone, sodium succinate from agueous
ethanol and tris from agueous methanol .

RESULTS
Hydrolysis of am'des by washed bacteria

Figure 1 shows typical cunves of ammonia production from amides by washed
Mycobacterium smegmatis grown on acetamide. Liberation of ammonia was lirear
with time during the period of measurement (30min.). The rates at which washed

Table L Rates of hydrolysis ofaliphatic amides by washed
Mycobacterium smegmatis nctc 8159
Carbon sources were present in the growth medium at 0-2%. Amide hydrolysis was
measured by following release of ammonia using Conway units (see Methods), and is

expressed as /¢moles/br/mg. dry weight. Figures in parentheses are numbers of experiments,
and dashes that measurements were not made.

Growth substrate

Hydrolysis Succi- Propio- - Acet- - Benz- Nicotin-

Substrate nate  Acetate naF':e I?gg amide glﬂjt}c,ire amide  amide
Ammonia (/¢gmoles/hr/mg. dry wt.)

Formamide 13(2) 41 — — a3 @4 — —

Acetamide 07

— — — 92 - _ _
Propionargde (l); o ﬁ8 é—6 - 132 _
Butyrami 19 26(11 48* 12
Valeramide 10 lg (: q7f

* Butyramide added at 0 02% after 24 hr growth on succinate gives 10 units,
t Nicotinamide supported growth very poorly.
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suspensions of becteria grown on various carbon sources hydrolyzed aliphatic amides
are shown in Table 1 Discrepancies up to twofold between rates of hydrolysis of a
given amide indifferattpreparations grown on the same carbon source were observed,
but the relative rates were similar for each preparation. Formamide was the most
rapidly hydrolyzed anide, fol loaed inorder by butyramide, valeramide, propionamide,
acetamide.

Mycobacterium smegmatis grew equally well on succinate or acetamide as sole
carbon source. Bacteria grown on acetamide hydrolyzed formamide 60 times and the
other amides 13-19 times as rapidly as those grown on succinate. Bacteria grown on
acetate as carbon source showed enhanced rates of amide hydrolysis, almost as great
as acetamide-grown becteria, but propionate and butyrate, though equally able to
support growth, yielded bacteriawith butyramidase activity only slightly greater than
that abtained after growth on succinate. Butyramide, another good growth sustrate,
gave only slightenhancement, butwas amore effective inducer when added after 24 hr
1o bacteria growing on succinate. Benzamide was a good carbon source for growth, but
induced no amidase activity; nicotinanide, a poor carbon source, was also irective
as an inducer.

Table 2. Hydrolysis offormamide and butyramide by cell-free
extracts of Mycobacterium smegmatis nctc 8159

Rates are given in /¢moles of ammonia produced or of formamide destroyed/hr/mg.
protein. Range of results and number of experiments are given in parentheses.

Growth substrate
Amide f Succinate Acetamide '
Formamide 18 §82—460; 6) 169830 (3240-27000;7)
Butyramide 18 (10-29;6) 210 (73-343; 8

Hydrolysis by cell-free extracts

When a suspension of bacteria grown on acetamide was treated ultrasmically the
rates of hydrolysis before and after breakage were, respectively (/¢gmles/hr/g. dry
weight organisms originally present) 29 and 26 for butyramide, and 1360 and 1700 for
formamide. Centrifuged extracts of bacteria hydrolyzed amides at the rates shown in
Table 2, where extracts from becteria grown on succinate or acetamide are compared.
Large variations occurred in the rates ofamide hydrolysis among different preparations,
eecial ly those grown on acetamide, but the trend was clear. Formamide was hydro-
lyzed 90 times and butyramide 12 times as fest by extracts from becteria grown on
acetamide as by extracts from becteria grown on succirate. The ratio of formamide
hydrolysis to butryramide hydrolysis was 77+ 24 s.a . (7 experiments) for extracts of
acetamide-gromn, and 1116 s.qa. (b experiments) for extracts of succinate-grown
Mycobacterium smegmatis. The enzymic activity was slowly lost during storage of
frozen extracts: in one sample itwas decreased 10 40% of the starting value after 3
months at — 10°. Ktwas not protected by mercapto-ethanol (10-4m).

Hydrolytic activity for other amides

Washed suspensions or cell-free extracts of Mycobacterium smegmatis also hydro-
lyzed benzamide, phenylacetamide, nicotinamide, malonamide, fumaramide, gluta-

8-2
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mine, asparagire. OF these, nicotinamide was the best substrate; itwas hydrolyzed
at about 20% of the rate for butyramide. Benzamide supported gronth, but did not
induce benzamidase or butyramidase ectivity when compared with succirate. In
becteria grown on acetamide the abillityto hydrolyze benzamide was only about 20%
of that of becteria grown on succirate. Nicotinamide was a poor growth substrate and
not an inducer of benzamidase (or butyramidase) activity.

Effect of amides which were not growth-substrates

The (V-substituted amides A"-methylformamide, A"-methylacetamide, jv-dimcthyl-

formamide and A"-dimethylacetamide did not support growth of mMycobacterium

f/imoles ammonia released/m.

12— o
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4
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Fig. 1 Rate of hydrolysis ofamdes byvvashed Mycobacterium smegmatis nctc 8159,
The bacteria were grown on minimal medium+ acetamide, and washed as described under
Methods using 4-5 mg. of cells/10 ml. buffer. Production of ammonia from amides (0-02m)
wes measured_ by using Corway units. Curve A, butyramide; B, valeramide; C, acetamide;
D, hexanoamide.

Fg. 2 Elution of protein from DEAE Sephadex column. Cell-free extract of mycobacterium
smegmatis ncec 8159, grown on acetamide, wes freed from nucleic acids with streptomycin.
The material soluble in 50% saturated ammonium sulphate wes applied to a column of
DEAE Sephadex A50 in OT IMHris buffer é%H 7-2) containing 0T5 mKCl, and wes eluted
with a linear gradient (0T5-0-45 mKCl). Concentration was measured by conductivity; the
protein spectrophotometrically at 280 mg in the eluate.

Table 3. Non-substrate inducers of amidase activity in
Mycobacterium smegmatis nctc 8159

Rates of amide hydrolysis by cell-free extracts of bacteria grown on minimal medium,
containing the additions shown, are given relative to the rates for succinate-grown bacteria.

Values for succinate-grown bacteria in /tmoles/hr/mg. protein are given in parentheses.
Rates for acetamide are given for comparison.

Activity measured
) 4
Growth medium Formamidase ~ Butyramidase
Succinate 1(100 1(10
Succinate+ formamide 21 1) 1—3( )
Succinate+ I\V-acetylacetamide 50 105
Succinate+ A-methylacetamide 22 09
Acetamide 18 165
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smegmatis; TV-dimethylacetamide irhibited growth on succirete. None of these
substances was hydrolyzed. Formamide was a substrate of the enzyme, but did not
support growth. The effects of some of these compounds on the amidase activity of
extracts of becteriagrown on succirate in their presence (10mM) are shown inTable 3.
The effect isalso shown of TV-acetylacetamide, which was extersively used by Brammar
& Clarke (1964) as a non-substrate inducer of the amidase ofPseudomonas aeruginosa;

the activities of extracts from becteria grown on succirate alone or acetamide are
included for comparison. Formamide (which presumably survived for only a short
time in the medium) and TV-methylacetamide caused a doubling in the formamidase
activity but no change in the butyramidase activity. A-Acetylacetamide was a some-
what less effective inducer of both activilties than acetamide.

Partial purification ofan amidase from Mycobacterium smegmatis

An extract from Mycobacterium smegmatis grown on acetamide, having a specific
activity of 3250 /«moles/hr/ng. dry weight (formamidase) lost 10% of itsactivity after

Table 4. Butyramidase, formamidase and protein content offractions
from DEAE-Sephadex column

Materiaf from a cell-free extract of Mycobacterium smegmatis ncec 8159, freed from nucleic acids
and soluble in 50% satd. SNH4$O4V_\as applied to a column of DEAE-Sephadex and eluted with a linear
gradient of KCL (0- . Fractions analysed absorbed at 280 m4m Protein wes measured by the
method of Lowry et at. (1951), butyramidase activity by following release of ammonia in Conway units,
and formamidase by estimating residual formamide by the modified hydroxamate method (see Methods).

Fractionnumber 51 % 60 65 63 70 h el &b %

Foo 003 0066 0141 0360 118 052 012 0215 004 0130
/ig. Protein/ml. 10 2 40 120 40 210 2 60 27 b

Butyramidase < 1000 < 50* < 2%* 507 57 486 13 0 <3 <B
(/gmole/hr/mg.)

Formamidase 1800 500 1290 34x10459x104 < © >800 2000 1700 40
(/¢rmolefhr/img.)

* Rate below sensitivity of assay. Maximum values calculated from known sensitivity.

streptonycin  precipation.  (Secific activity not determined since streptomycin
interferedwi th the protein estimation.) After fractionation of nucleic acid-freematerial
with 50% satd. (NH49ZS04the insoluble material had a seecificactivity of 332 and the
soluble protein of 7240. The latter comtained 62% of the original total activity, and the
purification achieved in these two steps was 22, Butyramidase activity paralleled
formamidase.

When the 50% satd. (NHNSCA soluble fractionwas chromatographed on DEAE -
Sephadex, only one major peak of material absorbing at 280 m y was ootained (Hig. 2.
Rates of hydrolysis of formamide and butyramide by some of the fractias, and the
protein present inthem, are shown inTable 4. Both hydrolyticactivitieswere associated
with this major protein peak. The material in fractions 63-76 was oollected and con-
centrated by ultrafiltration in vacuo, and constituted the partially purified extract
referred to below. Recovery inthe main protein peak of material added to the column
was almost complete, and little apparent purification of the material was effected by
isue.
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Ultracentrifugal analysis ofpartially purified extract

Two peaks were observed in the ultracentrifuge, which separated sufficiently vell
for the migration of each to be measured. The fastar, which was considerably the
larger, had a sedimentation cefficiat of 83 and the sloner of 4-2x 13~13 <.
Svedberg wnits (corrected for temperature and visaosity of KC1 but not visaosity of
tris kuffer). There was no indication of any other component present in comparable
amount.

Disc electrophoresis

The pattem of bands obtained by disc electrgphoresis of the partially purified
extract isshown inFig. 3. For comparison are shown bands of the origiral extract after
the removal of nucleic acids with streptomycin, and also bands of an extract from
becteria grown on sucinate. The partially purified material contained only tw/0
major bands, and a trace of a third component. OF the major bands one was much
larger than the other.

Table 5. Rates ofhydrolysis of amides by partially-purified amidase preparation
Mycobacterium smegmatis nctc 8159

Rates are l_is/d'ttrmleﬁ/hr/ng._ rotein in enzyme preparation, which contained 5T .

protein/ml. Hy: roIYSis of amides other than formamide wes followed as liberation of

ammonia. ReSidual formamide wes measured as its hydroxamate after action of the
yme: Rate Rate
Formamide 24x104 Glycolamide 22
. 2 F oerice &
ropionamide i-Hydroxypropionamide
rc-&tyram’de 613 uvamX()j/eP P 53*
n-Valéramide 30 nzamide 67
«-Hexanoamide 140 Phenylacetamide 124
iio-Butyramide 12 Nicotinamide 90
Acrylamide 376 A-Methylacetamide 4.3~

* Amounts of ammonia present doubtfully significant.

Substrate specificity of the partially purified material

In Table 5 are shown the rates of hydrolysis of 16 amides by the partially purified
enzyme. Apart from formamide, butyramide was the most rapidly hydrolyzed, and the
rate decreased as the alkyl chainwas lengthened or shortened, branched, or substituted
by an hydroxyl group. Acrylamide was hydrolyzed more rapidly than its saturated
analogue, propionamide. Pyruvamide was scarcely hydrolyzed.

The activity of the partially purified enzyme at various pH values
The rates of hydrolysis of formamide and butyramide by the partially purified
enzyme preparation in tris buffer at various pH values are shown in Fig. 4. The two

activities folloned similar aunes. In phosphate buffer the rates were a littke lover
but the shapes of the cunes remained the same.

Inhibition ofactivity

Taking the origiral rates of hydrolysis of formamide and butyramide by the parti-
ally purified enzyme as 100, the rates after heating at pH 7-2 at 60° forvarious times
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were as follows:for 10 min., 77 (formamide), 82(butyramide); for 20 min., 70 and 78;
for 30 min., 58 and 63. Dithio-fe-nitrobenzoic acid had no effect in 60 min. atpH 72,
but when used at the higher concentration at pH 8 for 24 hr the hydrolysis of both
sbstrates by the enzyme was decreased to 10% of its former value. However, the
spectrophotometric assay showed that even after 24 hr the reagent had reacted with
not more than 1 mole of thiol in 107g. enzyme—protein.
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Fig. 3. Disc electrophoresis of cell-free extracts of Mycobacterium smegmatis nctc 8159,
Extracts were analysed on colums on acrylamide gel by using the system of Omstein (1964)
and Davis (1964); the bands were stairied with nelxaphthalene black. Pattern A, partially-
Bwélrlfle_d amidase from acetamide-grown bacteria; B, cell-free extract of acetamide-grown

cteria (nucleic acids removed with streptomycin); C, cell-free extract of succinate-grown
bacteria. Approximately S0tig. protein in pattern A, 25+ig. in patterns B and C.

Fig. 4. Variation of amidase activity with pH value. Rates were measured in 0-1 MHris buffer

or 005 M-phosphate buffer, as described in Methods. Ammonia release wes followed in Con-

wayunits for butyramidase. Themodified hydroxamate reactionwas usedto measure unhydro-

lyzed formamide for formamidase. Open symbols, phosphate buffer; solid symbols, tris

buffer; A, A, butyramidase; O, , formamidase.

Table 6. Rates offormation of hydroxamatesfrom amides and hydroxylamine
by cell-free extracts of Mycobacterium smegmatis nctc 8159

Rates are in /¢moles hggsroxannte formed/hr/mg. protein. Figures in parentheses are

rates of hydrolysis of amides in /¢moles/hr/mg.
Extracts from bacteria .
grown on Wiashed bacteria
A grown on acetamide,
Amide Acetamide Succinate  per mg. dry wt.
Formamide * * -
Acetamide 26 — 0592
F)rButerpiorm]iéljg %ﬁ (210 %57 (18 &g 21(%3
n-Butyrami -
n-Valeramide 07 - -
Benzamide 09 - -
Nicotinamide 2 5 —

* Formamide reacts non-enzymically under the conditions of the assay.

Transfer of acyl groups to hydroxylamine

The rates of formation of acyl-hydroxamates from amides and hydroxylamine by
cell-Hree extracts and suspensiions of Mycobacterium smegmatis are shown in Table 6.
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Material from bacteria grown on acetamide catalyzed transfer only very slowly as
compared with the rates of hydrolysis of amides; among w-alkanoamides the rate was
maximal for propionamide rather than butyramide. Nicotinamide was a better
substrate than propionamide. Higher rates were obtained with bacteria grown on
succinate—the reverse of the situation for amide hydrolysis.

Formation of hydroxamates from salts of acids was slower still; from propionate it
was 0-9 and 1-9/;moles/hr/mg. protein, respectively, for extracts from bacteria grown
on acetamide or on succinate. Rates of hydrolysis of acylhydroxamates by extracts
of acetamide-grown and succinate-grown bacteria were, respectively (/¢moles/hr/rrg.
protein); propionohydroxamate 0-6 and 1-9; butyrohydroxamate, 1-1 and 2-9; aceto-
hydroxamate, not detectable.

An ammonium sulphate fraction (precipitated between 60 and 80% of saturation)
containing most of the amidase activity of the original extract from acetamide-grown
bacteria effected no transfer from butyramide or propionamide to hydroxylamine. The
presence of transferase activity in other fractions was not investigated.

DISCUSSION

Apart from adding some more amides to the list of those known to be hydrclyzed by
mycobacteria, the experiments reported here show that in Mycobacterium smegmatis
nctc 8159 several of these amidase activities are simultaneously induced by growth on
acetamide as carbon source, and are much lower in bacteria grown on succinate. An
inducible amidase rather than a permease is indicated since the increased activity is
found with cell-free extracts as well as with whole organisms. There is some evidence
that benzamidase activity varies according to growth conditions, independently of the
aliphatic amidase. These findings bear on the use of amidase activities as a means of
classifying species in the genus Mycobacterium. The presence or absence of an inducer
in the growth medium will affect the observed amidase activity, while prolonged incuba-
tion of the bacteria with an inducer amide may change their hydrolytic activity from
negative to positive for that amide. It is possible that differences in the inducing activity
in the growth media used may account for the discrepancies between reports of forma-
midase activity in mycobacterium species (Nagayama et al. 1961; Urabe et al. 1965).

There are two possible explanations of the observed substrate specificity of the
aliphatic amidase. Formamide may be hydrolyzed by a separate enzyme from the other
aliphatic amides, or there may be a single enzyme with an anomalously high activity
for formamide. The ratio uninduced .'induced activity is much smaller for formamidase
than for butyramidase in bacteria grown on acetate or acetamide, as compared with
those grown on succinate. The difference is less marked when A-acetylacetamide is the
inducer, while A-methylacetamide and formamide do not alter butyramidase activity
but double formamidase activity. These facts might be explained either if the activities
are separate but have common inducers or if they are activities of one enzyme, but a
constitutive (in this system) butyramidase activity masks the small increase in the
inducible enzyme caused by formamide or A'-methylacetamide.

The two activities showed the same variation with pH value. Attempts to denature
or to inhibit the activities selectively failed, and the attempted purification did not
separate them. This last piece of evidence is compelling only if a substantial purifica-
tion of the amidase was achieved, and the actual increase of specific activity obtained
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was only 2-2 times, suggesting that the purification was slight. However, both the
electrophoretic and ultracentrifugal results showed that the partially purified amidase
contained only two major components, although the crude cell-free extract contained
many components. The possibility arises that the amidase in induced cells constitutes
a major part of the protein extracted by the present method, and this is supported by
the appearance of a very intense band of protein, migrating in the same position as one
of the components of the partially-purified enzyme, in the disc electrophoresis pattern
of the crude extract from induced cells. This band was absent in extract from succinate-
grown cells.

With other saprophytic mycobacteria Pershin &Nesvab’da (1960) showed that the
acetamidase differed from the nicotinamidase, and Nagayama et al. (1961) that the
formamidase differed from the benzamidase; in both cases this was shown by differen-
tial heat-denaturation. The result of Nagayama etal. is confirmed by the present observa-
tion that benzamidase did not increase when formamide was induced.

It is interesting to compare the mycobacterial amidase with that isolated from
Pseudomonas aeruginosa nctc 8602 by Kelly & Clarke (1962). The pseudomonad
enzyme had a much sharper substrate specificity, and both crude extracts and a
purified enzyme preparation hydrolyzed acetamide and propionamide, but scarcely at
all formamide or butyramide. Neither enzyme hydrolyzed TV-substituted amides. Both
enzymes were induced by acetamide, TV-methylacetamide and TV-acetylacetamide
(Kelly & Clarke, 1962; Brammar & Clarke, 1964), and also during growth on acetate
(Kelly & Komberg, 1962a); in P. aeruginosa the kinetics of induction of amidase by
acetate and acetamide differed markedly. The significance of this apparently useless
induction of amidase by acetate is not understood, and it is of interest that it occurs in
two unrelated species of bacteria, both of which are notable for their ability to grow on
a wide variety of simple carbon compounds. W. J. Brammar (personal communication)
has suggested that sufficient acetamide is formed chemically in a medium containing
acetate and ammonia to induce the amidase in P. aeruginosa. Insufficient is known of
the concentrations of acetamide needed to induce the mycobacterial amidase to decide
the likelihood of this explanation.

Data reported here show that the adaptive amidase of Mycobacterium smegmatis
nctc 8159 is not responsible for the acyl transferase activity of crude extracts, since
the activity disappeared from the ammonium sulphate fraction which contained the
amidase (it was not sought in other fractions), while the rates of transfer were higher
in succinate-grown bacteria than in acetamide-grown bacteria, which is the reverse
of the situation with the formamidase. It is possible that the transferase is itself
inducible: the conditions of its induction remain to be investigated. In Pseudomonas
aeruginosa the enzyme appears to possess both activities (Brammar & Clarke, 1963;
Kelly & Kornberg, 1962h), but in other mycobacteria transferase and amidase are
separate. Kimura & Sasakawa (1956) and Kimura (1959c) found that hydroxamate
formation from fatty acids and their amides by Mycobacterium avium was not catalyzed
by the corresponding amidase, while Grossowicz & Halpern (1957) identified in M.phlei
separate enzymes for transferring aspartyl residues from asparagine to hydroxylamine,
for hydrolyzing asparagine and for hydrolyzing asparto-hydroxamate.

The author is grateful to Professor E. Baldwin for providing facilities in his depart-
ment, to Mrs P. H. Clarke, Dr Pauline Meadow and many others for advice, sugges-
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tions and encouragement, and to Dr M. Rosemeyer for examining the partially
purified material in the ultracentrifuge. The work was done during tenure ofa LEPRA
Fellowship in Biochemistry from the British Leprosy Relief Association, to whom the
author is most grateful.
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SUMMARY

When salmonella organisms were put into the rumen of cattle their subse-
quent growth or elimination depended on the dietary intake before and after
the organisms were ingested. When the animals were receiving a regular daily
ration of 6-8 kg. lucerne hay the organisms were rapidly eliminated from the
rumen and viable organisms in the faeces were rarely detected. Decreasing
the daily food intake to 2-3 kg. or interruption of feeding for one or more days
retarded the elimination of salmonellas and Escherichia coli Or permitted
their growth in the rumen. Growth of salmonellas and e. co1i type | occurred
during starvation, and resumption of feeding after starvation caused further
multiplication. Starvation for 2 or 3 days was generally followed by infection
of the intestine, with salmonellas persisting in the faeces for at least a week.

INTRODUCTION

In an earlier study Grau & Brownlie (1965) showed that at five abattoirs in south-
eastern Queensland salmonella organisms occurred in the rumen contents of 45% of
healthy cattle at slaughter. escherichia coli type | at about 106 organisms/ml. were
also found in the rumen fluid, in agreement with other reports on the occurrence of
E. coli (Mann, Masson & Oxford, 1954).

The work described in the present paper was undertaken to ascertain the fate of
known numbers of salmonella organisms put into the rumen, and to determine con-
comitant changes in the population of Escherichia coli. The effect of deprivation of
foodstuff was also examined, as it is common for cattle to be given little or no food for
several days while being moved long distances or held at abattoirs. Deprivation of
food may be a predisposing condition for infection in ruminants (Salisbury, 1958;
Seddon, 1953).

METHODS

The salmonella organisms used were salmonella ehester, S. typhimurium, S.
Oranienburg, S. muenchen, S. anatum and s. adelaide, these having been isolated from
the rumens of cattle at slaughter and identified by Dr K. F. Anderson (Salmonella
Reference Centre, Adelaide). Cultures were grown in 0-8% (w/v) nutrient broth
(Difco) for two 24 hr subcultures at 37°, and after suitable dilution in 0T% (w/v)
peptone (Oxoid) water the salmonellas were inoculated into the rumens of the animals.
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The salmonellas were introduced into the stomach tube used for sampling (Raun &
Burroughs, 1962) and flushed into the rumen with 50 ml. rumen liquor previously
taken from the animal. The number of salmonellas given was estimated by serial
dilution of the inoculum with peptone water and pour-plating with plate-count agar
(Oxoid); colonies were counted after incubation at 37° for 24 hr. In some experiments
the organisms were introduced into the rumen as a peptone water suspension of air-
dried faeces contaminated with salmonellas, the numbers of which were estimated by
the most-probable-number technique described below.

The experimental cattle were Polled Hereford females from 18 months to 3 years
of age. In the experiments reported the animals were confined in a cattle crush, to
prevent their ingesting faecal material. They were usually fed 6-8 kg. of lucerne hay,
presented at the same time daily. In some experiments the animals were deprived
of food, but not water, for various periods; while in others food was supplied in a
limited amount (2-3 kg.) at the normal times. On the completion of an experiment the
animals were treated with sulphadimidine (Mezobols, Parnell Laboratories, Carlton,
N.S.W.) daily until faecal samples were consecutively negative. An animal was fed
lucerne hay for a minimum of 2 weeks before an experiment was begun, or was
grazed for about 6 weeks.

Samples of rumen fluid were obtained by the stomach-tube method, and after their
transfer to the laboratory suitable samples of fluid or of peptone water dilutions of it,
were subjected to enrichment as described by Grau & Brownlie (1965). Tetrathionate
Tergitol brilliant green broth enrichments were incubated at 37° for 24 hr and
streaked on the surface of brilliant green sulphadiazine agar and aged bismuth
sulphite agar. The selective media were incubated overnight at 37° and colonies sus-
pected of being salmonellas were suspended in saline and tested by slide agglutination
with somatic antigens. The enrichments proven to contain salmonellas were eliminated
from further incubation, those negative at the 24 hr streaking were retained in incuba-
tion for a total of 72 hr before restreaking. The enrichments positive for salmonellas
after 24 hr incubation were counted cumulatively with those found positive at the
72 hr streaking. The most-probable-number of salmonellas, after 72 hr enrichment,
was estimated from the number of positive enrichments in ten tubes at each dilution
(McCoy, 1962). Escherichia coli type | was estimated by serial dilution in peptone
water and pour-plating with eosin methylene blue agar (Oxoid), counting the lactose-
positive colonies greater than 0-5 mm. in diameter after incubation at 44-5° for 48 hr.
Only 2 of 200 such colonies tested did not give typical reactions of E. coli type I.
Faecal samples were examined for salmonellas by enrichment of two 5g. samples,
each in 100 ml. of tetrathionate Tergitol brilliant green broth, following the pro-
cedure used for rumen samples. Representative isolates from faeces and rumen were
identified by the Salmonella Reference Centre, Adelaide, and proved to be of the
serotype inoculated.

pH measurements of the pH values of rumen fluids were made with a Radiometer
pH meter and glass electrode after the bacterial samples were taken. The measure-
ments were made about 30 min. after removal from the animal and no precautions
were taken to maintain carbon dioxide in solution. Volatile fatty acids were determined
in a 20 ml. sample of clarified rumen liquor by the methods outlined by Neish (1952)
for clarification and distillation. Ammonia was determined on suitable samples of
clarified rumen liquor by vacuum distillation from borate buffer pH 10 (Varner,
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Bulen, Vanecko & Burrell, 1953) into a boric acid trap, titrated by the technique of
McKenzie & Wallace (1954). Paper chromatography and thin-layer chromatography
of acidified ether extracts of clarified rumen fluid were done by the methods of Gordon,
Thornburg & Werum (1962) and Ting & Dugger (1965).

RESULTS
The effects of regular daily feeding with 6-8 kg. lucerne hayjday

Four experiments were made to test the effect of inoculation of salmonellas into
the rumens of animals fed 6-8 kg. lucerne hay daily. These experiments involved three
cattle and three different salmonella serotypes. The results of a typical experiment are
shown in Fig. 1 In this experiment, air-dried faeces obtained from an animal shedding
salmonella Chester was inoculated as a peptone water suspension. The inoculum
contained 2-8 x 105 salmonellas, estimated by the most-probable-number technique.
Salmonellas in the rumen decreased rapidly from 300/100 ml., and were not detect-
able 48 hr after inoculation. In this experiment salmonellas were present in the faeces
24 hr after inoculation, but not at later samplings. In three other experiments in
which a similar inoculum of salmonellas, grown in nutrient broth, was used, the
organisms were not detected in the rumen at or after 24 hr and were not detected at any
sampling of the faeces.

The effects of reqular daily feeding with 2'3 kg. lucerne hayjday

Three experiments with three animals and two salmonella serotypes were made to
test the effect of feeding 2-3 kg. lucerne hay every day on changes in the numbers of
salmonella and Escherichia coli type | organisms.

In the first experiment the inoculation with 3-5 x 105salmonellas was on the first day
of the smaller feed and the numbers decreased from 161/100 ml. rumen liquor until
they were undetected at 48 hr when the experiment was terminated. In the second
experiment the animal was given T4 x 106 salmonellas on the third day of decreased
feeding. The numbers decreased from 693/100 ml. to 1/100 ml. 72 hr after inoculation,
when the experiment was terminated. Salmonellas were not detected in the faeces in
either experiment.

In the experiment illustrated in Fig. 2, a larger inoculum of saimonelia oranienburg
(9-8 x 107 was used to follow changes in the salmonella numbers in the rumen over a
longer period of time. Initially the salmonella numbers in the rumen decreased, but
from about 35 to 40 hr after inoculation (i.e. 110 hr from last 6-8 kg. ration) there was
a gradual increase until the animal was returned to a feed of 6-8 kg. lucerne hay/day;
then the number decreased abruptly. The escherichia coli type | numbers increased
for about 70 hr after inoculation, then stabilized, and decreased when the animal was
returned to 6-8 kg. lucerne hay/day. The period of salmonella growth during feeding
with 2-3 kg. hay/day may be related to that period when the volatile fatty acids value
was low and the pH value high. When the volatile fatty acids value increased and the
pH value decreased on feeding 6-8 kg. lucerne/day, the numbers of salmonellas and
E. coli decreased. A plot of pH value against the concentration of volatile fatty acids
showed no points deviating from the approximate linear relation (Briggs, Hogan &
Reid, 1957), in contrast to the later experiments which involved a starvation period
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(Fig. 3). The faeces contained salmonellas from 24 hr after inoculation until after
remedial treatment with Mezobols.

The effect of regularfeeding on alternate days with 6-8 kg. lucerne hay

Three experiments were made to test the eifect of alternate-day feeding; three animals
and two salmonella serotypes were used. The results of one experiment are shown
in Fig. 4: the inoculum was 2T x 108 salmonella muenchen and was introduced
during the second starvation period. The numbers decreased from an initial value of
51 x 105100 ml. rumen liquor to 1-2x 104100 ml. at 24 hr after inoculation. The
numbers then tended to be maintained, with some fluctuations. From 24 hr after in-
oculation, salmonellas were detected in the faeces for the duration of the experiment.
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Fig. 1 The effect on inoculated saimonelia Chester
lucerne hay (1). 0, Salmonellas not detected in 10x 10mi. rumen liquor samples; +,
tected in — not detected in faeces, f, Time of inoculation W|th faeces susperlslon
contalnmg 2- 8x 106salmonellas. T, pH vale.

Fig. 2. The effect on saimonella oranienburg (O) and Escherichia coli %%e I (A) oninocula-

tlon ég) of 98x 107salmonellas into the rumen of an animal regularl (0] 23§ Iuceme
The animal wes inoculated on the third day of diminished feeding

detected in the faeces; — not detected in faeces. O, pH value; A, VFA concentratlon of

volatile fatty acick.

0) of regular daily feeding 68kg

The escherichia coli type | count increased during the second starvation period and
also for 6-11 hr after each feed; in the period between feeds the numbers tended to
decline. The . coli numbers appeared to cycle roughly with the changes in volatile
fatty acids. The plot of pH value against volatile fatty acids for this experiment (Fig. 3)
shows two points off the approximate straight-line relation; these two points corres-
ponded to the only two samples taken at 6 hr after feeding. Most of the . coli growth
occurred within this 6 hr period. The results of the other experiments were similar.
In one experiment the salmonella fluctuations were greater and tended to parallel
the . cori fluctuations, except for a growth during the third starvation period.

The effects of withholdingfoodfor 2 to 3 days

Inoculation of Salmonellas before feeding lucerne hay and before withholding food
for 2 days. Salmonella Chester (2X 108 was inoculated into the rumen of one animal
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immediately before feeding (Fig. 5). Food was then withheld for 2 days before the
animal was given a sirgle feed of 6-8kg. lucerme hay. The number of salmorellas in
the rumen was initially 3x 10s/100ml. liguor, decreased to 916/7100ml. in 22 hr,
remained constant for about 24 hr, and then increased a thousandfold at 48 hr after
the last feed. Only a slight increase occurred on feeding after this stanation. On
withholding food for a further 3 days the numbers declined about one log unitper day.
On a subsequent feed the number increased about 0-fold.

The faeces contained salmorellas at 24 hr after inoculation and then for the dura-
tion of the experiment.
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Fig. 3 The relation between pH value and volatile fatty acids in rumen liguor. A, Two
without food (see Flg. 7); , fed 68 kg. lucerne hay every alternate day (see Fig. 4); m,
23 kg. lucerne hay deily (see Fig. 2).

Fig. 4. The effect on Salmonella muenchen (O) and Escherichia coli I (A) oninoculation
(t) of 2T x 108 salmonellas into the rumen of an animal fed (f) 68kg. lucerne hay every
alternate day. The animeal wes inoculated during the second starvationperiod. +, Salmonellas

detected in"faeces; — not detected in faeces. O, pH value; A, VFA, concentration of
volatile fatty acids.

From low numbers Escherichia coli type I increased during starvation by over 105
times. A further increase of 30-fold occurred on feeding, but the numbers decreased
during the second starvation. A further increase was obtained on giving the firal feed.

Inoculation ofsalmonellas 24 hr afterfeeding lucerne hay and before withholdingfood
for 2 days. Intwo experiments the animalswere inoculated 24 hr afterfeeding and then
deprived of food for 2 days; the results of one experiment are shown in Fig. 6. The
inoculum cortained 3-8x 10sSalmonella oranienburg and the initial concerttration of
salmorellas in the rumen liquor was 300/7100ml. The salmonella count initally de-
creased, but at about 54 hr from the regular 6-8kg. feed the salmorellas began to
grow and continued to incresse for 24 hr after the next feed, the total incresse being
about 35 log wnits; on continued feeding the salmonella concentration &l daily
about one log unit.

The Escherichia coli type I numbers inthe rumen increased at about 35 hr from the
regular 6-8 kg. feed and showed a further sharp increase on feeding after the 2-day
starvatin. Salmonel las were detectzble in the Taeoes 24 hr after inoculation and then

9 G. Microb. 46
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for the duration of the experiments. The results of the second experiment were similar
except that E. coli began to increase in numbers at about 50 hr from the les; feed and
the count paralleled the changes in the numbers of salmrellas.

Inoculation ofsalmonellas beforefeeding and afterfood was withheldfor 2 days. Two
experiments using 2 animals and 2 salmonel la serotypes were done to test the effect on
inoculated salmorelllas of feeding 6-8kg. luceme hay to cattde after food had been
withheld for 2 days. Each inoculumwas about 1000 salmorellas, and was given immedi -
ately before feeding the animals after starvation for 2 days. The results of one experi-
ment are shown in Fig. 7. The numbers of Salmonella anatum increased over 24 hr
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lucerne hay (!) and before 2 days without food. +, Salmonellas detected in the faeces; — not
detected in the faeces. O, pH value.

Fig. 6. Changes in the numbers of saimonella oranienburg (O) and Escherichia coli tgdl
(A) on inoculation (f) of 3-8x 105salmonellas into the rumen of an animal 24 hr after feed-
ing and before 2 days without food.  Fed 68 kg. lucerne hay; +, salmonellas detected in
faeces; — salmonellas not detected in faeces. O, pH value.

A) on
inoculation Et; of 2-07 x 10s salmonellas into the rumen of an animal before feeding% gkg.

frrom an undetectable number toamaximum of 16107100 ml. rumen liquor; mcst ofthe
salmonella growth occurred in the first 6 hr. On subsequent feeding the salmorella
numbers decreased by about 0-8 log units/day until undetectable. Salmorellas were
detected in the faeoes at 24 hr after inoculation and for 6 days subsequently; they were
not detected after 8 days. Similar results were obtained in the other experiment.

The Escherichia coli type 1 count increased by about four log units during the
starvation period. After feading, the E. coli count iincreased rapidly about 2-5 log
wniits 1o 845 log wnits/nl. and decreased again on further feeding.

The plot of pH value against olatille fatty acids for this experiment (Fig. 3) showed
two points vell below the approximate straigit-lire relation; these two points @t
pH 6-8 and 6-3) corresponded to the samples taken at 6 and 11 hr after the feed which
folloned stanation. ltwas during this period that rapid growth of Escherichia coli and
salmorellas occurred. It appeared that there were considerable amounts of non-
\olatile acids present. The major acids detected by chromatography of these rumen
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liquors were lectic, succinic and pyruvic acids, none of which were detected in other
rumen samples from the same experiment.

Inoculation of salmonellas before withdrawalfor 3 daysfrom lucerne hay or grazing.
Three experiments to test the effect of no food for 3 days on the fate of inocullated
salmrellas used two animals and three salmorella serotypes. In two of these
experiments the animals were inoculated during grazing and then starved for 3 days,
vhilst in the other experiment the animal was fed the normal lucerme hay ration then
inoculated and staned for 3 days.
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Fig. 7. The effect on inoculated saimonella anatum (O) of feeding 68 kg. lucerne hay/day
(t) after 2 days without food. «, Salmonellas not detected in 10x10 ml. rumen liquor
samples; +, detected in faeces; — not detected in faeces, f, Time of inoculation with 1130

nutrient broth-grown salmonellas. A, Escherichia coli type | count; O, pH value; A, VFA,
concentration of volatile fatty acids.

Figure 8 shows the results of one grazing experiment in which the inoculum was
4-3x 108 Salmonella oranienburg, the initial salmonella concentration in the rumen
then being 1-61 x 1087200 ml. rumen liquor. The animal was retumed to grazing for
30 hr after inoculation and was sampled once during this period. The salmorella
concentration in the rumen decreased rapidly during grazing and at the beginning of
starvationwas 10-5/100ml. rumen liqor. During the next 18 hr the salmonella con-
concentration decreased to 1-05/100ml. rumen liguor. From thistime on the salmorel la
and Escherichia coli type 1 numbers increased to 200-300/100ml. and 5-7x 1057,
respectively. On feeding 6-8kg. lucerme hay the numbers of salmorellas and E. coli
increased rapidly to maxima of 3-/5x 105100ml. and 3-4x 107#l., resectively. The
animal took 24 hrtoconsume the 6-8 kg. lucerme hay, whichwould normally have been
consumed in 2-3 hr. The salmorellas and E. coli decreased from the maximum con-
centrations during a further 3 days of food deprivation. Salmonel las were detected in
the faeces at 24 hr after inoculatiion and for the duration of the experiment.

The results of the second grazing experiment were similar except that the time at

9-2
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which growth occurred during the stanvation period was 40 hr after removal from
grazing, as against 18 hr in the previous experiment. In these two experiments the
conditions of grazing were differant; the experiment illustrated (Fig. 8) being on young
green pasture and the second experiment on dry standing pesture.

The results of the experiment with lucerme hay were similar o those of the second
experiment (dry standing pasture) ; the growth of salmonel las and Escherichia coli type
I occurred during the starvation period at 48 hr from the last feed.
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or A hr (‘Graze’), then 3 days without food, and then fed one lot of 68 kg. lucerne hay

(‘Feed). +, Salmonellas detected in the fagces; — not detected in the faeces. O, pH value;
A, VFA, concentration of volatile fatty acids.

DISCUSSION

It is apparent that when the animals were fed 6-8kg. luceme hay/day, or were
alloned 1o graze freely, salmorellas were repidly eliminated from the rumen. The
Escherichia coli type I concentrations were usually under 10/l. rumen liquor when
the animals on this feeding regimewere restrained in a cattle-crush to prevent ingestion
of Taecal material. Decrease of the food intake to 2-3 kg. hay/day, or deprivation of
food for 1 or more days, resulted in maintenance or increases of the salmonella and
E. coli numbers.

The period for the growth of salmonellas and Escherichia coli to take place during
starvation varied with the type of feed. With animals fed luceme hay salmonellas
grew 48-54 hr after feeding and 20 or 40 hr after grazing; the E. coli increases were
detected earlier. On feeding after this starvation further increeses in numbers of
salmorellas and E. coli were aotained; the period of most rapid growth was when
non~volati le fatty acids were present in the rumen. The average net increases ootained
during starvation and subseguent feeding were about 3 x 104-fold for the salmorel las
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and 107fold for E. coli, but the total increase in numbers of organisms within the
rumen would have been greater considering dillution and passage. Further starvation
or feeding caused the concentrations of these organisms to decrease by about one
log init/chy.

Feeding on alterrate days (e stanation for one day) tended to sthiliz the
salmonella concentration after several ocles, whille Escherichia coli type 1 increased
from an inigal low concentration to between four and five log units/Ml. There was
some evidence of oycling of E. coli and possibly of the salmorellas. Increased numbers
of E. coli were detected within 6 hr after feeding when non~wolatile acids were present
in the rumen.

Decrease of the feed t0 2-3 kg. luceme hay/day after a period of4-5 days on reduced
feed led to a slow increase in salmorellas and Escherichia coli; a retum to 6-8kg.
luceme hay/day caused an immediate decrease in the numbers of these organisns.
This contrasted with the dbservation that when the animal was starved entirely and
then fed 6-8 kg. hay the numbers increased.

There was gereral agreement in the trends of the numbers of Escherichia coli type |
and the salmorellas, although the methods of enumeration were independent. The
method of estimating salmorellas by the most-probable-number technique (McCoy,
1962) although laborious, yielded consistent results.

Bergeim, Hanszen, Pincussen & Weiss (1941) established that wolatile fatty acids
at low pH values were bectericidal or bectericstatic for several genera including
salmrellas. Meynell (1963) discussed the fardings of Bergeim and others on un-
dissociated wlatille fatty acids in relation to the inhibition of Salmonella typhimurium
in the normal mouse gut. Wolin (1966) has shown in vitro that the concentratiion of
\olatile fatty acids and pH values found in the bovine rumen inhibit the growth of
Escherichia coli. Although the concentration ofvolatile fatty acids and pH value may
be correlated with changes in numbers of salmonellas in the bovine rumen in condi-
tions of full feed and 2-3 kg. feed, our experiments involving starvation folloned by a
sirgle feed and further stanation indicated that volatile fatty-acid changes may not be
the full explanation. During the first starvation period growth of E. coli type 1 and
salmorellas occurred at a pH value and volatile fatty-acid concertration whiich were
attained again during the second starvation period, when the numbers of the becteria
were actually decreasing (e.0. Fig. 8). There did not seem to be any obvious relation
between ammonia concentration in the rumen and growth or death of the organisns.

The growth or death of salmonellas and Escherichia coli type 1 in the rumen in re-
lation to feeding or stanation may be important in the development of salmorellosis
and infectios wirth enteropathogenic E. coli, aswell as in influencing the incidence of
salmorellas found in cattle at slaughter, especially since a low dose of the order of
1000 salmorel las resulted in substantial growth inthe rumen and in salmonellas being
shed in the faeoes for at lesst a week after dosage. Other experiments have shown that
when soil from an abattoir holding-pen was added to the food of a starved animal the
salmonel la concentrations inthe rumen were some hundreds/100 ml. rumen liquor and
salmorellas were present in the fasoes. Conditions which ootain during the transport
and holding of cattle before slaughter would appear to predispose these animals
salmorella and E. coli infection.
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SUMMARY

The fire structure of the mature sporangium of Nowakowskiella profusa
Karling (Qhytridiales, Phycomycetes) s described. Deductions are made
about the dehiscence mechanism and the nature of the zoospore. A strikirg
feature of the zoospore isa conspiicuous fibrous body immediately adjacent to
the refractive gldoulle. This body possibly represents a primitive photoreceptor

orgarelle.

INTRODUCTION

135

A previous study on the fire structure of lower fungi (Qytridiales, Phycomycetes)
featured Rhizophlyctis rosea, a monocentric species the whole trallus of which s
converted into a single sporangium at maturity (Chambers & Willoughby, 1964). The
present paper is concermed with Nowakowskiella profusa, a polyocentric soecies of the
same orter, the thallus of which takes the form of a rudimentary mycelium with
rhizoids bearing a potentially unlimited number of sporangia. In both R. rosea and
N. profusa dehiscence of the sporangia results in the relesse of large posteriorly uni

flaellate zoospores.

METHODS

Taxonomic identity of the material studied. According to Sparrow (1960) Nowakow-
skiella profusa is only doubotfully distinct from N. elegans. However, examination of
much material of both species in ecolagical studies indicates that a true separation can
be made. In his original descriptions of N. profusa, Karling (1941, 1944) described
exo-operculate material only, but our own dbservations (Willoughby, 1961) tend to
suggest that the species compriises an overlapping series of morphological forms in
which endo-operculate and even ingpercullate dehiscences may also occur (S Figs.
1-3.) The material studied in the presentwork exhibited dehiscences of the latter two
types only. Typical Nowakowskiel la zoospores with a laterally orientated nuclear cap
and laree refractive globule were liberated on dehiscence (Fig. 4). Zoospores bearing

saeral smaller globules in addition were also obsened.

Origin and treatment of the material studied. The material was derived from an un-
aultivated soil sample from Rutherglen, Victoria, Australia. The sample was flooded
withwater and baited with small squares of MXXT /S 300 (waterproofed) Cel lophane,
a good cellulose source for the loner aguatic fugi. After 2 weeks of incubation at 20°
numerous young colonies of Nowakowskiella profusa bearing sporangia were present
on the Cellophare, particularly along the free edges. Marginal sirips of the sub-
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stratum were cut away, checked for the presence of the fungus, washed vigorously in
clean vater, and fixed in 2% KMnO04at 2° for 25 min. Attempts to fix in various
osmium tetraxide solutions were unsuocessful. Dehydration, infiltration with metha-
aylate and orientation during embedding folloaed the methods previously described
(Chambers & Willoughby, 1964). Sectionswere cut with glass knives ina Porter-Blum
microtome, stainedwith uranyl acetate for 90 min. (Gibbons & CGrimstone, 1960) and
examined in a Siemens Elmiskop I at 80 kV. Plate numbers with the figure explana-
tions refer o plates stored in the electron-microsoope laboratory, Botany School,
University of Melbourne.

4 5

Figs. 1-6. Figs. 1-3; drawings of three types of dehiscence observed in Nowakowskiella
profusa Sshowing portions of mature and dehisced sporan%g for each type: Fg. 1 exo-
operculate; Fig. 2, endo-operculate; Fig. 3. inoperculate. Gelatinous plu% material at the
exit tube apexis indicated by fine stippling in Figs. 2 and 3 Figs. 4, 5, 6: diagrammatic
representations of a living zoospore of Nowakowskiella profusa as observed for Rutherglen
material, a zoospore unit as deduced from the sections of mature sporangia, and the
Nowakowskiella zoospore type as reconstructed by Koch, respectively. Fig. 6 is redrawn
(bi/)sptermssmn) from Koch’s original papers, and for comparative interest the disc with grid
substructure he reported for a chytridium Sp. is transferred to it, in its correct position.
B, blepharoplast; o, discwith grid substructure; dg, dark granule; eg, extranuclear granule
(presumptive mitochondrion);” Fb, fibrous body; F1, flagellum; ¢, refractive globule;
Gp, presumptive refractive gliobule; m, mitochondrion; N, nucleus; nc, nuclear cap;
rh, rhizoplast; sg, side granles.

RESULTS
The mature sporangium is divided into zoospore wnits, the approximate limits of
which are readily apparent from the symetrical groupings of the various orgarelles
present (L. 1, fig. D). In a typical median section of a sporangium between 20 and 25
zoospores are seen in various planes of ssctionirg, implying a total complement of
about 40. Zoospores are approximately 3fi across and their inegularity in autlire is
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due to their packing within the sporangium. This is in accord with a slightly larger
diameter of the zoospores after release from the sporangium, when they are perfectly
sherical.

In section the sporangium wall, about 0-35p wide osrall, s composed of three
distinct zones (. 2, figs. 2, J), the most conspicuous being the middle dense one
which s about 0-2p wide. The outer zore, at leest 0-07p wide, Is rather diffuse and
has the appearance of being essily sloughed dff. tmay well only represent the zone
of partly dissolved cellulose bait. The inner zone s also about 0-07p wide. ktcan be
distinguished because there Is a distinct layer of spongy material on its inner sick.
Thiis spongy material, in addition t running beneath the sporangium vall, forms a
continuous matrix between the cleaved zoospores and their flagella and extends in
considerable quantity into the base of the dehiscence pepillla. The particular dehiscence
pepilla illstrated in section (L. 2, fig. J) s of the inoperculate type (s Fig- J). The
spongy material at its base s capped by a sharply defined dome of dense granular
material. Htappears that this effectively plugs the exit pore opening.

Provided the section is in a suitzble plane each zoospore unit shows its conspicuous
nucleus, bounded by a typical nuclear membrane (Pl. 4, fig. 5). Dense inregular masses
of granullar material are visible within it Depending on the plane of the sectin, there
isa tendency for the nucleus to have a flattered or even concave face and associated
with this s often a very conspicuous clear region which may be up to 1-5p across
M. 1,y 1; PL. 3, fig. 4). This ispresumed 1o correspond to the refractive globule of
the livirg zoospore (Fig- 4). On the sice of the clear region furthest from the nucleus
there s a striking fibrous structure (PL 3, fig. 4; Pl. 4, fig. 5). In longitudinal section
this structure which we are designating the fibrous body s seen to be made up of a
series of olindrical tubular elements each bounded at one end and on the sides by a
clearly defired electron-dense margin- perhaps amembrane. The ends of the tubes on
the outer sice of the body against the cytoplasm are without such a defined margin
(1. 5, fig. 6). Cross-sections of this fibrous structure indicate that the tubes are closely
packed and circullar in autline so that there are smal l inter-tubullar spaces (. 5, fig. 7).
Each tube isin comtact with six neighbouring ones with a centre-to-centre distance of
45mp. On the sice of the nucleus opposite to that occupied by the presumptive
refractive glooule there ks a large densely granullar mass which has considerable lateral
extension. In certain sectias, in fact, the nucleus appears to be totally embedded in it
Thiis granullar mass s taken 1o correspond to the nuclear cap of the livirg zoospore
(Fig. 4. The nuclear cap, frequently reported for the zoospores of aguatic fugi, B
gererally assumed to represent a dense accunulation of ribosomal meterial (Blondel &
Turian, 1990).

Closely associated with the periphery of the nuclear cap and typically partially
embedded in itare the mitochondria. Also associated with the periphery of the nuclear
cap are occasional strands of endoplasmic reticulun and sometimes groups of small
membrane-bounded electron-lucentt regians. The nuclear cap s typically bounded
from the cytoplasm by a definite double membrane @l. 3, fig. 4), and this is particu-
larly apparent where the mitochondria abut on to it In regions of the nuclear cap
where the mitochondrial investment is lacking, hosever, so too may be the nuclear
cap membrane (L. 4, fig. 5). The general cytoplasm of the zoospore sa loosely packed
region, mottled in appearance. Embedded in it are Golgi dictyosomes, membrane-
bounded dark granules and occasional short profilles of endoplasmic reticulun. The
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enveloping cll membrane isa very thin electron-dense structure sometimes appearing
as two fire liress (1. 4, fig. 5). Between the zoospores, and suspended in the spongy
material discussed above, are the flagella. These are seen in longitudinal section in
Pl. 4, fig. 5 and in transverse section inPL. 5, fig. 8.

DISCUSSION

Comparison of the fire structure of the mature sporangium of Nowakowskiella
profusa with that of Rhizophlyctis rosea shows a common besic organization. Indivi-
dual zoospores are distinguished together with their flaglla, the whole compact
structure being pervaded by the spongy ground material. Inthe case of N. profusa the
digposition of this material in the dehiscence pepilla region i especially interesting.
Itcan be assumed that the dome of dense granular material observed capping itin the
sections corresponds to the gelatinous plug material (Fig. 3) observed in livingmaterial .
With the disappearance of this gelatinous plug material, which isdiffluat, dehiscence
ensues promptly. Clearly the zoospores emerge with (some even within) the spogy-
material of the pepilla and their subsequent brief collective swarming before they
firelly disperse takes place in a \esicle transformed from it Our observations then
tend to suggest that the pepillar material forming the physical besis for ollective
swarming isnot some gecial tisse formed only in this region; rather it ismerely an
extension of similar material which s present throughout the whole sporangium.

In the mature sporangium ofRhizophlyctis rosea we reported a complex presump-
tive aatriole described as “extranuclear strands” immediately adjacent to the nucleus
of the zoospore but in the presert work with Nowakowskiella profusa nc trace of
any similar structure was obsernved. Instead we have 1o report another quite different
and equally conspiicuous structure closely associated wirth the nucleus (but separated
from itby the refractive gldaule), namely the fibrous body. This s equated with the
disc with grid substructure reported by Koch (1956) for zoospores of Chytridium .
(Figs. 5, 6) from a study of shadowed electron-microscope preparations. Its possible
function must be largely a matter for speculation, but since Koch demonstrated a
rhizoplast thread joining itto the base of the flagellun, a connexion with the notillity
of the zoospore s stragly implied. In a search of the literature for anything similar,
even remotely 0, we have considered published figures of bands of oylindrical fibres
connectiing flacellar bases 1o the plastids in Prymnesium parvum (Manton & Leedale,
1963), extensions of pharyngeal rods inPeranema trichophorum (Roth, 1999), and the
honeycomb membrane between the dell and the cytoplasn in Gromia oviformis
(Hedley & Bertaud, 1962). A mechaniical function isinplied in the firsttwo instances.
Such a possibility isattractive; itmight partly explain the origin of the peculiarly jerky
and erratic movements of the dwytrid zoospore flagellun. However, we have been
advised (A. V. Grimstone, personal communication) that a direct connexion with
motility isunlikely and that our fibrous body ks reminiscent of a brush border. Bearing
inmind that receptor orgarelles are commonly formed from such surface membranes
our atterttion has been directed to the fire structure of the rhabdom in the eye of the
ldsster (Rutherford & Horridge, 1965). This aorsists of enormous numbers ofmicro-
villar tuhules, 60-100 m/i in diameter. Microvillar receptors are apparently widely
encountered in the inertebrates. Their arrangement in dense arrays s probably to
give a large surface area to the photoreceptor and it is gererally assumed that the
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photosensitive pigment lies in this region. Hfthen we consider our fibrous body as a
possible photoreceptor orgarelle, reports of Chytridiales zoospores which show
phototactiic reactions (cited in Sparrow, 1960) can be examined with renewed interest.
The refractive globule of N. profusa might conceivably function as a les. However,
light microscopists have traditically regarded it as lipid and primarily as providing
a convenient high-energy source for the motile spore. Hints that this traditioal view
may be erroneous derive from the gereral conclusions of Koch (1958) that the re-
fractive globule may have some direct role in the action of the flagellun, and from
studies on Blastocladiella emersonii (Blastocladiales) by Cantino & Lovett (1964). The
latter have observed that zoospores of this species which swim and eventually dis-
integrate without the possibility of encystment and growth do not suffer depletion of
their refractive gldoules. Carbohydrate available in the zoospore rather than the lipid
is therefore proposed as the energy source. A past dbservation of our own may also
bear recepitulation: when N. profusa zoospores germinate on rutrient agar their
refractive globule s not lIost; rather it parsists apparently unchanged. In this e,
however, itmust be borne inmind that soluble carbohydrate from the medium would
clearly costituteamore reedily available energy source than a lipidzoospore inclusion.
Ifthe fibrous body inN. profusa is indeed a photoreceptor orgarelle its fire structure
is of a much more definite and complex nature than the photoreceptor in Euglena
spirogyra which is reported merely as a body of uniform electron dersity, except for
some indication of fire striatios (Leedale, Meeuse & Pringsheim, 1965).

A point of interest conceming the nuclear cap is its close investment by the mito-
chondria, as reported by Koch (1958, 1961) for a Nowakowskiella 9. (Fig. 6) and also
by Turian & Kellenberger (1956) for Allomyces macrogynus. The accentuation of
membranes where the mitochondria are in direct comtact with the nuclear cap (there
are actually eight consecutive parallel membranes across a fire of 83 rap in the rect-
angle marked inPl. 3, fig. 4) may be because of their importance in the intercellular
translocation of small molecules (Frey-Wssling, 1964). Firally the membrane-
bounded dark granules are noted. These figured in our account of Rhizophlyctis rosea
and were previously reported by Blondel & Turian (1960) for A. macrogynus.

When our previous paper was wrirtten very few published studies on the fire structure
of Phycomycete fungi were aaileble. Studies by Cantino, Lowett, Leak & Lythgoe
(1933), Chapman & Wjibic (1965), Fuller & Reichle (19%%), Coldstein, Moriber &
Hershenov (1964) and Renaud & Swift (1964) must now be considered in any attempt
1o relate our findings to the deve lopment of the subject. Ithas already become common -
place to report the besic eucaryotic orgarelles such as membrane-bounded nuclei,
mitochondria, efc., for these fugi. Accordingly, in the investigatios cited above,
emphasis has been placed on features of special interest, the uniqueness or otherwise
ofwhich itisdiffiailtto evaluate at the present time. Cantino et al., for example, re-
ported that in the zoospore of Blastocladiella emersonii there isa sirgle huge mitochon-
drion attached by at lesst one banded rootlet to the flagellun. Chapman & WjiCic, for
Phytophthora erythroseptica, showed how the sporangium wall developed a prominent
vesiaular layer when the sporangium was destined to dehisoe, but not when destined
to geminate. Fuller & Reichle, with Rhizidiomyces apophysatus, selected the presence
of two cantrioles in the zoospore as an unexpected attribute; apparently the sirgle
flagellun developed from only one of these. They also drew attention to membrane-
bounded groups of fibreswhiich may be essatial for the development of wall material
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as the naked reproductive cll encysts and begins to germinate. Goldstein et al., for
Thraustochytrium aureum, descriibed peculiar mitochondriawith concertricmembranes
enclosing aristee-free regions. FinallyRenaud & Swift, withAllomyces arbusculus, also
demonstrated a paired catriole condition in the zoospore and made a detailed study
of the ontogeny of theflagellun. In thepresentwork withNowakowskiellaprofusa, as in
that on Rhizophlyctis rosea, some ligt has been thrown on the dehiscence mechanism
in the Chytrridiales and it seems wlikely that the dramatic preliminary fire structure
changes reported for Phytophthora erythroseptica are involved. The extrauclear
strands (catriole?) observed in Rhizophlyctis rosea cannot be equated very reedily
with the structures seen InN. profusa. The structural feature of special interest for the
zoospore of N. profusa s the fibrous body; its true significance will only become ap-
parent when studies on the fire structure and the biology of Phycomycete fungi are
expanded furtrer.

Our thanks are due to Professor J. S. Tumer for encouragement to persevere with
this project and to Mrs. C. Myers for photographic assistaxe. Dr A. V. Grimstone
kindly advised us by correspondence. One ofus (L. G. Willloughby) is indebted to the
University of Melbourne for the award of a 1962-63 Senior Research Felloaship.

REFERENCES

Blondel, B. &Turian, G. (1960). Relation between basophilia and fine structure of cytoplasmin the
fungUSAIIomyces macrogynus J blophys biochem. Cytol. 7, 127.

Canteno, E C. & Lovett, J. S (. Non-filamentous aquatic fungl model systerrs for bio-
chemical studies of rrorfhologlcal dlfferentlatlon Adv. Morphogen.

Cantino, E C, Lovett, J. S, Leak, L. V. & Lythgoe, J. (1963). The single mitochondrion, fire
structure and germination of the spore of Blastocladiella emersonii. J. gen. Microbiol. 31, 38
Chambers, T. G & Willoughby, L. G. (1964). The fine structure of Rhizophlyctis rosea, a Soil

€. JI R. microsc. Soc. 83,
Chapman, J. A &Vujicic, R. (1965). The fine structure of sporangia of phytophthora erythroseptica
. J. gen. Microbiol. 41,

Frey-Wyssling, A (1964). UItrastructuraI cell organelles. proc. int. bot. congr. 10, 57.

Fuller, M S &Reichle, R. (1965). The zoospore and early development of Rhizidiomyces apophy-
satus. Mycologia 57,

Gibbons, |. R & Grimstone, A V. (19680). On flagellar structure in certain flagellates. 3. biophys.
biochem. Cytol. 7, 697.

Goldstein, S., Moriber, L. &Hershenov, B. (1964). Ultrastructure of Thraustochytrium aureum, @
blflagellale marlnePhyco e Mycologia 56, 897.

Hedley, R H. & Bertaud (1962) Electron-microscopic observations of Gromia oviformis
(Sarcoding). /. protozool.

Karting, J. S (1941). Cvlmdroch ridium johnstonii gen.NOV. et Sp.nov., andNowakowskiellaprofusum
SP.NOV. Bull. Torrey bot. Club ég

Kagl}!lmg J. S (1944). Brazilian Chytrlds I. Species of Nowakowskiella. Bull. Torrey bot. Club 71,

Kach, W, J. (1956). Studies of the motile cells of Chytrids. 1. Electron microscope observations of the
flagellum, bl%aroplast and rhizoplast. Am. J. Bot. 43, 811

Koch, W.] (1958). Studies of the motlleoells ofChytrlds I1. Internal structure of the body observed
with li htmcrosco . Am. J. Bot. 45, 59

Koch, .] [gl Udies ofthe motile cells ofCIgmds I1l. Major types. am. J. Bot. 48, 786.

Leedale, G Meeuse B.J. &Prlngshelm E G (1965). Structure and physiology OfEugIena
spirogyra. Ian Il. Arch. Mlkroblol 50, 8.

Mantgn, |. &Leedale, G. F. (1963). Observatlons onthe finestructure ofp rymnesiumparvum Carter.
Arch. Mikrobiol. 45, 2.

Renaud, F. L. & Swift, H. %9964). The development of basal bodies and flagella in Atlomyces
arbusculus. J. Cell Biol. 23,

Roth, L. E (1959). Anelecﬂt)r?n microscope study of the cytology of the protozoan peranema tricho-

phorum. J. Protozool



Journal of General Microbiology, Vol. 46, No. 1 Plate 1

T. C CHAVBERS, K MARKUS...« L G WMLLOUGHBY (Facing p. 140)



Plate 2

Journal of General Microbiology, Vol. 46, No. 1

T. C CHAVBERS, K MARKLS ..« L G WLLOUGHBY



Journal of General Microbiology, Voi. 46, No. 1 Piate 3

T. C GHAVBERS, K MARKLUS ..« L G WMLLOUGHBY



Journal of General Microbiology, Vol. 46, No. 1 Plate 4

T. C CHAVBERS, K MARKLS ..« L G WMLLOUGHBY



Journal of General Microbiology, Voi. 46, No. 1 Plate 5

T. C CHAVBERS, K MARKLS ... L G WMLLOUGHBY



Zoosporangium of N. profusa 141

Rutherford, D. J. & Horridge, G. A. (1965). The rhabdom of the lobster eye. Q. JI microsc. Sei.
106, 119.

Sparrow, F. K. (1960). Aquatic Phycomycetes, 2nd. revised ed. Ann Arbor, U.S.A.: University of
Michigan Press.

Turian, G. & Kellenberger, E. (1956). Ultrastructure du corps paranucléaire, des mitochondries et
de la membrane nucléaire des gametes d*AUomyces macrogynus. Expl Cell Res. 11, 417.

Willoughby, L. G. (1961). The ecology of some lower fungi at Esthwaite Water. Trans. Br. mycol.
Soc. 44, 305.

EXPLANATION OF PLATES

Plate 1

Fig. 1. Median transverse section of a mature sporangium of Nowakowskiella profusa. The zoospores
are each associated with a nucleus and nuclear cap material and in some the fibrous body is visible.
The flagella, cut longitudinally, transversely and obliquely are wrapped around each zoospore and
lie outside the cell membranes along the cleavage spaces between them. Fragments of poorly preserved
rhizoid material are embedded in the surrounding Cellophane substratum, x 11,000 (4000 x 2-75).
Pl. 7880.*

Plate 2

Fig. 2. Section of a sporangium of A. profusa in the plane of a dehiscence papilla, x 4400 (2000 x 2-2).
Pl. 7885.

Fig. 3. A. profusa. Details of a dehiscence papilla. Dense granular material (gm) caps the spongy
material (sm) which is in contact with the zoospores (Z). The sporangium wall (SW) shows outer,
middle and inner zones. Poorly preserved rhizoid material (Rh) is embedded in the Cellophane
substratum, x 15,000 (6000 x 2-5). PI. 7927.

Plate 3

Fig. 4. A. profusa. A small portion of a sporangium, showing details of several zoospores cut in
different planes. Dark granules (dg), fibrous bodies (Fb), presumptive refractive globules (Gp),
mitochondria (M), nuclei (A), and nuclear caps (AC) are distinguished throughout the section. The
marked rectangle, referred to in the text, delimits an area with particularly numerous membranes,
X 24,000 (8000 x 3). PI. 7888.

Plate 4

Fig. 5. A. profusa. A single zoospore with portions of others closely associated with its periphery.
Flagella (F) cut in longitudinal section are outside the cell membrane {cm). The crescent-shaped
nucleus (A) lies above a membrane-bounded electron-lucent region, the presumptive refractive
globule {Gp), and this in turn adjoins a concave plate of tubules, the fibrous body {Fb), sectioned
longitudinally in this preparation. Above the nucleus is a zone of densely granular material, the
nuclear cap (AC), and embedded in its periphery are the mitochondria (M). Between the nuclear cap
and the cell membrane is a cytoplasmic zone containing a few Golgi dictyosomes (D), some short
profiles of endoplasmic reticulum {ER) and a few membrane-bounded dark granules (dg). This
cytoplasmic zone has a mottled appearance, x 32,500 (10,000 x 3-25). Pl. 2833.

Plate 5
Figs. 6, 7. A. profusa. The fibrous body in longitudinal and transverse section, showing structural
details, x 80,000 (40,000 x 2). PI. 7895, 7893.

Fig. 8 A. profusa. Detail of transverse sections of flagella and their surrounding spongy ground
material, x 60,000 (30,000 x 2). PI. 7897.

* This and similar numbers attached to the figure explanations refer to the numbers of the
photographic plates stored in the electron-microscope laboratory, Botany School, University of
Melbourne.
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SUMMARY

A method s described for production of the extracellular haemolytic
growvth-product of Bacillus cereus. The Wtic substance, called “cereolysin’,
can be purified by fractional precipitationwith amm onium sulphate, density-
gradient electrgphoresis and ¢el filtration. The purified material s a lile
protein of molecular weight about 52,000. It has a very high order of
haemolytic activity, is lethel for mice, and reserbles streptolysin O in being
inhibited by dolesterol, but differs from streptolysin O iIn other regects.

INTRODUCTION

Broth aultures of Bacillus cereus contain a powerful extracellular haemolysin which
appears 1o have been littke studied. We have investigated the nature and properties of
this ticproduct of becterial growth in the beliefthat itmight prove a useful reagent
in studying the biochemistry of el membranes. We were also curious to know whether
the B. cereus hysin was related to other becterial haemolysins which have been
daracterized, particularly those of Gram-positive cocci and Clostridia.

METHODS

Organism. Bacillus cereus p 2, a derivative of atcc 12137, was kindly supplied by
Professor M. R. J. Salton.

Measurement of haemolytic activity. The capacity of cereolysin to lese washed
rabbit red clls was measured as for staphylococcal alpha toxin (Bermheimer &
Schwartz, 1963), but with 0T % (WAY) gellatin instead of bovine serum albumin. One
wnit of haemolysin is defined as the srallest amount which liberates half the haemo-
globin in the test red call suspension in 30 min. at 37°.

Protein. Proteinwas estimated by reading extinction at 280mp ina ZeissPMQ 1
spectrophotometer with gotical cells of 10mm.  ligt path, and also by use of the
Folin-Ciocalteu reagent (Colowick & Kaplan, 1957).

Specific activity. The specificactivity of cereolysiin isexpressed as nits ofhaemolysin
per wunit extinction at 280 mp.

Inhibition tests. The capacity of lipids to inhibit the haemolytic activity of cereolysin
was assayed by mixing decreasing concerntrations of testmaterial with a fixed amount
(3 haemolysin wnits) of cereolysin, alloving the mixtures (Lml. each) to stand for
10min. at 2°, and adding 1ml. 0-7% (VA) washed rabbit red cells. After 30 min. at
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37° the mixtures were centrifuged riefly, and the haemoglobin in the supematant
fluics estimated oolorimetrically at 545 rap.. The tests were done in the presence of
M/13-NaCl, m/ 15-phosphate (pH 7-0) and 0-05% (WAY) gellatin; 50% haemolysis was
used as the endpoint of the titratias. The same conditions were used 1o estimate the
inhibitory capecity of sera except that complete irhibition of haemolysis was used as
endpoint.

Reagents. Crystalline trypsin and papain were purchased from Worthington Bio-
chemical Corp., Freehold, N.J.; aystallire chymotrypsin from Armour and Co.,
Chicago, M. ;pronase (grade B) from Calbiochem, Los Angeles, Gallif. ; phosphatidyl-
dolire and diphosphatidylglycerol from Sylvana Co., Millbum, N_J. ; phosphatidyl-
serire and sphingomyelin from Applied Science Laboratories, Irc., State College, Pa.;
dolesterol from Matheson Coleman and Bell, East Rutherford, N.J.

Production of cereolysin. Preliminary experiments showed that in spite of heavy
growth Bacillus cereus p 2 produced very littlecereolysin (< 100 haemolysin units/nl.)
when growing in chemically defired media, either the 16 amino acidmedium of Proom
& Knight (1955) or medium 687 of Puziss & Wright (1954). The same was true of a
broth diffusate medium. In cotrast, relatively high titres (500-3000 haemolysin
wnits/nl ) were cosistently obtained in meat-infusion peptone broth. To avoid using
broth aulture supematant fluics as starting material for purification, and with the
knowledge that substantial amounts of cereolysin were not formed during growth in
defired media, the following tedmical compromise was evolved after much experi-
mentation.

Each of eigit 22L. Erlenmeyer flasks, containing 300ml. 1% (WAY) Neopeptone
meat-infusion broth Difoo) per flask, was inoculated with 0-05-0T ml. broth culture
of extinction OT (650 rap), and incubated for 16-17 hr at 37° on a rotary shaker
operating at 180 g /min. After centrifugation the culture supermatant fluids were
discarded, the deposited becillli washed in 1200 ml. 0-025 M-phosphate (pH 6-0) and
then suspended in 2400ml. of solution containing 0-025 M-phosphate (pH 60),
1% WA) ammonium sulphate, 0-33% (WAY) glucose, and 17% (VA) meat infusion.
The suspensiion was distributed among eigt 2. Erlenmeyer flasks and returmed to
the 37° rotary shaker for 3-5 hr. In thesesecondary aultures, \ery littlegrowth occurred,
less than a twofold increese in turbidity, but cereolysin appeared to the extent of
2500-5000 haemolysiin units/l., and ooccasional ly more.

RESULTS
Purification of cereolysin

Cereolysin was routirely produced in the secondary acultures described in the
preceding section. After centrifugation, the deposited kecilli were discarded and the
supermatant fluid chilled, passed through a Millipore filta- (045 m/t porosity) and the
filtrate adjusted to pH 6-0with (@bout 10ml.) N-NaOH (stae 2, Table D). All subse-
guent steps were done in the cold. The filtralewas approximately half-saturated with
ammon ium sulphate by dissolving in it780-790 g. of solid (NHMSO* . After standing
ovemight the very small amount of precipitate that had formed was recovered by
centrifugation at 13,000 rev./min. for 3045 min. and was ocollected in 32ml. 04
saturated ammonium sulphate (Table 1, stage J).

The suspended precipitatewas certrifuged at 13,000 rev./min. for 15 min. , the super-
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natant fluid discarded, and the residie dissolved in2ml. 5% (VA) glycerol in 0-025
M-phosphate, (pH 6). A srall amount of insoluble material was removed by centrifuga-
tion and discarded (Table 1, stage 4).

The preparation was fractionated by electrophoresis in a linear density gradient
(0-50%, A, glycerol) in 0-005 M-phaosphate (pH 6-0), in the apparatus designed by
Svensson (1960) and with the gereral conditions described earlier (Bermheimer, 1982).
The distribution of material absorbing at 280 m/i along the length of the column s
shown inFig. 1 All the recoverable haemolytic activity (50-80% of the input activity)
was present in the fractions comprising the narrow symmetrical peak. These fractions
were pooled, and 4-5g. ammonium sulphate added, with stiming, to each 10ml. After
standing for 1 hr. the precipitate was collected by cemtrifugation and dissolved in2ml.
5% (WA) glycerol in 0-025 M-phosphate (pH 6-0; Table 1, stage 5).

Table 1 Purification and recovery of cereolysin

Specific
Total activity (units
haemolytic ~ of haemolysin Recovery
activity per unit of
Volume (units of extinction activity
Stage (ml.) haemolysin) at 280 m/t) (%)
1 ‘Secondary’ culture supernatant 2320 10-5x106 — 100
fluid
2 Filtrate 2290 10-3x106 2,400 98
3 Ammonium sulphate precipitate 32 7-2x 108 89,000 69
4 Precipitate extracted with 0-40 2 61x 106 20000 58
saturated ammonium sulphate,
dissolved in 5% glycerol in 0-05
M-phosphate (pH 6); supernatant
fluid
5 Pooled fractions from density- 2 4-8 x 106 1,500,000 46
gradient electrophoresis, pre-
cipitated with ammonium sulphate
and dissolved in 5% glycerol
atpH 6
6 Pooled active factcions of 2-3 2-8x 106 1,900,000 27

Sephadex G-100 effluent, pre-
cipitated with ammonium sulphate
and dissolved in 5% glycerol at
pH 6

The sedimentation aefficiatt of stage 5 (Table 1) cereolysinwas estimated by the
method of Martin & Ames (1961) by using a 5-25% (VA) linear glycerol gradient
with aystallire bovine serum albumin and crystallire beef Iiver catalase as standards.
From the position of the peak of activity of cereolysin an Sw yw of 3-7was obtained;
from this value the molecular weight of cereolysinwas estimated to be about 49,000.

In dersity gradient electrgphoresis, haemolytic activity in the narrow symetrical
peak (Fig- I) was never congruent with the 280 n/t absorption curve but always i
along the right 1imb of the absorption peak whille littleor no activitywas found on the
left sick. It folloss that the sharp peak was not homogeneous; this conclusion was
supported @) by the results of acrylamide gel electrophoresis (@alytical disc method)
which revealed two major amido-black staining components, (b) by the schlieren
pattems obtained in the amalytical ultracentrifuge inwhich the material had resolved
into two rather polydisperse components having approximate 52w values of 34 and

io G. Microb. 46
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18. The former value Is in reasonably good agreement with that obtained by density
gradient centrifugation, and itmay be presumed to represent the active meterial.

Stage 5 (Table 1) material was further purified either by regycling in the dersity
gradient electrophoresis apparatus or by fikltratian through cross-linked dextran beads
(Sephadex G-100). Both procedures yielded preparations having the same, very high,
specific activity (1-9x 106 haemolysin wnits per wnit of 280 m/t extinctian) and the
product isconsidered to be cereolysin ina substantially pure state. The data of Table 1
represent the best of a considerable number of purificatians, in some of which the
recovery of activity was lower than that shoawn.

Nature and properties of cereolysin
Cereolysin i a highly unstable substance. The halfHlife of haemolytic activity of
fresh aulture supematant fluidwas 1-3 min. at 50°, 45 min. at 40° and 1-3 days at 5°.
It was lebile over awide range of pH values but lost ectivity less rgpidly between
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Fig. 1. Ultraviolet absorption of column effluent after electrophoresis of stage 4 cereolysin
(Table 1) in glycerol density gradient for 21 hr. at 400 V and 4 mA. Arrow indicates position
of starting zone.

Fig. 2. Ultraviolet absorption spectrum of stage 6cereolysin (Table 1).

pH 5-0and 7-0 than autside this range. twas not stebilized by ethylenediamine tetra-
actate, oysteire or mercaptoethanol, nor could it be freeze-dried without loss of
activity. However, in the presence of 5-20% (VA) glycerol in phosphate buffer
(pH 6-0) solutions maintained full activity for at lesst saveral days at 5° and for at lesst
saveral weeks when they were slov-frozen and stored at -20°. For these ressos,
cereolysinwas handled and stored in the presence of glycerol (us.ally 5%, vA), when-
ever practical.

The ultraviolet absorption spectrum of the purified haemolysin s typical of a
protein (Fig. 2). The ratio of extinction at 280 n/t to protein, as estimated by phenol
colour (Colowick Si Kaplan, 1957) with aystallire bovine serum albumin as standard,
was 1-8 extinction units/hg. protein. In gite of its kility, cereolysin was inectivated
little or not at all by trypsin, chymotrypsin or papain, but gppreciable loss of ectivity
accompanied treatment with pronase (Table 2).
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The molecular weight of cereolysin was estimated by ¢el-filtration according to the
method of Andrews (1964) by using Sephadex G-100 (syoerfire) in a 9x405 mm.
vater-jacketed column, with bovine serum albumin and soy trypsin irhibitor as stan-
dards. The standard proteins were estimated in the effluent spectrophotametrically
while cereolysinwas estimated spectrophotoretrically and by haemolytic assay. The
results are shown in Table 3, which includes for comparison the molecular veights,

Table 2. Effect ofproteolytic enzymes on cereolysin activity

Approximately 10,000 haemolysin units Percentage of control
of cereolysin in 0-9 ml. 0 025 M-phosphate haemolytic activity
(pH © containing 0-5 % (v/v) glycerol, plus after 30 min. at 20°
0-1 ml. 0 025 M-phosphate (pH 6 100
10/ig. crystalline trypsin 100
100 fig. crystalline chymotrypsin 74
1Q0jig. crystalline papain in O-1% (w/v) cysteine 100
10pg. pronase 20
10/ig. pronase 35

Table 3. Estimations of molecular weight of various haemolysinfiby

gel-filtration
Molecular Property measured in
weight found order to localize peak
Cereolysin 54.000 haemolytic activity
Staphylococcal a-toxin 41.000 280 m/t absorption
Phospholipase C (Clostridium welchii) 31.000 egg-yolk turbidity

Table 4. Lethality of cereolysin to mice

Amount of cereolysin . Survival time
injected Number of mice dead of mice dying
(units haemolysin) Number of mice injected (min.)
10,000 3/4 2to 7
5,000 4/4 17 to 25
2,500 1/4 52
1,250 0/4
None* 0/4

* Diluent control.

obtained by the same means, of two other haemolytic proteins. The agreement between
the values for cereolysin of 54,000 by gel-filtration and 49,000 calaulated from the
sedimentation axefficiet are vell within the experimental error of the methods.

A sample of stage 6 careolysin, estimated from its 280 m/t absorbance to comtain
0-52mg. protein, was dialysed against distilledwater and analysed for amino acids by
the method of Piez & Morris (1980) with the folloving reults, expressed as g. amino
acid residue/100g. protein: osteic acid 2T5; aspartic acid 12-65; threonine 4-78;
serire 4-43; glutamic acid 10-2; proline 8-42; glycire 9-7; alanine 5-08; valire 4-47;
halfostire 0-31; methionine 1-3; isolewcire 3-74; lewcine 4-47; tyrosire 3-12;
phenylalanine 3-01; ammonia 1-30; lysine 5-73; histidire 1-55; arginire 3-48; hydroxy-
prolire 9-10; glucosamine (?) tr; hydroxylysine 0-73; omithine (?) 0-20. The total
weight of amino acids detected in the chromatogram was 0-414 mg.

10-2
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Lethality. Swiss mice of theWebster strainweighing about 25 g. were injected intra-
venously with 0-L ml. stage 5 cereolysin diluted in 0-9% (WA/) NaCl cortaining 0-1%
(WA) elatin. The results (Table 4) showed that about 5000 haemolysin wnits, or
1-2 /&g toxic protein, constituted a mouse lettal dose. The mice appeared to die of
respiratory diffiaulty and their response to cereolysin resenbled that occuring inmice
injected with streptolysin O.

Inhibition by serum. The capacity ofhuman sera to irhibit cereolysin haemolysis of
rabbit red cells is shown in Table 5. Different serum specimens inhibited to differatt
degrees, and no correlation with capacity to irhibit streptolysin O was evident.

Inhibition by lipids. Several lipics were tested for cgpecity to irhibit cereolysin
haemolysis. Only dolesterol inhibited in low concentration (Table 6).

Table 5. Inhibition of cereolysin haemolysis of rabbit red cells by human sera
Highest dilution of

Highest dilution of serum completely
serum completely inhibiting
inhibiting cereolysin streptolysin O
Serum haemolysis (Todd units)
E < 15 12
F 15 125
W 250 250
A <15 625
G 80 1250

Table 6. Effect of lipids on cereolysin haemolysis of rabbit red cells

Concentration required to
inhibit 2/3 of test-amount

Lipid of cereolysin (/¢g./ml.)
Phosphatidylcholine (egg) > 500
Phosphatidylcholine (beef) 100
Phosphatidylserine (brain) 250
Diphosphatidylglycerol (beef) > 250
Sphingomyelin (brain) > 500
Cholesterol 10

DISCUSSION

The results show that the cereolysin produced by Bacillus cereus » 2 s one of the
most potent in vitro haemolytic agents. In purified form and under the conditions
described it causes gruss hsis of test red cells in a concentration of about 1 /A7gMl.
Other haemolytiic agents known to have a comparable potency are streptolysinSwith a
seecific activirty calaullated to be 2 x 106 haemolysin units/ng. dry weight (Koyama &
Egami, 1963) and staphylococcal //~toxin having a secific activity of 1-2x 106 haemo-
Iysin units/hg. protein (Wiseman, 196). The latter lysin has been shown (Doery,
Magnusson, Gulasekharam & Pearson, 1965) to be a phospholipase C with a pre-
ference for sphingomyelin and lysophosphatidylcholine. During the present work we
have been aware of the possibility that cereolysin might be a similar enzyme, but
purified cereolysin produced no turbidity in diluted egg yolk and therefore appears t
be completely free from phospholipase C activity. This finding s in agreement with
those of Johnson & Bonventre (1966) who reported that B. cereus phospholipase C i
reither haemolytic nor letral.
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The gereral behaviour of cereolysin indicates that it is a protein, and the results of
ultrecentrifugal and gel-filration experiments show that itsmolecular weight isclose
10 50,000. However, the presence in our most activematerial of9-1% hydroxyprolire,
as vell as a little hydroxylysine, isan unexpected firdirg, and inplies either @) that
cereolysin s a protein of unusual amino acid composition somewhat reserbling that
of collagen, or @) that our most active preparation is still grossly impure and aorsists
lartely of gelatin-like material derived from meat infusion present in the medium in
which the cereolysinwas originally produced. Hconditions can be found for preparing
cereolysin in adeguate amounts in the absence of meat infusion, itshould be possible
1o decide which explanation is conrect.

Cereolysin s similar to streptolysin 0 in being inhibited by dolesterol in low
concentration, in giving rise to “rapid” haemolysis (es distinct from Wsis preceded by
an induction period of the kind seenwith streptolysin S, forexanple), and in itseffects
on mice; ismode of action probably resembles very closely that of streptolysin O.
Nevertheless itdiffers from streptolysin O in not being activated by cysteineand other
sulphydryl compounds. Although human sera inhibited cereolysin-induced haemolysis
1o various degrees, there was no correlation between the cereolysin-irhibiting and
the streptolysin O-inhibiting cgecities of the sera, and therefore there s no
suggestion of an immunological relatioship between the two ytic agents.

The function that cereolysinmay fulfil for the organism which produces it isalmost
wholly abscure, but as much can be said for many other extracellular products of
microbial growth. A clue might perhaps be provided by an understanding of the
determinants of its production.

The authors acknowledge with thanks the help of Dr S.W. Tanenbaum and Dr E.
Bassett who made the amino acid analysis, and that of Dr R. C. Warner and Mr F.
Zaboretsky for an analysis in the model E Spinco ultracentrifuge. This work was
supported inpart by a grant (AI-02874-07) from the National Irstitute of Allergy and
Infectios Diseases of the U.S. Public Health Sarvice, by a grant from the Life
Insurance Medical Research Fund, and by Public Health Service Research Career
Program Award 5K6-Al-14, 193-05.
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SUMMARY
A procedure for testing the sasitivity of streptonycetes to antibiotics s
described. Eight antibiotics, at various concentrations, were incorporated
into filterpgper discs and by selection of suitablle concentratiions results of

diagnostiic value were dbtained. Streptomycetes previously grouped together
by using other aiteria had identical or very similar antibictic sasrtivity
pattems. It is considered that the reactions of streptomycetes to a range of
antabicticswould be of value for description of species and studies of overall

similarity.
INTRODUCTION

The ability of speciies of streptomycetes 1o produce a certaiin attibiotic or antibiotics
is usually recorded in treir descriptios. Krassilnikov (1968, 1980) emphasized the
importance of antibiotic production as a taxonomic character and considered that
itwas one of the most stable attributes of streptomycetes; other workers, such as
Waksman (1961), did not regard itas a significatt ariterion. s value is questioned
because some gpecies can produce several different antibiotics and different species
can sometimes produce the same one. In contrast, the sasitivity of streptomycetes to
antibiotics has not often been considered in taxonomic studies, although Waksman
(19%61) included itin a listof characters which he regarded as important in the taxo-
nomy of the genus Streptomyces.

Filter—pgper discs impregnated with antibiotics at known concentrations have been
used 1o test the sasitivity of streptomycetes and other actinonycstes. Waksman &
Lechevalier (1953) found nearly all the streptomyces species they tested were sasitive
10 the attibecterial antibiotics used, but none was irhibited by antifungal antibiotics.
Okami (1956), in a study of strairs in the Streptomyces lavendulae group, tested their
sasitivity to five attibiotics, each incorporated into paper discs at a concerntration
of 100 /:g-/l. The results alloned a distinction between some of the closely related
strairs of this group. By the same method Okami, Hashimoto & Suzuki (1980) tested
the reactions of a wide range of streptonycetes to 22 atibiotics. They noted that
antabiotic producers gererally resistad their own antabiotics and showed a character-
istic spectrum of sasitivity. Htwas consiidered that the test could be used as a guide to
the idantification of species of the genus Streptomyces. Burkholder, Sun, Anderson &
Ehrlich (1954), considering atiteriia for the description of species in the genus, con-
cluded that antibictic-sasitivity results could provide useful information for the
cdharacterization of strains and perhaps gecies. The sasitivity of other genera of
actinonycétes to antibiotics has occasionally been considered. Lechevalier, Solo-
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torovsky & McDurrront (1961), in a study of the genus Micropolyspora, included
sasitivity to saveral attibiotics in a range of tests used to describe new Species.
Similar testswere used by Cross, Lechevalier & Lechevalier (1963) for the descriiptiion
of Microel lobosporia gecies. Inan investigationof overall similarity of actinomycetes,
which included many streptonyoetes, Hill & Sihestri (1962) allocated 16 code marks
1o antibictic sysitivity tests. Six antibiotics incorporated into paper discs at various
concantrations were used. The results obtained with four of the antibiotics were
considered to be of diagnostic significane. Those obtained with neomycin at 125 fig.|
ml. were used in the constructiion of a diagnostiic key. These authors considered that
a similar reaction by differatt strains to an antibiotic indicated that they shared part
or al of a limiting metabolic pathway .

Methods other than impregnated paper discs have oocasional ly been used to test the
sasitivity of actinonycetes. An investigation of the oerall similarity of oral actino-
mycetes, mainly in the genus Actinomyces, was made by Melville (19865). The reactions
of strairs to five attibictics, each at a concentration of 10mg./100ml., was tested
by placing attibiotic solutions in ditches aut in the solid medium. All strairs were
irhibited by each attibiotic, so that the results were of no diagnostic valle. Krassil-
nikov & Agre (1964) cross-stresked known antibioticproducing strairs of strepto-
mycetes with Thermopolyspora strains and noted the inhibition of the latter. Strains
previously grouped together on their morphological darecteristics gererally had
similar pattems of irhibition. A similar approach was made by Pridham & Lyons
(19%), who examined the sasitivity of streptomycetes tc streptomycin by cross-
stresking them with a Streptomyces griseus strain known to produce this aitibiotic.

Although sasitivity of streptomycetes to antibiotics has occasional ly been used as
ataxonomic aiterian, littkeinformation about itsreliability or significane isaailadle.
The present work was designed to autline a testing procedure, examine its relicility
and asss the taxonomic significance of the results whiich it provided.

METHODS

Culture medium. All testswere made by using a glycerol+ nitrate medium of compo-
sitin (@/1.):glycarcl, 30-0; NaN03,2-0; K HP 04, 1-0; MgS04.7HD, 05; KC1, 0-5;
FeS04.7H2, 0-01; Oxoid agar no. 3, 12-0; de-ionized water 1000 ml.; after auto-
claving the medium was at pH 7-0. Shinobu (1958) found that streptomycetes grew
vell on thismedium, glycerol being a good source of carbon and NaN O 3a gererally
avai lable source of nitrogen.  Italso has the advantage of being clear when olidified,
thus facilitatirg the reading of resullts of antibictic-sasitivity tests.

Antibiotics. The antibiotics used were streptomycin sulphate (Glaxo), erythromycin
Ulk), neomycin sulphate (Boots), polymyxin B sulphate (Burroughs Wellcore),
dhlortetracyclire hydrochloride (Cyanamid), chloramphenicol (Allen and Hanburys),
viomnycin sulphate Qista), sodium novobiocin (Glaxo). Solutions of chloramphenicol
were made in de-ionizedwater and sterilizadby autoclaving. All other antibicticswere
obtained as sterile powders and solutios were made in sterilevater. Solutions were
used immediately after their preparation to soak the filterpgoer discs.

Preparation of spore suspensions. The organisms were grown on slgoes of oatmeal
agar (Waksman, 1961) at25° for 14 days. Spores on the mature cultures were removed
with an inoculation loop to 5ml. sterilevater. The suspensions were used within 1 hr
of preparation to seed medium. Spore suspensions were shaken vigorously and
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0-01L ml. samples were added to 15ml. samples of melted medium at 45°, which was
then poured into dishes and alloned to st

Preliminary examination of testing procedure. Three methods for testing sasitivity
of streptomycetes 1o antibiotics were examined.

(@ Antibictics were incorporated into the culture medium and test strairs were
streaked on to thesurface. Growth of streptomycetes on med i um containing antabiotics
was then compared with that on control medium without antibiotics. A major
difficulty was encountered when reading the results for inmany cases the growth of
streptomycetes on medium containing antibiotics was uneven.

@) Antibictics incorporated in Oxoid ‘Multodisks” were also used. Multodisks
were laid on the surface of medium seeded with streptomycetes. The results indicated
that the concentrations of antabioctics in these discs were too hich. Many of the anti-
biotics inhibited all test strairs and inhibition zones were often so large that inter-
ference occurred between zones around adjacent discs.

@) The antibiotics listedabove were incorporated into filer-pger discss. The reaults
of this experiment indicated that itwas the most satisfectory of the methods and it
was selected for more detailed gypraisal.

Incorporation of antibiotics into filter-paper discs. Discs of filla paper (Whatman
no. 1), 5mm. diameter, were soaked in attibiotic solutions at chosen concentrations
for 2 min. The discswere then removed to Sterile dishes and rapidly freeze-dried under
low vacuum (O-=2torr) over P2 6 for 90 min. The dried discs were stored in sealed
contairers at 4° utl use.

Selection of a suitable period of incubation. Experiments were made to select an
incubation period afterwhich clear steble irhibition zones could be dotained. Fourteen
streptomycetes were tested against antibiotics in filter—pgper discs. Plates were incu-
bated at 25° for 14 days, the presence of inhibition zones being noted at 2—-day intenels.

Selection of suitable concentrations of antibiotics. Experiments were made to select
antibiotic concentrations which would inhibit some, but not all the streptomycetes
used, thus providing results of diagnostiic value. After preliminary tests wirth fourteen
streptonycetes, the following concentrations were selected: streptomycin sulphate,
3/:9-Ml.; erythronycin, 150 /g./l.; neomycin sulpghate, 3/:g./l.; polymyxin B
alpate, 60/:g.Al.; dhlortetragcline hydrochloride, 50/:9./1.; chloranphenicol,
300/:g-Ml.; vionycin sulphate, 3 /Zg-Ail.; sodium novobiocin, 100/:g/m. (values
expressed refer to wt of st used).

Discs soaked in antibiotic solutions at these concerntrations were then tested against
76 iolates, the presence and size of irhibition zones after 7 days at 25° being noted.

Assessment of the taxonomic significance of the results. After selection of a suitable
testing procedure and the standardization of the conditions for its gplication, the
taxonomic value of the results obtained was examined. Experiments were made to
compare the sasitivity pattems of strains which were considered to be identical or
similar. Two aultures of each strainwere grown on catmeal agar; from these, two spore
suspensions were made and used to prepare two replicate samples of seeded medium.
Each replicate was tested against discs soaked in solutions of the antibiotics at chosen
concentrations. Results were recorded after incubatiion for 7 days.

Several streptomyces species were studied by Flaig & Kutzner (1980). By reference
1o the colour daracteristics of aultures on catmeal aggar, they recognized ten groups.
Strains within a group were subgrouped on treir morphological daracteristics and
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the reaults of various physiological tests, each subgroup being numbered. Several
strairs, which had been placed in the same subgroup and therefore consiidered to be
identical, were selected for assessment of the taxonomic significance of antibiotic-
sysitivity tests in the present work. Some named strains not studied by Flaig &
Kutzrer, but belonging t species included in their scheme, were also used.

In addition, saveral unnamed strains were used in these tests. These were isolated
from a forest sil at Areshifield, Lancashire, by using the selective isolation method of
Williams & Davies (19%). A preliminary grouping of these isolateswas made by using
a restricted number of aiiteria; the procedures used were chasen frrom those described
by Shirling & Gottlieb (1955).

All colour determinations were made in conditions of standard illumination with
strains grown on plates of yesst extract+malt extract agar (Pridham et al. 1956/57)
incubated for 21 days at 5°. The colour of the spores en masse was determined by
using the colour wheels of Tresner & Backus (1963). These consisted of colour chips
arranged in seven colour series (orwheels). The chip with a colour most nearly match-
ing that of spore mass was noted. The colour of substrate mycel ium was determined,
after the removal of surplus agar, by comparing the reverse sice of colonies with a
colour chart composed by Prauser (1964). The tab with a colour nearest to that of
the dominant colour of themycel ium was noted. When soluble pigrents were present,
their colour was assigned to one of the fol lowing groups: red, orange, yellow, green,
blue, violet. The capacity of isolates to produce a ‘melanin’pignent was determined
by growing them on slapes of Difco peptone iron agar. The presence or absence of a
black pigment in thismedium was noted after 4 days at 5°.

On the besis of these reallts, isolates with similar daracteristics were grouped
together. The antibiotic sarsitivity of strairs comprising several of these groups was
then studied.

RESULTS
Selection of a suitable period of incubation
The results of these tests indicated that little change in the readings occurred after

7 days of incubation. Occasionally very weak inhibition zones became obscured by
overgrowth of the streptonycetes during the 7-day period, but most strairs needed

Table 1 The reactions of 76 Streptomyces isolates to antibiotics
infilter-paper discs
Isolates Isolates  Isolates

Isolates with with with

Cone, of  Isolates with inhibition inhibition inhibition
antibiotic not doubtful zone* zone zone

solutions inhibited inhibition < l1mm. 1-4mm. > 4 mm.
Antibiotics 0Og./ml.) (%) (%) (%) (%) (%)
Streptomycin sulphate 3 87 0 3 9 1
Erythromycin 150 42 3 8 33 14
Neomycin sulphate 3 28 5 25 42 0
Polymyxin B sulphate 60 61 8 2 10 0
Chlortetracyline HC1 50 50 3 5 42 0
Chloramphenicol 300 60 5 1 29 5
Viomycin sulphate 3 74 0 1 25 0
Novobiocin sodium 100 16 1 1 40 42
Overall % — 52 3 8 29 8

* Figures given are the radii of the inhibition zones.
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this time to form clearly defined zores. Therefore, in all subsequent experiments,
readings were taken after an incubation period of 7 days.

Selection of suitable concentrations of antibiotics

The results of these tests are given in Table 1 The figures indicate that the anti-
biotics had a diffaraitial effect on the streptomyces isolates. Results of potential
diagnostic value were dotained, without reference to small differences in the sizs of
irhibition zores. Analysis of the 608 streptonycete/antibiotic interactions showed
that in52% no inhibitionoccurred, in45% therewas irhibitionand in3% zoneswere
too indistinct for a decision 1o be reached.

Table 3. Characteristics used to definefour groups of Streptomyces
isolatesfrom soil

Colour of
substrate
mycelium
(no. of nearest
Colour of spores matching tab ~ Colour of  Production
(name and no. of nearest on colour soluble of melanin
Group matching tab on colour wheel)* chart)! pigment pigment
Fl t- li; brownish-grey CooT7r —
F2 5 cb; greyish-yellowish pink Oc4r Yellow —
F3 3 fe to b; light brownish-grey
to white Co5b Yellow +
F4 5 ih; brownish-grey Coo6s Red-orange +

* Tresner & Backus (1963).
t Prauser (1964).

The irhibition zones produced by the eigt antibiotics did not share the same
features. Sodium novobiocin gave large zones (42% over 4 mm. diam.) with distinct
margins. Zones produced by polymyxin B sulphate were small but were gererally
steble, with a clearly defined edge. The majority of zones produced by the other anti-
biotics were of moderate siz, between 1 and 4 mm. dianeter. Those produced by
streptomycin sulphate, neomycin sulphate and viomycin sulphate had clearly defined
edges, but erythromycin, chlortetragycliine hydrochloride and chloramphenicol often
gave zones with poorly defined limits, making exact measurement difficit

Assessment of the taxonomic significance of the results

The results obtained with isolates previously studied by Flaig & Kutzner (1960)
are given in Table 2. Strains in the same subgroup gererally had identical or very
similar antibiotic-sasitivity soectra. Identical results were obtaiined for three Strepto-
myces griseus strairs. Streptomyces californicus and S. purpureochromogenes had
identical spectra and differed from S. griseus only in their reaction to neomycin
sulphate; Waksman (1961) included S. californicus in his griseus series. Species in
subgroup 1/21 had similar spectra, but some differences in reactions t neomycin
sulphate and polymixin B sulphate were odbsenved. The reactions of the S. lavendulae
strainsand S. xanthophaeus differed only inthe size of zone produced;S. xanthophaeus
has many points of similarity t S. lavendulae, being differentiated mainly by its
production of a yellow soluble pigrent. The strairs insubgroup VI1/79 all produced
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a litmus-like pigrent; the strain from Baldacci’s “violaceus® series differed from the
others in its reaction to chlortetracycline hydrochloride. All strairs ingroup X, which
formed green soores, had a similar reection. The irhibition patterms of S. hirsutus and
S. prasinus were identical ; these two species have many features incommon and were
distinguished by Hiitter (1962) on the ormamentation of the surface of their spores.
The daracteristics used to defire four groups of Streptomyces isolates from soil
are shown in Table 3. The antabictic-sasitavity patterms of strains from each of these
groups are given inTable 4. It isevident that isolates grouped on their colour charac-
teristics and melanin reaction had very similar antibictic-sasitivity spectra. The only
differences in the reactions of strairswirthin agroup were inthe sizs of zone produced.
Results from the replicate testsof adll strairs aregiven inTable 5, and it isevident that

replication was gererally good.

Table 5. Results from the replicate testing of Streptomyces
with antibiotics infilter-paper discs

Cone, of Replicate pairs  Replicate pairs
antibiotic  of strains having of strains having

solutions the same a different

Antibiotics 0Og./ml.) reaction (%0) reaction (%)
Streptomycin sulphate 3 100 0
Erythromycin 150 0 10
Neomyecin sulphate 3 97 3
Polymyxin B sulphate 60 95 5
Chlortetracycline HC1 50 92 8
Chloramphenicol 300 97 3
Viomycin sulphate 3 97 3
Novobiocin sodium 100 95 5

DISCUSSION

Tests used for the description of microbial taxa should satisfy the following re-
quirements. The results should be unambiguous, being recorded as “positive’or “nega—
tive” whenever possible. The replication of results obtained under standardized
conditions should be good, the test not being too sasitive t small variations in
experimental procedure. Firelly, it is essatial that the results obtaiined should have
diagnostic value. The potential value of antibictic-sarsitivity pattems as a taxonomic
character for streptonycetes can be assessed from the results presented here.

By using each atibiotic at a suitable concentration, results of diagnostic value were
obtained without considering the exact sizs of the irhibition zones. When diagnosis
isbased on a positive or negative response of thetestmiicro-organisms, ratherthan small
differences insiz of inhibition zones, good replication of results ismore essily attained;
many factors can influence the size of irhibition zones. Also the reaction of the strepto-
mycetes 1o some of the antabiotics used resullted in zones wirth ill-cefired edges, making
accurate measurement of siz difficit

Some workers (e.g. Krassilnikov & Agre, 1964; Pridham & Lyons, 1965) studied the
sysitivity of streptonycetes to antibiotics by observing their resctions when grown
in the presence of organisms known to produce antibiotics. When thismethod isused,
no control over the concentrations of the antibiotics ispossible and itmust be remem-
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bered that some strairs produce more than one antibiotic. The use of pure prepara-
tias of antibiotics would seem preferable.

The antibicticsasitivity patterms of streptonycetes correlated well with other
taxonomic information. Strains previously grouped together by using a variety of
other afiteriahad similar reactions to the antibiotics. Burkholder et al. (1954) and
Okami (1956) found that sometimes strainswhich had been placed in the same species
had different antibiotic-sasitivity patterms. This was ooccasional ly noted in the present
work, but differences were usually only in reactions to one or two antibiotics. Also itis
unfortunately true that strairs given the same name do not always have the same
darecteristics.

The results of detailed co-operative studies, reported by Gottlieb (1961) and by
Kiister (1961), indicated that many aiteriapreviously used in descriptions of strepto-
myces species were unrelicble. There s therefore a need for new ones to replace these.
More relicble aiteria are also needed if studies of oerall similarity, using large
numbers of daracters, are to be suocessfully applied to the genus Streptomyces and
other actinomycéte gerera. The results obtained here with antabictic discs were of
taxonomic value and could be included wi'th other aiiteria for the draracterization of
pecies of the genus Streptomyces. The inclusiion of other antibiotics at concentrations
slected o give diagnostic results might increase the value of the resulits dotaiined.

I thank Mr F. L. Davies who isolated some of the streptomycetes and did experi-
ments to darecterize them and Mr P. Widden who made some of the preliminary
t=ts. |1 am also grateful to Professor E. Kiister who provided some of the named
Streptomyces aultures.
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