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Obituary Notice
JOHANNA WESTERDUIK, 1883-1%1

Johanna Westerdijk died on 15 November 1961 at the age of 78 in her apart-
ments in the Ph,yto(?athologlcal Laboratory ‘Willie Commelin Scholten’ at Baarn,
where she had lived and worked for qver 40 years. Johanna Westerdijk was born
on 4 January 1883 at Nieuwer-Amstel (now part of Amsterdam), where her father
was a generdl practitioner. Her mother’s family came from France. These French
%enes, she saig, were responsible for her temperament, extraordinary vitality, and

er fondness for a rqlass of good wine. Asa youn? girl she knew quité well what she
wanted. In the efementary school she refused to (E)artlm ate in plain needlework
training; she read stories to the other girls instead. To her teacher she remarked
that she would make sure to eam sufficiént to have all domestic duties done for her.

.She had a fine ear for mysic and ongma,léy Intended to become a professional
pianist; but when she was old enough to decide her own future a persistent neuritis
In qne arm made this impossible. “As she also had 4 keen interest in botany she
decided at the age of 1/ to enter the Amsterdam University to follow the lectures
of the famous botanist Hugo de Vries. During her studies’ she kept contact with
her former friend of many plant-_collectm% excursions Dr C.J. J. van Hall, who
was then assistant to Professor Ritzema BOs, the first director of the Phytopatho-
logical Lahoratory “Willie Commelin Scholten’ at Amsterdam. o

After finishing” her biological studies at Amsterdam she sgent some time in
Munich workmg in the laboratory of Professor Goenel and later she studied In
ZUrich under Professor H. Schinz.” Here she got her doctors de%ree for a thesis,
‘Die Regeneration der Laubmoose (The regeneration of mosses). Back in the
Netherlands she was offered the dlrectorsh|P of the Phytopathological lahoratory
‘Willie Commelin Scholten’ jn 1906 when only 23 rR/ears 0ld, and.shé took over from
Ritzema Bos (who became director of the Governnient Instjtute for Phytopathology
and the Netherlands Phgt%atholoplfcal Servjce in Wagenm en). .

In 1907 Dr F. A F. C. Went, professor of general _otan% in the University of
Utrecht, asked Johanna Westerdijk to care for'a collection of pure cultures of fingi
which had heen established as a result of discussions at a meeting of the “Association
Internationale des Botanistes’ at Leiden in 1903. The collection contained about
80 cultures, some of tropical origin. After some years Johanna Westerdijk changed
the name of the collection to ‘Centraal Bureau voor Schimmelcultures” (CBS) and
under her active leadership this collection expanded to over 10,000 strains of more
than 6000 ditferent species of filamentous ungl, yeasts and actinomycetes. The
aim of the Centraalburegu was, and still is, to kegp d large var|et¥ of fungi in culture
on artificial media for distribution to research workers all over the world: cultures

can be sent to the CBS for jdentification. . .
Jo anna,\ﬁester(ﬁﬁ stud’eg many pFant diseases. She wrote over 60 publica-
tions covering many”aspects of plant athol,ogiy and mycology. Her main interest

hecamg_[iarasmc diseases of trees and physiological diseases of plants, but In the
first 1045 years many other diseases were studied as well. Since plant pathology

Vol. 31, No. 3was issued 26 June 1963 _
G. Microb. « ..
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IS an apghed science_Johanna Westerdijk not only studied the cause of a disease
but she also tried to find means for effective control. In most of her Annual Reports
trials with new chemicals were recorded. In 1918 she wrote about spr_a%/mg potatoes
against late blight, During the earlly years she worked alone or with students of
the Amsterdant University. In 19107a young practical potato selectionist with
much interest in plant disease problems became her permanent assistant. This self-
taught scholar ater published the results of his investigations in three languages
and” in due course developed a phenomenal mycological knowledge. For is
pioneer work on antagonistic_soil fungi Mr A, van Ul{k won an honofary doctor’s
degree from Utrecht University in 1946; during more than 25 years van Luijk was
a fremendous help to Dr Westerdijk., _

In 1913 Johanna Westerdgk went to the former Dutch East Indies to get ac-
quainted with the diseases of tropical crops. She collected diseased parts, of such
plants and isolated the parasitic organisms In pure culture; these were later incluged
In the CBS collection.  Many exclirsions were made to plantations of tea, coffee,
quinquina, cocca, tobacco, rubber and sugar cane. Diseased parts of food,croPs
Srlce, potato, coconutg were also collected. Dr Westerdijk ggve special attention 1o
0ot parasites of rubber and tea such as Fomes semitostus Petch. In Sumatra she
studied scleroti-mi rolfsii Sacc. as a parasite of tobacco (1916a). Back in Java
gotato crops in the TenPer mountains were visited, There phytophthora infestans
ppeared t0 cause late baghr, but the disease spread more slowly and the necrotic
spots were smaller and drier than in temperate climates (19166). She found no
tuber infection, but the varieties grown were not resistant since the same tubers
grown In the Netherlands became heavily infected with the,fun%us. , ,

Dr Westerd|r1k had the impression that plant diseases in the tropics were in
g_eneral less serious than in the temRerate zone (1915a). She su%gested that the

igh temperature in the tropics mlg t be responsible for this_ and" that the high
water content of the vessels of woo Eol_ants might be responsible for |ack of Fara-
sitic _fungt. No powdery mildews {Erisyphaceae) were found in the Malayan
Archipelago; the mildew (oidiurn heveae) OF rubber trees did not cause any trouble
then, but proba Slyexisted already since it occurred on many trees in Java in 1918,
During her stay {October 1913 10 June 19143 Dr Westerdlgk_ not only hecame
acquainted with many diseases of tropical crops, but also established valuable con-
tacts which have reniained even after Indonesia has become independent. ,

After her stay in Java Dr Westerdijk visited Japan, She has left a diary of this
exciting period”of her Jife and it is enchantm(‘; to read her impressions and experi-
ences In this fascinating country. Her hosts showed her many diseased crops
and made a mglcologmal coIIect|ngEexcur5|on with her. She exaniined the cultiva-
tion of tobacco and"the Tobacco Experiment Station at Hadano, As in Sumatra
she found sclergtium rolfsii On these plants. Several E}/ ical parasites of coniferous
trees in the moi ntain area of Nikko were collected. Unfortunately all this material
and her manuscripts were lost as a result of the outbreak of wr, She continued
her Journea/ to die US,A. although the necessary funds could not reach her. She
wasable to earn her ljving by gwm lectures at the various universities she visited,
_Shwomed an excursion,“urider thé quidance of Dr W. A. Orton from the USDA
in Washington who studied potato diseases, to many widely separated states and
established valuable contacts everywhere. Many of Dr Westerdijk's pupils have
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srnce been received not only with great hospitality but as old friends if only they
could s ow an rntroductory letter from her. She enjoyed her stay there immensely.
Severa \ﬁ lant patho ogrsts of the older generation éxpressed their great admiratign
for Dr ester k when | met them some decades later. In her récord of this trip
in the Annual Report of her Institute (1913/14) Dr Westerdjjk stated that for a
plant_pathologist a journey through the U.SA. is extremely instructive; some
parasitic diseases cause epidemics on_a scale that js rarely met in Europe and she
offered some possible explanatrons She was struck by the uantrtresc arsenicals
used, for example against the Co ora obeetle spraerrng\wrt ordeaux mixture was
Iess common than In the Netherlands. In the she col ected material of
pical Amerrcanplantdrseases In a letter to friends in EuroBes e commented on
te peculiar Posrtron of 4 learned woman in the U.S.A. at tha* time. She attended
; drnner party of screntrfrc people amongst whom there were only three women.
W en leaving | was only a few steps away from the other two women when | was
told to leave the buildingby a back door. 1went and fell on an unlighted staircase.
| met my co ;)any again outsrde the front door. Why had the woriien to Ieave by
the back oor? Becalise people should not see womén leave the building! Is the
ifference between front-door and back-tioor women not known in the U.S.A.?’
In 1917 Dr Westerd gk Was a Pornted professor n plant pathology in the Univer-
sity of Utrecht. She was the first woman tq be appainted a professor In the Nether-
luar?r(\jrse r&rtd she was also one of the first professors of plant pathology in a European
She no>rrv had to prepare weekly lectures to students rn addrtron to her responsr
hilities as research worker and director of the plant path oog[%/ laboratory and the
Central Bureau for Funﬁus Cultures. But she enoe exceII health and did not
know what the word Neadache meant. Her Rractrca courses in plant pathology
became famous. They were at first given at the laboratory in Amsterdam; space
soon became the limiting factor, hut in 1920 she was able to'move to more aderiuate
uarters A mansion In'the nearby viliage of Baarn was hought: after alterations
It was large enouqh to accommodate thé rapidly extending culfure co.lection, to
house the many Students who_ flocked there for ‘practical training and to provide
rvrnfr% quarters for Dr Westerdijk,
Aftracted by ProfessorWesterdrjk more and more brologrsts took plant pathology
85 a second course and the num er of ost graduates working for a doctor’s degree
at the Baarn a oratory stead r%rncrease When Dr Westerdijk retrred from the
chair no less than 56pant at oo%rsts had obtained therr doctors eree te
had all worked under her strmu ating guidance.. No wonder that Dr Westerdij
soon had little time left for her own résgarch, which became quite impossible a ter
she had accegted a second chair in Rlant pathology at the University of Amsterdam
I 1930. Students from other Dutch Universities were also attracted by her gerson
ality and her practical courses at Baarn, and many forerrinm cologists and plant
pat oIo%rsts came 10 the Baarn lahoratory for shorter or ong I periods.
sberngi fond_ of music she likeg td read novels, not only In Dutch, but also
rn Frenc English, German and Spanish. Her command of these Ianguages made
her a rhyapprecrate presrden at rnternatronal meetings. She was President
of the International Federation of U nrversrty omen, an office which brought her
frequently to Croshy Hall in London. In 1937 she presided at the General Assembly

Besid
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of this association in Krakau (Poland). The vote of thanks at the end of the congress
read . ..that she made the meetings so human and happy’. This can be said of all
meetings at wheh she presided, such as those of the Netherlands Phytopathological
Society of which she was President from 1945 to 1951,

Her outstandln? leadership was recognized by the Dutch Government.. She
received the Rc¥a Decoration of ‘Ridder"in de Nederlandse Leeuw’ (Knight in the
order of the Dutch Lion), was elected member of tne Royal Netherlands Academy
of Sciences and Fellow of the Linnean Society, was avarded honarary Doctor’s
de,grees of the Universities of Uppsala g1957} and the Justus Liebig University
(;Iessen German)(_ (1958); the Government of Portugal nominated her Knight of
the Order of Santiago da Espada, and she was the first to receive the Otto pg)el
Medal gestabllshed or outstandm%plant pathologists) at Heidelberg in 1953, "She
was also an honorary member of many Dutch and fore|ﬁn socleties.”

Her work and publications will novi be surveyed in short. The specimens in the
Central Bureau for Funé;us Cultures came from all tpart,s of the world and entailed
mugh correspondence. Great use was made of these fung, (Yeasts and actinomycetes,
at first mainly for biological and_a?rlcultu_ral purposes and later, after the discovery
of penicillin” by many” industrial’ organizations and medjcal pathologists. This
resulted in the establishment of a section for medical mycology. _

_The cultivation of fungi in pure culture is by no megdns a Simple uniform tech-
nique. This was clearly exi)lal_ned by Johanna Westerdijk 21947 Wwho told how the
founder of the funqus collection, F. A, F. C. Went, had leamed the cultivation of
fungr In pure culture on nutrient gelatine and nufrient agar from A. de Bary, to
whom he' went n the 1880s. Her paper illustrates her keen observations about the
nutritional demands of her beloved fung, o

In another article (1949) she Introduced the concept of ‘association” in mycoloqy,
following the example given by plant ecologists and In descriptions by field'mycafo-
glsts of foadstqol combinations in certain terrains, Westerde defined “association

s a specific microflora belonging to a special substrate and she gave many examples
of such associations. As a striking example she mentioned the fungal association on
mould¥ Qranges :pénicillium italicum and P . olivaceurn Were always found, indepen-
dent of the type of the fruit and the country where they were gfown.

In 1939 r_W_esterdl{k lectured on anfagonism between micro-organisms, a
subject of special interest to her assistant van™Luijk who had started his investiga-
fions in 1936 vsm% some species of Pythium parésitic on the roots of grasses and
lucern as pafho ells and Py|lularia pullulans, Pénicillium expansum and other
saprophytes or fheir sterile fltrates as antagonists. A selection of the best antaﬁon-
Istic fungi could be obtaine vt% mﬁkmq suspensions Pf sol or%amsms from t
spots I a heaV|I56d|,seased awn where the grass developed normally.

_The financial asis of the Central Bureau of Funqus Cultyres remained very
difficult and uncertain for a long time, but Dr Westerdijk always succeeded i
keeping the Bureau’s activities going ana the collections growing. Some private
Persons like the late Mr Odo van Vloten qave large sunis of money to extend
he laboratories and. collections. The Royal Netherlands Academy of Sciences,
The Natjonal Council for Agricultural Reésearch TNO (the Central O_rganlzatlon
for Aﬂphed Scientific Research in the Netherlandsrz and the Organization for the
Health Research TNO gradually established a sound basis for this internationally

0se
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important institute. Altog{ether more than 70 publications have been written by
Dr Westerdijk’s collaborators of the C.B.S. on new fungus species, yeasts and on
kerat|(rJo hr%/le fuTn | af Earasnes of man and on taxonomic comparisons between
related deniera of moulds. N _ B

In. 1955 Dr Westerdijk and | had the privilege of being present at the official
openln([] ceremony of thie new building of the famous Comimonwealth Mycological
Instityte at Kew. There Dr Wester |{k expressed her sincere gratitude forthe
help she always got from Kew and foy the (‘; neral contribution to mycology made
bY this Instituite In the form of many important mycological papers and thé Review
0 A%)hed My?olo V.. dne ended her short speech”with"the words: ‘Long live the
preclous mycology” of Great Britain! _ . _
From thé Anrital reports of the PhytoPa_thologlcal Iaborat_orY ‘Willie Commelin
Scholten "and from the contributions of this laboratory (at first all written in Ger-
man) one gets an_impression of the Iar%e variety of p Xtopathologlca_l subjects
which Dr Westerdifk ‘studied, at first alone, and Tater on with her “assistant van
Lu%k and others. 1n this first Perlqd Sclerotium and Botrytis diseases of flower
bulbs and Sclerotinia diseases of various crops had her special interest. She (%une
nghtly disputed Sorauer’s concept that Sclerotinia diseases had a conidial form
whicti belongs to the genus Botrg(u_s ang attacks oher rg)arts Oof the plants. On
several occasions she could prove this to be wrong. Extensive investigations were
carried out with Sclerotinia libertiana (= S. sclerotjorum) on various crops. This
fungus appeared to_be very destructive on lettuce, less serious.on beans, caraway
and carrofs, and unimportant on clover and mustard. Sclerotinia isolated from one
host could easily attack another crop plant, unlike the Sclerotium and Botrytis of
monocotylous bulb crops which, are Specific to one host plant only. So no physio-
logical races restricted 1o a special host were detected. High atmoSpheric humidity
aﬂ)eared_to be essential for infection; when grown for a long time on artificial media
clerotinia did not lose its virulence. The fungus never produced a conidial form.

We_ are impressed by the amount of experimental work involved, the careful
Pla_nnlng of her experiments, her keen observation of disease symptoms and the
ogical and clear discussion of the results. She fre_quentIX_ made Cross-inoculations,
using Isolates from one crop to infect another. This technigue was not restricted to
fungt like Sclerotinia or Fusarium but was also used with stem eelworm isolates.
The results of such cross-inoculations have a particular bearing on croR rofation,
When studying a disease she always made anatomical investigations of the affected
host tissues, a procedure which is unfortunately often overlooked by many modem
plant pathologists because it is So time-consuming.

Other diseaSes studied bg/ Dr Westerdijk in the first 10 years of the work of her
Bhytopa_th,ol_oglcal laboratory (1906-16]1 Wwere various anthracnoses, e.g. caused
v Verticillium sp., raspberry-cane blight caused by Conyothyrium sp., Phoma of
S(igar beets, Rhizoctonia viofacea on potato, Fusarium sp. (now cqnsidered to be
F.” nivale) which caused serious losses of seedlings of winter wheat in 1906/7 In the
northern provinces of the Netherlands. She wasalso able to prove that the wheat
seed was already heavily infested with Fusarium before sowing. Seed disinfection
trials with coppér sulphate and formaldehyde were ineffective, and organic mercury
and other stron(I; seed disinfectants were still unknown at the time. =

She coula not isolate a possible pathogen from diseased oats on acid Soils and
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suggested that this disease had a non-parasitic cause; this was confirmed by others;
It arﬁ)peared to be a physmlogmal disease due to mar%nes_mm, deficiency.
_I 1910DrWesterd|JkPu lished a paper on the mosaic disease of tomato, found
in greenhouses. She cancluged that the disease must be caused by a virys since no
micro-organisms could be isolated which gave the same symptoms, whereas the
sap, of diseased leaves was highly infective'to healthy plants. “Young leaves were
easily infected hut the infective ‘agent had no effect on full-grown |éaves. Beside
discoloration of & mosaic tyPe, e virys caused monstrosities. Mosaic disease
developed most clearly in full sunshine in greenhouses, and the diseased Plants
were very susceptible to Cladosporiumfulvym.” No s%/mgtoms were found in gutdoor-
Erown tomatoes. The virus was destr\%/ed between 50° and 100° and in dry form
ept its virulence foralon]g time. Dr Westerdijk considered that, unlike the mosaic
disease of tobacco, that of tomatoes is seed-transmitted, She also stated that the
mosaic disease of fomato and of tobacco are caused by different viruses: each attack-
Ing only its own host. It is remarkable that Dr Wésterdijk’s work led her to such
modern conclusions at this very early stage of virus research.

_Qther plant diseases studied were fungus diseases of cucumber, pea (Ascochyta
P_ISI on seed, Fusarium of the roots and Peronospora of the leaves), onion (Sclero-
urn ceplvorum? barley and wheat (Ilelminthosporium gramineum, which probably
could be controlled by a seed treatment with copper squhate%, otafo (SBongospora
subterranea, the cause of powdery scab; Phytophthora erythroseptica, Rhizoctonia
solani, with which organisms field trials were carried out hoth with tuber and soil
disintection), apples (Penicillium on stored apples), flax (a root disease which we
now know t0 be due to Pythium megalacanthum) and fruit trees (aArml_Ilarl_a mellea
and Fomes spp., Stereum purpureum, the cause of silver leaf). A bacterial disease of
Iris was also described, Some mites and insect pests ([e.g. of pea? were not overlooked.
Large . weed-control field trials with iron sulphate™were also carried out. The
possibilities of the fungicides and insecticides known at the time were investigated.

In 1912 Dr Westerd r{k,was aI_readK aware that a potato disease called ,knngen?-
held’(Probany ‘sprain’in En_(l]lls_h) ad two different causes, one only being identl
cal with the Elsenfleck|qke|’|n Germany. She concluded that neither of the
two when present on seed ubers were, dan_?erous to the crop. Although ‘kringerig-
heid” is probably a virus disease, it is still onl% a partIX solved disease problemn
In the Netherlands. She frequently reported the preserice of stem eelworms in
diseased crop plants (e.g. rootato_, Péa, narcissus, tulip, clover). _

, Ever}/ mmro-org nism found in connexion with Bants m#erested her, especially
in the first years of her directorship. In the Annual Report of 1909, for instance, she
reported on trials carried out with “nitragine’, a concentrate of nodule bacteria of
lequminous plants prepared by Hiltner, ”In field trjals. with Tupins in the sandy
dune area, seeds treated with @ suspension of mtra?me in water or milk produced
faller plants than did uptreated seeds, |n other field experiments with lupins and
beans the results were less striking. | aboratory mvesﬂgaﬂon,s snowed*that some
samplets olf mttﬁagme not ?Elythntmlnetdh root nodulet ﬁctenaebyetd tli%’atg r%nderg
respectively other species of bacteria, In the same report she sugoes Wers
fgrcr}nds ghould order mycorr%ual fungi for tna?s V\E)Ith SIX (ﬁﬁgegent orchld,%pemes.
0 arow e%. d(;attleyas from seed since the

‘Without these fungi jt is Impossible ‘
seedﬁmgs aRNays HPeg agter a srﬂ%rter or fonger peri
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Later Dr Westerdijk was ﬁarticularly interested in fungus diseases of frees. By
1916, she had already published a leaflgt on damage to fruit trees caused by wood
fungi; later publications with van Luijk give the résults of studies on GloggSporium

spp. on oak and plane (1920, 1924) and Nectria coccinea and Nectria galligena on
BEle, 00 hr and eech%}gﬁ 19222%. S

d , :

n ,1928 Dr Westerdifk raised the question of whether the so-called Dutch
elm disease s infectious. This disease always intrigued Dr Westerdijk; with one of
her most gifted pupils, Dr Christina Buisman (wha died at an early age), she wrote
(1929) a report on'this disease which destroyed so many beautiful elm trees along
the canals of. her beloved Amsterdam. AfterMiss Buisnian had succeeded in carry-
mtg out the first artificial infections it was clear that Ceratocystis ulmi was the cauge
of'the disease: but It remained a mystery for some time how this disease could
spread S0 quickly from one tree to another. It was DrJ. J. Fransen, entomologist
at Wagenm?en who in 1931 described the role that Scolytus beetles Iag,e 8
vectors. Later Dr Westerdijk went on a collecting tnP to Spain where the disease
did not occyr. Since then, much work has been done at Baarn on breeding resistant
elm tree%, first by Dr J, C. Went and now by H. Heybroek, who made a collecting
t“F to the Himd a}/as In 1960. _ o , _

n 1937 Dr Westerdijk wrote an article on the_desirability of testing deciduous
and needle-leaved trees for disease resistance. This is; laborious work and dis-
aPpomtments are frequent, as.she found with the Christine Buisman elms, This
elm was resistant to Ceratocystis ulmi buf Jater %)é)eared to be very susceptible to
Nectria. Similarly, the apparently,promlsng]g A ncan_b_reedmg| programme with
chestnuts resistant to chestnut blight, (Endothia ara3|t|ca2 failed Decause these
trees were later proved to be suscéptible to the Chalaza disease of oaks. In 1937
Dr Westerdijk also Pubhshed a paper on canker of poplars, probably caused by a
combination”of Nectria and a bacterium. , _

Since her nomination as professor in Plant patholo%y in Amsterdam in 1930,
the two_professorships and the directorates of the Phytopathological Laboratory
Willie Commelin Scholten and the Central Bureau of un?us ultures took o
much of her energy that she had little opportunity to carry out research on her own.
In later years her outstanqu work was the “stimulation and guidance of her
students in their advanced post-graduate studies. When one reads the subjects of
the h6 theses she supervised one finds many plant diseases on which she had already
Bubhsh_ed short notes in the Annual RePorts of the earlier years of the Laboratory,

ut which work had been I_eft_uncomRIe ed due to lack of time. All this work, which
cannot be cited in detail, indicates the wide range of Dr Westerdijk’s inferests.

Dr Westerdéjk gave her last lecture in 1952 in a hall decorated with flowers
where over 500" people were present to pay homage to their beloved professor ana
friend. On that occ smnaWesterdngun for the'advancement of plant atho,loqy
and m cology was, established. Her South African admirers offered her a trip 0
their country, which she gladly accepted. Prominent plant Bathologjsts ade
contributions to the Westerd¥k issue of the “Tijdschrift over Plantenziekten™ of
which she had b%en co-editor for about 20 Keari. , ,

Why was 1t that her lectures were so highly appreciated? In the first place
hecause they were well prepared, read in a clear melodious voice, and finally because
they had a stimulating effect on her audience. In her maugural speech as professor
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in Amsterdam in 1917 Dr Westerde said ‘a phgtopathologmal Investigation, the
knowledge of a disease and its control, must be based onthe know,ledgie of the
physiology of both the host plant and the parasite.. ., “What we need is a Textbook
of ‘plantpathology in which emphasis Is put on disease symptoms arranged in
groups. onceptions like anthracnose, canker, tWI? die-back, (l;alls etc. must, be
Detter defined.  Later she published (1919) an exfensive article on this subgect
Jointly with Professor 0. Appel, They considered that a s%stem of plant diseases
should serve special purposes; first and foremost it should be possible to recogmze
the natural connexion. between the diseases. They fried to attain this by chodsing
the sZmptoms as a basis for the separate groups of diseases. Formerly plant diseases
had always heen grouped b% the mycology of the parasites, or by the host plant.
The latter still seéms to be the best way for farmers and growers; but for scientific
purposes the division according to well-defined symptonis has many advantages.
In her Jectures Dr Westerdijk therefore always kept to her own concept of qroupmg
accordmg]to symptoms, much to the benefit of her students. In her inaugural lectur
in 1917 she opE)osed Sorauer who put tog. much stress on the outer circumstances
which weaken the_host plant, but she realized quite well that these may be of great
importance. The lmPortance of breeding resistant varieties of plants was clearly
br uﬁht out in this lecture. Dr Westerdijk put great stress on the importance of
finding a scientific basis for resistance, Now, aftér almost half a century, we have
not yet advanced much in this field, although many recent findings are prom|sm,%.

|1 her inaugural speech of 1930 Dr Westerdijk remarked: “The plant pathologist
has apparently a much simpler task than the pnysician of men. A patient that dne
can cut into pieces withoyt objection Seems an easy subject as compared with a
human victim who must be a Iﬁ)roached with care, not only Ph sically but also
spiritually. The diagnosis of plant disease.is Ie_ssur?ent;b thie lack of tfils urgency
much has remained undeveloped in this direction. T don't believe there is one plarit
doctor who has sleepless nights for the sake of a bed of diseased green peas, aIthougzh
perhaps in his dreams he may be tormented by the unsolved problems of immuni
In some varieties of peas..... ‘How can one explain the still'inharmonious growt
of plant pathology? This discipling s not suj |C|entIK rooted In other sclences,
especially not in”Soil science and in hiochemistry. T ePI,a_nt pathologist has to
solve the disease problems of crops, the anatomy ‘and nutritional requitements of
which are still entirely unknown.” Does not this sound very modern even more than
30 years after these words were spoken? _ o

Many of Dr Westerd Ak,’s upils found work in the fascinating field of plant
pathol ?y,ln Europe, and in other parts of the world. All ‘her puptls considey it a
great privilege to have had the_opportunity to work under the ?mdance of this
stlmulatmg woman scientist. “The time spent in this beneficial sphere of zest
for work, 0f good cheer and IJoy of life remains of high value for the rest of one’s
|ife’, wrote Miss L. C Dore,one of her pupils, in 1931 No wonder that many
friends ang mﬁ\n\% ex-pupils accompanied her on her last journey. Her grave was
covered with flowers, 16 con

. U, ten outen
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Some Sorption Phenomena at Mammalian Cell Surfaces

sy L. WEISS
Strangeways Research Laboratory, Cambridge

Although the nature of the cell surface is of obvious importance in any discussion
of sorption phenomena it is not proposed ta consider this in detail here (see Weiss,
19626). In the present discussion “cell surface” means simply the first part of the
cell with which the adsorbend comes into contact. - Concepts of the surface region
are not clear, partly because of the dIffICU|t?/ in decicling where environment ends-and
cell surface begins. Functionally the cuflular microenvironment should be con-
sidered as part of the cell surface, which implies that in the case of free cells, adsorp-
tion may Initially be to an ionic ‘cloud’ or to water. For quantitative work on
surfaces It is often necessary to have some idea of surface area.” It is. however, quite
|mP035|bIe to estimate the true surface area of I|vmq,mammal|an_fells rP rtlg hecause
of the presence of Irreqularities such as microcrepations, microvilli and passibly the
endoplasmic reticulym, which may increase cell surface area PX mana/ orders of
magnitude without being reflected in measurements of cell dianieters or volumes.
It will be pointed out that surface shape max affect some adsorption ghenomena;
this presents analytical difficulties in that the free edges of living cells are con-
tmuouslél movm% and changmg shaape. , , ,

Cells carry g net negative charge at thejr syrfaces due to ionogenic surface %rouRs
and to ion-induced dipoles. The"approach of two cells in a fluid medium, and the
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adsorption of one by the other may therefore be considered initially in terms of
energies of attractioh and repulsion between two charged Barncles_. A useful dis-
cussion of the physical chemistry of cell adhesion is given by Pethica (1961), Two
cells approaching each other ina ‘physmloglcal’_envwonment can be regarded as

beHng attracted Dy a potential energy of altraction VA due to dispersion forces
where

VA Tzéa (Verwey & Overbeek, 1948),

A is a constar t which depends on the nature of the cell surface; ais the radius of the
appro_achlnq surfaces and x is the distance se aratm? them.. Other attractive
energies at this range of separation are thought to be of minor importance.

AS the two cells %et closer together &approxlmatelg/ ZOAg they are separated by a
potential energy (repulsion) bafrier, Vi, mainly dué to ionic double-layers, where

VR = \Daxjr2log, (1+«-**),

D is the dielectric constant of the medium; a is the radius, of curvature of the
relevant parts of the cell surfaces which are separated by distance x; 1iK s the
thickness of the fonic cloud and jisis the surface ?otentlal. Without attempting to
fit real values to this equation it can be seen that the repulsion barrier which tends
to prevent adsorption is reduced when the radius of curvature (g) of the approach-
ing cells becomes less, and similarly with the surface potentials (ijr) and the depth of
the ionic (De_bye-Hl_lckeIl cloud (Z/K). ,

_Bangham i: Pethica (1960) have made the suggestion that the approach of cells
via pseudoPoﬂal projections of low radius of clrvature may represent a method
whereby cells may penetrate the repulsion barrier fo make contact. The properties
of living and dead cells may differ In resPect tothis. o

Reducmgnthe surface potentials on erY hrocytes results in agglutination, and has
been descrined byg&oulter (1920) and others. = _ ,

The potent al Ain a liquid medium surrounding a_surface with a potential
decreases exponertially with the distance. 1/K, the Debye-Hiickel mean double-
layer thickness, Is that distance at which

V =1le'fo
K an%ng\/g (Glasstone, 1948)

wheren = number of ions per ml.;e. = the electronic charge; V —valency of igns;
D = dielectric constant of the medium and k = Boltzmann’s constant. Therefore
11K, and hence the repulsion barrier tq cell contact, can be requced by increasing
lonic strength and by Introducing multivalent ions into the environment. The ionic
double Ia%/er 11 relation to the erythrocyte has been discussed by Seaman & Heard
1960) and acsorption of viruseS to a’variety of surfaces has:been affected in a
Aﬁ{y(])%r Eé%g'Cted from this equation by altering these two variables (Valentine &
_The 3ﬁstemat|c study of ionic effects is technically difficult with mammalian cells,
since cells immersed iri solutions of non-phlys_lologlcal osmolarity and chemical con-
stitutjons may not be considered normaf’ in some respects. Wilkins, Ottewill &
Bangham (1962) attempted to study flocculation in leucacytes in low concentrations
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of sodium chloride, by maintaining the &ph siological tomth with the non-
electrolyte sorbitol. However, Pulvertaft & Weiss (to be Publls ed) showed that
with some cells sorbitol may induce massive ingestion. of fluid leading to ?ross
V cuoIaHon. Whée_the_r or not such cellular trauma inflicted during observations
artects their validity 1s a difficult point to settle. _

Another factor ?reventmg cell contact in the 20 A range may be solvation
barriers around cells. There Is no doubt that these zones car exist, but opinion is
divided on their existence at the cell surface. If both ionic clouds and solvation
barriers exist in this region, it might be expected thaf In environments of ‘low’
strength repulsion is primarily due™to ionic clouds, and in environments of, ‘high
lonic “stre gth, p.e. ‘physiological’ and higher) repulsion will be due mainly™to
solvation barriers,

In systems exhihiting contact phenomena, cells almost alwaYs seem capable of
overcoming the various barriers before any evidence of biological specificity Is seen,
From this it is concluded that the initial Contact between célls is non-specific, and
that the physical bases for biological specificity In these circumstances are not to he
found in"cansiderations of forceS operating over ong and medium ranges,

After overcoming the obstacle of the repulsion "barrier two cell Surfaces can
approach to less than 5 A separation. At this range the most powerful attractive
forces bmdma,surface_s are primary chemical bondS having energies of the order of
hundreds of kilocalories per mole; It should be noted that, ir vitro, most mam-
malian cells will achere strongly to the surfaces of pure gold, tantalum, platinum
and polytetrafluorethylene (Weiss, 1962a) where primary chemical bonding appears
unlikely. Other short range attractive phenomena include hydrogen-bdnds and
coulomiic attractions. _ - T

Attempts have heen made to ‘explain’ specific adsorption in terms of these
various forces, relating them to chemical groups bearmg particular spatial relation-
ships one to another. When enzyme adsorption is considered, the work of Bangham
& Dawson (1959) is of interest since. it sugqests, that the ﬁ,osmomng of cértain
enzymes at substrate surfaces, which is reflécted in the magnitude of énzyme/sub-
strate interaction, is dependent on the surface char%e of the"substrate among other
factors. ‘Fine’ positioning of antibadies adsorbed on the cell surfaces may also be
charge-dependent. Estimates of surface charge qbtained from measurements of the
electrophoretic mobility of various mammalidn tissue cells show that this may vary
%pgremably with the growth rate of the cells (Heard, Seaman & Simon-Reuss; 1961
Ei enbergl, Ben-Or & Doljanski, 1962). 1t seems conceivable that the final position-
m? of 4 Closely approachmg adsorbend to a cell surface could be prought ghout b
Internally requlated changes in surface charge. The specificity of much of the ad-
sorption Process in the case of tissue ceIIs,ma A)h siol %|%Ienwronmen,t IS perhaps
questionanle, since In vitro tissue cells will adhere (adsorh) to a very wide range of
non-toxic surfaces (Weiss, 1962a).

The separation of material from a cell surface may result from a reverse process
to adsorption, In which case the term desorption may properly be used. On the
other hand, surface material may be lost from cells, wiien the t? ane of separation s
not the same as the plane of adnhesion or adsorption between the adsorbend and cell
surfaces. It cells growing on é}lass in vitro are detacheq from these surfaces, b
shearing pressures” transmitted” through their fluid environment (Weiss, 1961a),
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separation qccurs by means of non-lethal surface rupture of the cells (\Weiss, 1961 b)>

and the cells leave’ species specific surface antigen behind on the glass (Weiss &
Coombs, 1962). From these and other observations ¥Werss 1962a) 1t Nas peen
suggested that the actrve or passrve separation of cells trom cellufar or non-cellular
SurTaces is arifomgame \y surface rupture.

In vivo, cells move actively through trssues by ‘amoeboid " movement. Whatever
propulsive mechanism is responsible for this type of movement, it is essential that
some sort of adhesion or friction exists between the moving cell and the surfaces
over which it moves. As cellsare not infinitely extensible, amoeboid movement must
be accompanied by making and breaking of cellular contacts with a surface, 1t has
been suggested. that breaking such a contact is not a “desorption ” of a_cell 1(process
from a stirface in the sense that it is a separation along the cell/surface intertace, bu
that contacts are broken b ruPture in the surface ofthe moving cell, or the surface
over which it moves, or both. 1t can thus be vrsualrzed that active amoebord mqve-
ments. of cells within tissues, are accompanied %two way exchange of surface
materials, for which the term eprpherocytosrs has been proposed (Weiss, 1961a, ).
It has also been suggested that this may result in exchandes of surface antigens,
antibodies and other™information " durinig round-cell infiltration for example.
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The Mechanism of Influepza Virus Hagmagglutination as a
Model of Specnqc Receptor Aggoggtvon

sy G. BELYAVIN
Department of Bacteriology, University College Hospital Medical School, London

_ The_classical work of Landsteiner established the concept of the chemically
_sg,emﬂc receptor for antl%en-anubody reactions. The comparable degree of speci-
fiCity characterizing enzyme-substrate interactions made it highly probale that
they were mediate byabasmall’y similar structure. The biologist has usually been
happy to picture suchreceptor stiuctures as_grotesque spikes, prongs, or ever hooks
and éyes projecting from the surfaces of anti Od'Y molecules or cells. Such simplici-
ties have cléarly never gone down, very well with the chemists, who have worked
unceasmgl to Creafe a more sophisticated and fundamental concept.

It IS per _aﬁs useful to_ summarize initially those features of specific receptor_be-
havioyr which can constitute common grourid between biologists and chemists. The
essential core of the receBtor mechanism Is the fact that molecular surfaces can
become physmallyrbound the close mutyal apposition of circumscribed elements
of those surfaces. The elemént is understood to be defined by the spatial distribution
of a Parncular chemical grougmg, and to this extent it is Tperhaps wrong to talk
about such receptor elements a5 being elements of a surface In a strictly two-
g!mensmnal sense, for it is clear that thie structures involved are extended in three

Imensions.

Current theory on specific receptor mechanisms seems to incline increasingly to
the idea that mutual binding between homologous receptor sites takes placé at
sPecmc binding ‘points’, and it is the spatjal distribution of such ‘points’ within the
structure of the chemical group that confers upon it its “specific’ properties. Thus
the work of Friess and co-workers (Friess, Witkop, Durant, Reber & Thommesen, 19_62g
on the inhibition of the acetyl ¢ ol_mest,era_se-ace%l choline system by muscarin
1somers, led them to postulate S-J)omt binding of the inhibitor speciesto the cata-
I%nc surface of the enzyme. Earlier workers have postulated similar ideas from
the results of the studyof other enzymic systems. Clearly the more ‘points’ there
are in the receptor elément, the more ‘specific’will the feceptor configuration be
for the greater the number of points one defines ,posmon_aIIY in an element of
space, the smaller the number of linear Patterns which will include all the points.

The forces acting at the binding Pom,s do n,?t aé)ﬁ)ear to be verP( ?I?arl under-
stood. The presence of |on0ﬁen|cgoupmgs will generate a potential field around
the molecular surface on which the electrokinetic potential of the molecule as a
whole must depend. This will be modified by solvation. It is_clear, however, that
If the_distribution of its binding points in three dimensions determines the

sPeuflut of the receptor, the paints concerned must act independently as sites of
attachment, and therefore the binding forces Involved must be effective over a
distance which Is small relative to the over-all dimensions of the receptor. The
effective range of these point binding forces must therefore be very much'less than

b
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the effective ranﬁe of the electrostatic field, This leads to the idea that the forces
Involved are perhaps of the nature of van der Waals or London forces, obeying an
Inverse seventh power law. Thermodynamic data derived from antigen-antibody
reactions indicate a large free energy change, the greater part of which, however, is
derived from a correspondingly Iar(I;e Increase in entrog%/. While the exact reason
for this is obscure, it seems evident that the activation energy and binding energies
Involved are consonant with the formation of weak hydrogen bonds. .

So much for the %eneral features of the receptor ‘concept. The, suspicion that
sRecmc receptor mechanisms were concerned in the attachment of virus particles to
the surface of the host cell was perhaps first crystallized by the, demonstration of the
remarkable, almost anth_en-anubody-hke specificity governing the adsorption of
bacteriophage to susceptible hacterfal cells. The subsequent discovery of the aP-
glutination of human and fowl red cells by influenza virus revealed a particularly
aitractive exgenmental system for the study of the receptor problem in relatign to
virus-cell attachment, The fact that the adsorbed influenza virus could elute itself
spontaneously from the red-cell surface after initial adsorption, and that elution
could subsequently leave the red cell surface bereft of the power to_adsorb fresh
virus, suggested enzymic action. Most V|,rolog|sts have been Satisfied for some time
that the Tnfluenza virus possesses a specific Enzyme grouping on its surface. It is
only comparatively recently, however, that thé subStrate, Which constitutes the
red-cell surface receptor, has been identified. o

Many gther macromolecular substances have been found which will bind on to the
surface of the influenza virus, inhibiting thereby, its capacity to aqglutmate_ red cells;
these are the so-called haemagglutination inhibitors, Certin of these inhibitars are
attacked by the virus enzymg; the inhibitor molecule is released from the surface of
the virus, and at the same time, free sialic acid appears.in the system. Chemical
study has shown that most of the known haemagglutination inhibitors obtained o
far In any degree of ypunt){ contain sialic acid asa substituent group, linked by an
a glycosidic bond, probald toacarbohgdr,a,te prosthetic group.

falic acid has subsequently been identified in the limiting membrane of the
human and fowl red cell, and evidence has been produced to Show that when the
virus elutes from the surface of the red cell, free stalic acid is stripped from the red
cell surface. Thus it was shown some C}/ears ago (Hanig, 1948 Stone & Ada, 1952%
that the electrophoretic motility of red cells was markedly reduced after the elutio
of previously adsorbed influenzg virus. More recently, Cook, Heard & Seaman (1961)
have shown. that all the electrokinetic potential ‘of the red cell surface can be
ascribed to ionization of the free carboxyl groups of the sialic acid maieties dis-
tributed thereon. The removal of sialic aci groups along, therefore, would account
for all the chan%e In electrophoretic mobility. 1t Is clear, therefore, that the in-
fluenza virus receptor on the red cell must be Sialic acid, and that the virus will bind
to most molecular stryctures possessm? this substituent group. Enzymic action at
the site of adsorption leads to_release of virus, free sialic &cid and subistrate resiue,

It seems reasonable for a virologist to inquire; if the virus receptor (whatever it
may be) binds on to sialic acid by union at specific points on the molecule, so that
enzymic action can be initiated at the a ql cosidic bond, why does the sialic acid
becOme subsequently released? If in fact There is no intimate’ binding, to the sialic
acid molecule per s&; but only to the a glycosidic bond, or its immediate vicinity,
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vvh){ IS bmqu so markedly affected by the presence of sialic acid? There is a good
ded] to suggest that other factors influénce the interaction between enzyme and' the
sialic acid receptor. Thus the rate at which influenza viruses elute from the red cell
surface can vary according to the species of the red cell. Some strains elute very
much more rapidly from fowl red-cells than from human ones, thou%h the link to be
broken is presumably in each case an a glycosidic one (Smith & Cohen, 1956). It is
possible, however, that more than one form of sialic acid is inyolved, and that the
group I linked to different carbohydrate substituents. The local spatial distribution
0f these %r_ou mgs at the cell surf%ce IS also likely to affect the ease with which the
a%lycqsl ic bond may be broken by the virus. _ _

pecific antibody molecules will adsorb on to the surface of the virus and interfere
thereby with the ability of the virus to haemagglutinate, There would seem to be a
superficial analo?y heré with the haemagglutipation inhibitors. That this is not so,
IS clearly evident'from the fact that the Specificity of influenza virus antibodes Is
not dePendent on sjalic acid substituent groupings. The effect of the antibody
m?el?fcgreer?ceosn the simple adsorption receptor must depend upon subtle steric

We can see, from all this, how the behaviour of the virus-receptor system in-
c_reasmgIP]/ sug%ests that on a complex macromolecular surface, the behaviour of a
simple chemical receptor tgroup ay perhaPs be modified 10 many ways by the
proximity on the same surface of other complex chemical configurations, and by the
general spatial distribution of all these structures.
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The Bacterial Cell WaII. The Result of Adsorption, Structure
or Selective Permeability?

By H. J. ROGERS
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_ With advancm? knowledge about the chemistry and physmlotgy of cell strycture
It 15 becoming profitable t0 speculate about the arrangement, b|os¥nthe3|s and
function of the various macromolecular components which make up, the bacterial
surface.. Due obeisance is, of course, necessary to the well-known platitude that the
surface is impossible to define accurately, and that all definitions in this respect are
either arbitrary or operational. For present purposes the terms are operational, and
we are Interested in the make-up of the so-called bacterial cell wall, The thick, rigid
layer which surrounds bacteria, governs their form and probably often the
response of the environment to them; partlcularlr when the environment is that of
a living animal. All metabolites and extracellufar products such as proteins and
polysaccharides must pass either through or rouna this layer, as must bacterio-
pha,%es on their way into the cell. Undér the wall and cIoseI;i,app[)hed_ to 1t is the
delicate cytoplasmiC membrane which itself has little or no ability to withstand the
high osmotic pressure inside the cell when the wall is removed. _

he picture pow emerging .is of a wall made of one or more main structyral
com[[)o ents, which confer rigidity and form to the wall, and a rather wide variety
of other substances that can_usuaIIX be removed without destroying the gross
morphological structure (Archibald, Armstrong, Badd|ley&Ha}/, 1961; Krause &
McCarty, "1961; Weidel, Frank & Martin, 1961). The structural component in all
bacterid so far examined contains two amino sugar_s, A-apetylgluc,osamlne and
|\V-acetylmuramic acid, combined with the three amino acias; alanine, glutamic
acid, and either lysine or a-e-diaminopimelic acid; usuall;r either glycine oraspartic
acid'is also present. Some of the alanine and all of the, r%; ytamic and aspartic acids
have the D-configuration. These compounds are combiried together {0 glve one or
more polymers called mucopeptides (Mandelstam &Rogers, 1959; Perkins &Rogers,
1959), and their chem|strg has been reviewed several times recently (Work, 1961;
Salton, 1961a; Ro%ers, 1962a). There is insufficient evidence to hé certain of the
Preuse_structure and arrangement of these compounds, hut it seems probable that
he amino sugars are joine to?ether to give ‘oolysacchande chaing which are linked

togethertm p?gtides attached {0 the cartiox qroupofthe muram|f cid. Apossible
macromoldcu rarran%eme,ntof,the mucopeptides in the whole wall (Rogers, 1962a)
IS as sheets of polysaccharide fibres linked to%ether by peptides attached to the
carboxyl ?roup of'the muramic acid. Such a ar,rangement would have the ad-
vantage of great strenqth and rigidity combined with an open meshwork structure
through which molecules could with relative ease diffuse or be carried by water
flow. The minimum intervals between the peptide chains, assummg a Cross-linkage
of the tgpe proposed b(y Ghuysen (1961? and Salton (51962) £ occur on every mura-
mic acid residue, would be th length of a disaccharide unit, 1.e. 15-20 A; the length



20 H.J. Rogers

of the peptide chains would he about 20-30 A. Mucopeptides are the principal
mechanic Isu?ports In both Gram-positive and Gram-negative micro-organisms, but
whereas they form a major portion of pr%naratlons of walls of the formér organisms,
of the latter ~hey mag constitute only 5-10% of the we;ght (Mandelstam, 1961,
1962; Weidel et al. 191). It seems that similar mucopeptides are also likely to be
present in strains of blue-green algae such as Phormidium uncinatum (Frank, Lefort
& Martin, 1962J and in rickettsia ‘Alhson & Perkins, 1961). ,

The wall structure of Gram-pasitive organisms appears to be somewhat simpler
than that of the Gram-negative forms, and there is a recent suggestion of a funda-
mental difference in arrangement of materials in the two grotips (Clark & Lilly,
1962). In wall preparatioris from Gram-ﬁ)osnwe organisms the mucopeptides are
major components, but surveys have shown (Cumimins & Harris, 1956) that a
variety of hexoses and pentoses are also present. How are these finked into the
wall? “Are they part of the basal structure, or are they parts of gther polymers?
If they are parts of separate polymers, are the polymérs covalently linked'to the
mucopeptide or are the% adsorbed, entan&led or Otherwise trappéd by Physmo-
chemical forces? If the mucopeptides and the other substances are linked together
by covalent linkages to make & total structure called the wall, then presumably
aPart from the enzymes necessary to polymerize Brecursors ofthe mucopeptides and
of the other polymers, further ‘enzymés may be necessary to link the different
macromolecular comi)onents together. Biosynthetic pathways may be so inter-
linked that all the po Ymers predent in the wall may have to be synthesized simul-
taneously. There would also be genetic implicatjoris. Many of the immunological
characters of ~he cells appear tobe carried by the substanCes associated wity the
mucopeptides. If enzymes are necessary for mkm(I]_ the polymers on the wall to-
gether as well as for biosynthesizing them, the genetic changg required to alter the
Specificity of the cell m|g t be corréspondingly jncreased. For example, if we have
P_resent biesidles the mucOpeptide a polymer made of A, then by a single step muta-
jon we could easily lose A" We couldalso obtain an organism containing an addi-
tional polymer B bly, say, transduction or transformatiofi. If, however, B'must also
be |inked Covalently to the mucopeptide, then such a change might be expected to
be less easy since enzymes concerned with insertion of the substance into the wall
mlght be nvolved In‘addition to those necessary for its synthesis.

. Sufficient evidence has been obtained over the’last few years to suggest that most
if not all of the non-mucopeptide suqars resent in wall"preparations from Gram-
&Iosmv or%an:sms are pre T tas (P%r Of separahle polymers, ten P/earsa 0 Holds-
orth (1952) extracted _anmgosacande containing arabinose, galactose and man-
nose from wall preparations of Corynebacterium diphtheriae. Many of these separable
polymers also contain constituents in_common with the mucopeptice. The polg-
sacCharide from Streptococcus haemolyticus contains A-acetylglucosamine as well &
rhamnose (Krause & McCarty, 1961). Teichoi¢ acids from “the walls of Bacillus
subtilis (Armstrong, Baddiley' & Buchanan, 1960, 1961), Lactobacillus arabinosus
&Ar,%hlba dd Baddiley &Buchanan,1961) Sta h}/lococcus aureus {Baddne)(, Buchanan,
Rajohandary & Sanderson, 1962) contain D-alaning, and from the two atter organ-
ISms JV-aeetylg ucosamine as well. Sometimes one of the comRonents of these separ-
ablepolyme_rs|sexce33|velglah|leto Id, and its reig,ncehast erefore not previous|
been'recognizee,, e.g. glucuronic aca (Janczura, Perkins &Rogers, 1961), and amin
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mannuronicacid (Perkins, 1963). The questionthen becomes: how are these polymers,
which often bear het negative charges, held in the wall? Rather drastic medns are
usually necessary to separate themfrom the mucopeptide: wall preparations must
be.treated with Hot dilute mineral acid, or cold, strong trichloroacetic acid, hot picric
acid or hot formamide. None of these freatments can be said with certainty to Teave
|abile covalent bonds intact. Examination of the state of the ribitol-teichoic acid in
the wall of two strains of S, aureus (Rogers & Garrett, unpublished work) suggests
strongly that it is mostly either entangled in the mucopeptide fibres or held thére b%
h}xdrogen bonds. The rale of ionic honds is not Ilkep to be important, since althouq

the teichoic acid is strongly_negatwel charged, the mucopeptide appears |Ik€|¥ 0
have few or no available Basic groups (Salton; 191h). Examination of the structure
of this teichoic acid (Fig. 1) shiows that after removal of the alaning, either by brief

A A A A
OH H H H OH H H H OH H H H
OH_}L_ [ | | |1 | | | |
OHaC_C—? %—CHZO ~R-0HC c—(lr (IJ-—CH20— p0-H,C = f H
A Y R o, 8 | o 18l
2 0. 0 | CH,0H i 0-?' CH,OH 0 '?—
A (I)O CcO CcO
H
o8 CH-NH, [OHAQH (IJH-NHg oA (IJH-NH2
! NHCOCH, (lms / NHcocH, |, ! NHCOCH, |,
3 Jx 3
Fig. 1 The structyre of the teichpic acid. from the cell walls of Stapli !}cco CUS aureus.
W%en ajamne as%een,removei&eetext), ﬁ]us breaimg tlhe on(?%syyﬁ, periodate
can oxidize at the positions marked A.

freatment with 2x-ammonia at room temperature (Armstron%; etal. 1961) or by
hgdroxyla_mme acting at pH_7-4 and room temperature (Kelemen & Baddiley,
1961), periodic acid, Which'oxidizes carbon to carbon bonds of the type

| I
—Cc—C—,

OH OH

can attack at one place in the main Polyribitol phosphate chain and one place in the
AFacetylglucosamine molecule. 1f, thef, the teichoic acid were linked to the muco-
pePtlde i the wall, either via the sugiar or via the ribitol, the amqunt of the perio-
date consumed would be reduced, uriless the linkage was by the six position of the
amino su%ar. The hosPhorus of the telf_h?gc acid would never be remoyed from the
wall by stich treatment, whatever the lin aqe,. An earlier suggestion il\/landelstam
&Stromm%er, 1961)6 that the alanine of the teichoic acid is covalently Jinked to the
mucopeptide, must be reéecte,d, because the alanine can be removed without alterin

the extractabilitv of thé main polymer (Archibald et al. 191 and present work).
When dilute periodate was allowed o act upon a cell-wall suspension in OT M-sodium
acetate buffer at pH 58 and af 0-4°, a high proportion (about 80%) of the phos-
phorus was removed within a few hours. By 24 hr. the consumption of periodate
expected on the basis of the structure shown’in Fig. 1 had occurred. Thus, it seems
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likely that a hitgh proportion of the polygibitol-iV-acetngIucosamine units in the
teictioic acid of’S, ‘aureus is not linked "y frequent covalent bonds to the muco-
peptide. The most ||ke|){) h¥\pothe3|s Is that the molecules are mostly held in the
mugopeptide meshwork by ydro?_en bondm%. _ _ _

The importance of the mucopeptides in.bacterial walls is made plain by the effect
upan cells of the penicillins which inhihit, their formation (cf. Rogers, 19626, for
review). It has also been shown that c¥t|d|ne diphospharibitol accumulates as well
N Presumed mueo eﬁtjde Erecursors when stagh lococci are treated with penicillin
Clark, Glover & Mathias, 1959; Saukkonen, 1961).. It is reasonable to suppose that
this nucleotice is a precursor of the_cell wall teichoic acid. Very large doses of peni-
cillin partially stop the mcorgoratlon of 3P into_the cell walls of the orgamsms
(Nathenson & Strominger, 1961). Recent examination (Rogers & Garrétt, un-
ublished observations) has shown that a very low concentration of benzylgemullm
005-01 /tg.Jml.) causés 30-40% inhibition of teichoig acid sxnthesm by taph%lo-
00CUS aureus strain Oxford. The system, used was similar to that of Mandelstam &
Rogers (1959) and Rogers & Jeljaszewicz (1961). When, however, the penicillin
concentration s increased even UP to 10/ig./ml., ttle or no more inhibition occurs.
This result 15 very different from that obtained for mueopeptide formation, (Roqers

_ 6? ‘which is already 80-90% nhibited at a concentration of 0-1-0-_2/I?./m . of
penicillin and 95% infiibited by 0-2-,0-3/|?./m|. Such a difference might be ex-
plicable by supposing that the formation of some of the teichoic acid Is deRendent
uPon mugopeptide biosynthesis. When mugopeptide synthesis,is stopped, this part
of the teichoiC acid synithesis would be halted. Sucha situation could arise,if the
polymerase for teichoic acid, although formed on the girowmg membrane in the
region of cell division, were only active when adsorbed 1q formed fibrils of muco-
peptide. In the region of cell division mueopeptide ma[)( well first be partl)( dissolved
or disorganized by the ‘endogenous’ Iytic enzyme to aflow for the remode Imq_ofthe
wall that_fawl_z Clearly occurs during division. Then, when the re-formation of
mueopeptide fibrils is stopped by peniCillin, formation of teichoic acid would also be
halted for lack of sites to adsorb‘and activate the enzyme, Elsewhere in the wall the
mature mueopeptiae fibrils would not be disturbed,” and the adsorbed polymerase
would remain active. Such. a hypothesis supposes that the cell wall Ttsélf is an
active surface for the collection of enzymes necessary for formation of its own com-
P_onents. |t might then also be supposed that some of the enzymes necessary for the
inal s_tages Inthie formation of mueopeptide fibyils are also contained in the preformed
wall itself. If, for example Iar%e_but solyble mucopeptides were formed at the
surface of the membrane In the r (T;Jon of cell division, and these were subsequently
cross-linked together to form the Tinal insoluble fibres by enzymes adsorbed in the
wall, a simple model for cell growth can be |maq|ned. The ends of the fibres which
had heen eaten intg b&/ the Iytic enzyme would then, by virtue of final polymerase
H}\e/}/s i%%ve previously ddsorbéd, grow in length, pushing“away from the point of cell
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Some Btologflcally Important Aspects of Adsorption
Antibody on to Tissue Cells

By J. H. HUMPHREY
National Institute for Medical Research, Mill Hill, London, AMF. 7

The reaction between antlbod agatnst a constityent of the cell surface and the
correspondmﬁ antigen will usuglly ama%e the cell, especially if complement is
present.. Alt ou%h the mechanism of such damage Is obscure,”so far as this DIS
cusswn IS concer ed there is no problem as to how the |nteract|on comes about, It
|s less eastéto see, however, how antibody against a completely extraneous antigen
should sobe able to *sensitize " tissues that subsequent interaction with the antigen
results |n damage to at least some cells, and so produces the familiar features of

anaphylaxis,
I\fos){ studies on anaphylaxis have been carried out on guinga pigs, usin e|ther
active sensitization éWIth antjgen), or passive sensitization with rabbit antipody.
For quantitative studies passwe sen5|t|zat|on is essential, and rabbit antibody is a
fortunate ch0|ce since almost all rabbit anfibody sensitizes guinea-pig tissues (a
Bropertyr ich is not shared b}q all antibodies from qther species, as s discussed
elow). The nature of the cells that become sensitized In such a way as to manifest
oh VIOUS damage on subsequent contact with antigen has not been exactly deter-
mined. Mast cells are certainl among them (Mota, 1959; Humphrey & Mota
1959a); mdeed masmuch EN su h cells are present |nthe connecttv tissue of most
%ﬁ %ﬂ when da aged release powerfu [Pharma oogtcei lly a(c{tlve supstances,
|stam|ne and Serotonin that act o smoot muscle “and vascular endo-
the jum, they may be the most important cells. However, mast cells constitute
quite a small proportion of the cells n any tissue (less than 10/2 and there Is at
present ng reason to sup ose that antibodies sensitize mast cells exclusively. Ana-
phylaxis is accompanied by the release of other materials besides histaniine and
serotonin, such as. slowreactmg substance’ (SRS-A) and bradykinin, and the origin
of these last two is unknown (See. review by Humphrey, 19
A characteristic feature of passive sensitization, either of the I|V|ngfgumea pig or
of isolated tisses (e.g. Iun% ileum, uterus) in vitro, is that the extent of Sensitization,
as Judged by the severity of the manifestations on subsequent contact W|th antigen
Increades W|th the duratton of contact with the antibody. Althqugh pref ormed
anti en -antibo é/com plexes, erseare able to eI|C|t at Ieas some. of d e eatures of
anaph aX|s su hash |stam|ne release orsmoot muscecontractton te arever
Ineg |C|enta om so com ared W|th antibo P/that has become “fixed” on the {is-
sues lee antih dyont e.other hand, Is very efficient. Brocklehurstandl using
131] abelled antibo yadmmtstered |ntravenous¥toagumea p|g48 r. previously,
ound that the resence of as little as 20 mitg. of antibody per d. of wet tissue was
Su |C|ent to se sitize the ileum so that 1t responded to contact with antu{;en In an
orqan bath va a maximal contractlon Since such small amounts_are in-
volved, Iying below the limits for detection by many tests for antibody, it Is not
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surprising that it was Iong thought that fixed antibody could exist in the absence of

any antibody in the blood,
é stug Pt/t% be sensitization in vitro, by labelled antibody, of tissues whose
resp onse to antigen can t e quantitated, 1t 1s"possible fo relate fixation of antibod
0 sensmzatton arious tissues have been used In this way: Iung fragments, fro
which the histamine released on contact with the antigen can be measured; mesen-
tery fragments in which mast cell disruption can be estimated: and pieces of ileum
whose conraction in resRonse to an excess of antlttyen s [imited by the amount of
antibody fixed and can he compared with contractions due to known amounts of
histamine. These systems are used as models only, and should not be taken as
reliable bwdes to the comﬁlex eveitts of a'naphé/laxm in tEe whole %mgt
Sensitization does not ecessarlymvoveattve uptake of antibogy into cells.
For example it occurs under circumstances in which active upfake 1S precluded
when fissties are [eft in contact with antibody in the cold or'in the presence of
reversible metabolic inhibitors. Furthermore, sensitized tissues ¢an be de-sensitized
(1, the antibody can be neutralized without damaging the ceII? by contact with the
antigen under similar circumstances. Both findings indicate that sensitization in-
VOIVes adsor tion ofanttbod at the cell surface. “Studies by Brocklehurst, Hum-
phrey & “ bere this out, inasmuch as uptake by lung fragments, of
purtftedl%]] -labelled rahpit g ammagobulm contammgahtghproporttonotspecmc
antibody) obeyed a typical adsorption isotherm. The'tissue was maximally sensi-
tized, however; when only a small fraction of the antibody ultlmately adsorbed had
been taken up. When stich sensitized fissues were subIJected fc profonged washtng
In Tyrode’s solution, antibody was eluted, but never completely enqugh for th
tissues 10 lose thejr sensiization, It might be expected that quinea-pig tissues would
not be able to dlstmgmsh antt oy rom non-specific gamma globulin, and that
antibody malecules would on g be adsorbed in competition With similar_ non-
antibody molecules. This proved to be the case, and the rate of uptake of antibody
and extent o: sensitization of the chopped lung, were decreased by adding nort-
specific gamma globulin éb”t not other plasma fractions). Binaghi, Liacopaulos,
Halpern®& Liacopoulos-Briot (1962) have studied thIS aspect carefullﬁ Using a
standardtzed technique for sensitizing pteces of ileum, T ¥ found that the amma
lobul |ns ofvartous sp eues competed with rahbit antibody Tor sensitizing the Ileum,
ut with ecreasmge ecttveness In the order rabbit, man, dog, quinéa pig, rat,
horse, cattle, pig, CAick, %oat asosowedthat the rate ofsensm tlonvarted
little over the'p rang alpern etal, 1959), but was mcrease In isotonic
r(nBeItri]gt ﬁ:‘éovgl |olrgé:9§t ength Bmaght et al. 1961), or in the presence of (-8 M urea
S0 ?ar the storg/ Seems reasonably straightforward, except in so far gs the impor-
tant adsorption Sjtes are not knovn and"that there is quite strong circumstantial
eV|dence that anti ody which has been in contact with tissue for a Ionger time is not
R/more exten3|ve¥ but also more ftrml adsorbed than that which has been in
tact for a shorter time. This argues that adso 2btton Sites are heterogeneous and
as been Interpreted by Mongar & Schild (1962) as also implying & multi-point
attachment, The story beccmes complicated oweverwhen the capacn of different
Sera to, sensitize geumea pig tissues s compared. Differences are found Both between
and within species. For éxample, goat, chick, pig, cattle, horse and rat antibodies
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nearlg always fail to sensitize rrrurnea hig trssues for anaPhyIaxrs gHumphrey &Mota
Indsmuch as these are the Kinds of g amma%o ulin which competed least
weIIwrth rabbit antibody, it mav be that they are not adsorbed in the rrght way or
at the right srtes Never heless, the few studies which have been made of the gross
P]take of such g obulins on t% gurneag %trssues failed to reveal any obvious dis-
tinction betweer them and rabfit antibo
Furthermore, even when some antrbodres of a species grabbrt man or even the
gurneaP grtself) sensitize well, others may not do so at all. For example, human
macroglodulin (yIM or /72M) antibodjes, arid human reaginic (skin- sensrtrzrng) anti-
bodies; which may belong 'to the class of/2A(yIA2 globulins, do not sensitize
gurnea prg tissues. The capacity of human globulrns of these kinds to become “fixed’
N to quinea-pig skin cells has been studied by Ovary, Fudenber &Kunkel ([1960
using the technigue of direct and reversed passrve cutaneous anap actrc reactions
Such reactions depend upon sensitization of a localized area of the skin of the animal
byrntracutaneousl Injected antibody, orasurtabv purified Iobu In fractron and
are ercrte YSU sequent Infravenous injection of antigen, oro ra bit antrboly
?arnstte obulin, In the direct or reversed reactrons respectively. The animals
also contain a suitable dye in their circulation, local extravasation of which reveals
te resence and extent of any increased capillary permeability. Ovary & Karush
1961) showed that sensitization depended upon epresencern e rabbit antibody
moIecuIe of a part with certain structural peculiaritjes. Porter f1959g first showed
that the sp |ttrn%ofa small number of pepticle bonds and reduction of some of the
onsrn rabbit gamma globulin caused the molecule to fall apart into three
approxrmateyequa parts two of which (fragments | and I1) contained the anti-
body combining sites and were antigenically ver srmrlar whrle the third (fragment
11)" was antrgrenrcally distinct and’ was unreae 0 anti oyactrvrt uman
amma globulin is similarly split into two ‘slow’ E)St and one “fast’ 'FJ fragments
See review by Fahey (196%??] The presence of rabit fragment [11 or human trag
ent F_are associatéd with the ability to fix comj Iement thev are also essential f
the antibody or non- sRecrfrch;Iobulrnto ecome fixed on and o sensitize guinea- Prg
tissues. Inasmuch as human 1t2A (ylA) and /72M|gylM2 lobulins do not contain the
sameFfra?ment as the other ga maglobulrnst eir failure to sensitize guinea-pig
tissues is af least partly ex Iarned However much remains to be discovered. For
example, quinea-pig antibodies formed earlyrnrmmunrzatron have been found to be
unable to” sensitize’ quinea-piq tissues, while those formed later do so ver
(Ovary &Benacerraf?962; White, Jenkins &Wilkinson 1963P These antibodie drffer
In elelctrophtoretre mobility, but both have similar molecufar weights and both fix
complemen
Inpother sBecreF the sityation is at least as complex and mych less thorouuh Zy
explored, ThUs It has long been knownt at mosth man antibodies do not sens tr
human tissues in the same way as they would %urnea pig tissues. Those antibodies
whrch do sensitize human tissties Ereagrns) are characteristically more labile fo heat,
ave a (reater eIectrophore ic mobility than most other human antibodies,
aIthou therr molecular weight and. their general immuno-chemical nature 1s still
amat er for dispute. In rats there is strong evidence that trssue -sensitizing anti-
bodies are in some way different from others; theg tend to be formed early in im-
munization, and especially when Bordetella pertusSis has been used as an adjuvant
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(Mota 1962; Humphrey, Austen & RaBp, 1963). Although the picture outlined
ahove of a reversible adsorption of antibody onto cells as Underlying sensitization
maylm é)rmmple be correct, ‘here are certainly other, at present dnknown, factors
Involved.
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Group N Streptococcal Phage Lysin

By B. REITER ... J. D. ORAM
National Institute for Research in Dairying, Shinfield, Reading

Two stages of phage muItrpIrcatrons the adsorptron penetration process and the
lysis of thé host, have recentIY been largely elucidated. For some trme It has been
posfulated that an enzyme af ached to of contamed rn the pha etar |s mvo ve
In the adsorption process with at least some phage-host systems. Similarly
earIrest drscovered effect of a lytic phage namely the liberation of the mature

age partrc es z{srs of the host IS due toaIytrc enzyme acth on the cell wall.

ronfenn renner uc kenfuss (1927) recorrrnrze that phage sates contarn a
substance other than phage. This ‘ferment-like” substance drf red rom
because it only affected dead staphylococcl. It was agsorbed to clay |Iters rn
activated on standing at room temperature, it was more heat labile than phade and
did not diffuse throu hcoIIodron membranes This description adequately Tits the
staphylococeal virol sm (or phage lysin) described by Ralston, Beer, Lieberman &
Kruerh;er 19552 which lysed only dead cells, although viable cells were lysed in the
presence of th omoo ous phage.

Brown 8195@ showed thal phage-free lysates of colrphage T6could dissolve cells
of Escherichia coli_killed with chloroform, “and Koch & Jordan (1957) demonstrated
atree enz me m T2phage Iysates Koch & Dreyer (1958) came o the conclusron
that the phage g/srn wasa ysozyme. This was confirmed by Weidel & Katz (1961
and Katz & Weidel 1961()) who purified hoth the bound and free coli T2 phag
enzymes; and Murphy (19 3 working on similar Irnes found that the bound and
freg * me%;aterrum enzymes (iffered onIyrnt eir é) optima.

Halo formation was observed by Naylor & Czulak (1956) with a lactic acid
streptococcal pha%e and by Murphy (1957; 1960} with Bacillus meqaterrum phage.
They found that Ralos were due oan enzyme aftecting the dead ce ls surroundmg
the phages without giving comp ete srs Mur J)i}}’ de onstratedt at the enzym
Was resistant to trypsin, Be sm A-ase and RNA-ase ut was mactrvate b
chymotrypsin. It s possible that the Inhibition of a rhizobium p h
trypsin reported bh Ieczkowsky&KIeczkowsky 1954) may be due 0 the i rbr
tl nofasrmrlarp aeenzyme Halg formation aue to cell waII lysis drﬁers from
the halos observed around é)aques of mucoid strarns of Escherichia coli by Sertic

1929), and since reported to occur with many other organisms. In these cases the
alo Is due to an enzyme hydrolysing capsular polysaccharides (Adams & Park,

Other aspects of the action of phage lysin are the “nascent’ phage phenomenon
and ‘lysis from without’. Nascent phage was first observedb Evans 1934) and
shownb Maxted (1957) to be dug to an enzymelrberate from the host at the same
time as the phage. When some phages, e.0. Coliphage T2 are adsorbed to their host
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at hi?h mult plicity the cell wall can become so riddled with holes that the r_i,%id
Sltgrﬁjc ure collapses leading to “lysis from without” (Weidel, 1951, 1958; Delbriick,

The contri bution now presented is concemed with the enzyme found in phage
lysates of group N streptococci and some aspects of phage and enzyme adsorption.

Purification and properties of phage lysin

In the firsr instance the enz;Fme was_purified from h|gih titre (Phage lysates of
Streptococeus lactis mi 3 (102 phage/ml.) by conventional methods—precipitation
with acetone and salts and ion-éxchange chromatography on Amberlite CG 50.
Five hundreg-fold purification was achieved with a'yield"of about 13% and no
further purification could be obtained using a variety of fractionation procedures.
10-4 dilution of this enzyme preparation lysed 4x 108viable cellsiml. in 0T m-
hosphate buffer at pH 6-7 at 37° in 10 min. The enzyme was heat labile and
pgeared most active in the presence of 0-15 M-monovalént cations and at a pH of
-0-6-9, conditions which are very similar to_those for optimal phage adsorption.
. This phage lysin resembled that of group Cstreptococci (Maxted, 1957), in lysing
viahle cells” 1t'thus differed from all other known Igsms since these are active only
aga_mst cell walls or denatured cells, Lysis of viable cells was preceded hy a Iag
périod whose length varied inversely with the initial enzyme concentration; n
delay was.observed with cell-wall préparations. .

. The action of phaqe IXsm on cell walls resulted in the almost complete solubiliza-
tion of the walls, with the release of at least two components. One, not dialysable,
contained all the sugars ;.rhamnose, Jucose and alactos,%}, about 80 % of the' amino
sugars (muramic acid and ﬁlucosa Ing) and amino aci s{glutamm acid, aspartic
acid, lysine and alanine). The.other was dialysable and, after acid hydrolysis, was
found To,contain the same aming sugars and amino acids. These would appear to be
present in an aming sugar-peptide complex. _

,D|al¥sable acetyl amino sugar-peptide complexes were found after the action of
either Iysozyme 0r an enzyme from Streptomyces albus on walls of Micrococcus
lysodeikticus' oy Ghuysen & Salton (1960) and”Bacillus megaterium km (Ghuysen,

9%1). However, Maxted & Gooder (1958) failed to find low molecularweqht com-
pounds after rije Ig/5|s of group Astreptocaccal cell wallswith a group Cstreptococcal
phage lysate. The release of dialysable substances from cell walls by this type of
enzyme’may depend on the number of secondar Il,nkaﬁes between the muramate-
peptide sidé chains of the amino sugar ‘packbones’. These could be in the form. of
peptide bonds between ne|Phbour|n side_chains, or links between the side chains
and groyps In_adjacent polymers—of amino sugars or feichoic acids for example.
Fewer dirfusi Die r,o?(ucts would be obtained by the action of enzymes on the more
extTerr]]3|vfefIytcr?ssHI|n eld s_tructureils. s of N srentococci o

_ The effect of phage lysin on cell walls of group N streptococci appears to be ver
similar to that gf ?ygso%/me on Mlcro,cqccu,sglyso%mkucu waﬁs. Tﬁ%presult,s are con-
sistent with the breaklng of glycosidic Imkages between Afaeetyl amino sugar-
peptide compounds, somé of which are not cross-linked.

p
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_ Strain and group specificity o

At an earIP/ stage it was evident that the m1 3 phage lysin was not strain s1pe0|f|_c
although all’ strdins of group N streptococgi™ were )rsed, the rate of, lysis
differe apgremabl . Strains of 8roup D were lysed at a lower rate and strain$ of

roups A B and Cwere not Irse_ . These findings correlate well with the results of
axted (1957) who reported lysis of group A, B, Cand E streptococcl, and under
certain circumstances of group H, by a phage lysate of a strain of group C. It
apEears therefore that two or more types of Streptococcal phage lysin occur,

urther evidence of the lack of strain specm_cng was obtained when a second
phage lysin, Rre?_ared from a phage unrelated strain Streptococeus lactis ¢lQ was com-
paréd with the tirst.. Although they had the same pH optima for activity and re-
sistance to nactivation py heat, and had almost Identical activation energies of
28 kcal. mol.-1, their activity spectra were different,

Ralston, Beer, Lieberman & Krueger. (1961) demonstrated_ that staphylococcal
phage lysin is produced during maturation of the phage particles. Using a lactic
acldl streptococcus (mi 3), susceptible to two phages (m13: large. plagues;. 712"
minute plagues), we found that the two separatel}/ produceg 1ysins had distinct
patterns of activity against a number of test strains. This Suggests that the
specificity of phage’lysin is determined by the phage.

Inhibition of phage lysin

Crude phage enzyme preparations readily lysed viable cells of phage unrelated
strains, but not the” host itself (in buffer) until' the residual phage was removed by
repeated centrifugation. Addition to d)urlfled enzyme preparations of the homo-
Ior(];,ous phage at a multiplicity of 30-50 resulted in"complete inhibition of activity.
This behaviour contrasts with that of staphxlococcal and megaterium lysins, in that
these lyse viable_cell suspensions only in the presence of their homolagous phages
(Ralston et at. 1955; I\/Iurphg, 1950)." .

Inhibjtion of pha?e lysin yphagi_e indicates that phage and enzyme compete for
adsorption sites that aré either identical or very closely linked. Heterologous Bhagées
failed'to inhibit the ghage lysin, although so far every phage has been adsoroed z
every strain. Heterologous pha?es must therefore be ‘acdsorbed on different sites.
At (° both homologous and’ heterologous phages are eluted by nutrient medium
whose electrolyte concentration is atiove hat” permitting adsorption, At 30° no
elutign gecurs, PhaPe-resmtant mutanis_of these streptoccci adsorh their Rhage_s;
In this they resemble the behaviour of T phage-resistant mutants of Escherichia

coli strain b,

Reiter & Oram (1962) showed that suramin inhihits phage adsorption and now, as
one Woul,g‘ reJlnct(, v_ve)n_ave found that suramin S|m|ar|a Inhlg_lt phage Fsm. As
non-specific adsorption is also Inhibited 1t appears that “suramin masks the whole
cell S rfaceh_ _ _

_Escherichia coli , has been the subject of most of the research on Phage receptor
sites and their 1solation (Weidel, 1958), It may well be that the relatively simple

cell walls of the Gram-pasitive cocci will provicde valuable additional material.
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INTRODUCTION

The countrnq of bacteria in_suspension by a method which gives immediate
values for popu atron Size |s desrrable The stud of subtle and ra il changes rnthe
rowth of given acterr gPu lations has eert limited. Prel rmrnar}/ rePortso
rogress In” the field of electronic countrng bacteria have appeared recent|
Toennies, Iszard, Rogers & Shockman, 1961: Truant, Brett & Merckel, 1962).
urprevrous work on |s problem has shown the necessity ofworkrn%wrth opula-
tions of one organism by Using hasic microbiological technigues, an byrferrrng
frequently to establrshe stan ards (Swanton, Curby & Lind, 1962g As with many
C0 Plex functions, certain general reIatronshrps éxist which make possible the
solution of the function under sPecraI conditions. The present paper Is concerned
with the rationale involved In attaining a practrcable means of countin bacterral

: G. Microb.
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suspensmns by usmg the Coulter Counter and to show the results obtained when
g/lngg this method to counting different micro-organisms of similar initial volume

METHODS

Staphylococcus aureus sm, EScherichia coli Sias, an E coli variant, E. freundii
4i and an E. freundii variant were rown In ram eart infusion broth (sup-
P|ed )y Difco Laboratories Inc., Detroit, Michigan, U.S.A.) and followed for periods
rom 6'min. to 48 hr. Pourplatesweremadeforeachcultureatthetlmeofmocula-
tion and at 1hr._intervals thereafter. Simultaneously, counts were taken on a
Model A Coulter Counter, adjusted for maximum gain, from 0-5 ml. samples of the
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#1 J Oyl#l' ﬁnmentf asa xeﬁﬂv% era er% na xedume |Rterval control, but
or easeo graB ic explanation a Tixe tlmeumt |ss own.

rowm% culture diluted in 0-9% (wiv) sodium chloride solution. All counts were

ade through a 30/1 diameter aperture of the apgaratus at threshold settings from
5to 100 foraperture current settings (a.c.s.) 4 Population distributions
and visual counts were made on “samples mtroduced into a %hase -Illuminated
Petroff-Hausser counting chamber, The electronic counting method used. for this
study utilized two volunies of a fluid several hundred times more conductive than
the particles which were to be counted. The two volumes_of fluid were continuous
through a prec 3|on hole 80r¥ diameter) drilled |n athln non-conductive wall
In eaCh of the volumes a non-reactive gatmum electrode was submerged, and a
fixed current electric circuit Wascompleted between them throughthe fluid Suspension.



Electronic counting of micro-organisms 3

A known voluyme (0-05ml.) of fluid with its suspended particles was caused to
flow through the aperture. "As each particle passed through the orifice, there was
a transient chande In resistance. A voltage increase (currenit  resistance) occurred
each time a particle passed through the aperture, the amplitude of the voItaq
ulse rrrenerated bein r%portronal 0 the a erture- frIIrng propertres of the Ipartrc
Pmarnysrze and saﬁ [)) hese voltage pulses were amplified and passed th
circuit'which controlled the minimum voltage that was regrstered ona connected
pulse counter Fr ure 1 shows the counting Circultry; at the upPer n?htamethod
of graphically rcatrng the results obtained as the threshold cut-off value is
rncreased 1S shown The yoltage pulses generated as the particles were pulled throu?h
teaperturewerea mplified and displayed on the cathode-ray tube, Pulses of simifar
PO larit were passed into acoun Ing crrcurt through a unit which controlled the
est Interval as a function of time or, as in our expériments, of volume. The effect
of varying the threshold cut-off value may be folloved (Fig. i) rnthe ex ande View
of the rma?e on the cathode-ray tube superimposed on the pulse erg d (up troer
left arto frgure) |t will be noted that 8 pulses in the test durati nwere
In am rtu eor reater This was displayed asaoulse count of 8 at a threshold
cuto va ue of 2 on t egraoh in the pper rrgh part of the figure. There were
4 pulses having amplitudes of 75 V. or greater; In fact, the amﬁlrtude of these
pulses was greater than 100//V. Thus for both cut-off values the pulse count
was the samg. This fla portion of the 1=dra h will be referred to asaRIateau and the
Rortron to the right of it as the tail-off of the curve, The curve at the 75 . thres-
old value made’a positive flexure, while at the 100//V. value it flexed negatively.
Families of pulse ‘count versus threshold curves were generated, for each of
ouroﬁnrcro organisms; one curve was noted for each 1hr. interval in the growth
er

An analtrsrs of the partrcle distribution producing a curve of the form described
ahove 1s shown in Fig. 2. A complete treatment 0f the analysis of the addrtron
of two randomly presented functions uBon which_this anaI)( IC metho 1S ased
erI be the subject of a subsequent publication. The dark Tine on the graph

2a 1S the Tesultant of two random &stochastrc) variable curves rndrcated
rn dotted lings (Dixon & Massey, 195) 7). The straight Tine with the negative slope
would be generated if the particles i the fluid Volume counted were randoml
distributed”as to rate and order of presentation, size, shape, and some factors of
lesser importance. When all particles are unrform but agarn resented randoml (}/
with respect to rate. and order, the curve with the wite plateau Is generate
The horizontal position of the pIateau on the resultant curve IS determined b
the effective size oft e particles, srn? 0 ji diameter aperture under the afore
mentigned test condrtro the tail-off of the particle count versus threshold setting
urve for 0-81/1 diam. atex spheres occurred‘at a threshold setting of 6 for an a.c.s.
5, and at a fhreshold setting of 9 for anacs of 6. Under thesame conditions,

theplateaux of the curves enerated b¥ 5;1.diam. latex spheres extended through
threshold settings of 100 for a.c..’s 0 both 5 and 6 with a tail-off which began at
% for a.cs. 4. The maximum threshold settrnd seen under test conditions at whjch
the tail-off began for bacteria studjed was 90 Tor a.c.s. 6. |t was therefore possible
to follow the growth of the ordanrsms studied through their entire size Increase
in the growth cycle, and to estimate that the 30/t diameter aperture under test

3-2
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cond|t|ons descrlbed here WI|| aIIow for the analysis of part|cles havm%space f||||ng
J)emes equivalent to SP erical vo umes rangqu from (
h and the vertlcal I|003| lon wasaso atere actors WhIC werea ectedb
te requency of the, pulses as well as the pulse amp I|tue |t should omted out
that these factors limited the use of the anal t|ca technique to e Iscussed to
pulse input rates of ahout 6 x 103pulses/sec. or fess. Pulses generate at frequencies
?reater than t1is tended tc superimpose in. time and increase the apﬁaren ampli-
Ude of the total pulse pattern. This theoretical limit was in accord with the findings
of Brecher etal Fl962) who reported an increase in pulse counts at 8x 103erythro-
cytes/sec. especially at higher threshold values. The particles ordinarily found as

Particle counting characteristics, Growing bacterial population
based mairly on size and shape distribution showing three time periods
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impurities in suspensmn media used for counting were randomly distributed with
re?gect to sue and to §ome extent shape. The presence of thﬁse particles did noé
the tota coun& &artlcles of uniform sjze analysed bg e method describe

mt IS paper, provi ed eir contribution did not cduse the total pulse count/sec,
to exceed the 6 x 103]imit.

The bacterial populations grown in pure cultures showed countm? characteristics
which followec those indicated in Fig. 2b. Areliable particle count could be made
when enough uniform particles were present to cause a positive flexure in the curves.
The megn percenta e standard deviation for all counts within a pulse 'oopulatlon
range of 15x 102t0 3-0x 103 pulses/sec., angd based on random sampling of the
variance over a 6-month period under conditions recommended in this pa Per Was
found to be 1-945 within a minimum of 0-314 and a maximum of 6-565. An electrical
count havmg a varjiance smaller than that found for its associateq standard plate
count was possible It one tcok as a point of count the pulse count for the threshold
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value at the base of the first positive flexure onany of the curves: point x in Fig. 2a,
and points x', X", ™ In the curves in Fig. 2b."In mixed population analysis any
subsequent positive flexures must, also bie considered, For all curves in @ famil
generated from any mmro-orgamsm population, this. threshold g( n _F|gi. 20
an be taken as constant. To demonstrate the capabilities of this analytical pro-
cedure, no correction factors were used on any of the data presented.

RESULTS

,qu_ures 3-7 show comparisons of growth characteristics, some population dis-
tributions for two cultures of Escherichia coli, two of E.freundii and one of Staphy-
lococcus aureus; and the effect of the magnitude of current flow through the countin

orifice (aperture current?_ on the reproducibility of the electrical count, Changmg
the aperture current set mF a.C.5.) control on the counter was observed to have an
effect.on the recorded parficle count at times in the %rowth cycle of some of the
organisms studied (Swanton et al. 1962). It can be demonstrated that this effect
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Fig, 3.. Comparison of plate counts and electronic coynts obtained from populations, of
Eﬁ%hencmac ﬁS|as. TLg notations V, SLaanm ove#]eabs ISsa | c{{cate % gsatw \g(fw
the or?afnl?gws ere found to be, very, slightly, or not detectanly sensitive to the
current field 1n the counting media.

IS associated with a general sensitivity of the micro-organisms to a variation in the
magnitude of some Electrical field property in the colnting chamber. Until more
definite information concerning this phenomenon can be Obtained, we will refer
to it as an electromotive force %e.m.f.) sepsitivity, Figure 3 shows an E. coli and
compares populations initiated from two inoculation sources. The degree of e.m.f.
sensitivity, as measured b}/ the failure of plateaux of curves in the qrag s of particle
count versus threshold setting to superimpose for aperture current s ttmgs of4, b,
and 6 will be seen just above the abscissa:. / for ver¥, sensitive; SL for shghtly
sensitive; N for no”detectable e.m.f. sensitivity. The Tilled circles represent the
population counts made within 1 min. after the electronic count began, while the
open circles indicate th? av%r,age values for plate counts reﬁd 241r. ater. Th

aximum growth rate for this organism was 2-05 divisions/nr. when inoculated
from broth“and 2-02 divisions/hr. When inoculated from an agar slope. The E. coli
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variant results shown in Fig. 4 were from extended
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each triangle. At the 43 hr interval for the culture grown from agar, the plate
count was lower than the electrical count and the Petroff-Hausser count, This
was probably hecause some dead organisms had accumulated which would_not
have been differentiated by methods Based on physical counting techniques. This
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difference can be seen to be slight in the 24 hr, sample from the culture grown from
broth: the maximum Ogrqwth rate was 2-00 divisions/hr.. for the populafion started
from broth_and 2-17_divisions/hr. for the poPuIatlon Initiated from an agar slope.
E. freundii 8454 (Fig. _ﬂ]resembled E. coli aIthougih It was also like™S.  aureus
N ifs e.m f. sensﬂnuthl. e plate counts may be related to the e .m . sensitivity.
I the culture was highly sensitive, the plate Count was consistently lower than the
simultaneous electrical count. When 1o e.m.¢. Sensitivity was demonstrated the
reverse occurred. The action of the population initiated from the agar slope was not
Clear, Subse%uent studies may clarify the reasons for this behaviour. The maximum
rowth rate for the broth source culture for this bacterium was 1-80 divisjons/hr.
he maximum growth rate for the agar source culture was 174 divisions/hr. The
Eopulatlon distributions indicated considerable clumping at times during growth,
ecause of the shape of these o1r%an|sms and properties Of the cIumRs this did not
affect the counting reliability. The E. freundii variant in Flg. 6 exhibited a sharp
drop in e.m.¢. Sensitivity for the culture inogulated from broth. The sensmw%
began to return at 6 hr,"as the growth rate diminished from a maximum of 1-
divisions/hr, The Petroff-Hausser counts taken at the 1 and 4 hr, test periods for
the population started from an agar slope show the same growth rate &2-4 divisions/
hr.) as that calculated from rhe"other counting methods; however, the counts are
lower. Further study will be necessary to explain or. dismiss this as a recurrent
Rhenomenon for this organism. . S. aurels sm Seen in Fig. 7 displayed continuously
Igh e.m £ Sensitivity and a([}am the electrical counts Were higher than their plate
count mates. The growth rafe for these populations attained™a maximum of 1-22
divisions/hr. for thie population started from broth and 1-46 divisions/hr. foy the
populations inoculated from aTgar slopes. Two cultures inoculated from agar slopes
were plotted together in this |f%ure. he 0 and 4 hr. interval and the 24°hr. point
were plotted from one culture; the 4 and 20 hr. interval from a culture started from
the same stock 2 months later. The results indicated constant growth characteristics
for this organism.

DISCUSSION

Several facts were apparent from the results. Staphylococcus aureus and one
Escherichia freundii_ showed e m.¢. Sensitivity throughout their growth period.
All the, micro-organisms studied exhibited the greatést e m.¢. Sefsitivity before
the rapid growth phase, e m.. Sensitivity had some effect on the electronic versus
Elate,count. This %ensmvny held regardless of polarity of the electrodes, gms
howing that this phenomerion was not related to_a cha 8e on the qrganisms, out
rather, Wwas (etermined by an active process within the drganisms just before cell
division. . All of the EsCherichig populations studied d|3ﬁlayed Similar growth
charagteristics. Population distribution did not seem to have an effect On the
electrical count; however, the tendency to Cl?r? the aperture increased as the
percentage of greater than quadruple units becanie larger. All Escherichia species
examined showed normal frs\%uency distribution for singlets and doublets except
at the time of maximum growth. S. aureus did not follow the normal distribution.
As would be expected in"theory, by using the analytical method here discussed,
the electronic count correlation wjth thé standard plate count remained h|gih.
Because of the shift in population distribution during portions of the growth cycles
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of some of the bacteria studied, any technique based on a Pojsson distribution
cannot be used throughout the entire’growth period. That correction for population
distribution s not nE%essary IS encoura mg, since |ﬁ extends the range of types of
micro-organisms which may be counted eléctronically.

CONCLUSIONS

It is concluded that it is possible to count growing bacterial p_oPuIatlons electroni-
cally even though intra-species and inter-genus variations exist. These variations
are the result of factors such as: the given‘organism, agg, distribution and growth
rate at the time of count, dilution and cotnting media, aperture diameter and
magnitude of the current field in the electronic counting system.

This article contains information presented at the 1962 Annual Meeting of the
American Society of Microbiology.
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INTRODUCTION

In the present context growth of a bacterium is defined asagradual increase
mb Ik by the. process of ofganic life”, without this necessari 1vbemg accom anied
by multiplication. (The.distinction is illustrated by Nicolay (1585): *Great ushes
and wilde brambles, which in process of time, . .were sogrowen and multiplyed”)
A cell-free medium is defined as.one without intact tissue cells.

Continuous intracellular multiplication of Mycobacterium Ieoraemurrum the rat
|eprosy bacillus (used often as a |aboratory model in IeBrosys udies), has, recently
béen abtamed in"cultures of rat fibroblasts'(Rees & Garbutt; 1962), but this species
has never been shown unequivocally to multiply. at all | m any cell- free nutrient
medium (Eddy, 1937, Gray, 1952)., We have srmrlarcy ailed with many such
medja, and have moreover found with the electron microscope that most of the
bacillf are degenerate (dead) within 2-3 weeks at 37°. However, by adding sucrose
to a_concenration of 10%_to a liquid mediym ?modrfred from that of Dubos &
Davis, 1946?) that is used in these laboratories for subsurface culture of MYco
bacterrum tu erculosrs Hart & Valentine (1960) obtained an increase in bacillary

ﬂ]t I M. lepraemurium and a delay in its’ degeneration. We now report the
fur er deveIoPment of this work, which provides evidence of a living process, even
though no multiplication has been detected.

METHODS

Source of the hacill
The bacilli were provided by Dr R. J. W. Rees and his co-workers:
From infected mice. The Tiver ofa mouse ofthe aIbrno P strarn which had been
moculated intravenously 4-6 months previously with Mycobacterium | eoraemurrum
(Douglas strain), and which had usually receivéd suramin to enhance the infection
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Was homoFenized (see Hart, Rees & Valentine, 1962«), and the bacilli partly freed
from the fissue components by the method of Garbutt, Rees & Rarr (1962) and
then suspended In physiological saling solution cont_amm? 1% albumin' (bovine
Blasma fraction V, Armour),to give about 2x 109acid-fast bacilli/mh, as counted
v the method of Hart & Rees (1960). The organisms were well dispersed and
predommantrlal_smgle. , o ,
b) . From infeCted tissue cultures. A suspension, in Hanks balanced salt solution,
of ra fibroblasts containing bacilli of M. lepraeniurium (Garbutt et al. 1962) was
centrifuged at 1200 rev./min. (250 ) for 5min. to deposit the tissue cells, which
were concentrated by removing an"appropriate amount of the supernatant fluid.
In some exEJ_erlments the bacill were released from the cells by exposure to ultra-
sonic vibration. (400 kc.sec. supplied b_)r,a 50 W. generator for Tmin. In the
Bresent work tissue culture-?_rown bacilli were used much fess freguently than
acilli from infected mause Tivers.  Unless qtherwise stated, the in

liver was the source for inoculation into cell-free medium.

Table 1. Final concentrations of ingredients of the present medium for studying
elongation of MycobaCterium lepraemurium bacilli

ected "mouse

Ingredient % (Wiv)
gs%r;gnl% eacids (Difco) é?
Napj-i P%4 12?
S0 Gitrate é)g
g&émﬁlg
Cero 9
umin 18*
Sucrose )

* (-15 % when the inoculum was from tissue culture.

Present medium

The basal medium was composed of: Difco ARacto) ‘Casamino acids’ (certified)
29., L-asparagine monohydrate, 13-5 4q7 anhydrous NaHP04 25 .. KHP 04
10 trisonium citrate, 154.: I\/I%SO, HD, 06 I glycerol, 53 ml: de-fonized
water to 1000 m].; adjusted with HCL or NaOH to pH 6-2 0r as reguwed; autoclaved
at 115° for 20 min. This autoclaved solution was distributed in 4-5 ml, amounts into
Loz _828 ml.) screw-capped bottles, to which were added 0-25 ml. of 5% agueous
solution of albumin %frachon Vg sterilized by filtration; 1-2ml, of autoclaved 50%
WIV) sucros; solution; solutions of an)i,test substances; water to 7-9ml.; 0-2 ml. of
he bacillary suspension from mouse Tiver homogenate or tissue culture, g,lvm a
final total Volume of 8T ml., containing about 5x 107 or 106107 baCilli/ml.,
respectively. The final concentrations of the ingredients i the complete medium
%re shown1r. Table 1; jn afldmon a small amount of liver or fibroblast tissue from
the Inoculum was Inevitably present.

Assessment cfgrowth of bacilli in medium

A bacillary suspension in the medium was immediately fixed by adding formalde-
hyde to a concentration of 1%:; this served as a sample’of the irioculum™(for a base
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line) and was stored at 4° (no significant change in the length of the bacilli occurred
during storage). Other suspensions in the same mediuni were incubated, at 3/°
unless otherwise stated, for periods UP to 2 months and were then similarly fixed.
The inoculum sample and the incubated suspensions were diluted 13 in water (to
decrease the sucrose congentration) and then centrifuged at 2000 g for 30 min. in
gml. P¥re_x tubes. The deposited bacilli were dispersed in about (-1 ml. of super-
natant tluid b>( exposure to ultrasonic, vibration (400 kc./sec,) for Lmin.
Samples of the Geposits were examined in the electron microscope, adjusted to
a magnification of 10,000 by means of standard %)heres (diam. 0-2611) of polystyrene
latex. A series of congentric circles, the circumferences of which were sgacéd b
(k5 cm., drawn on the fluorescent screen on which the final image was seen, allowed
the lengths of the bacilli to be estimated to the nearest 0-L fi. The Iengths of 100 or
more bacilli from each sample were measured in this way, and the frequency
distributions of lengths and their means calculated. At the same time the proportion
ofbacilli which appeared degenerate (McFadzean & Valentine, 1959) was estimated.
In addition, the bacillary deposits were stained b)( the Ziehl-Neelsen method and
examined with the I|g,ht MICroscopg; a radmg of Jength was made without formal
measurement, and, using the modified stain dgscribed by Rees & Valentine (1962),
the presence of degenerate bacilli was assessed. (Unless otherwise stated, bacillary
lrﬁncgr%hssc g&ed)propomons degenerate refer to the results obtained with the electron
| .

RESULTS

Optimal conditionsfor elongation of the bacilli of Mycobacterium lepraemurium

. The nutrient medium used by Hart & Valentine El96,0) required a high concentra-
tion of sucrose (or ?Iucose) In order to obtain substantial lengthening of the bacilli
However, the results were irreqular, They were somewhat Detter when Fe3t was
added to 15 Hug.iml. and Mozt Was incredsed to 14 mi (Hart, Rees & Valentine,
19626): but thése additions were not necessary with the present medium. In the
[atter "the Casamino acids were increased 6 and the asparagine 25 times; the sucrose
was 74 %; and the sojution had a specified acidity (see be|0V\Q. Elqn%atlon was then
more rapid, more uniformly distributed in the acterial population, and reached
a hlﬁher final fqure; and thie results were reqularly reproducible.

The acidity of the medium was critical for elongation to gccur, Figure 1 shows
the mean length and the degree of degeneration of the bacilli, obtained from
Infected mouse livey, after 17 ays of inciibatjon at 37° in the medjum at different
Initial pH values (the pH value remained stable during this period). The greatest
elongation (mean length nearly 4fi) occurred around” pH 6-0-64, with & rather
sharp. Aaeak; and theré was virtually_none (mean length about 2 /i compared with
1-8/j in the original moculum}}_atp 7-2 and more, orat pH 50 and less. The curve
for the proportian of bacilli which were de%enerat,e (assessed by electron mmroscoy)(
was nearly a mirror-image of that for le gthen|n5q; the majority were degene q
after incubation above pH 7-2 and below™pH 55, whereas over 80% (c m'nared
with over 90 % in the original inoculum) were still not degenerate at pH 6-4, It has
not heen possible to sepdrate the association between acidity and lengthening and
that between acidity and decreased degeneration; the optimum pH vallie was about
the same for both and, moreover, all alterations so far made to the medium which
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resulted in abolition of the elongation at pH 6-2 were accompanied also by de-
generation similar to that seen at'neutrality. , _

Onthe bf sisofthese fln_d|r(1]gs, avalue ofabout pH 6-2 was specified for the medium

» and of about pH 7-2 when 1t was not, The p_roPress

when eI_on?atlon was desire , _ of,
In a typical experiment, of elongation and degeneration of the bacilli (from infected
40 -100
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mouse Iiverg during 2 months of incubation at 37° in the medium at pH 6-0s shown
In Fig, 2. Some Iengthenmrg Was evident b¥ 2 days. The mean length of 1-9ii In
the original noculurn doubled by 7 days; after between 7 and 14 days the rate of
Increase gradually decreased, and the mean length at 60 days was 7Tii. The pro-
Portlon 0T organisms which were degenerate élnltlally less than 59%) was still less
han 10% at 7-14 days; it then Incréased gradually, reaching 35 % by 30 days and
0% bly 60 days, by which time eIon?_?tlon had virtually cedsed. Hence degenera-
tion, already markéd at 2 weeks at pH values unfavourable to elongation (Fig. 1),
was postponied but nof avoided under these optimum conditjons.. _

The frequency distribution of lengths of bacilli_in the oru{;mal ingculum is com-
pared (OTabIe 2) with that after inctbation for 17 days in the medium. Initially,
only 4% of bacilli measured more than 3/i and 32% more_than 2 after the
IncUbation the corres?ondmg ercentages were 62 % and 87 %. The increase In mean
length 1 clearly due to a general shift"and not merely to a few very long bacilli

Table 2. Length distribution of Mycobacterium lepraemurium organisms
before and after incubation for 17 days at 37° in the medium at pH 6-0

% bacilli
Initially ~ After 17 days
o

| :
i

The necessary constituents of the medium were mvestl%ated further, first, by
adding albuminand sucrase in the same concentrations to, phosphate butfer pH 7-3
and 6-2, the phosphate being finally m/50 and /125 (that in the medium was m_/70|).
After incubation for 17 day$ in these four buffer mixtures, there was no appreciable
Increase in average Ien(I]th of the hacilli at either pH value, whereas the complete
medium showed fone also at the hlpher H value, but more than frebling of initial
mean length at the lower pH value. The proportion of or?anlsms which were
degenerat® was 5% in the inoculum, 60 % or more in all the Tour huffer mixtures
after incubation for 17 days, as compared with onlly| 10 % at pH 6-2 In the complete
medium. Next, to a similar buffer mixture at pH 6-2 (phosRhate m/70; albymin
and sucrose as before) glycerol was added to 2-9 % (w/v), as n the complete mediym,
Some elongation was now evident after incubation (though less than in the complete
medium), Whereas there was again none in the butfer mixture without glycerol,
The microscopic appearances of Mycobacterium Ie#‘r_aemurlum In theconditjons
described are illustrated. Plate 1 shows, by electron microscopy: a normal bacillus
from infected mouse liver (PI. L fig, 1%; a degenerate bacillus Sucn as is produced
bY incubation for 2 or more weeks i osiJhaebuffer or In the complete medium
at pH 7-2 (P1. 1, fig. 2); a long apparently healthy bacillus as produced i the

Length
M

OOOOOOMO

NN B~
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medium at pH 6-2 (PL 1, fig. 3); a long bacillus which has eventually degenerated
(P1. 1, fig. 4). Plate 2'shows, By light microscopy:hacilli frommouse livérimmediately
after ingculation Into the mediym (P! 2, f|g. and also the bacilli after incubation
for 17 days at pH 6-2 EPI. 2, fig, 6) and at pH 74 ?_PI. 2 fig. 7); bacilli i tissue
culture célls as‘inoculated into the medium (fPI.Z |1%8), and their appearances
after incubation for 14 days at pH 6-1 (PI. 2 figs. 9, 10). "In the light microscope,
long bacilli in_the early stages showed a charaCteristic headed appearance of the
stained materjal whict made assessment of degree of degeneration more difficult
than in the electron microscope; degeneration In short bacilli, as well as in _Iong
bact|II|_ alt a later stage, was easler to assess from the gross irregularity of the staine
material.

Increase in weight of the bacilli

The, dry weights of the bacilli could be estimated from the electron micrographs
by using”electron-scattering theory (Valenting, 19623. In a typical experiment,
the mean dry weights so obtained” before and after 2 weeks of incubation in the
medium af acid reaCtion were: bacillus inoculated into the medium = 59 x 10~u mg..
bacillus after incubation for 14 days in the medium = 12-0x 10 umg._ DurmP this
14-dlay period the mean Ienﬁ;th of.the bacilli increased from 2T  4-6ji, 1.e. almost
In the' same proportion as the WelﬂPt. In,the same time there was usually a slight
(c. 20%) Increase In the wzdth of the bacilli,

The effect of unfavourable environment on subsequent ability o elongate

The bad li were incubated in the medium for various periods at a RH value either
t00 Iar([z_e or too small for elongation to occur; the pH value was then changed to
the optimum_pH range by a dlnﬁ acid or alkali. Thus, after 1 day at pH 7-/,
followed by 2 weeks at pH 6-0, the bacilli Ienlgthened moderately Well, whereas
when this ¢hange mPH value was made (from pH /-7 or 7-2to pH 6-0) after 1 week
they lengthened little or r.of at all. Similar results were obtained when 1week at
pH4-4 or 4-8 was followed by 2 weeks at pPI 6-3. On the gther hand, organisms
Incubated in the medium at pH 6-2 for 1week, and then transferred to fresh medium
at pH 6-2 and 7-0 for a further 2 weeks, continyed to lengthen at the lower pH
value but lot at the higher, Flnallg, bacilli which were iNcubated in phosphate
buffer mixtures (see above) for 2 weeks, whether at pH 6-2 or 7-3, and then (when
more than half were seen to be degenerate by microscopy) transferred to the
complete medium at pH 6-2, showed nd subsequent elongation: 1t may be concluded
that, when the pH Vvalue or the composition of the medium was unfavourable to
elongation, not onl_)f_dld degeneration gas seen by microscopy) rapidly ensue (see
above), but the ability to lengthen when subsequently the pH value or the, com-
position of the medium was made favourable was sodn diminished and abolished.

The natural resistance of Mycobacterium lepraemurium to kI||In?_ by alkali was
tested bY exposmtly a bacllary susBenswn from infected mouse Tivér) in (-5 or
005 % albumin safine to 0-1n"or 0-02x-NaOH for 30 min. at 35°, and washing the
organisms,  before inoculating them Into the medium at 2pH 6-2. Resistance 1o
mineral actj_d was tested by exP(isln a suspension in ?—0 5% albumin saline to
0-In-HCI fir 2. at 3/°, neutralizing, andthen noculating Into the medium at
DH 62 Ir. both cases the capacity for lengthening was still evident, though
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diminished, In this resistance, more particularly to acid, M. lepraemurium resembles
M. tuberculosis, in which species this property”is well known.

The effect of temperature

. Bacilli were kePt in medium at 42°, 37°, 34°, 24° and 4° for a month, The elonga-
tion at 34° waﬁs |ght|3/,less than a| 37°_and there was none at the other termaera—
fures.. In another xp rlmentsamlp es of a bacillary suspension from infected mouse
liver in the usual 1% albumin saline were kept at 37° and 4° for 14 days, samples
being withdrawn genodmally from each [ot of suspension and inoculated nto'the
medium at pH 60, which vias_then incubated for 14 days at 37° and the bacilli
examined for lengthening. Bacilli sampled from the 37° suspension on days 0 and 2
showed Iengthenlnq to a similar and considerable deqree In the medium, "hut those
sampled at™cay 5 Tengthened hardly at all. In contrast, bacilli from the 4° sus-
pension snowed considerable lengthening when sampled up to day 8, and a little
Wwhen sampled on day 14, _ o
Tissue contamination

. Mycobacterium lepraemurium is, intracellular in vivo, but the method of Pre ara-
tion of the bacillary suspensions from mouse liver breaks up the tissue cells. Thus
electron and light mmroscopy have not revealed any intact liver cells in samples of
bacilli examingd either before or after incubation’jp the medium for 14 days. It
was, nevertheless, conceivable that some few liver cells were necessary for elongation
to occur. This was_excluded by the finding that Ien?thenm cofild occur after
treatment with NaOH (p. 48), which decreased the total cold trichloracetic acid-
Erempnatab,le material of thé liver in the final bacillary suspension by 80-90%.

uch d|gest|on not only wauld have destroyed any wholé cells but also would have
removed mogt of the rema_mmg cell fragments. , _

Towards further exclusion of an essential role of tissue cells, a suspension of
M¥cobac1er|um lepraemurium was speuaIIY freed from liver remnants by additional
differential centrifygation, and then tested for bacillary elongation in the usyal
manner; this was found o be similar to that of a norfal preparation of bacilli,
With a similar object, bacilli from a tissue culture were released from the fibrqblasts
b%ult[asom_c vibratjon, and the suspension washed twice and resuspended in 1%
albumin saline; again Ien?thenm? occurred. o

Although it séems unftkely, Therefore, that contaminating fissue El,ayfed an
essential part in the bacillary growth in the complete mediun, it is possidle that
the residual liver in the prepérations from mice contributed some of the nutritional
requirements for growth. _

Stale medium

Bacilli were incubated for 2 weeks in the complete medium at PH 6-2; the sus-
Pensmn Was then,centrlfuged and fresh bacilli inoculated into the supernatant
luid, and incubation._carriéd on for a further 2 weeks. |n another experiment a
fresh suspension was inoculated into the supernatant fluid from some of our earlier
medium which had been in contact at 3r° with bacilli for 2 manths, In both
experiments the fresh bacilli lengthened in the old supernatant fluid. “Staling’ of
the medium appeared therefore Not to be the cause of failure ~o multiply, nor of
the eventual degeneration of lengthening bacilli. & Mot
4 CroD.
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Alterations to the medium

Many additions were made to the present medium in the _hoge of obtaining division
and maltiplication of the bacilli, or'a further delay in their degeneration, Dut these
additions, am_on% which was mycobactin (the growth factor for Mycobacterium
johnei), were ineffective both at neutraljty and in the acid pH ran%e optimal for
lengthening.  Substitytion of other carbon. sources for sucrose, I high or low
concentrations er% glucose %Hart & Valentine, 1960), sorbose or erythiitol) gave
no advantage. Omission of the sucrose aIto?ether usually decreased the deqrée of
elongation, trough not much, but the results were then Tess reqular and uritform.
Qmission of Iglgcerol led to @ much more pronqunced diminutjon in elongatiop.
On the other” hand, some eIongaﬂon iat pH 6-2) still occurred Fboth withh well-
washed tissue-cultyre bacilli and, with liver-contaminated bacilli from mlce?)wh,en
the asparagine and Casamino acids were omitted, leaving salts, glyceral, albumin
sucrose, 16, a mixture rather like the buffer mixture with glycerol (p. 47) and
giving similar results. _ ,

Results in other media

. Afew conventional media were tested for their capacity to vgr_omote the lengthen-
ing of M;(cobactenum lepraemurium. These included Hedley Wright broth, glycerin-
ated broth, and Hanks’s basal salt solution with human cord sefum. Atabodt pH 7
and 6, and both with and without sucrose, the bacilli degenerated within a few
weeks without obvious lengthening.

The effect of isoniazid

As is well known, isoniazid suppresses the in vitro multiplication of Mycobacterium
tuberculosis; rhis substance at 1 (;%/ml. also comgletelg inhibited the élongation of
M. lepraemurium at pH 6-0-6-8. "On the qther hand, 4 substrain obtained from an
infected mouse and” which showed jsoniazid resistance in vivo required 25 /tg.
isoniazid/ml. for complete inhibition (Hart et al. 19625).

Total count of acid-fast bacilli

The pos,sibilitby of si%nificant changes in the total Ipo ulation of acid-fast bacilli
was examined By Dr R.J. W. Rees™(method of Hart & Rees, 19602. The counts
were made immediately after inoculation into the medium and also after incubation
for 17 days ut pH 70and at PH 6-0,_About 80 bacilli were counted in each case,
sufficient to detect almost certainly (P = 0-001) a change of 50% or more In the
[io ulation, In fact. the counts diminished sli tIY from 1-7x 10Mml. initially to
5x 10Mml, 1pH 7-02 and 14 x 107ml. (pH 6-0) after 1/ da¥s, but the differences
were not m% ifican {P > (-15). Almost certainly, therefore, any increase or

decrease in the aPo ulation during the mpenod of maximum bacillary €longation was
less than 50 % and consequently”unimportant or non-existent.

DISCUSSION

Gross elongation of the bacilli of many bacterial sRecies in vitro has been fre uent%/
described, the common factor being a'change in the physical or chemical environ-
ment unfavourable enough to prevent multiplication (division) while still permitting
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growth. Mycobacteria are no exception, e.fg. Mycobacterium johnei in culture
medium coritaining minimal concentrations of'its growth factor mycobactin (Hart,

958) and M. tubérculosis in medium made toxic by urea (Hart, unpublished) or
when incybated in certain buffer mixtures (see below), There would be little point
In describing elongation in M. lepraemurium in a cell-free medium were it not that
multiplication has not been achieved for this I\S/Peues in any such medium. Con-
sequently, growth in the mass and length_of M. lepraemurium bacilli may be an
advance” fowards the Possmmty of obtaining complete in_vitro cultivation; and
unlike the case with gther bacteria, the physical and chemical conditins required
for maximum elongation can be a quide to those most favourable for this organism.

That the elongation described represents an active vital process and not a passive
stretching, or a Tmere accumulation of material from the medium, is supported b%
the Bresent evidence—in particular, the gradual progress.to a doubling of lengt
In anout the time required_for one generation CP/C|e in_living mice orrats or in
fibroblast cultures, namely 7-14 days (Hilson &Elek, 1957; Rees & Garhutt, 1962’),
the. suppression of the process by fow concentrations of iSoniazid, and the farlure
gtf a{lso%%?g to do so with a subStrain which was isoniazid-resistant in vivo (Hart

Although' the bacillary preparations from mice contained some liver material,
the ability of the bactéria to lengthen after treatment with sodium hydroxide
which would have digested any whole liver cells still present and removed most of
he cell fragments) agpears to"exclude any analogy with the cell-micro-organism
association “of tisste culture._ On the othér hand, the small amounts of résidual
tissue ma%{ have made a nutritional contribution towards the growth,

_EI_onqa lon of Mycobacterium lepraemurium can be observed'as a normal process
within the host, cells, in the _|n|t|aI,Phase of slow multg)llcatlon In progressive
murine leprogy infection in mige (Hilson & Elek, 1957 Chang, 1960; Hart et al,
19623) and 1n monqcytes maintained in vitro (Chang, 1961). We have noted
abnormal elongation in a,m|n0r|t¥_ of the population of the slow-growing M. johnel
In cultures in Or near foci of mul |P|y|ng_short bacilli. However, the eXtracellular
Ien%themng which we can now obtain With M. Ieﬁraem_unum Is far more striking,
In that almost all the bacilli are affected, most of them finally reaching three to five
times their nitial lengths. This abnormal elongation, terminated éventually by
degeneration, s presuriably a consequence of inability to divide. We have obsérved
a possibly analogous, though less markeg, elongation without obvious multiplication
In' M. tuberculosis. incubated for several weeks at 37° in phosphate buffer (pH 6-0
containing albumin and sucrose ((ja mixture which had given some Ienﬂth ning 0
I\{I]. I%pra%m#nuna Ifglycerol was added, seep. 47); the M. ttberculosis bacilli remained
short'in bufter alon, _

The gresent meglum was developed from the Dubos-tyRe formula (without
Tween 80), but has a much higher content of amino agids, & high concentration of
sucrose, and an acid pH value (about pH 6-2).. None of the limited number of other
medlia So far tested has given similar results ejther at neutral or at acid pH values,
with or without sucrosé. On the other hand the sucrose, while beneficial in the

resent medjum (oPtlmur_n about 10%; Hart & Valentine, 19), Is not essential
or the bacillary “elongation; consequently the mode of it action in such h|%h
concentration IS perhaps not of particular interest. Of the other constituents of the

i)
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present medium, glycerol appears to be important for obtaining elongation, but the
role of the asparagine and Casamino acids is less certain, since their omission still
allowed some lengthening to occur with organisms from infected mouse liver and
also with will-'washed tissue-culture bacilli.”However, the reIatweIK small amount
of nitrogen required for growth could have been provided under these conditions
by remnants of liver cellS or tissue-culture fibroblasts in the preparations, by the
albumin, by the autolysis of hacterial cells, or even from the ir as has been su gested
to explain @ multiplication of Mycobacterium tuberculosis ina “nitrogen-free *médium
(Hedgecock & Costello, 1962). , ,
he narrow range. of pH Values for optimum elongation (pH 6-0—6—4% was less
surprising than the'virtual absence of elongation at about pH 7-2. For, although the
optimum’range for multiplication of Mycobacterium tuberculosis has been reported
{0 be In the Tange de 0-0-6-5 (Bekierkunst, 195/; Hedgecock & Costello, 1962
both this species and the more exacting M.johner give profuse yields when cultivated
at neutrality; moreover, the elongation of M. tllberculosis, mentioned above, was
observed at'pH 7-0, also. . _ _ _ o
. The.only method of testing chemotherapeutic agents in.a murine leprosy infection
IS in vivo, or, latterly, intisste culture. Complete’inhibition of eIonqaﬂon of bacilli
of Mycobacterium lepraemurium by isoniazid sug]g,ests that the doubling or more of
mean length which occurs In the first 1-2 weeks 0f incubation in the present medium
without the drug, and which s easily apgremat,ed In the light microscope, could be
used as a means for a preliminary assessment in vitro of thie activity of potentially
antileprosv igents for use in man: this possibility Is being investigated. However,
It does not necessartly follow that this bacillary elongation, since’it 1s not accom-
anied b% division, %an provi %mformatmn felevant to activity against a pro-
ressive infection in the animal body

We are much indebted to DrR. J. W. Rees for Rrowdmg the bacillary suspensigns
and for his advice and encouragement, We also thank Dr'J. Mandelstam for advice
on certain hiochemical 8Pomts. A cr|t|0|fsm by Professor D. G. Evans suggested an
aaditional experiment and we are grateful to” him.
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EXPLANATION OF PLATES
Plate 1

Ezl7ec0t68)n microscope pictures of Mycobacterium lepraemurium before and after incubation
x 21,000).

lgig. 1. A normal bacillus from infected mouse liver. ,

Fig. 2. Abacillus after incubation for 28 days in phosphate buffer. A typical degenerate appearance.
Fi%. ?] A bacilléls after incubation for 14 days in the medium at pH 6-2. 1t has lengthened without
et snowing a degenerative appearance. . _
i9. 4. A bacillus after lengthening, followed eventually by an appearance typical of degeneration.

Plate 2

Light microscope pictures (Ziehl-Neelsen stain) of Mycobacterium lepraemurium before and
aftergincubation ?rﬁ) ttPe me(?iur% (x'1900). ) ofy p
Fi%. 5. Normal bacilli otained from infected mouse liver. The organisms are well dispersed and
E_r dominantly single. They are homogeneously stained.

|%. 6. Similar bacilli after incubation for 17 days at pH 6-2. They are long and many have a
beaded appearance. _
Fig. 7. Similar bacilli after incubation for 17 days at pH 7-4. They have not lengthened and many
aré unevenly stained. _
Fig. 8. Normal bacilli in tissue culture fibroblasts. _
Fqs. 9, 10. Similar bacilli after incubation for 14 days %t pH 61. The fibroblasts have largely
autolysed, the organisms are long and some appear beaded.
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SUMMARY

v acpsulated varlants of Bactiles, anthracs ave been sad 1ot
{everjanﬁ Wer |soz1aetedS ?r m a(i)/\?\f alll? Tﬁ pnon-c pSU éteapstf

ested. erther bxex osureto&ac%e or, W |cha?acks on?ynon-capsuiglga
organisms, or by passage in'mice.

INTRODUCTION

_Virulent strains of Bacillus anthracis form mucoid colonies of capsulated orga-
nisms when grown under appropriate conditions (Nungester, 1929; Schaefer, 1036;
Sterne, 19377, b; Thorne, Gomez & Housewright 1952F_ After several days’ incuba-
tion, these colonies may show rough outgrowths which_ contain non-capsulated
avirulent variants 8resumably arisen by mutatjon (Stamatin, 1934: Schagfer, 1936
Sterne, 1937a, b; Chu, 1952). . Examiriation of rough variants isolated from many
different strains of B. anthracis has led to the beliéf that they never revert to the
virulent capsulated t;(pe, even on animal passage_ (Bail, 1915; Sterne, 1937a, b
Chu, 1952); and since they retain the tomPemc (se8 Smith & Keppie, 1955), and thus
the Immunizing, activity of the parenta,tgloe gBall, 1915; Stamatin & Stamatin
1936; Stamatir, 1037), they have been widely and successfully used during the fast
25 years for the immunization of domestic animals (Sterme, 1939a). _

on-reverting mutants are especially convenient for genetic experiment, since
Earental tyﬁes can only appear foIIowmq recombinatiofl, - Consequently, various
nown methods of gené transfer were tested for their ability to, transmit the C+
%enes which determine capsule production to a rough (C—)recipient strain. An

+ recombinants were to be selected by phage Wa, which attacks non-capsulate
but not capsulated, organisms (McCloy, 1¢51). This experimented to the unexpected
fmdmg of mucoid colonies on control plates which had receiveq éJn| hacterig of the
non-capsulated (C—strain, and phage Wa. These colonies could nat have arisen by
transquction éZm_de &Lederberg, 1952), since the phage stock had been grown ona
genetically identical strain. Thus it seemed that, Tontrary to what™has been
generally accepted, at least some C—variants were able to revert to the C+ form,

urther tests on a number of rough variants arising mdegendentlY from several
anthrax strains have shown that many, though not all, revert to the capsulated
virulent form, 1t should be added thdt each of the C- variants was purified b
three successive single spore isolations before being tested for reversion, so as to
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exclude contamination by C+ organisms of the parental culture. Thorne (1960)
briefly mentioned the appearance of C+ colonies in rough cultures exposed to
pha?e, and _Wn%ht, Puziss & Neely (1962) observed the emergence of C+ clones
\(/jvr}[e (sjtud;g_ng the formation of protective antigen by C—strains in a chemically
efined medium.

METHODS

Media. Nutrient broth was made of Lab, Lemco QT % (wjv), TrP/ptone (Oxoid)
0-2% (wiv), Peptone (Oxmd}_ 1% (W/Vl and NaCl 0-7% (W/V%. Nutrient agar con-
tained nutrient broth solidified with 1-5% (W/\Q Davis N.Z. agar. Cultures in-
cubated in air, particularly those used for the production of spore Suspensions, were
often grown on plates containing 2 parts nutrient agar and 1 Rart 1-5% (wiv)
solution of [Wer extract (Oxoid).” For production of capsules, the bacteria were
grown on nutrient agar containing either 20% (v/v) horse serum or 0-025 M-NaHCO03
and incubated inair+ C02 {l.e. about 30% of the_air replaced bly C02.

Spore suspensions. A contluent growth of bacteria on [iver aga_ was Incubated for
several days at 37° and then suspended in distilled water and incubated for some
further days (Hardwick & Foster, 1952). Suspensions were sometimes lightly cen-
1r|fu%ed ta remove clumps:: only those in which the spores were well disperséd and
In which no vegetative bacterid could be seen were finally used.

Phage stocks._ Stocks of pna%) W.. grown on non-capsulated variants of the
atypical strair Davis (McClay, 1958) were used in most experiments, but occasion-
ally phage grown on two othier strains was used, as described in the next section.
Lysates Were freed from bacteria by filtration through Seitz filters, and had titres of
5% 109t0 2x 10]0_Plaque-form|,ng particles/ml. o

Strains of Bacillus anthraeis™ tested. Isolation and purification of C— clones.
Eleven strains tested were received in the C—state and produced only rough non-
mucoid colonies on serum or bicarbonate agar incubated in air + C02" TheSe com-
prised: (., 2strains used as vaccines, ex 1874 and ex 3518 (respectively s4¢» and
ver1 from Ondestepoort, South AfrIle?, recelved from MrH. Proom, Thé Wellcome
Research Laborafories, Beckenham, Kent; (2) 7 strains received from Dr G. Ivano-
vics, Universitatis Medicae Szeﬁed|en5|s, Szgged, Hungary, 5 of which had been
reported as non-reverting to the capsulated; state flvanowcs & Foldes, 1958);
(3) L strain received from Dr J. Davis, Public Health Laboratory, County Hall

estminster Bridge, London; (4) 1 strain from the author’s stocks. Nine strains
when received gr,oduced a mixture of mycoid and rough colonjes, or onlg mucoid
colonigs; C—variants were then jsolated by picking a [ough colony or a rough out-

rowth from a mucoid, colony. The C—straing were rigorously purified in View of
terne’s (1937a tgoplmont at any apparent reversions to capsulation observed
either by himself qr other workers (Schaefer, 1936% were In reality the result of in-
complete é)urlfcat_lon of the rough isolate, which had not been entirely freed from
caPsulat_e bacteria carried quer from the parent strain. Three Successive smgle-
colony isolations were therefore made by allowmq the C— clone to sporulate,
plating the resultant spore susP_ensmn for single colonies, and repeating the pro-
ceduré twice more before accep mqaC- clong as Pure. This ensured that, in each
rom entangled chains of vegeta-

cycle, each colony arose from asingle spore and not
IX/e forms. Y gesp
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Isolation of C+ bacteriafrom C—strains. Serum o bicarbonate agar plates were
scnread with 0-2 ml. of undiluted phage Wa preparation and 108109 spores of the

—strain, and then, as qmcklﬁl as possible, transferred to an anaerobic jar in which
20-30% (v/v) of the air was then replaced with C02 Spores, which do not adsorb
the phage, were used as inocula, since it was thought that in this way an?/ C+
organisms which might be present would remain resistant to the pha%e untif they
reached the a_tmosRhere of C02in which the;i could develop,the protective capsulé,
Mucoid colonies which appeared were subcultured several times to free them from
contaminating phage, and before being tested for virulence were shown to be phage-
sensitive (on ordmarg agrar In air) an non-Igsogemc (Ivanovics, 1962).

Virulence fests, The C¥ strains were tested af doses of ahout 104 103 102and, 10
spores, and the C—at doses of about 107 106 105 and 104spores, three mice bemq
used per dose which was given intraperitoneally in 0-2 ml. sterile distilled water. A
the same time, viable counts were made on ordinary agar and on serum or bicarbon-
ate agar incubated in air-f C02 the C+ strains produced. an occasional C—colony,
but with the C—strains, only rough non-mucoid colonies were seen. Mice which
died were examined post mortém, anid a sample of heart blood cultured on serum or
bicarbonate agar n air + C02

RESULTS

. Selection with ha((:]egrown on the same strain. Non-capsulated (C—) variants were
isolated from the C+"strains 21605 and Davis (McCloy, 1958). These strains are
asporogenous  and 6%reatly attenuated from causes otfier than the absence of a
capsulé. Strain 2160s is @ smooth colony variant (Nungester, 1929; Sterne, 1936)
isolated from a virulent strain, 2160, by growth in broth containing calcium chloride
(Renaux, 1952). Since these strains did not form sPor_es, the C—variants were
simply put through three successive single-colony isolations with pIatmgi on Serum
agar i air+ C021n order to detect any possible fmucoid sectors in the colonies. The
third strain tested, 1444, produced spores, Stocks of phage were grown on each of
these three C—strains, and each strain yielded a small proportion (about 10~/ of
C+colonies when plated with phage which had been.grown on itself. Since the
strain tested and the last host of the phage were identical, the C+ colanies could
only have arisen by selection, and this conclusion was confirmed for strain 1444 by
IS0 atmg_ C+ bacteria from the blood of mice fatally infected with large dgses of the
C—strain. Since strains 2160s and Davis were viftually avirulent even in the C+
state, Ino attempts were made to isolate C+ from C—Dbacteria of these strains by
animal passage. o

Tests with phage grown on C—strain Davis. Table 1 shows the results of tests on
?0 C—,vananF is0lated from 2L strains of Bacillus_anthracis. C+ beicterla were
ound in 17 of the 30 GC—cultures at frequencies of 7 x 10 9to 10-6. Eleven of the
C—variants were also inoculated into mice, and all but one produced some fatal
infectjons in h|%h doses of 1060r more spores. With 5 of the 11 strains, C+ bacteria
were found in the heart blood post mortem, fatal infections with the other 5 yielded

onB/,f(r‘—baclgna. . . o

ifferences between independent C—isolates. The most obviqus difference was that
C+ revertants were obtained from some, but nof all, C—variants, even when these
were isolated from the same C+ parental strain. When several independent C—



58 E. W. Meynelt

variants were isolated from five C-F strains, the fractions giving C+ revertants were
>h S and  respectively. The change C+ to C—thHs seﬁms to resemple
variation in ot er characters which may ormay not revert, where the non-revertin
mutatrl%r% 9|s often due to deletion or inversion In the genome (see Demerec & Hart-
man

Table 1 Tests with phage Wx grown on C—Bacillus anthracis strain Davis

|Edependent No. of C— vArrantsyreIdrngC+

No..of
recSetr\r/%Ié]sas st?arﬁs tested (i) with phage (i) in mice ~ (iii) total

x 4 12119
o i i i i il

* Number of strains tested.

C—variants appear more readily in some C+ strains than in others (Sterne,
1937b) which is probably at least in Ieart because C—bacterra can grow out from
the mucoid parent colorly more readily when they form long charns prcal rou?h
qutgrowths were never séen with one df the C+ sfrains examrned uton grn enfa-
tions or. narrow borders of non-mucoid growth around the mucoid colonies. The
reason for this was most probably that,”under conditions unsuitable for capsule
production, the colonies of this strain were rather smooth instead of having the
rough form associated with long chaing of bacteria., These non-mucoid areas con-
tained organisms which killed about 50%_of mice %rven 105spares, aIthough there
Wwas no evidence from microscopic examination that traces of ca sue were strII
present, as found by Schaefer (f1936l) in some of his variants. High tXmucor
revertants were found in some fatally infected mice, and could alo be isolated by
culture with phage Wa.

DISCUSSION

Conditions favouring the production of mucoid colonies and short bacillary chains
b eapsulated (C+ ) forms of Bacillus anthracis are considered to confer a Selective

advantage on non-capsulated (C— variants, which eventually project outwards
from thé coiony towards new sources of nutrient (Chu, 1952)."C+ Tevertants are
not seen when' C— hacterja are simply cultured in air + C02 which may partly
explain why C—variants have ) Ion? heen stated to be non-reverting, Another
observatron which slrrrﬁrﬁorte this be ef Was the ahsence_of fatal I ectbons in
cattle and other ani svaccrnate with C— cultures, (Steme, 1
present results show that at least half the C variants isolated from C+ trams
revert to G— and also that the krnd of C—variant produced (revertrng or non-
revertrngg is not determined by the C+ garental strain. C+ revertanis are re-
covered only when C—cultures are exposed to a selective a%/lnt like p ae a
which attacks non- capsulated but not eapsulated, bacteria Lor to
the antl-bacterial mechanrsms present in mice which referentral krIC or%an
Isms. Mice ma select C+ acterra more effrcrentl han other anrmals for their
Immunity to anthrax may d gen on antrcapsu ar antr OX Tomcsr k & Jvanovics,
1938; Ivanovics, 1938; Sterne 193%:; Glaastong, 1 611 like other animals such
as the quinei-pig, rabbit or sheep (Stamatin, 1937: Tomesik & Ivanovics, 1938;
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lvanovics, 1938; Stere, 1939%, b; Gladstone, 1946; Staub & Grabar, 1943; Smith,
Zwartouw & Haris-Smith, 1956). Moreover, in the guinea-pig at least, immunity
develops so ra€|dly after a dose of C—spores (Sterne, 193%0)that C+. revertants
m|§1ht not be able to cause a fatal infection if they did not arise soon after inoculation.
chaefer (1936), reported the isolation of unstable, as well as of stable, non-
capsufated variants, but no revertants were recovered from several rough variants
examined by Stamatin (1934, 1937; Stamatin & Stamatin, 1936), from'more than
nine variants solated by Stere (1937h, 1939) and from the many more tested b
Chu (1959). This is surprising in view of the pregent results, but it mUst be mentjoned
that the fwo vaccine strains, ... 1874 and .., 3518, originally from Dr Sterne’s col-
lection, did not revert in the Present tests. These and other fough variants used for
active Immunization are not |keIBto have been derived from C+ strains that gave
only non-reverting C—variants. Dr Sterne tells me that his C+ strains were chosen
at random, and that the explanation may be that he tested as possible vaccines only
those C—cultures which remained free from capsulated bacteria, and dismissed any
C+ hacteria as contaminants carried over from the original C+ parental strain.
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SUMMARY

The properties of four Lactobacillus casei phages and eleven L. fermenti
are presented. Most of these phages are species specific; some have a

imited intraspeeies action. The two groups of phages are serologicall
distinct, but the members of each group are related serologically. All
the phages have slow adsorption rates. The L. casei phages are citrate in-
sensitive, while some of the L. fermenti phages are citrate sensitive. The
L. fermenti phages have shorter latent periods than the L. casei
and this correlates directly with the generation times of their hosts. The
phages are large and have a tadpole appearance.

INTRODUCTION

. The first phage active on lactobacilli was reported by Kopeloff (1934); this was
isolated from séwage. No further details were provided apart from the statement
that It attacked certain strains of Lactopacillug acidophilus and L. bulgaricus and
did not attack R variants of these strains. Kiury, & Tybeck (19552 isolated two
phages from starters used in the manufacture of Swiss cheese. These phages had
very restricted host ranges. The one was active on a strain of L. 1actis and tAe other
on (wo strains of L. nelveticus. Meyers, Walter & Green (1958) isolated from saliva
a phage active on a strain of L casei; this %ha?e was characterized by Walter (1958).
Coetzee, de Klerk & Sacks (1960) and Coelzee & de Klerk (19 g reported the
isolation of 14 Lactobacillus phages from sewa?e' subsequently one more phage
gno. 7802 active on strains of L. casei was isolated, also from sewage. This paper
eports the properties of these 15 phages.

METHODS

Media. The media used have been described (Coetzee et al. 1960; de Klerk &
Coetzee, 1962). _

phages. [N€ methods used for the assay of phage, the Preparatlo_n and assay of
anti ha%e sera, the determination of adSorptionrates, latent periods and birst
sizes andl the isolation ofghage-remstantmu ants were those of Adams (1959), The
phages are identified according to the number of the original host organism. These
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are 41, 69, 206, 222, 222a, 276, 315, 514, 517, 535, 547 isolated on Lactobacillus
fermenti N0st, and 300, 316, 356, 780 isolated on L. casei hosts. Phage Iysates were
p,reRar_edb noculating 40 ml. of a young broth culture from a plaque. "After over-
nignt_ incubation the cultyres were”clear and had Elaque forming titres of abouit,
1x 109ml. Phage susP_ensmns were stored above 01 vol. of chlofoform at 4°. In
some_ adsorptior exPe Iments the broth was su%plemented with vitamin-free pan-
creatic caselr digest (Nutritional Biochemicals Co., Cleveland, Ohio) 10 g./l. and/or
50% (v/v) of Hanks halanced salt solution (Weller, Enders, Robbins & Stoddard
1952)." In‘other experiments Tween 80 was omitted from all media. The influence of
sodium chlor de on the stability of the phages was tested by the method of Kiuru &
Tybeck (1955).

Citrate sensitivity. The citrate sensitivity of the phages was expressed as their
relative efficiency of plating (e.0.p.) on media supplemented with 2% (w/v) sodium
citrate.

Heat inactivation, Heat inactivation constants were determined by maintaining
bhe rhages |l %‘f In broth and assaying samples at intervals. The samples were
roughtto 21° before plating. . _ _

Electron microscopy. Phage lysates were purified and concentrated by differential
centrifugation (alternate C}/cles at 12 35()? for 90 min. .and 3090q for 10 min.) in a
Servall centrlfuge (model SS-4). Purified suspensions Iague forming " titre
1x 102ml.) werg sprayed on to collodion-covered r(%_rl_ols, alr dried, shadowed with a
g%lcdrarsggllgd_um alloy and examined with a PRilips (Model EM 100) electron

Organigms. In addition to the host strains of lactobacilli used, 37 strains of
Lactobacillus_acidophilus, 14 of L. casei, 1 of L. casei var. rhamnosus, 12 of L.
salivarius, X ofL. plantarum, 27 of L. hrevis, 35 of L. fermenti and one of L. helve-
ticus strains were used in host range experiments; they were identified by the
methods previously employed (Coetzee ¢t al. 1960).

Generation tdmes. The generation times of the lactobacilli were determined by
total counts (0€ Klerk & Coetzee, 1965].

RESULTS

All the phages were stable in the presence of chloroform, thus differing from a
series of Clostridiu rfringens phages (Smith, 1959) and Brucella phages (McDuff,
Jones & Wilson, 1%5

Electron microscopy. Electron micrographs were taken of the four Lactobacillus
casei phages and four of the L. fermenti phages. These revealed tadpole morpho-
logies. The L casei phages had larger heads (average dimensions 105x 87 m y) than
the L. fermenti phages (average dimensions 83 x 64 'm y). The tails of the former were
slightly shorter and thicker than the L. fermenti phages (average dimensions
19% x 21 mi<and 210 x 18 mY respectively). The average over-all length of the phages
was nearly the same (299 and 29§)m y respectively.) All the p showed terminal
knobs like Listeria monocytogenes phages (Sword &Pickett, 19%??.%

Adsorption rates. The adsorption of all the Lactobacillus phages followed first-
order reactions. The L. fermenti phages all adsorbed slowly (Table 1) and their
adsorption rates could not be correlated with their other properties. The L. casei
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phages (Table 2) also had slow adsorption rates, with the exception of phaq_e 356
which differed in many respects from the qther 1. casei phages. The _adsorg lon of
all the phages was unaffected by the omission of Tween 8Nh|te &Knight, 1958) or
the addition of co-factors to_the’media. The optimal concentration of organisms was
rlé?ex 109 colony forming units/ml.; smaller values than this slowed thé adsorption
| Table 1. Some properties of Lactobacillus fermenti phages

Growth constants

at 37

Adsorgtlon . Heat

Latent constants inactivation

Phage _E.0.p. on, eriod  Burst (ml./min.) constants
no. citrate media min.) size at 3r° at 5’
41 1 83 82 2-3x 10-0 0-044
315 1 11 60 1-5x10-1 0-156
h14 1 85 88 1-5x10-» 0-620
222 1 85 63 40 x 10>° 0-643
2224 1 97 30 2-8x10-» 0-098
69 00001 99 3 5-1x 10-12 0-088
206 00002 2 100 5-7x10 0-066
b1/ 00001 12 90 2-6x10%» 0-087
53 00001 85 13 1-6x10"» 0-093
b4T 00003 87 60 1-6x10"» 0-112
276 00001 1 10 1-2x10-» 0-0%

Table 2 some properties of Lactobacillus casel phages
Growth constants

at 37 ,
Adsorption
E.0.p. on Latent constants L
Phage citrate pero Burst (ml./min.) Heat inactivation
no. media (m. size at 37 constants at 55
300 1 220 20 >0x10"2 0-190
180 1 220 20 2-1x10-» 0-204
316 1 220 0 3-3x10"» 0-442
356 1 180 3 32X 10« 0-104

Plaque morphology. The Lactobacillus casei phages formed minrite clear plaques

average diameter 0-3mm. and a shelvmg gdgeg The L. fermenti phages F%‘or ed
similar but larger plaques. Phages 41, 69, 2/ \ 535 and H4( formed plaques of
average diameter -5 mm. and phages 206, 222, 222&, 315, 514 and 517 formed
plaques of diameter 1 mm. The plaques of individual phab%ee varied somewhat in
size and this variation may be explained (McDuffet al. 19 ) as cue to vagaries of
adsorption. The phages are large and the smallness of the plagques was ascribed to
this fialgcégr, but the slow adsorption rates may be a contributory factor (McDuff
etal. : D . : o

serology. 1N inactivatign of the phages by antisera followed first order kinetics;
Table 3 shows the neutralization, constants of the haqe antisera. These constants
are low. A second series of rabbits was immunized with the phages but their sera
yielded lower K values. Tahle 3 shows that the Lactobagillus casei phages and L.
fermenti phages are serologically distinct and are classified into groups 1 and 11
respectively.
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Host range. The results of host range experiments have already been reported
(Coetzeeet al. 1960; Coetzee &deKlerk, 196 ) These indicated that the phageswere
not only genus specific but practically species specific. The present results con-
firmed these findings. Individual L. fermenti phages productively lysed 25-40 %
of the 39 L. fermenti organisms and caused abortive infection with host killing in
14-3-66% of these organisms. The L. casei phages productively lysed 12-400}(:)’ of
the 2 L. casei spp. tested, and caused abortive infection with host death in 15% of
these organisms. A few of the L. fermenti phages caused abortive infections with
host killing of 3L, acidophilus, 3 L. casei and 3 L. brevis organisms, and productive

Table 3. Neutralization constants of Lactobacillus phage antisera at 3r

Dilutions of homologous and heterologous phage antisera were mixed with the pha?es
at 37°. Phage_was assayed at intervals.” The proportion of phage surviving, was plotted
atqalnst time. The survival was a first order reaction and from"this neutralization con-
stants were calculated.

Phage no.
Phage 41 69 206 222 2222 276 315 514 517 535 47 300 780 316 356
antiserum Minutes-1

no. ¢
41 4 3 2 4 4 4 4 4 4 4 4 0 0 0 0
69 g 1 3 10 1 6 9 8 10 10 10 0 0 0 0
206 g 5 9 6 6 7 2 3 4 3 2 0 0 0 0
20 L 1 51 u o7 1 0 B3 u 1 0 0 0 0
22¢ 1L 14 9 1202 1 BB 1% B B 17 0 0 0 0
216 3 5 8 4 4 8 4 3 5 4 3 0 0 0 0
315 33 1 3 3 3 9 4 5 4 2 0 0 0 0
b14 31 1 2 4 1 4 2 3 4 3 0 0 0 0
o17 4 5 2 5 6 3 7 4 4 3 5 0 0 0 0
¥ 10 8 4 8 8 8 10 9 ¥ 12 6 0 0 0 0
D47 3 3 6 5 3 2 3 3 3 4 6 0 0 0 O
300 e 0 0 0 0 0 0 0 0 0 0 76 60 3 12
180 0 0 0 0 0 0 0 0 0 0 0 29 3 30 10
316 e 0 0 0 0 0 0 0 0 0 0 17 12 72 29
356 00 0 0 0 0 0 0 0 0 008 20 10 16)

L. fermenti phages. L. casgi E)hages.

Serological group 11 Serological group |

infections in 20 casei and 3, brevjs Straing, The L. fermenti host no, 296 on which
L. casei phage 300 caused lytic infection (Coetzee et al. 1960)(_ has been lost and
extra-species activity of the L. casei phages Is limited to the action of 3 of these on
ofie Or more 0f 3. plantarym Organisms. The host ranﬁes of the eleven L fermenti
9ha es differ from one another, while those of two qf the L. casei gha?es (nos, 300,
80] are.identical. With the, exception of the few Inter-species aborfive and pro-
ductive infections just mentioned, host range experiments support the serological
grouping of these phages Into two distinct groups. _

 Citrate sensitivity. 1N€ Lextobacillus casei ghages did not require Ca+for adsorp-
tion (Table 2). L. termenti phages 41, 222, 2224, 315 and 514 had an e.OJJ. value of
Linthe g Sence offsodlu Citrate, while phages 69, 206, 276, 517, 535 and 547 had a
plating efficiency of 10-4 (Table 7). _

Heat inactivation. Heat inactivation of the phages at 55Dfollowed first order



Lactobacillus phages 05

kinetics; the constants varied from Q 044 to 0-643 (Tables 1, 2). These values did
not correlate with other properties of the phages.

Latent period. The latent periods of the Lactobacillus casei phages at 37° ranged
from 180 min, E[ga?e 356) to 220 min. (phages 316, 300 and 780); the burst sizes

were below 50 (Table 2). The latent periods of all the L. fermenti’phages were less
than 100 min. (Table 1)'and the burst sizes were between 50 and 100 &? able ll.ggge
et al. .

|atent periods Correlated dlrectlg with the ?eneratmn times gMcDu _
The generation time of L. casei Organisms af' 37° was 62 min. as compared with 50
min. Tor the L. fermenti Organisms. By {)remature lysis of the host organisms with
chloroform (Sechaud & Kellenberger,” 1956) L. casei ?h,age could be detected at
85 min. and'L. fermenti phages were demonistrated in this manner after 60 min.
Effect of sodium chloride. LIKe the, phages of Kiuru & Tybeck (1955) the Lacto-
bacillus casei phages showed no S|%1n| icant decrease in Plaque forming ynits when
suspended_in 25% (wiv) NaCl solution for 2 days, while the L .fermenti"phages were
unstable. The titre of all the phages of this fatter group decreased by more than
90% under these conditions.

Table 4. ¢ ross-resistance groupin g[ of citrate-insensitive
Lactobacillus fermenti phages

Phages were added to organisms and after adsorption for 15 min, upadsorbed phage
was asgsa ed. The contents go% the agsorption tube vﬁere then diluted 1/100 in fresﬁ prge-
warmed broth and maintained at 37°. Samples were assayed at intervals.

Bacteri Phage no
acteria e ;
no. 4 315 514
41/ 4 ] ) .
3151315 ¥ ) )
514/514 s s .
+ = Productive infection; — = adsorption, but no phage production.

Table 5. Cross-resistgnce?rouping of citrate-sensitive
Lactobacillus fermenti phages

Phages were added to organisms and after adsorption for 15 min, unadsorbed Rhage
was assa?;ed. The contents of the adsorption tube were then diluted 1,100 in fresh pre-

warmed broth and maintained at 37°. Samples were assayed at intervals.
Bacte Phage no. ;
T % we s 5B S
69/ 69 + + + +
511[811 - + - + —
hA7[547 + + + + —
206/206 — — + — —
535/535 — — —
d

_ Crass-resistance tests, Cross-resistance tests afforded another method of dis-
tinguishing phages with similar properties. Phage-resistant mutants of Lacto-
bacillus casei Straing 300 and 780 and of L. fermenti Strains 41, 69 Zé)GM%l(% 517, 535
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and 547 were obtained on first attempt and are presumably one-step mutants. The
P_hages adsorbed at the same rate to the resistant mutants, but no pro en¥]phage Was
Iberated and the bacteria were unaffected (Garen &Puck, 1951), All the mutants
were of this type. No phage non-adsorbing mutants of these strains were obtained.
Resistant mitants of L. casei strain 316 and L ferm enti strains 222, 222a, 276 were
not obtained de_sPne repeated attempts at selection. L. casei %hages 300 and 780
could. not be differentiated by cross-resistance tests and, as the Other properties
examined are similar, they are’presumably identical. Table 4 shows that L ferm enti
41/41 15 alsc resistant to phage 315. L. fermenti 315/315 s also resistant to pharase
514 but is lysed bﬁ phage 4% L. fermenti 514/514 I I%/sed by phag_es 41 and 305,
Table 5presnits thie results of cross-resistance tests with a group of Citrate-sensitive
L. fermenti hages. Some of the mutants again show mulfiple resistance (Demerec
& Fano, 1945) hut the Iytic pattern enables phages 69, 517 and 514 to be differen-
tiated from one another. Phages 206 and 535 have the same host range on these
mutants but can be differentiated by plaque size.

DISCUSSION

In recent fvears interest has been shown in phages other than those which attack
organisms of the family Enterobacteriaceae. Smith (1959) described phages which
atfacked strains of Clostridium perfringens; Sword & Pickett (1901) described
Listeria monocytogenes phages. Brucella phages, were described by McDUf et ai.
819622 and Eiclls phages have feen characterized by Meynell (1962). A revival
f Interest 1as also been shown in the mycophages,” Streptococcus phages and
Staphylococcus pha%es (Groman,_1961). All these pha%es have properties of a
similar nature t0 the T phages. The Lactobacillus Phag S are no exception. The
characteristics of the four phages isolated on homotermientative hosts correspond
to descriptions of the Lactobacillus casei phage characterized by Walter (1958), Thus
Walter’s phaghe has the same over-all length™as our L. casei phages, althougih he tail
IS deudedlxs orter and lacks a terminal knob. His phage also"forms small plaques
and has a host rangie limited to one strain of L. casei. The latent period (140 min.)
Is shorter than the Tatent periods of our L. casei phages but the burst size is similar.
The long latent periods of the L . casei phages approdch those of certain mycophages
(Bowman & Redmond, 1959). Waltersphagse had the same heat sensitivity as Our
L. casei pha?es. Apart from'L. casei Phage o6, the other phagses Investigdted had
slow adsorption rates which could not be m_creased.,WaIter(el 8 en&ounter%d the
same phenomenon with his p.lage. Our media contained Tween 80 and It was hoped
tg_increase the rate by omitung it (White & Knight, 19581. This_omission had no
effect. Kiurn & Tybeck 1'955I) Investigated thelr[ohagesaong different lines, but
their two, haeggs were relatly )Nstable at 55° and ke Our L. casei phages were also
not inactivatec by 25% (wiv) NaCl solution. o

The phages isolated on heterofermentative hosts differ in some respects from the
Lactobacjllus casej phages. The most strlkln? properties of the former phages are the
larger plaques, the very much shorter |atent periods and their inactivation by
%5/0 wiv) NaCl squUéJn. These eleven Phages are serologically related but are not
OMOQeneous as.regards citrate Sensiivity.

The Lactobacillus phages usually have only a limited intra-species host range.
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No phagie like 1Qhage st§Me nell, 1962), WhICh lyses all strams of Bacillus anthracis,
was isofated. eI|m| ed nost- ranqeo the OPaes may be helpful in devising
hage typmg seh eme for lactobacilli; but, despite repéated attempts, no_ph ?es
WhIC roductivel X yse L. acidophilys or |, sa |var|us strains have been isolaled
roms % , vaginal ‘secretions or saliva. We have also_not succeeded in primarily
Isolating phages on strains of L. plantarum and L. brevis,

This work is submitted with perm|35|on of Professor C. L. e Jager, honorary
director of the Nutrition and Dental Health Research Group of the outh ncan
Council for Scientific and Industrial Research. Acknowe ?ement IS made to
Ir\(/elndelreﬁ Hahn, Mrs C.S. Steyn and Mrs C.J. Boshoff for technical assistance
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SUMMARY
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INTRODUCTION

Several of the phenoxyalkyl carboxylic acids which are used as herbicides are
decomposed in sol bti microbial action. By means of a plant bioassay technique,
Burger, MacRae & Alexander (19622 estahlished a reIatronshrp between moIecuIar
structure and the persistence in treated soil of phytotoxic pheno 1L}ralky carboxylic
acids, byt such studies do not indicate whether fhe rnhrbrtor effects result sg eOy
from residual pesticide or whether new phytotoxic substances aﬁpear 8 a resu It of
microbial degradation of the added compound. To establish the athwaY)
composjtion rnvestrgatrons have heen made with cultures of some of the acterra
responsible for the d&toxication in natural environments. For example, Steenson &
Walker (1957% proposed that 2 4-dichlorophenol and 4ch|orocatechof were Inter-
mediates in the metabolism of 2 4-dichlorophenoxyacetic acid (24-D % strains
of Achromobacter and Flavobacterium peregrrnum and Evans & Smrt {1954
reported the roductron of 2-hy drox%/ -4-chlor phenox acetate and 4-chlorocatechq
In cuItures o a soil bacterium which metabolized 4ch orophenoxyacetic acid.
Webley, Duff&Farmer%l%?jdemonstratedthe conversronof 4ch|oro )henoxy)-
t%utgrrc acld to [2-hydr R/ 4-chloro henoxg utyric acjd by Nocardia opaca;
these resu ts together with the more re ent ob rva lons ofTa or & Wain (1962
suggest that the aIr hatic moie Ehenoxya yl carboxylrc acias s metabolrzed
}/ -oxidation. The present paper i concerned With wor on the decomposition
o 4-( 24drchlorophenoxy)butyrrc acld (4-(2.4- 2) hy a Flavobacterium isolated
from soil. The data suggest that the molecule isinitially degraded by cleavage of the
ether linkage rather than by /?-oxidation of the fatty acid.
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METHODS

The bacterium, which was isolated and described by Burger et al. (1962), was
grown 1n_a medium contammg: 4-6',4-DB)7 0-59., 5(NHlél) P04 0 g0 a/east
extract _lefeo), 05 {; KCL, 0-2¢.; MgS04.7HD), "0-2 % eS04.7THD, 001 g.
and d|%t| led water, 01 For the Isolation of|ntermed|faes, the same medium was
used, ut,4_—$2,4—DB),was rovided as sole source of carbon and energy. For
manometric investigations, 5-day cultures grownwith forced aeration were harvested
by centrifugation, Washed twice'in 0-02m phosphate buffer (pH /-0),and suspended
I the same byffer. Ox¥genu take was measured at 30c'with air as_gas phase
(Umbreit, Burris & Staufter, 1957). Each respirometer flask contained 1-0 2-5/zmole
substrate, 50 //male phosphate buffer (pH 7-0) and the equivalent of about 1 mgi.
dry wt. bacteria in a_total volume of 30 ml. To the centre well was added (-2 .
0f'20% (wiv) KOH, The Indicated rates of oxygen uptake have heen corrected for
endogenous gas exchange. Following completion of the manometric measurements,
the contents of each flask were centifuged to remove the bacteria, and the stiper-
natant fluid was analysed for chloride and the decrease i ultraviolet (Uv.)
agsorbte_ncy at the wavelength at which the compound showed maximum Tight
ahsorptiori.

ChI[(J)ride was determined by the colorimetric method of Bergmann & Sanik
(1957). Ultraviolet absorption analyses were made with a Beckman spectrophoto-
meter, Model DU. Phenolie substances were detected by the chromatographic
method of Lederer (1949), the spots being located either by photographing the
chromatograms under u.v. radiation in the range 5-3 mil, or by spraying the
chromatograms with diazotized sulphanilic acid followed by sodium carbonate
(Lederer, %.949). The technique of Reid & Lederer (1951) was used for showing the

esence of fatty acids. . . L
prSam(f)Tes_tc tb%l characterized by gas chromatography were dissolved in diethyl
ether and introduced.into a Barber-Coleman gas chromatograph (Model 10) fittéd
with an argor. ionization detection cell containing 56 fie, Z8a. A U-shaped Column
of heavy walled borosilicate glass tume, Smm. 1.d. and 6t Ionﬁ, was packed with
the partitioning medium, which employed Silicone 710 on Chromasorb W, 80-
100 mesh, in a fatio of 1:5 (wiw). The 0 erat|n|g parameters were: column tempera-
rt#irne’ 162°; cell temperature, 235°; flash heater, 206°; and argon flow rate, 46 ml./

RESULTS
Sequential induction

In. preliminary. trials it was observed that 4-(2,4-DB)-grown Flavobacterium
oxidized the herbicide most readily n the vicinity.of pH 740, 7and this pH value was
therefore used_in subsequent studjes. The_oxidation was rapid at pH_8-0 but was
nil at pH 6-0. The rate of 0 2uptake was linear with time around pH 7.

Previous wark (Burger €t . 1962) indicated that the enzymes concemed with
4-(2,4-DB degradation by this_organism were inducible. Using the technique of
sequential induction (Stanier, 1947), several compounds were examined as possible
intermediates in the metabolism of 4 2,4—DB) by Flavobacterium cells grown in the
liquid medium containing 4-(2,4- as carbon source. The substrates tested
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included 2 4-dichlorophenol, 4-chlorocatechol, 2,4-D, hydroxyhydroguinone and
chlorghydroguinone.” Oxygen uptake, .carbon dioxide evolution, chloride release
and dls?gpeﬁrance of the %g . absorption § edqﬁc for the substrate were used as
criteria for the oxidation of the test Compound. _
Non-é)rollferatmg bacteria which had been grown in a 4-(2,4-DB) medium con-
sumed Q 2at a rapid linear rate with 4- 2_,4-DB)rand 2A-dichlorophenol as substrate
and no induction period was required |?. 1). This suggests that 2,4-dichlorophenol
may be an Intermediate in the degradation’ of the herbicide, The u.v. absorption
chdracteristic of these two compounds was lost, and 102 and 113% of the bound
chlorine in 4-(2,4-DB) and 2,4-dichlorophenol, respectively, was recovered as free

300

200

ul. O,

100

Time (min.)
Fig. 1
Fig. 1. Oxidation by 4-(2,4-DBJ- rown Flavobacterium of 4-(24-DB) (+—- P 2,4-

dichlorophenol (1 —A )and 2,4-D (O—O ) The three substrates were supplied in
quantities of 20, 105 and 2 0 /;mole, respectively.
Fi?. 2. Oxidation b?; 4-(2,4-DBJ-grown Flavobacterium of 4-(2,4-DB) (* —¢ ). 4-chloro-
catechol (A—A), hydroxyhydroquinone 50—0} and chlorohydroquinone (A

The substrates were supplied in quantities of 2T8,1-14,1-70, and 2-43 //mole, respectively.

chloride. The latter substrate was completely metabolized, the theoretical value of
6/;mole 02 being consumed per [;mole of"2,4-tichlorophenol. The oxidation of
4-(2,4-DB) was incomplete, by contrast, and only about 6/;mole of O, were utilized
per Jimole of this substrate: the thegrefical value Is 105, ~ . o
|fthe initial steps of degradation of4-g2,4-DB)_|nvoIve [-oxidatiop of the aliphatic
moiety, it would' be expected that the bacterium should have been induced to
metaljolize 2,4-D. The results in Fig. 1 show no significant 02 copsumption in the
presence of 2.4-D. Moreover, there Was neither loss of u.v. absorption nor liberation
of chlgride when the 4-(2,4-DB)-induced organisms were expased fo 2,4-D. The
lack of activity on exogenously supplied 2,4-D may have resulted from a perme-
abl|lt¥ barrier, : )
In the J)rese_nce of 4-chlorocatechol, the rate of 02consumption was rapid, and
no period of Induction was detected (Fig. 2). For each /imole 4-chloracatechol
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mplete

supplied, 6/;mole of 02disa%peared' this is the theoretical value for co
oxidation. The gas consumed before the marked decrease in the rate of 4-(2,4-DB)
oxidation was equal to about 6/;mole 0 2/imole substrate. At the end of the exPen-
mental period, 96 and 105% of the bound chloring of 4-(2,4-DB) and 4-chioro-
catechol was liherated, and the u.v. absorption of the aromatic nuclei of the two
molecules hid dlsag)peared._ There was no chan(lqe of optical density in the u.v. reglon
when the bacteria were incubated with chlorohy rogumone or hydroxyhydro-
uinone, and no chlorice was liberated by the organtism from the formier compound.
he 02 consumption in the presence of the quinones was only slightly above the
endogenous qaseous exchange, which was 63 /¢l. 02in 2 hr., and may have resulted
froma stimulation of endogenous respiration.

D

o

300

200

u. O,

100

50 100 150 200
Time (min.)

Fig. 3. Oxidation by 4-(2,1%-DB -grown Flavobacterium of 4-(2,4-DB) (* —¢ ). butyrate
r

-~

glsrate (0—0)and acetate (A—)A). The'substrates

%xa/but
00, 1-95, 1-95, 2-44°and 6-75 /g mole, respectively.

and crotonate (. — 2, A

ate | [2-hyd
were supplied in quan f

Ities 0

Oxidation of aliphatic acids

Cells. of 4—-(2,4-DB)-?rown Flavobacterium were tested for ability to oxidize
aliphatic acids, None'of the compounds examined was metabolized reddily (Fig. 3).
There was ) >difference in activity between butyrate and crotonate. It is ipteresting
that following the dlsagpearance of sufficient 0 2to account for the complete meta-
bolism of the aromatiC portion of the herbicide molecule, the rate of 02 uptake
upon 4-2,4-DB) declined to a value equivalent fo that obtained for butyrate,
crotonate and /.-hydroxgbutyrate. The Initial rapid oxidation may thus have re-
flected the degradation Of the aromatic ring, while the_subsequent slow rate may
have represented the decomposition of the aliphatic moiety.

Isolation and identification of intermediates _
To, demonstrate the presence of metabolic intermediates, the Flavobacterium
was inoculated nfo a medium containing 4-&2,4—DB(2 as the sole carbon source.
Samples of the cultures were taken at intérvals and tested for Rhenollc substances
by using diazotized sulphanilic acid and sodium carbonate. When a strong yellow
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colour was obtained with these reagents, the cultures were adjusted to pH 2-0 with
hydrochloric acid and steam distilléd. The distillate was brought up to PH 80 with
sodium hydroxide and evaporated to dryness in vacuum, the residue taken up In
diethyl ether and applied to I\Paper c romato?rams, which were developed  in
n-bufanol saturated with 5n-NHA0H. Parallel chromatograms were run using
authentic 2 4-dichlorophenol and 4-chlorocatechol. When the develoh)ment of the
chromatograms was complete, the spots were located either by photographing
under u.v. radiation or by spraying with diazotized sulphanilic acid followed b
sodium carbonate. Two spots were™revealed. one of Rf value (-74, equivalent to
that of 2 4-dichlorophenol, and a second of Rf 0-82. The Rf value of an authentic
sample of 4-chlorocatechol was 0-81

T I 1 T T T T T
A B C D
& g L \
e s PR TR
Time (min.) Time (min.)
Fig. 4 Fig. 5
F,i?. 4. Gas chromatograms of authentic 2,4-dichlorophenol (A) and extracts of culture
filtrate (Bg.S

Fig. 5. Gas chromatograms of the phenolic fraction (C) and the acid fraction (D
ob%ained from FlavobaCterium culturg fﬁtrates. 9 o

Additional steam distillates of the culture were Pre_pared in_the same way, and
the dried material was taken up in OT x-hydrochloric acid, The u.v. absorption
spectrum of the sample was_ compared with"that of authentic 2 4-dichlorophenol;
the spectra were identical with symmetrical peaks at about 285 m//. .

.Gas chromatograms were prepared from an ethereal solution of the dried steam
distillate obtainéd In an identical manner. Samples (10 iAr) of the standard 24-
dichlorophenol in diethyl ether were injected ino the gas chromatographic column.
The authentic compound yielded a normal Pea,k with"a retention time of 35 min,,
or a retention volume of 161 ml., and no failing. In contrast, the material from
éhe cultufrte _ria_veal?:d a Eeak at 35 min,, a shoulder at 4-25 min. and a considerable

egree of tailing (Fig. 4). : . . .

_grhe (?nea m,aqe, |a9 WgS taken up in 5% sodium hydroxide, the solution saturated
with carbon dioxide and then extracted with ether to separate the phenolic com-
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ponent. The remaining solution was adjusted to pH 2-0 with hydrochloric acid and
again extracted with ether to obtaina second fraction. The water in the ether
fractions was removed by drying over anhydrous sodium sulphate; 10/cl. samples
were_used for gas chromatograﬁhy. The Chromatograms obtained for these two
fractions are shown, in Fig. 5. The phenolic fraction”showed a peak identical with
that of the authentic sample of 2, -dlchlorthenol. The second fraction showed a
peak at 4-25 min. with a small shoulder at 3-b min., su?glestlng Incomplete removal
of the phenolic_ constituent. Although the identity of the peak at 4-25 min. had
not been established by gas chromatdgraphic analysis, the crystalline material did
exhibit an odour similar to crotonjc”acid. A sample of the orlglnal 442,4-DB)
substrate showed no peaks in a 30 min. development, establishing that the herbicide
sample was free of 2,4-dichlorophenol.

Metabolism of the butyrate moiety

Washed suspensions of Flavobacterium which had been grown in the 4-(2,4-DB&
medium were' incubated in 5 ml. of solution_containing 100/cmole unlabelle
4-62 4-DB), 009 /ey, 4-(2,4-DB) carrying a 1C label on the carboxyl carbop
(50-6 me./mq.) and”1-0 mmole phospiate”buffer (pH 7-0). . Carbon dioxide-free air
Was passed Through this suspension and samples were withdrawn pe_rlodlcallﬁ_to
determine the quantity of X re_malnlng In the reaction vessel. At the time at which
on(lly half of the 1C remained in the bacterial suspension, sufficient concentrated
sodium hydroxide was added, to glve a final concentration of 5% (w/v) NaOH.
This solution was saturated with carbon dioxide, extracted with ether, the aqueous
residue adjusted_to pH 20 and_then re-extracted with ether to give a fraction
containing”organic acids. The acids were converted to ammonium Salts, and these
were apPhed {0 paper chromatograms t_ogether with authentic 4-&2,4—DB§, butyrate,
crotonate, acetate, propionate and /i-nydroxybutyrate and the chromatograms
developed with n-butanol that had been equilibrated previgusly with an equal
volume of aquequs 1-b n-NHAOH. Qnly two spots aBpeared on' chromatograms
of the acid fraction after spraying with"0-04 % ?W/\é)7 rom cresol purple (Reid &
Lederer, 1951). These two spots hiad Rf values of 0-8/ and 0-66, the known 4-(2.4-
DB), butyrate and crotonate giving I1f values of 0-87, 0-65 and 0-66, respectively.
By ‘passing chromatogram strips tfirough a chromatqgraph strip counter (Atomic
ﬁ\]cecelgéo[g%sel Bellerose, N.Y., Model RSC-5B), it was found that both spots carried

The E)ew,e[]w?s sPra%ed with a dilute solution of Jo_otassm P_erma{l%anate, ang
the spot with Rt value 0-66 was resolved into two PO tions. The first of these, whic
decolorized the permanganate, had an Rf value of 0-66 and corresponded with the
standard for crotonate. The second Ro_rtl?n, _Whlﬁh did not decolorize the perman-

ganate, had an Rt value of 0-65, identical with that of butyrate.

DISCUSSION

. The mancmetric data indicate that 4-(2,4-DB)-induced Flavobacterium metabo-
lized 2 4-dichlorophenol and 4-chlorocatechol ‘without a preliminary induction
phase, but not 2,4-D, chlorohydroquinone or hydroxyhydroguinone. The oxidation
of 2,4-dichlorophenol and 4-chlorocatechol was complete, whereas the initially
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rapid rate of o2 disappearance in the presence of 4-(2,4-DB) decreased when the
uantity of 0 2consumed was about equal to that required for the oxidation of only
the aromatic portion of the molecule. The new rate was the same as that obtained
whether the substrate_ supplied to the bacterium was but}/_rate or crotonate.
Consistent with these fmdmg}s was the evidence for the formation of 2 4-dichlgro-
Phenol 4-ch| ro%atech |, butyrate and crotonate by suspensions of the organism
ncubated with the herbicide.” _ _ ,

On the basis of these observations the most plausible hypothesis for the mechanism
of 4-(2,4-DB) decomposition by the organism used is that the initial attack on the
molecule involves a cleavage of the ether linkage, with the formation of 24-
dichlorophenol and hutyric acid. The 2,4-d|chloroi)h_enol is then dehalogenated at
the o-position, and the’ resultant 4-chlgrocatechol is. readily and ,corqpletely -
grade_ , possibly with the formation of /i-ehloro-cis, cis-muconic acid. The butyric
cid is probably metabolized at a slow rate by /7-oxidation.

0.CH,.CH,.CH,.cooH _ CH3 CH2.CH2.COOH---- CH3.CH:CH. COOH—- 1 "-oxidation

o OH OH
7 ©—  TTOMer coatHO+or
4-(2,4-DB) ¢ ;
2 4-dichlorophenol  4-chlorocatechol
Fig. 6

The present_findings differ from those of Webley et al. '9957) and Taylor & Wain
(1962), whose isolateS of Nocardia, Pseudomonas and Micrococcus metabolized the
aliphatic motety of phe,noxyalk){l carboxy{llc acids while the fatty acid was still
attached to the' aromatic rmg. t would thus appear that such molecules can be
metabolized by at least two pathways, one being initiated by a/7-oxidation sequence,
8 In the strdins of Nocardia examined, the second by a cleavage of the ether
linkage. The existence of two_pathways may have an ecolog{_cal significance, since
A-oxidation of herbicides of this type would lead to the formdtion ofnew Rhytotoxlc
compaunds. The alternate pathviay would result in a detoxication of the”applied
herbicide by microbial action,

This work was su%ported in part by Co-operative Regional Research Project
NE-42. We wish to thank Dr L. R, Mattick for the ggs chiromatographic analyses
and Amchem Products, Ambler, Pa. and Chipman Chemical Co., Bound Brook,
N.J., for gifts of chemicals.
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INTRODUCTION

Since the isolation of 6-aminopenicillanic acid ﬁBatchelor Do¥le Nayler &
Rolinson, 1959) many new penicillins have been synthesized. One of these, aming-
phenylacetamidopenicillanic_acid (amEnuIIm) is” of theoretical and therapeutic
Importance hecause It 1S much more active a amst several Gram-negative_hacteria
than 1S rRemcnImG (Rolinson & Stevens, 1967). [Pre iminary studle?awme range
-negative bacteria were examined for sensitivity to”ampicillin‘and pefi
CI |n |t"was found that those orgamsms sensitive to ampicillin were also in-
variably sensttive to penicillin G, altfough the minimum inhibitory concentration
for penicillin G was alwa}quto 10 times qreaterthan thatforamplc lin. Similarly
Gram neﬁatlve hacteria |ghy resistant 10 ampicillin were always highly resistant
to penicillin G. It has recently been demonstrated that, like penicillinG am'mcnlm
Inhibits the incorporation of cytoplasmic cell wall precursors RoPers&I\/Ian estam
1962) and we have observed that ampicillin causes cytologicar” changes in Gram-
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negative bacteria similar to those produced by the action of Penicillin G gDu Ui,
926; Hughes, Kramer & Fleming, 1946; Ledererg, 19/). 1t seemed reasonable
to assumé, therefore, that the made of action of ampicillin is similar to that suq-
gested b)( Park & Strominger §1957? for penicillin G, namely, to interfere with cgll
wall syrtthesis by preventing the formation and incorporation of muramic acid-
peptide, It has long been"known that Gram-negative bacteria may produce
penicillinase (Abraham & Chain, 1940) and in the preSent work we have Studied the
part played by this enzyme in determmln(I] natural and acquired resistance to
penicillins, - Odr findings’ have enabled us_To suggest reasons for the relatively
greater activity of ampicillin than other penicillinsdgainst Gram-negative bacteria.

METHODS

Mmedia. Nutrient broth was made of Lab-Lcmco meat extract 0-1% (wiv),
Tryptone (Ox0|d3 0-2% (wiv), peptone S)O'Xol'd) 1% (w/v)), NaCl 0-7%, (wiv).
yutlnegt agar contained nutrient broth soliified with 1-5% (wiv) Davis' New
ealand agar. _ ,

Organis%s. Standard laboratory strains of Escherichia coli (designated ¢3, cv,
k 28) were used in many of the exPenments._ The characteristics of these organisms
weré described in detail Pre_wous %Brumﬁtt & lleptinstall, 1960). A number of
other Gram-negative bacteria 1solated from patients with acute urinary infections,
and penicillinase-producing staphylococci from infected lesions, werg also used.
Cultures of bacteria were preserved on a?ar Slopes at 4°.

penicillins. Penicillin G was obtained from Glaxo Laboratories Ltd. (Greenford,
Middlesex) and methicillin, ampicillin, 6-aminopenicillanic acid (6-APA) and
30-chlorophenyl-5-methyl-4-isoxazolyl penicillin &RL 1621) from Beecham Re-
search Laboratories (Brockham Park, Surrey). BRL 1621 is one of the isoxazolyl
series of penicilling (Deyle, Long, Nayler & Stove, 1961) which combines tfie
géﬁpelrgtéezs of penicillinase resistance with acid stability (Knudsen, Brown & Rolin-

Standard penicillinases. Bacillus cereus Penicillinase (IDIStI”e_TS Company Ltd.,
Londo,n(? was used as a source of /Llactamase, A thick toluene-killed susperision of
an amidase-producing coliform organism was kindly supplied b% DrF. R. Batchelor
(Beecham Research Laboratories). This enzyme was stable when stored at 4° and
Was used as a standard amidase preparation. . _ .

sensitivity testing. Screening tests for selection of naturally occurring ampicillin-
resjstant organisms were carried oyt bY nlacing dried im rﬁnated ga[r),er 1CS On
well-dried nUtrient agar Rlates previousty flooded with a log-phase bacterial culture.
In order o, standardize the inocylum the orPtmaI density of the hacterial culture was
measured in the Hllger absorptiometer and the culture then diluted so as to give
a bacterial count of about 10 organisms, per ml. Ampicillin (25/¢g./d|sc?_wa_s Used
and an organism was copsidered t0 be resistant when there was no Zone of inhibition
after incubation for 18 hr. at 3/°. , _ _

The minimum inhibitory concentration (MIC) for a particular organism was
determined by adding a_standard inoculum (fabout 104 _bacte_na)bofmm log-phase
culture to tubes, confaining serial dilutions of the. antibiotic in roth. The" lowest
concentrapon of antibioti¢ which completely inhibited %rowth as %Jdﬂ%ed by_the
absence of turbidity after incubation for 18 hir. at 37° was taken to be the MIC.
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selection of resistant variants. Resistant variants of ampicillin-sensitive strain
Were seIected_b_;r serial subculture on nutrient agar containing increasing concentra-
tions of ampicillin, At the same time the mutational frealuency for“Selection, of
variants at a Partlcu_lar concentration of ampicillin was calculated by_comparmgz
the number ot colonies on the ampicillin-containing medium with a Viable coun
carried out by preparing tenfold dilutions ofthe bactérial suspension and inoculating
antipiotic-frée’ medium. For comparison with the ampicillin-resistant variants,
Penhlclllm G-resistant variants of the parent strains were selected by the same
echnique.

Detection and estimation ofpenicillinase production

Scr_eenlng tests for penicillinase production were made on broth cultures which
were incubated for 6-18 hr, at 37° when the test organism was killed by the addition
of toluene to a final concentration of 10% Q’/\Q' These killed cultures were incubated
with penicillin G for periods of 1-4 hr. at 37° and the residual penicillin was then
assayed by the microbiological cup-plate method with sarcina lutea (atce 9341) a3
test "organism. This metfiod was also used to compare the susceptibilities of
penicillin G, ampicillin, methicillin, BRL 1621 and 6-APA to the penicillinases
Produced by various bacterial strains. Of the_penicilling tested penicillin G was
ound to be'the most susceptible to Gram-negative penicillinases and therefore was
used as substrate for thejr estimation.. _ _

To compare the Bemcnlmase activities of different preparations more accuratel
than was possible by the method described above, several procedures were tried,
Including that of Perret 19542, the sgectro’[_)lhotometrlc_ assay as described by Saz,
Lowery ‘& Jackson (191), thé method of Haight & Finland (1952) and a micro-
assay methoa based Upon that described by Pollock (f1957)_. The micro-assay method
was_the only one which allowed small dmounts of penicillinase to be measured
sufhmentlyf dccurately for our purposes and will be described. _

A sampile (2_m_|.|) f penicillinase solution was added to 8 ml. of nutrient broth
contamlng enicillin G20 /tg./ml,, and the mixture incubated at 37°. At intervals
of 15 or 30 min., samples ml.f) were withdrawn, dilued with 9 ml. of ice-cold
(01 M-potassium phosphate buffer (pH 70) and the residual penicillin assayed, in
trlpllcate_b?{_the_ cup-plate assay With sarcina lutea 85 teSt organism, and comparing
zones of inhibition with those obtained using standard penicillin G solutions quer
the range 0-25-2-0/t%/ml._ Assay plates were kept at 4° for 2-4 hy. before quemight
Incubation at_37°. Penicillin was estimated without the need for a specific peni-
cillinase Inactivator, because of the decrease of enzyme activity on sampling due to
|owerin of_thff, temperature to 0° and the 1 in 1 d|I%|t|on of su?s_trate, ollock
195,72_. Penicillinase act|V|(t]y was, estimated in terms of the rate of inactivation of
penicillin G under standard conditions, This measurement was mace from a graph
In which residual penicillin was plotted against time.

Relationship between penicillin resistance and. penicillinase production

. The relationship between penicillinase Production and resistance to penicillins was
first demanstrated by com anm{; the MIC value obtained for ampicillin and peni-
cillin G with large inocula (about 106bacteria) with the values obtained with small
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inocula (about 100 bacterlal). By using the, micro-assay method described, we syb-
sequentg carried out more accurate” estimations of P]emullmase activity  with
Seitz (SB) filtrates of 6-18 hr. broth cultures of Escherichia coli cv and its résistant
variants,"Preliminary experiments showed that there was no appreciable adsorption
of this Gram-negative penicillinase by Seitz (SB) pads.

Determination of cell-hound and extracellular penicillinase

The organism to be tested was incubated for 18 hr. at 37° in 500 ml. nutrient
broth. The bacteria were then deposited by centrifugation at 3000 rev./min, for
20 min, and the supernatant fluid passed through a Seitz fSBg filter. The penicillin-
ase activity of the filtrate was then estimated; this was takén to represent extra-
cellular penicillinase. . o

In order to remove an%/ remaining traces of extracellular penicillinase from the
bacterial geposit it was then washed three times b centnfugatjon in Q01 M-phos-
phate buffer H7-(2) at _and resuspended in distjled water.Similar viable counts
Were obtained hefore and after this treatment, showm% that no appreciable lysis
of bacteria had occurred. The washed suspension was then divided into two equal
portions. One was treated with tolyene to prevent further bacterial growth. The
other portion was treated ii the Mullard ultrasonic 2 kW. disintegrator for 30 min.,
the suspensjon divided and half of it centrifuged at 27,000 rev./min. 465,900 9) for
20min. and the supernatant removed. The enicillinase activity of the tofUene
treated bacteria, the syspension of d|smtegrated bacteria and the Supernatant fluid
from the suspension of disintegrated bacteria was then estimated. To see whether
the ultrasonic treatment, used 10 disintegrate the bacteria did not also inactivate
the penicillinase liberated, a Seitz filtrate™of a broth culture containing dpengclllmase
Was subgected to treatment in the ultrasonic disintegrator. Treatment identical with
that neéded to break the bacteria caused no detectable loss of penicillinase activity.
It was also found that tne addjtion of toluene, to a Seitz filtrate containing Gram-
ne?atlve,penlcnlmas_e had no_effect on the activity of the enzyme. _
. Indugtion of penicillinase. Tests for inducibility of penicillinase were carried out
In broth cultures of Escherichia coli cv and resistant variants of it which had been
incubated for 6-10 hr. at 37°. In different experiments either ampicillin, fpem-
cillin G, methicillin or BRL 1621 was added to make a final concentration of 0-5—
2-0/fg./ml. and incubaticn at 37° then continued for a further 1-8 hr. Penicillinase
activity was estimated in the whole broth culture after the addition of toluene and
In the filtrate after Seitz filtration. As a control for basal R_enlcnlmase activity
te)gﬂmaélloné were performed in parallel on broth cultures to which no penicillin had

€N adged. : :

|dentification of penicillinase, Penicillinases are either *-lactamases or amidases

Roljnson et al. 1960). Tne distinction between these two enzymes was based uPon

the finding that the 6-aminopepicillanic acid %G;APA) formed following the action
of amidase on penicillin can readily be converted info, Pemcnl_m Gy simple chemical
treatment (Batchelor et al. 1959), whereas the penicilloic acid formed by the action
of /1-lactamase cannot. _ ,

An ove,rmght broth culture of the_organism to he tested was incubated for
1-4 hr. with_ & known amount of penicillin G and a sample withdrawn for assay of
residual penicillin by the cup-plate method. To convert any 6-APA to penicillin G,
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anhydrous sodjum bicarbonate and 10% (v/v) #henylacet | chloride (British D_rugi
Houses Ltd.) in drél acetone were added to the rest of_the culture to give find
concentrations of 3% (wiv) and 1% (viv), res?]ectlve,ly_. This mixture was allowed
to stand at room temperature for 15 min. and the penicillin G content then assayed
as before.. Failure t0 demonstrate increase in penicillin after_reconstitution Wwas
taken to indicate that the Bemcnlmase was a /Mactamase. The validity of this
assymption was confirmed yte,sung several penicillinase-producing, strains for
ability to act upan 6-APA, which is inactivated by /?-lactamase but not by amidase.
Broth cultures of several penicillinase- _roducmq,strams_were Incubated with known
amounts of 6-APA and the extent of inactivalion estimated by reconstitution of
resicua 6-APC,)Mot_pen|C{ I?hG't dard Escherichia st {bv th
antisera. Q antisera to the standard Escherichia strains were prepare e
method described by Edwards & Ewing (19573. PrEAaIet By
Pathogenicity tests. A COMparison was made between escherichia coli CV parent
strain and a resistant varjant with an MIC of 2500//g./ml. ampieillin. Four separate
experiments were carried out in which groups of five mice (18-20 % received an
Infraperitoneal |n{ec,t|on of OT ml. bacterial suspension containing 10§ 106 104and
lOZIog—Iphase bacteria. Each batch of five mice was housed in a Separate cage and
the mortality was determined 4 days after inoculation. All results were used'in the
final analysis. LD 50 values were’ calculated by the method of Reed & Muench
1§r3e8)c'arri38t%ﬂ?l suspensions were made In saline and in every case viable counts

RESULTS
Selection of resistant variants of ESCherichia coliin the laboratory

Escherichia coli Variants resistant to penicillin G and to ampieillin were selected
without difficulty with the three Escherichia strains cv, ¢3 ang x28. Resistance
developed in a stepwise fashion; variants were selected most readily from strain cv.
The parent strain cvp[» of this orgamsm had an MIC of 7-5/|r%;. ampicillin/ml,, byt
after only three subcultures in th %resence of Increasing corcentrations of ampi-
cillin a résistant variant with an MIC of _100/t?. ampicillin/ml, (strain cvr 400) was
obtajned and after six subcultures a resistant_organism with an MIC of 2500fig.
ampicillin/ml. (strain cvr 2500) was selected. Thé greatest single step increase in
resistance to both ampieillin and penicillin G by €. "cori strain v, was tenfold, and
the mutational frequency for selection of resistant mutants with ten times the
resistance of the parent strain was about 1/108hacteria. With strains ¢3, k28 and
others, Increase in resistance occurred in smaller stePs, but the mutational fre-
quency for selection of resistant mutants, was similar. nvestl%atmn of a number of
parent strains. and their resistant variants showed no differences in-colonial
aBPearance, biochemical reactions, ag |utination by specific O antisera, r(%rowth
cUrves oy mouse pathogenicity. Resistant mutants tere stable ana no_slg ificant
change In resistance Was détected after twenty subcultures on antibiotic-free

meditim.

Cross-resistance

Table 1 comcpares the MIC values obtained with three penicillins by usin
Escherichia coli CV parent strain (cvp) and two resistant variants (cvr 400, cvr 250
G. MICfOb XXXii
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as test _o_rﬁ_amsms. These variants_had been selected by subculture in the presence
of. ampiciflin, but it can be seen (Table 1) that there vias complete cross-resistance
with penicillin G Similarly a variant of strain cv selected by growth in presence of
penicillin G showed cross-resistance to ampicillin. When the MIC values of E. coli
cv to ampicillin and penicillin G are expressed as.a ratio this is very similar for the
parent organism and for its resistant variants (Table 1). This ratio was_approxi-
mately the same whether ampicillin or Pemullm ( was used for the selection of the
variants, The numerous organisms tested and found to be naturall){ resistant to
ampicillin were also always Tesistant to penicillin G. This shows that the difference
between resistance of these hacteria to ampicillin and penicillin G is quantitative
rather than qualitative. In contrast, the factors responsible for resistance of
variants to ampicillin and penicillin G did not cause ncreased resistance to. anti-
l()+0ttl)? BISQL 1621, although ir_this case the parent strain was itself highly resistant
able 1),

Table 1. Antibacterial activity of different penicillins against
resistant variants of Escherichia coli strain cv

Minimum inhibitory copcentration :
e Rl Rata MIC
: frercees . amplcﬂlmto
Organism Penicillin G Ampicillin  BRL 1621 penicillin G
v parent strain (cvr) 30 1-5 450 14
E\nﬁ)mﬁﬂn-reasta(nt \)anants of cv
cvr 400 1400 400 453 1:3-5
cvr. Fsoo . : 9000 2500 453 1:3-6
Penicillin G-resistant variant of cv 750 200 453 1:3-7

Production of penicillinase by resistant variants

During the initial sta(‘;es of selection of ampicillin-resistant variants of Escherichia
coli cv it was found that when the concentration of ampicillin added to the nutrient
agar {ust exceeded the MIC value for the Parent strain, some of the resistant variants
sélected were surrounded by small satellite colonies. The MIC value of amR|C|II|n
for the colonies which were Surrounded by satellites was much hlgher than that for
the parent strain, whereas the MIC value for the satellite colonieS was the same as
for the_parent strain. This suggested that the resistant variants of strain cy were
producing penicillinase. This was confirmed by the screenm% test for penicillinase
production. penicillinase activity shown in broth cultures ot resistant variants of
g{lr gir]nrge laboratory strains of E. coli (cv, €3, k28), but not in cultures of the parent
Variants selected hy subculture in the presence of ampicillin or penicillin. G pro-
duced_penlmflmase, %yut the enzYme waspmuch more a%nve aga|ﬁst penicil n? G.
For this reason penicillin G was always used as substrate when accurate estimations
of penicillinase activity were required. This was necessary because even hlghly
resistant variants pr?duced oply small amountsofpemcnlmzﬁ% For example, Trl.
ofan 18 broth culture of the variant strain_cvr 400, which had an MIC of 400fig,
ampicillin/ml. and l400f|%. penicillin G/ml., inactivated only 2fig. ampicillin and
5001g. Pemcnlm G after Inr. at 37¢. However, Ig),roductlon of small amounts of
penicillinase could regularly be correlated with @ high degree of resistance.

The ampicillin-resistant Variant (strain cvr 400) Was grown in nutrient broth at
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37°. Samples were removed at hourly, intervals and the bacteria removed by Seitz
(SB) filtration. Estimation of the penicillinase activity of the filtrate by the micro-
assay method showed a progressive increase between 4 and 10 hr. A comparison
was ‘also made between the amount of penicillinase present in whole cultures and
the amount Present In a Seitz filtrate of the same culture. Estimations were made
at hourly intervals and it was found that the filtrate had a penicillinase activity
only about 10% less than the whole culture. This was true even at 4 hr. when the
Pen_lmllmase concentration be%an_ t0 increase. Experiments with the ampicillin-
esistant variant cvr 2500 gave similar results.

Relationship between penicillin resistance and penicillinase production

Estimation of the penicillinase activities of varjants of scherichia coli Strain cv
Wwith Increasin de% ees of resistance to ampicillin, showed that the degree of
resistance was%rop rtional to the amount of Bemmllmase produced (Table 2). The

18r

[ ] o= -\‘\‘__—.
Strain cve

-
w

Y
N

Strain cvr 400

o
T

Residual penicillin (ug./ml.)
0
L{

Time (hr.)
B e 0 SRS T ety

relatignship between penicillinase production and resistance is also shown in Fig. 1,
Inwhich cv parent strain and the two resistant variants cvr 400 and cvr 2500 Were
used. These three or%amsms grown under identical conditions In nutrient broth
were subsequently shown to~contain similar numbers of bacteria. The actual
exFenment wag carried out on Seitz filtrates of these cultures. _

t was possible to show penicillinase activity In the same resistant variants
(cvr 400 cvr250(()? by using the S_Rectrophotometnc_ method of Saz et al. (19612
and, by,the method of Haight & Finland (1952). Indications of differences in th
penicillinase activities In Variants with ‘increasing degrees of resistance were
observed. However, such differences could not be njeasured as Rremselﬁ as by the
micro-assay method. No penicillinase activity was detected in the parent strain or
In variants with lower degrees of resistance.” By using the micro-assay procedure

6-2
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and a heavy suspension of bacteria (equiv. 138 mq. dry wt./ml.) which had been
subjected t0 ultrasonic disintegration, we consistently found traces of penicillinase
activity In the parent strain gyp.

Table 2. Antibacterial activity of ampicillin and penicillinase activity
In bacteria with natural and acquired resistance

Penicillinase Rat;]o of minimum

o, it b
. TR
v parent strain (cvp) . : 15 <10 > 751
i\anlch@m-resmtant variants of strain cv 1
) | i 5 1641
Nefurel esioant orggpioms % i 101
R (1) 5 3-L1
Escherichia coli IL)J) 5%8 491_5 ﬁ?%
Proteus spp. | P|) | o 285 %8%
Pseudomonas aeruginosa (i) 5%8 %_5 A 4—_%.: !
Staphylococcus aureus 250 100 2-5:1

Table 3. Antibacteria| activity of different penicillins when using
large or’small inocula

Minimum inhibitory concentration

No. of ; (lig./ml.)
hacteria in e A —,
L inoculum Penicillin G Ampicillin
Escherichia coli
cVv parent strain (cvp) 10« 65 10
T , 102 25 5
Ampicillin-resistant variants of cv

owr 400 106 1,500 600
102 900 350
cvr 2500 106 12,000 2,150
102 7,000 2,250
Staphylococcus aureus 106 250 200
102 1i 10

Influence of inoculum size

|t can he seen in Table 3 that the size of inoculum produced only a small effect on
the MIC values for the cv parent strain and two of Jts resistant variants (cvr 400,
cvr 2000) when tested against penicillin G and ampicillin. Although In every. case
the MIC value was higherwith an inoculum of 106organisms than with 1020rganisms,
this effect wag small"as compared with that found with a penicillinase-pioducing
strain of Staphylococcus aurgus gTabIe 3), The difference In inoculum effect for
S. aureus and Escherichia coli strain cvr 400 was shown in another way. Samples
(0-02 ml.) of serial tenfold dilutions of washed cultures of these organisms were
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dropped on to nutrrent agar contarnrng 200/|g ampicillin/ml. With the staphylo-
coccUs growth was on (r! ossible witlt a large noculum, whereas with E. coli
cvr 400 growth occurred from a small moculum giving rise to single colonies.

Proportion of cell-bound to extracellular penicillinase

With Escherichia coli strains cvr 400 and cvr 2500, penicillinase activity in
Sertz-filtrates was found to be 90 % of that of the whole bacterial cultures i broth,
the remarnrn? 10% being detected in the washed bacterial suspensions,

enicillinase activity of the washed bacterial suspensrons was found to be
2-5 times greater after ultraSonic disintegration than before. This Increase in activit
fol owrnd drsrntegratron was taken to Tepresent bound intracellular i)enrcrllrnas
because the increase was unaffected by removal of the bacterial cell walls by centri-
f%atron at 27,000 rev./min. Therefore, even allowing for bound intracellular
P icillinase. in'whole broth cultures of the two strains tested, about 75% of the
otal penicillinase was extracellular.

Inducibility of penicillinase

With Escherichia coli parent strain cv and the two resistant variants cvr 400
and cyr 2500, N0 Increase in E)enrcrllrnase activity was detected after attempted
induction with the four penicifling used. In fact, when rnductron was attempted
wrtht e enrcrllrnase resistant peniciflins, methicillin and BRL 1621, a progressive
fall in genrcr mase actrvrty vvas observed, aIthou?h the concentratron of pénicilfin
was to0 low to, inhibit growth, There was no significant fall in penicillinase activity
when ampicillin or penrcrllrn G was used.

Table 4. Ampicillin resistance and penicillinase production jn Gram-negative
bacteria isolated from patients with urinary tract infections

No, is It No. |solates
ri of resrsta () No. resrstant show
ates /prc in 1olate penicillin

Organism tested 15C) teste actrvr y
Escherichia coli 47 8 % 1 409
gp?capcol? %4 th E %)

AEro%usctSer aerogenes : é i ) : i ({80)
Pseudomonas agrugrnosa 21 1 %‘%3 (50%)

Penicillinase activity in naturally resistant Gram-negative organisms

Gram- negatrve bacteria |soIated from 640 patrents with urinary tract infections
were examrned or resrstance means of ISC contarnrn9 25fig. of antibiotic.
random se ectron 0 teorga isms_found to be_resistant were”also tested for
%enrcr mase production by thé screening method. The results are summarized In
able 4 where it Is seen that all strains of Aerobacter aero?enes and asrgnrfrcant

proportion of the other organisms showed a definite Renrcr linase activity, G
parisons made under starjdard condrtrons showed that there was consrderable
variatign in the amount of penrcr linase produced by different strains. When M
values for these Benrcrllrnase prod ucrn? strarns were determined by using a standard
inoculum of 104bacteria, 1t was found that the degree of resistancé was proportional
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to the amount of penicillinase produced. Table 2 shows this rel,at|onsh|B to hold
both with naturally resistant organisms and with those selected in the laboratory;
also that production of only small amounts of penicillinase was associated with’a
high degree of resistance in Gram-negative bacteria. It is also seen in Table 2 that
Escherichia coli strain cve 2500, which produced amounts of penicillinase of the
same order as a strain of S,taﬁh lococcus aureus, required very much larger con-
centrations of ampicillin to inhibit its growth,

Susceptibility of different penicillins to different penicillinases

. Table 5 shows the susceptibilities of different penicilling to the actions of penicil-
linases produced b‘Y a variety of bacteria when tested under standard conditions at
PH 1-4, The penicillinases of the resistant variant of Escherichia coli selected in the
aboratory, and of ampicillin-resistant Gram-negative organisms isolated  from
patients, ‘inactivated penicillin G much more reagily than ampicillin. Methicillin
and, BRL 1621 were highly resistant to the action of these penicillinases. The
penicillinases Produced v Bacillus cereus and_ Staphylococcus aureus inactivaged
ampicillin at least as readily as penicillin G. The standard amidase preparation
showed properties similar {0 that of penicillinase from Gram-negative organisms,
with the Important exception that it was inert against 6-APA. However, 6-APA
\(/%asbllesg readily inactivated than penicillin G by the other penicillinases tested

able 5).

IdenUﬂcanon_ of penicillinases. The. penicillinases of all the numerous Gram-
negative or%amsms tested were identified as /*|actamases. These bacteria (from
human sources) were tested for amidase activity but none was found.

Table 5. Inactivation of different penicillins by penicillinases of various organisms

Ratio inactivated relative to r?enicillin (all at 0 X6 mM
substrate concentration

Preparation ni-
P cﬁlemG Ampicillin ~ Methicillin ~ BRL 1621  6-APA

Eschﬁrichia coli cvr 400 1 <0001 8 2 -04
E. ol < 0001 ﬁ
roteus mirabilis < X -

D I
é( %dyﬂig Pt 1 1@ ? - !
Sta 1 004 0002 0-002 0*

mase
s cere 518 nits/ml.)
Paard amidase (from
coli S
* No detectable inactivation

orm organism

DISCUSSION

It has been shown that, by serial subculture of three Escherichia coli strains (cv,
¢3, k28) in the presence of dp nicillin G or ampicillin, variants resistant to both these
Bemmllms could be selected, Resistant variants invariably produced a penicillinase,

ut apart from the gr,oduchon ofthis enzyme, no difference could be found between
highly ampicillin-resistant variants and their parent strains. The resistance of the
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variants, selected was stable after repeated subculture on antibiotic-free media. Of
the strains tested, resistant variants were most eas_llsf selected from the standard
laboratory strain E. coli cv. Minute amounts of penicillinase activity were detected
In the parent strain of this organism; penicillinase production in the_ parent strain
and its resistant variants was non-inducible. The penicillinase activities of cell-free
filtrates of resistant variants of E. coli strain cv were proportional to their degree
of resistance 'FIP' 1; Table 2%. AItho,uPh there was complete cross-resistance
between ampicillin-resistant_and gemml In G-resistant variants,_these variants
were no less susceptible to BRL 1621 than was the parent strain (Table 1), It was
also found that comgound BRL 162 was resistant to the penicillinase Produc_ed hy
the variants (Table 5). We suggest, therefore, that increased resistance to ampicillin
g?d etrc]) gelplr%slén G was due to'the ability of the variants to produce greater amounts
iCillinase.

he degree of ampicillin resistance of several naturally resistant Gr_am-negatwe
organism$ was also found to be proportional to their penicillinase activities (Table 2).
However, resistance In some Gram-negative_organisms was not associated wit
penicillinase production éTabIe 4). Penicillinase production by the Pemullm-
resistant variants of the Gram-negative organisms inyestigated was small as com-
pared with that by Gram-positive organisms such as”the penicillin-resistant
staphXIococm. The _p055|b|I|tV that i résistant variants there was a substantial
quantity of bound, intracellufar penicillinase, not detected by normal testing, was
excluded by studying bacteria dlsruPted by ultrasonic tregtment and showirig that
the bulk of penicillinase was extracellular. "It seems, therefore, that in these Gram-
negative bacteria a h|?h degree of resistance was conferred by the synthesis of
relatively small amounfs of penicillinase. _ _

_Chemical analysis of cell walls of Gram-negative_bacteria has shown marked
differences from ¢ ram-gosﬂwe organisms (Salton, 1953; Cummins & Harris, 19561.
Weidel & Primosigh (1957, 1958) Suggested the Presence In the Gram-negative céll
wall of a layer of lipoprotein Pn%go superficial to the li opolg/_sacchar,lde-muco-
Peptlde Ia,¥er and accounting for 80% of the wall by WEIght. ince 1t 1s believed
hat the site of action of peniCillin is at the cell membrane (Cooper, 1955), where cell
wall synthesis s also thought to occur (Crawthom &Hunter, 1958), we suggest that
the complex I|p|d-_co_nt_a|n|nP Gram-negative cell wall may form'a barrier to the
Penetrauon of penicillins, Tn Gram-positive bacteria, where the cell wall is free
rom Jipid, no ‘such barriers exist. Therefore, penicillin_ resistance can be more
directly related to penicillinase activity on @ quantitative_ basis and relatively
much, ,reatTerbeimcz)u?ﬁs of th& enzyme atr_e reéqmtred_ to confer increased resistance t0

enicillin (Table 2) than in Gram-negative bacteria. ,

d Kirby (&945 ar?d Luria (19461) suggested,that, the finding of high valugs of the
minimim’ inhibitory concentration 0f antibiotic when using a Iar%e Inoculum
Indlicates that resistance is due to penicillinase activity. We found that this inoculum
effect was much less pronounced with the ampicillin-fesistant variants of Escherichia
coli_strain cv than with a strain of Staphylococcus aureus (Table 3), and therefore
In Gram-negative organisms,tests based on inoculum size cannot bé relied upon to
distinguish between penicillin resistance due to penicillinase production and that
from other causes. Again, the explanation for this difference IS probably that
diffusion of penicillin through the Gram-negative wall was slowed so that the need
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for a Iarge inoculum to destroy uenicillin and allow initiation of growth was

The demonstratron of a minute amount of penicillinase activity in the parent
Escherichia coli strain cv suggests that resistance was due to small increases in the
ability of the variants to produce r%enrcrllrnase spontaneously in a manner similar
to that described by Pollock (1957) for a strain of Bacillus cereus. It is under-
standaple that attempts to_demonStrate a similar effect in other Gram- posrtrve
bacteria might be difficult, since the degree of increased resrstance might be expected
to be very small. For example, therg has been great dificulty n rsoatrn%genr
cillinase-producing variants from Renrcrllrn -sensitive staphy Iococcr In vitro
1957) was able to demonstrate the slow evolution of strarns producrnq traces of
enjcil|inase by growrng staphylocgcct for Jong periods in low conceptrations. of
penicillin, although the presence of penicillinase In the parent penicillin-sensitive
strarns could not e (etected.

The frndrngt at ampicillin was more resistant than_ penicillin G to the action of
the /Mactam se rouedb Gram- negatrve bacteria is relevant to an explanation
for the ?reater actrvrt%o amprcr lin agarnst these orﬁanrsms However, other
factors also determine eactrvrtK ofap rticylar penicillin against Gram- negatrve
bacteria, hecause comBoun 1, which was resistantto the action Of the
[9-Jactamase Produced y Gram- negatrve bacteria, was considerabl K less actrvet an
were_ampicillin or penicillin G againgt sengitive organrsms e ability of the
penicillin to penetrate the Gram- negatrve cel| wall and then tg combrne with its
specific receptor site are additional factors which must be taken into consideration.

We wish to thank Dr G. N. Rolinson and DrF. R. Batchelor of Beecham Research
Laboratories for technical advice and for the supply of materials.
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Certam S eC|es ofthe genus MTycopIasma differ from the Eubacteriales in possessmg
a steroid growth requirément. This requirement was first demonstrated by Edwar
& Fitzgerald (1951) who found that cholesterol cholestanql or stuI;mas erol were
effective, and that the acetate, Stearate or oleate esters of cholesterol were not.
With some Mycoplasma strains of human and avian ongm It was shown by Smith
& Lynn (1958) that /(-sitosterol and cholestanol promoted better growth than did
cholesterol, while ergasterol and shPmasteroI were less effective. Cholesterol esters
of saturated fatty acids of chain-fength C4CT2 Rromoted rowth less effectively
than free cholestérol. These authors, considered that the 3/j-hydroxy group, either
free or esterified, was essential. With Mycoplasma laidlawii, however, Butler &
Knight (1960) found that cholestanone, cholest--en-3-one and cholest-4-en-3-one
aII had nearly that same growth- promohn? effect as cholesterol; cholesta-1,4-dien-

3-0ne ang cholesta |,4,6-trien-3-one inhibifed co é)letel the cholesterol -promoted
growth of M. laidlawir In a serum-free medium and of other Mycoplasma species in

medlum WhICh contained serum,

The ipid composmon of several Mycoplasma strams mcludm two without a
ster0| retiuwement for growth, was examined Y 8 They
conclugled that those strains which did not require s er0|d for growth did not contain
any when grown In its absence. The steroid-requiring strains had a cholesterol
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content in free and esterified forms of from 07 to 0-9 % of their dr Wel_%ht._ In one
strain examined, there were esters of volatile and non-volatjle fatty acids in about
equimolar proportions; In another strain the esters were almost éntirely those of
volatile fatty acids, After sonic disintegration of the organisms, cholesterol was
found in the Insoluble and in the soluble fractions; the choleSterol esters were concen-
trated inthe insoluble fraction, and the free cholestero] in the soluble fraction. Smith
(1959, 1960) described both cholesterol ester-hydrolysing and ester-synthesizing
activities in strains having a steroid growth reuirerent; and suggested that the
function of these enzyme activities might be to mediate the transfer of volatile
fatFt\y acids across the membhrane which encompasses the orPanjsms. _
othblat & Smith (191) examined the non-saponiiable |ipid fraction. Non-
fermentative steroid-requiring srains incorporated cholesterol unchanged Or as an
ester. With a fermentative stéroid-requiring strain grown in the presence of glucose
and cholesterol, about 80 % of the incorporated stefoid was in the form of thie /2-q-
glucoside. Horowitz ef al. (1962) found that the lipids of a strain of MYcopIasma
gallisepticum contained about 6% cholesterol esters and 13% cholesterol.
Myco'olasma mycaldes requires a steroid for growth (Edward & Fitzgerald, 1951;
Rodwell, 1956); a full stud%/ of this reguirenient has not )ret been made, When
viable particles were incubated in @ medium geficient in cholesterol and a defatted
serum protein fraction (Fraction C), the viable count decreased rapidly. Loss of
viability did not occur when another essential nutrient required for cytoplasmic
synthesis Suracn) was also gmitted, or when chloramphenicol was added. This
suggested that a deficiency of lipid precursors caused a type of unbalanced growth
In Which there was impairment of the synthesis of the limiting membrane, but not
of cytoplasm (Roawell & Abbot, 1961).

METHODS

Organisms. The strain v 5 of Mycoplasma mgcoides of this labqratory was isolated
from 3 case.of bovine pleuropneumania in 1936. Strain gy was 1solatéd from a case
of peritonitis in a goat gLavvs, 1956). The gy strain, although incapable of causing
Pleuro-pn,eumoma In cattle, isrelated serolofglcally and biochemically to M. mycoides
1t9368utr|t|onal requirements are like that of'the v5 strain of M. mycoides (Roawell,

Media. Medium Bl was as described for medium B by Rodwell & Abbot (1961)
except that the concentration of defatted bovine serum albumin ((jl?ractmn Was
decreased to.0-2 ¢/l and riboflavin added to the autoclaved medium as a sterile
filtered solution. "Riboflavin underwent partial destruction when aufoclaved in this
slightly alkaline medium, For medium B2, the_ concentrations of palmitate and
oléate"were doubled and that of defatted bovine serum albumin’ (Fraction V)
increased to (-8 %ll. Steroids were added as aqueous dispersions in the concentra-
tions indicated. Cholesterol-4-14Cwas added as.a fing stream of a solutjon in ethanol
to the stlrreéi Jn(fdmm at 60° bef ”f the medium was autoclaved; the volume of
solution used did not exceed 1% vv)b _

Medium BVF-OS was as described by Turner, Campbell & Dick 51935) but was
supplemented with (I;)I ceral (0-003m), |glumfe (0-02m). an oleate (2 X 10“5m) and
adjusted to pH 749 (Dr P. Plackett; personal commuriication).
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Growth tests, Duplicate tubes containing 5 ml, amounts of medium were seeded
with about 107 vrable particles suspended in O-1 ml. 0-4M-sucrose solution cop-
fainin (9001Mphos phate buffer ng75) Growth was estimated turbidimetrically
at 660'm /s at Intervals during static incubation at 3/°. The optical density values
recorded are in most mstances after 24 and 65 hr. incubation for the gy and V5
strains, respectrvey when the_turbidities were app roachrn% the maximum values.

Steroids, T 0W|ng steroids were prepared. (i) Cholesterol dibromide (Fieser,

Cholesterol; m.p. 149-3-150° 8D="=395°, ¢ = 10 In CHCL
reductron of (?) in accordance with Fieser (1953). (rrg o, Ofi-dibromacholestane-3-
one Y chromic acid oxidation, of (i) (Fleser. "1953), (iv) Cholest-5-en-3-one,

118-121° 5¥reductron of (i1i) (Freser, 1953). (% holest-4-en-3-ne (cholest-
enone m.p. 79-5°-80-5° Yrsomerrzatron ‘of (iv) with oxahc acid (Fieser, 1953).
g) h0|estane3one cholestanone) m 8 129-7°, by chromic acid 0xrdat|on of
holestanol gBarton 0X, 1948)l évrr holesteryl palmrtate tm p. 77-19°) yt
method of Swell & Treadwall (19 ). VIII Choleste | oleate, m.p. 42-45°
heating cholesterol with oleic acid (Page fy 1930).

Other steroids were obtained from the California orRoratron for Brochemrcal
Research cholestanol (m.p. 14151420) C_Grade; cholest-7-en-3/-0l (latho-
sterol, A Grade (a, = +4-25 : C13at1 °));. choksta-5,/-dien-37-01
(7-den drocholesterol B Grade m —16° ¢ = 1-0 CHC13
at 24)yst| masterol, CGrade (m.p. 1 2166]) er osterol CGrade (m.p. 145 -155°);
10 esterone C Grade; cortisone, CGrae he Radiochemical, Centre, Amersham.
; r%& |)nghamsh|re England, supplied cholesterol-4-C (specific activity 33-8 fie.

Chemical procedures. Three methods were used for the extraction of steroids from
the or?anrsms 1) The method of Folch, Lees & Sloane-Stanley (1957) which uges
chloroform + methanol (2+ 1 by voI) (||) Extraction of aqueous Suspensions usrng
about 25 vol. of acetone + ethanol (L+1 by vol)mrxture t esuspensron was adde
to, most of the solvent, the mixture hrought to the boil, cooled!, made to volume
with solvent mixture, then filtered, (i) Dry extraction of lyophilized material by
refluxrng with succssive portions of ethanol + ether (3+ 1 by vol.) mixture.

The Conditions for the saponification of exiracts, digitonin precipitation and
colorimetric estimation of cholesterol %the Liebermann-Burchard reaction were

as described by Sperry & Webb (1950), To conserve materials, the amounts of
extracts and reagents Were decreased so that the final reaction vofume was 0-45 ml.
Optical densrtres Were determined with a Beckmann model DU spectrophotometer
% ppe with a Lowry and Bessey attachment for 1 cm, ||ght Rath microcuvettes,
tal' 3/2-hydroxy sterol was determined by the anthrone method on the washed
digitonide precrpttates as descrrbed by Va oun Mayer, Roe&TreadweI 1960
g/stemsuse for the papey. chromatograp ofsterordswereasfo ovvs yste
etic acrd+|trﬂurd paraffin B.P.) q I\/Irc aIec&Strasek 196 W stemB
acetrc acr d + chlgroform + liquid parafhn BP 0+15+5 by vo o halec &
trase i) w Fproe(anohmet anol +water (15+8+3 ), saturated
WIth |qur ara | odicek % 1954g Erv ) acetic crd+water gt4+
16 by vol.) saturated wrth Irqurd paraffrnB Peereboom, Copius & Roos 160)
(13 w-propanol + water (60+ 40 by vol.) saturated with kerosene (Martin & Bush,
55). The paper used for systems (1) to (iv) was Whatman No. 3 impregnated with
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liquid paraffin B.P., for system (v) it was Whatman No, Limpregnated with kerosene.
The solutions of steroids or of lipid extracts in chloroform wer? applied in a narrow
band about 1 cm. long at the origin of the papers. The papers for systems (1)-(1v)
were irrigated by theascending method for 3-6 hr, at room temperature, and for
system (V) _b%/ the descending method for 24 hr. at 37°. Steroids were located
sp_rgym \{\[It lagn 7ethanohc solution of either phosphotungstic or phosphomolybdic
acla (wviartin, - I I L
Ra%mact!v_e cholesterol was purified first by,d|q_|ton|n-premp|tat|on followed by
further purification through the dibromide dérivative as described for amounts of
the order of 1 m?_. b)( Kabara & McLaughlin 51961). The conditions for bromination
were modified slightly, bromine being added as a solution in acetic acid and the
reaction bem9 allowed to proceed for"Lhr. gt 0 ,
Determination of radioaCtivity. A thin end-window Geiger counter was used. _In
some exRenments, solutions of lipid extracts in ethanol Were glated for countin
on poIIyt ene Planchet,s; in others, the solvent was ethanol + acetone Fl+_l by vol.
mixture, and the solutions were then plated on aluminium planchets. In either case
a disc of lens tissue was used to obtain uniform distribution, and a drop of a 1%
Evv/v) aqueous solution of Ezolyvm;/l alcohol to attach the discs to the planchets.
amples were plated in duplicate at infinite thinness, excePt for the counts of radio-
act|V|t¥_ In the growth medium or in the supernatant fluid after growth. Self-
absorption corrections were applied for these, by counting a known amount of
UC cholesterol added to the medium. When a more accuraté count was desired, as
In the determination of the specific activities, samples were plated in triplicate and
corresponding replicate planchets counted in rotation. A count ofa standard source
was interposéd hetween each set, and counting proceeded until a minimum of 5000
counts was obtained from each sample.

RESULTS
Effects of steroids on growth

Cholesterol purified ,through the dibromide derivative had about the same
growth-promoting activity fof Mycoplasma mycoides strain v5as had an unpurified
samFIe_. The grovith respdnses of strain v5 to"cholesterol in media BI and B2, and
of strain gy In medium B2, are shown in_Fig. 1. The concentration required for
rowth otgtﬁe v5 strain was greater in medium B2 than in medium BI. Growth of
e Vo strajn in either medium was abnormal jn that the turbidjty increased at an
exponential rate until aboyt half of the maximum value had been reached, and
thereafter increased more slowly. The organisms were h|gh,ly filamentous and re-
mained so dyring continued Incubation, partlcularI)( In médidm B2, The gy strain
ﬁgew in medjum™B2 with a doubling time of abut 3hr., and continued at about
IS rate until the turbidity approached the maximum value. ,
Tests were made of the %rowth-promotmg activity of steroids in concentrations
ranging from 2-5x 10 6m t0 10_4m, for strain v5 in"medium BI (Fig. la) and for
strdin “gy In_mediyni B2 @g._lS?. The only steroids which, for “either strain
replac,ea cholesterol at all effectively were cholestanol and lathosterol. Dark-field
examination with a light microscope revealed no differences in the morghologxf of
the organisms when grown in the presence of these sterols or of cholesterol.”The
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gy Strain grew at a lesser rate with lathosterol than with cholesterol; with strain v5,
grovvth In"medium B 1 was inhibited by concentrations of lathosterol greater than

X 10~’m (Fig. 1). 7-Dehydrocholesterol promoted no %rowth of strain v5, and
shght (h;rowth of strain gy, cholestanone slight growth of poth strains, cholestanone
and cholest-5-en-3-one ng ?ro_vvth of either Strain. Stigmasterol and ergosterol
Promoted shght growth of strain v5, progesterone and cortisone no growth. These
ast four sterdids were not tested for &owth of strain gy.

B (a) 03 (b
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Fig. 1. Growth-promoting activity of steroids for Mycoglasm_a strains v5 and gy.
@ Strain vh; —— medium B [} - , medium B2. 65 hr, incubation.

).Strain g y; medium B2, # cholesteral; o. cholestanal; A, cholestanone;y, lathosterol;
1, 7-dehydro-cholesterol 24 hr. incubation, except for lathosterol 40 hr. incubation.

The_ same steroids were tested for their effects on cholesterol-promoted Prowth
of strains v5 and gy In media B 1and B2 containing 10_5m and 4 x 10 5m cholesterol
respectively. The Tesults of some of these tests arg illustrated in Fig. 2a for strain
vh and Fig. 2b for strain gy. Cholestenone and cholest-5-en-3-one (not included in
Flgi. 2) were about equally potent inhibitors of the cholesteral-promoted f(%rowth of
both strains; /-dehydrocholesterol was less potent. The effect of 7-dehydrocholesterol
was tested also on’the growth of strain v5 and medium B containing 5 10-5m-
cholesterol. The concentration (x 10~5m) resulting in a 50% decreasé of growth
increased from (-7 for a cholestero| concentration 0f10_5m {0 2-3 for one 0f5 X 10~5m.
Cholestanone, . lathosterol and cholestanol were eithier inactive, or caused only
partial inhibition of growth at the hlghes_t concentration tested. Progesterone and
cortisone inhibited growth of the v5 Strain, the, concentrations (X 10”5m) resultmq
In-a 50% decreasebeing 26 and 7-2, respectively. S_tlgmasterol and ergostero
caused gamal growth inhibition of strain V5 at the hlg_ est. concentration tested
(8x10 5m). These last four steroids were not tested for théir effect on the cholesterol-
promofed growth of strain gy.
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The mhrbrtory concentratrons of steroids for the gy Strain were almost constant

urrngtee xponential growth phase, and rncreaser? when the Incu atron period
was prolonge r%rthe toncentrations ofcholestenone re%urred for 50% ecrease
of rowtho stralll GY were 1-4 t0 1-6 x 10“sm for an ncubation period of 16-24 hr.
and 2-7x 10-5m for one of 40 hr. The results illustrated in Fig. 2b for strain gy
are for an incubation period of 24 hr,
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Fig. 2. Inhibition of cholesterol- promoted growth of Mycoplasma strains V5 and GY
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Steroid composition of organisms
In a lipid extract (Folch method? of strain v5 grown in supplemented BVF + OS
medium, the digitonin-precipitable sterol was” determined, directly and after
saponification, by the Liebermann-Burchard reaction. Digitonin-precipitable sterol
estimated as cholesterol) represented 19% of the dr werriht of the total lipid
xtract: the same value was obtained_after saponification. 1t was therefore con-
cluded that, if esters were gresent their amount must have been small relative to
the amounf of free cholest rol. The same lipid extract was also examined for the
resence ofcho esterol esters by paper ¢ romatogra hy In systems (i SP nd (i) (see
ethods). When Iareamountso extractwerech atograg ed, faint bands which
migratedin the region of long-chain fatty acid esters wers detected: these may have
been derived from contamination by medium constituents. Esters were riot -
tected i chromatograms of lipid extracts of strain v 5 %rown In medium B 1+
cholesterol. The amount of Liebermann-Burchard positive material, estimated as
cholesterol, was about 4% of the water-washed residue.

Incorporation of2*C labelled cholesterol
The obnject of these experiments was to determing whether sterol esters had been
formed In smaller amounts or whether steroid transformations had occurred.
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Radioautography of paper chromatograms

Organisms from 100 ml. culture of strain v5 in medium B 1 containing 2 X 10-5m
unlabelled cholesterol and 2 pc. cholesterol-4-1C were harvested before”maximum
turbidity had been reached and while the culture still exhibited a pronounced
‘swirl’. The organisms were washed with water, lyophilized and lipid extracts were
prepared from'the Ifyophlllzed residue_as described in Table 1. The assessment of
radjoactivity in the fractions showed (Table 1) that 84 % of the cholesterol supplied

In the meditm was incorporated, and that all of this was in lipid extract L

Table 1 Incorporation of cholesterol-*-*C by Mycoplasma strain v5

Cng{ggtorr?qaglﬁ{]] sz;lrgm r%glosrtnel oflill?(r;e merg]?/\(/jelllslﬂ]e tlwccoent\%/'irt]rwq.Sngl.1 %V%Tsrugﬁg e'l'eq
8 iliz (§ | 971 mgjT ﬁ\e %pm |zev(¥ esigue was tﬁn e refluxed for 3 .m|g. W{]
a1l BT e o
%r. Ehp d extract E(i erhe wmgﬂt oh e d\el¥atted reéigue Was S-é mg.
Rc%dirt])t%ztivri]ty
Fraction 1%
edium . 1
s
LI '§ extract
L|B| extract -2

Two_ ml. of lipid extract 1 were evaporated to dryness and. dissolved in 504,
chloroform. Samples of this solution containing radioactivity equivalent to
3,300 counts/min.” and 84 pg. cholesterol (estimated colorimetrically) were
chromatogiraphed with a marker solution containing 10 pg. cholesterol ard 16 pg.
cholesterol palmitate in each of the five solvent systems Tescribed QSee Methods),
The marker solution alone and.in admixture with a solution of 1C-labelled cholesterol
containing radioactivity equivalent to 1450 counts/min. were included on each
chromato%ram. Radiograms were prepared from each of the chromatograms by
exposure to X-ray filnifor 5 and 21 days. The_radiograms showed that the radig-
active areas on all of the chromatoFrams coincided with the cholesterol areas. All
five solvent systems separated cholesterol and cholestero| palmitate. Since radio-
activity equivalent to_about 25 counts/min./cm.2paper should be detectable after
expostre for 3 weeks, it was concluded that < 1% of the cholesterol was esterified
or transformed tq otner steroids separable in any of the solvent systems used. It no
transformations had occyrred, the cholesterol content calculated from the specific
aCtIVIt)( of the cholesterol supglled In the medium would be 4-2%; the cholesterol
conterit determined by the Liebermann-Burchard reaction was 4-2 %,

ISotope dilution
Cholesterol-4-14C was diluted with non-radioative cholesterol and the mixture
purified by the digitonin precipitation and dibromide procedure. The specific

activity was 34-6 counts/min./ig. cholesterol. Strain gy was grown in 100 ml. of
y G. Microb. xxxn
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medium B, to which purified radioactive cholesterol had been added to 5x 10 5m,
The organisms were harvested at the end of the exponential %rovvth ﬁhase, washed
with water, Iyophilized, and a lipid extract was made from the IYOp ilized residue
as described In' Table 2. The radioactivity determinations }Tabe 2) showed that
43% of the cholesterol had. been Incorporated. Only_90% of the radioactivity
incorporated was recovered in the lipid extract; buf, Since verg little remained in
the residue after extraction, the discrepancy may be attributéd to experimental

eror.
Table 2. 2C-cholesterol incorporation by Mycoplasma strain gy

Organisms from 100 ml. culture in medium B2 containing 5x 10 SM-IC-cholesterol
i
SSrP(? Fﬁc ﬁctlwéy - cygt,m ./ZL%. clholeﬁt?ro were, washed opce Wit .}]Zm.waier
lyop }hz% leld 'f -rm E e lyophi (JZ% residue was rerluxed with successive
portians of ethanol + ether (3+ 1) mixture'and the extracts combined.
Ere
~ Fraction (x&-Bﬂ'
%Je tburemsu;%egwatant fluid g 91
|at8réw?rsacet residue §
bépfatteé residue 0.20-

An amount of the lipid_extract which contained radioactivity. equivalent to
17-7 x 103counts/min. (or 0-438 mg. cholesterol if the specific activity were un-
changed) was diluted with 20 mg. purified non-radioactive cholesterol, and the
cholésterol isolated from the mixture, as before. The specific activity of the isolateg
sample was 6-1 counts/mit:/fig. cholesterol. I no'sterol transformations had occurred,
the specific activity after dilution would be expected to be 6-2 counts/min.//ig.
cholesteral. The difference found is within the experimental error of the specific
activity determinations. The experiment therefore did not detect any sterol trans-
formations. The cholesterol content calculated. from the specific activity of the
cholesterol SUp|p|IB(§1 and the amount of radioactivity incorporated was 4-7% of the
water-washed resiaue.

Cholestanol incorporation

Strain gy was qrown in 200 ml. medium B 2 in which the cholesterol was replaced
bg choleétanol al 610 5m. The or%am?ms were washed once with water and
résuspended In 1ml. water; the yield of water-washed organisms was 34-9 mg.
Sterols were extracted from rhe aqueous suspension with ethianol + acetone (1+
and sujtable samples of extract taken for precipitation of sterol digitonides. Total
3-hydroxy sterals as determined by the anthrone method amounited to 4-8% of
the water-washed organisms, Liebermann-Burchard positive sterols (as cholesterol
amounted to aboyt 0-1 % of the water-washed residue, but the colour obtained di
not match that of the cholesterol standards, and was no doupt due largely, if not
entirely, to mt,erfermg| substances.. It was concluded, therefore, that within the
limits of detection cholestanol was incorporated without desaturation.
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Cholesterol exchange

The obaect, of this experiment was to see whether cholesterol in the organisms
exchanged with cholesteral in the medium during growth, and whether it could be
displacéd from the organisms by the growth-inhibitory steroid cholestenone. To
replicate tubes of meditim B 2 wefe added: (a) cholesterol (4 x 10~6m); (b) no steroid:
Ec cholesterol + cholestenone (4x 10~5m each); (d) cholestenone (4x 0~5mg. The
ubes were inoculated with a suspension of organisms of strain gy which had been
grown in a medium containing radioactive cholesterol Esee Table 3_} Immediately
and after 1, 3,5-75 hr. incubation at 37°, one tube of each set was chilled, centrlfugg_d
and the radioactivity in the Tpellet was etermined. Ater 5-75 Incubation, the turbi-
dity increased by factors of 2-8 and 1-7 In (a) and (b), respectively, but remained
almost stationary in (c) and decreased slightly in (d). There was a_loss of radio-
activity from thé sedimentable fraction, most of which gccurred during the_Lst hr,
of incubation. The extent of this loss was similar under all conditions, about 75 % of
the radioactivity in the inoculum being present in the sedimentable fraction after
575 hr. incubation (Table 3). The redson for the loss qf radioactivity from the
organisms is not known; it m _|Pht have been due to lysis of some of the organisms in
the inoculum. Complete equifibration with cholesterol in the medium in"(a) would
have decreased the radioactivity In the sedimentable fraction to 9% of that in the
inoculum. 1t seems likely that"cholesterol does not turn over during %rowth, and
that once incorporated it"cannot be displaced from the organisms by cholestenone.

Table 3. Cholesterol exchange between the organisms of Mycoplasma strain gy
and medium during incUation at 37

Organisms for the inoculum were grown in 25 ml. medjum B2 containing 1]ic
Q|e%_ter%w-148 an .4x10-5ﬁ onradPoactlnve cgoﬁe er?T (5r amBs SW re%aWes{ed
Aemt e exponential growth phase, res#s ended in m.fucr Se+ g osphate solutip
0-25ml. 0 susPen5| n (con ammg radioactivity g;gm alept to 2-3X §3co.u ts,mlnr.g
_Used to |n8cu atg replicate tubes containing 4-/5 ml. 0 medluAn wﬂﬁ sterol
f“u(?ns 8 Indicated. A After ipcubation at ﬁ? for the genodm Icated, tubes were
llled, centrifuged, and the radioactivity in the pellets determined.

Hr. at 37°
(0 1 3 575

% of initial radioactivity in pellet
Steroids s:lx 10_6m) added to medium oo 0 LAy np
C %Iesterol §§ §4 ég ;g
[+ cholest-4-en-3- 1 % Ji
c @ﬁgfestero 3coest en-3-one ; i
DISCUSSION

est-4-en-3-one !

The results of the growth tests were qualitatively the same for the two strains
examined; there were some quantitative differences: These are more I|keI¥ to have
been due to, the differences in the lipid composition of media B1 and B2 than to
differences in the sterol requirements of the two strains, The concentration of
cholesterol required for growth of strain v5 was greater In medium B2 than in
medium BI. ‘Other experiments have shown that this requirement for higher
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concentrations of cholesterol by strain v5 in medium B2 was related to the increased
fatty acid concentration rather than to that of defatted bovine serum albumin. The
concentration of cholesterol required for oEt|mum growth of strain v5 in a medium
of undefined composition decreased from 5X 10~5m t0 10-om When Fraction c was
defatted with ethanolether mixture §Rodwe||, 1956)—(defatted Fraction c was
used in the work described in this paper). Under conditions where a hlgher choles-
terol concentration was required, either fipid associations formed with other medium
constituents might have rendered some cholesterol unavailable to the organism, or
cholesterol may have had a protective function (as suggested earlier, RocWwell, 1956)
as well as bemg required as an essential metabolite, _

Since the serles of steroids examined was limited, not many conclusions can be
drawn which relate structure to activity. Cholestanol, and lathosterol (which has
a double bond in the 7 rather than the’5 position) J)r_omoted growth; these sterols
also had growth-inhibitory properties when tested in the more sensitive system
(strain v5"in medium B containing a Jower concentration of cholesterol). The
Introduction of a second double bona; as in 7-dehydrocholesterol, almost abolished
%rovvth-promotmg activity and conferred Rotent ?rowth- nhibitory properties.

holestanone wag almost inactive as a growth promoter or a growth inhibitor; but
cholestenone and cholest-5-en-3-one were patent Inhibitors of cholesterol-promoted
gr,ovvth. These resylts support the conclusion of Smith & Lynn (1958) that the
[i-nydroxy group is essential for growth-promoting activity, dnd differ from those
obtained b){ utler &Knight gl% , who found that tholestanone, cholest-I-en-3-one
and cholestenone promot&d the growth of Mycoplasma laidlawii gtr_ams Aand B).
However, the function of steroids in the nutrition of M, laidlawii is not clear.
Steroids do not seem to be an essential nutritional requirement for this species
since they can be replaced for 6%rowth_ Ina partly defined medium by boving Serum
albumin (Butler & Knight, 1960). It is possible that, with this speciés, steroids m,a%
function primarily in & protective qaﬁa Ity On the other hand, Rothblat & Smit
(1961) showed that their strains which did'not require sterol for qrovvth Incorporated
cholesterol when supghed with it Cholesterol esters were not formed under the
growth conditions described in this paper; it is possible that they m_uiht be formed
u]g?vler other growth conditions. But they do not appear to be essential constituents
of M. mycoides,

It is Zoncluded that, with the strains of Mycoplasma examined, cholesterol is
incorporated without chemical modification or combination. It would be difficult
to exclude the possibility that this is the result of an irreversible, but unnecessary,
adsorption. It seems more likely that cholesterol forms part of the structure of the
lipid membrane system. Certain other steroids, structurally closely related to
cholesterol, can also be incorporated unchanged, and fulfil the same function. In
d recent paper Smith (19625) reported that cholestanol and ergosterol were in-
corporated by a Mycoplasma organism without transformation to other steroids.
Certain other steroids inhibit growth, either by interfering with the incorporation
of cholesterol, or by themselves being incorporated into a membrane which, as a
consequence, cannot function properly.

| wish to thank Dr T. S. Gregory for correcting this manuscript.
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SUMMARY
scherlchlacollSt ain 26-26 mutatr um ﬁqu{5|nefor wth releajses

in GJT n dvllunr? mmor%w \I/ult sub 1 i atlon 0|F tIJne
P(T egd|ah hg ero mei? 0S haenj an aur 8
a mucopept|de ?y

o a| ing’ N-ace g/muJ mJE gu ﬁ m|c a

so I mo |c ac mne uvr entl g
es ex ruijme an ale- |n ed
muco |es ere |so rome Eﬂ clerfa at variqus
a n ur o uco ePtI es
|so bac r|a rac WIC ﬂ] amic
au sme u no EH“ |c CI oss I r £se com-

poun sa Precursors o ce wall structures |sd Scussed.
INTRODUCTION

Escherichia coli Strain 26-26 is a lysine- requmng mutant derived from e scherichia
coli gDaws 1952), lacking the énzyme 2,6-diaminopimelate carboxylase (Dewey
&Work. 1952). When'growth s [imited by suboptimal amounts of lysiné this mutant
accumulates Both diaminopimelic acid and a lipomucoprotein in the growth medium
and Meadow (1958) sug ested that these compounds might be cell wall Rrecursors
The work described in Present naper was carried oyt to discover whether any
other possible precursors of cell wall material accumulated at the same time. A
preliminary report has already appeared (Lilly, 19

Cummins & Harris showed that cell Walls of d large number of Gram-
positive bacteria contained a residue which was resistant to trypsin and ribonuclease
and after acid hydrolysis released glucosamine, muramic acid, glutamic acid, alanine
and either lysine or diaminopimelic acid. Detailed analysis of cell wall preparations
of a number of Gram-positive bacteria has led to the current view that the rigid
backbone is composed of a mucopeptide containing muramic acid, glucosamine and
certain amino acids (Salton, lgé)e The cell walls of Gram-negative bacteria are
apparently more complex in nature than those of Gram-positive bacteria but it has
been possible to show that Escherichia coli strain b cell wall preparations contain a
mucopeptide component forming part of the rigid layer (Weidel, Frank & Martin,

960; Martin & Frank, 1962) Mandelstam ( 62) has shown that the cell wall
mucopeptldes from a number of different Gram-negative bacterla are similar in
composition.and all contain both diaminopimelic acid and ly

Since tne |n|t|aflre ort by Park (1952) of te accumulation of nucleotides linked
to amino acids and ammo sugars In penicillin-treated staphylococcus aureus, Similar
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compounds have been found in a number of organisms. Strominger (1959) showed
that the sequence of one of the nucleotides from S. aureus is UDP-N-Acmur-L-ala-
D-glu-L-lys-D-ala-D-ala and Stromjinger, Scott & Threnn (1959?1 have Isolated from a
DAP-requiring. mytant, of Eschericiiia coli a nucleotide which differs only in that
mesodiaminopiinelic acid replaces I;r_sme. .Several nucleotide-linked peptides have
been found In other strains of E. coli (Smith, 1959; Tomasz & Borek, 1960; Comb,
Chin & Roseman, 1961). The accumulation of nucleotide-linked peptides, in the
Presence of penicillin and the_similarity between their amino acid composition and
hat of the cell wall mucoRepude_of Gram-loos!tlve organisms led Park & Strominger
(1957) to conclude that these uridine nucleotide derivatives were precursors of the
cell wallmu(?,o%%m e .. . , ,
_Cytidine gipnasphate derivatives were detected in extracts of Lactobacillus ara-
bingsus bg, B ddlleY & Mathias _(1954) and subsequently these were identified as
cytidine. giphosphate ﬁl cerol (Baddiley, Buchanan, Méthias & Sanderson, 1956
and cytidine diphosphate ribitol (Bacdiley, Buchanan, Carss & Mathias, 1956).
Clarke, Glover & Mathias (1959) have shoin the presence of these cytidine com-
pounds In some other strains of lactobacilli, Bacillus subtilis and Staphylococcus
aureus, Saukkonen (1961xshowed that there was a large increase in the amount of

DP ribitol in S. aureus 209p in the Presence of penicillin. Baddiley, Buchanan &
Carss (1958) investigated the cell walls of B. subtilis and L. arabinosus and found
that ribifol phosphate was oresent and accounted for nearly all the phosphorus
present_in the cell walls. The name teichoic acid was given first to the ribitol-
containing polymers in the cell wall (Armstrong, Baddiley; Buchanan & Carss, 1958)
but was extended to include glycerophosphate polymers when it was found thay they
were present in the cell walls of other species (Armstrong et al. 1959). There is also
some evidence that intracellular %!C}/cerol teichoic acids occur in several species of
lactobacilli (Baddiley & Davison 613. It seems reasonable to regard the cytidine
nu_cdleoude erivatives, CDP ribitol and CDP glycerol, as precursors of these teichoic
acids.

MATERIALS AND METHODS

Organism, Escherichia, coli strain 26-26 (lys~) was originally isolated by Dr B, Davis
fromthe wild type strain E. cqli actc 9637." It whs maintained b month,I%/ sub-
culture at 37° on slopes of minimal medium agar containing 2 x 10~4M-lysine and

stored at 4°. . . . .
I\/Ieedla. The minimal medium (Meadow, Hoare &Work, 1957) contained: KZHP04
g.; HP04 3¢.. sodium citrate, 05¢.. MgSO4.7HZ), 0T g. (NHL?%OL* l%
water to 1L1: pH Wwas 7-0. Sterile %lucose was added after autoclaving at 10 [b/in.2
for 10 min. to give. a final_conceitration of 0-5% (wiv). Minimal medium agar
contained 2% ?w/vg New Zealand agnar. Lysine hydrochloride was agdded fo the
rgledgypneﬁ?gore autoclaving to give the required final concentration for different
Xperiments.
Reversion to lysine independence was tested b¥ subculture into minimal medium
with and without lysine, followed by incubation for 18 hr. In later experiments the
geetg?stlgrq of the enzyme 2,6-diaminopimelate carboxylyase was used as a test for
VErsion.

Growth ofbacteria. The organism was subeultured into universal bottles containing
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10 ml. of minimal medium supplemented with 2 x 10“1ai-lysine and. incubated for
16 hr. These cultures were used to inoculate 51 of medidm contained in a 101
aspirator. Al incubations were carried out at 37°. A hlgh degree of aeration was
maintained by bubblln? moist air at 37° through the medium at about 5 |./min.

Bacteria were harvested by centrifugation at 10,000 g for 10min. at 2°|naMSE
Angle 17 refrigerated centrifuge (Measunng and Scientific Eq mFment London).

easurement of dry "weights 0f bacteria. A standard curve relating optical densn
to dry weight was constiucted with measured dilutions of a stspension of the
organism. Measurements of optical density were made in a Unicam PGOOSPectro
phatometer (Unicam Intruments Ltd., Cambrldgeg at 670 m/t usmglcm cells. An
optlcal denstty of 10 corresponded to 0-490 m weight bacteria/ml,

Preparation of nucletide extracts from bacterla ashed bacterial cells were ex-
tracted with 10% (wi q Iv) trichloracetic acid (10 ml/g. dry welght bacteria) for
30 min. at 0°. The cell débris was removed by centrlfugatton at 10,000 g for 5'min.
at 0° and then washed with 5ml, cold trichloracetic acid and recentrifuged. The
supernatants were pooled and rapidly extracted with 10 ml. porttons of ether until
the extract was above pH 4. Any remaining ether was removed by warming the
extract which was then brought to PH ) by the addltlon of laotasslum hydrOX|de

Preparation of nucleotide extracts rom the growt med |um or|t PC I1I" charcoal
was prepared for use by washing with 1 hydrochlorlc acid fol owed by water and
ethanol + ammania (0- 8)+water(50545 vv and final Olythorou washedW|th
water and dried, The charcoal (29 /1. of medium wasa ed to thé céll-free growth
mediym and stirred overnight at 2°. An equal weight of Hyflo Supercel {John-
Manville and Co. Ltd., Lofidon) was then added and the ¢ arcoal collected by
filtration throughaBuchnerfunneI recoated thhH lo Supercel. Afterwashlnﬁ
with water the nucleotides were eute from_the ¢ arcoal by percolation wit
ethanol +ammonia {0 88%+water (50:2:48, vvr) at room temperature. The effluent
was collected until the absorption at 260 m/i fell to below (5 and wes_then con-
centrated under reduced pressure. All measurements of optlcal density in the u.v.

Gge wergcrrled out in a Uvispek spectrophotometer H. 700 (Hilder & Watts

L.ondon usmq 1em. cells,

Nucleotide separa jon, Two elution systems were used for separation of pucleo-
tides by jon-exch anqe c romato%rap Y. ut|on with formic acid was carried out
as descriped by Huflbert, Schmitz, Brumm & Potter (1 954) using a Dowex-1 x 10
column (0-9x 125 cm.) and a 250 ml. mixing chamber.” Fractions (5 ml.) were col-
lected at a rate of 0-3 ml./min. The fractions’containing each nucleotide peak were
combined and freeze-clried.

The other elution s stem Was a modtftcatton of the concave chloride gradient

escrlbed by Pontis &Blumsom r% ?usm a column 809 X0 cm%otDowexle
200-400 mesha The mixing cha ber nitia gcontame 1810000 n-HCl and the
eservoir L1, 0-15 M-calcium chloride in 0 1t iving a ratio of the Cross-
sectional areas of the reservoir to mtxm? chambero 05, “Fractions 5m were
collected at a rate of 05 ml./min. The fractions containing each nycleotid g
\é\teéel t?r%(sﬂc?r% cl%récentrated and the calcium chloride removed as described by Pontis

Each nucleqtide fraction was examined b chromatograph on Whatman No, 1

paper. The solvents used were: ¢Sobutyric acid+ ammonia (0-88) + water (66:1:33,
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/1 propanol +a mmonla (0-88) + water (6:3:1, v/v); ethanol+1 M-ammoniym
acetate, pH 75 (7:3 yiv). The uv.-absorbing Spots’ were cut out, eluted with
3ml. 001 x-HCl'and the absorptlon spectrum determined, using as a blank the
eIuate from a paper of similar area and [[Fvalue from a blank track. Other tracks
were sprayed with either the periodate-Schiff reagent (Baddile Buchanan
schumacher&Prescott 1956) or the phosphate reagents of Hanes &Isherwood

1949).
Hydrolysates of the eluates were examined for amino acids and amlno sugars b}’
chromatog ra on Wha man No. 4 paper in the following solvents: eno
ammonia { 0 8+Water 0:0-3:20, v[v); hutanol + acetic acid + water (63:10:27
vIv); butano +p5yr|d|ne+water (6:4:3, viv) and methanol + pyridine + 10 n-HCI +
water (80:1 Amino aC| s were detected With ninhydrin and
estimated by the method described by Mandelstam &Rogers (1959). Amiino sugars
were detected by the method of Partridge (1948).

Estimation ofnucleotioes andflavins, The concentration of ncleotides in solution
was determined by measurement of the absorption at 260 m/i. The values for the
molar absorption ‘coefficients and absorption ratios Were those quoted in ‘Ultra-
violet absorptlon spectra of 5-nucleotides (Paost, 1956). A molar absgrption co-
efflluent of 104 was used to calculate the concentratlon of mixed nucleotides in
solut

The concentration of flavins in the growth medium was obtained by measurement
of the absorption at 430 m/i. After Separation by column chromatography, ribo-
flavin and flavin mononucleotide (FMN) were measred at 445 m/i and flavin adenine
dinuclegtide (FAD) at 450 mfi.” The' concentrations were calculated using the
molar absorption coefficients obtalned by Whitby (1953).

Chemical estlmatlons The following miethods of estimation were used: diamino-
plmehc acl éWor 1957). roteln owry, Rosgbrough, Farr&RandaII 1951);
otal and ci Iahlephosh te (Chen, Torfbara & Warmer 1956): ribose (Hurlpert
etal. 1954): A-acetyl- hexcsamlnes (‘Stromm ger, 95%and hexosammes ondle&
Morgan, 1955). The conversion factor o talnedb rumpton (1959) Was used to
calctlate muramic acid concentrations from the exosamlne reactlons

Estimation of lysine concentration in the growth medium, At the lysine concentra-
tions used 1n_the growth medium chemical methods of estimation were not suf-
f|C|ent%/ sensitive. ~ For certain experiments 2/tc./l. of universally labelled lysine
tY [0 on e supphed PTY The Radlochemlcal Centre, Amersha) was addéd to

e%rowt medium (f gwere taken i duplicate at_various times
duri gqrowth and counted at Infinite thinness on 1 cm.2planchets with a Tracerlab
Wln owless gas-flow counter SC 16 (Tracerlab Inc Boston 10, Mass,, US.A). The
xsmeconcentrahonwasobtalne by com annqt e counts/mjn. for the sample wjth

the counts/min. for a sample taken"at the start of the experiment when the lysine
concentration was known.

Detection of 2,6- dlamlnc&/melate carboxylyase ‘Modlfled from the method de-
scribed by Antia, H oare & Washed cells from 5mI of the culture were
suspended in 0 3m M-sodium phosphate buffer. p contammol figiml.
of cet I tnmet ammonlum brom| e After addltlon of -1 ml, of 2x 10~4m-

pyrid oxa p osphate and of 0-025 M- mesodlamlnoplmehc acid, the mixture
Was Incubated at 3/° for 16nr and a 101il. sample of the reaction' mixture was
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chromatograPhed on Whatman No. 1 paper in the methanol + pyridine + HCL+
water solvent for 3-4 hr. The paper was developed with ninhydrin. “A control with-
out diaminopimelic acid was run at the same time. The aﬁpearance of lysine on the
chromatogram showed that the enzyme was present in the cell extract.

RESULTS
Effect of lysine on growth

Meadow et al. (1957) showed that maximal growth of Escherichia coli 26-26 was
obtained in minimal medium containing 2 X 0~4M-lysine and this has been_ con-
firmed for the growth conditions used in these experiments (F|g. 1). Preliminar
experiments showed that after 18 hr. growth the  maximum’ values for diamino-
pimelic acid (DAP) and lipomucoprotein (estimated as protein) released into the
growth medium were obtained with an initial lysine concentration of 1x 10~4m.

20 20
4 |- 1-5
2 1x10™*M 19
‘}2.0_
2 el
w16 05x10"*M  q.0b-e- 1-0
>
v 12 2x10"*M
U
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© gl ! 05
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[] i ] 1 ] 1
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Fig. 1 Fig. 2

Fig, 1. Effect of lysine concentration on the growth of the lysine-requiring mutant
Els%her|chl:ia%3|gtra A 2636, ! grow ysine-requiring mu

Figmz..AccumuIation of extra I|ularm erils during &,rowth of Escherichia coli 26-F6
I ‘medi n\contalnmgl 10 ‘MHysine. ﬁasurement ere made at 30 min. Intervals.
—Q, e, densit 2); lysine ancentranon |?| medium g]nx104;
—A, nucleotides F mi); I’ —A, protein’(mg.ml. x 10);7—1 , flavins (E40mp x 10
H—H. diaminopimelic acid {mg./ml.).

The relation of the %ovvth phase of the organism to the release of compounds into
the medium and to the utilization of Iysing was investigated b ?rowm the organ-
ISm in media in which the initial | smeconcentraélonswere:0-, 0and2-0x 10"4m.
Samples were removed at 30 mif, Intervals and examined for cell density, DAP,
lipomucoprotein, nucleotides and flavins. 2Clysine was used in these experiments
and the d?crease of free lysing in_the mediunj followed by. the decrease in radio-
actjvity of the meaium samples. The results for the experiment using 1x 10~4m-
lysine are shown in Fig. 2. o _
|t can be seen front Fig, 2 that the growth was diphasic. The end of the first
rowth phase corresEonded to the exhaustion of lysing in the medium. The second
8rovvth phase after 16 hr. appeared to be due to feversion of the culture to lysine

H
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independence. Tests for reversion by inoculation into minimal media were variable
ang mostl% negative but 2,6-diaminopimelate earboxvlyase could be detected in
culture sarples removed durmqthe second (%rowth phase.” [t was concluded that the
Increase of Cell density in the later stages of the experiment was due, at least in part,
to reversion cf the mutant. Nucleotides, lipomucoprotein and flavins were released
slowly into the medium as soon as the cell density increased. When %rowth Was no
longer logarithmic DAP accumulated in the medium at about 0-15 mg./mg. dr
weight bacteria/hr. and nucleotides and lipomucoprotein were released at & more
rapid rate. The radioactive lysine did not completely disappear from the medium
and at the end of the first growth phase there was an increase in the amount of
labelled IKsme In the medium. By radioautography it has been possible to show that
most of the lysine was Rres,ent as the free aniino acid. The remamm%mc lysine may
have been present in the lipomucoprotein i solution in the mediuf. ,

The g{owth curves for experiments using 0-5 and 2 0 x 10~* M-lysine are shown in
Fig. 1."The growth of bacteria in medium contamm? O x 10~4MHysine was also
diphasic. At’the end of the first ;QFEOWth hase when all the lysine had been utjlized
nucleotides, lipomucoprotein. DAP and flavins were released into the medium in the
same way as for hacteria grown in 1x 10-4 M-lysine. The. rate of accumulation of
these comﬁounds In the medium was about half that which occurred for cultures
grown in 1x 104 M-lysine. When bacteria were grown in 2x 10-4 M-lysine which
allows maximal growth under these conditions, only small amounts of'these com-
pounds were found In the medium at the end of growth.

Separation and identification of extracellular nucleotides

Nucleatides were removed with charcoal from 5 1 of medium initially containing
1x 10-4 MHysine after 26 hr. growth. After elution from charcoal the extract waS

Table 1. Paper chromatography of the cytidine derivativesfrom peaks I1 and 111 and
their hydrolysates

Reaction with

hosgh
04 St P

f *
reagent  reagent  (observed) (Baﬁdiley) Compound
ng# IIti?)/tidine Blue (fast) + 0-31 -3 CDPribitol

vafive
(Hy(!rglysate) Blue (slow) - 0-77 20*76+ - Ii}/ roribitol
— — 0-66)t - Sl 110
Eftljleow S‘Q‘G ! Trzce ggg - Rl I%g ?Bﬂ%@ﬁﬂ%ﬁ
- uef@ow? P 0Bear 00 CW
Pgaklllceyndme F%ed ish-blue + 03l 0-31  CDPglycerol
erAvaIllv ast).
(Hyarolysate) %gt ish-blue + 0-32 0-35  a-glycerophosphate
U’ (Slow 21 (0-2 -1 P
(— ) o (E O 87% gl\)/l/cerol
Buch%ﬁa\ﬁ?lggsrssrego’\r/{gﬂ“gg ngas%q!ley, Buchanan, Mathias & Sanderson (1956) and Baddiley,
I] R values of known marker compounds.

Solvent: propanol + ammonia + water.
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fractionated on a Dowex-L ion-exchange column using the formic acid elution
gradient. Fig. 3 shows a typical nucleatide separation. Each peak was concentrated
and examined b¥ paper chromatography. Peak | containgd CMP, AMP and traces
of NAD. Peak 1V contained UMP and traces of CDP. Two cvtidine derivatives
were present in peaks |1 and 111, which also contained GMP. The cytidine deriva-
tives were examined further. Both compounds and their products on hydrolysis in
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E{ﬂiiﬁg i az\@ﬂ %fn%xe%ge"re'%.'ﬁF B RUCOHces Sere heR oM Sowered T
using a convex Tormic acl elution gradient.

N-hydrochloric acid at 100° for 1-2 hr. were identified b%/ gaper chromatography in

proEanol+amm0n|a+Water. The results are given in Table L. It was concltded that

peaks |1 and 111 contained cytidine diphosphate ribitol and cytidine diphosphate

glycerol res ectlveIP/. _ ,
A simifar extract was examined by column chromatography on Dowex-1 using

the chloride concave elution gradient.” Apart from those Compounds already identi-

Regafu ther meﬂor Peak Was obtalpe . On R_%Per chromatograrﬁ)h;/ this fom ound

mon ani

d
ad an ffMvalue of 0-9 in ethanol + am m acetate and an 17AWPvalue of 0-27
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in isobutyric acid+ ammonia+ water. 1t contained 0-88 mole ribose, 0-99 mole acid-
labile phosphate and 0-85 mole hexosamine (muramic acid) per mole of uridine hase.
After prolonged acid hydrolysis and chromatography, in butanol + acetic acid +
water and butanol +Pyr|d|ne+vvater, alanine, lutamic acid and diaminopimelic
acid were detected. I1twas concluded that this compound was UDP-N-Acmur-(ala,
?Iu, DAP) and was Probabl Identical to that found in peak G after column chroma-
ography of cell extracts 'Fig. 4).

Separation and identification of intracellular nucleotides

In an attempt to exglam the extracellular accumulation of pucleotides, extracts
were also made from bacteria at different stages of growth in media containing
various concentrations of lysine. In a typical experiment 6 L of growth mediym
initjally containing 2x 10-4 M-lysine were harvested after 9\ hr. giowth when the
optical” density at 670 mt was” 1-15 (0-56 mg. dry We|Pht pacteria/ml.). A cold
trichloracetic acid extract of the hacteria was investigated by column chromato-
gralphy on Dowex-1 using the chloride concave elution gradient (Fig. 4).

he nucleotide components from each peak were separated by paper chromato-
graphy In i.sobutyric acid+ammonia+ water and ethanol + ammonium acetate
Eluted from the paper and the purine or P rimidine base identified by measurement
ofthe u.v. absorption spectrum. Some of the components could be idéntified without

15} B
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/

1 1 1
" 40 80 120 160

Start of gradien:

Fig. 4. Separatiop of intracellular nucleotides in an ex
?1 r. frorﬁaﬁ of me |umCinl%l|§lrly antatlr% 9961 é(i élne. eothdes were eluted
rom Dowex-1 x 2 with a concave"calcium chforide an )y rochloric acid gradient.

further anaIYsis (Table 2). Two of the Reaks were very close together and did not
separate well. These are Iabelled in Fig. 4 as 1)1and D, “Similar considerations apply
to peaks Hland H2 When the nucleatides from all the peaks had been examined by
pager chromatography It was found that peaks A, E and G contained two compd-

1
200 240 280 320 360 400 440
Fraction number

(it from act]eria harvested after
uc
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nents and these are described in Tables 2 and 3asA1A2 Fn E2and 6162 Atotal
of 12 nucleotide derivatives were examined. Peaks B and C contained only AMP
and UMP respectively. Z)2was GMP and £1 was ADP. Peak F was identified as
FMN by its absorption peaks at 373 and 445 m/i. H2 was similarly identified as
FAD by its absorption peaks at 375 and 450 /1 and this was, confimed by paper
chromdtography. A 2was identified as NAD by the presence of an absorption peak
at 327 miT in' 0-8 m-KCN. None of these compounds or G2and H 1 which contained
Hg}g;gley Salasnd guaning respectively gave any ninhydrin reacting material after

Table 2 Paper chromatography and absorption spectra of intracellular
nucleotide components

Solvents
Ethanol + ammomum sobut%/nc acid +

Comnponent acetate ammo |a+ water Puring or pyridine base
1Gmp rom absorption spectra

xﬂdme
enine

A e |ne
e
Ing
i
Uriai
Urlgne
r IPr?e
Ump

Table 3. Analysis of amino acid-linked uridine nucleotides from bacterial extracts
Nace(%l Total

Component Uridine " a0 Bng%e gu  DAP  da  ser I ap
b 1:0 0% 1-:93 1:0 e q § g
?,a 0 o §0-94)* oor 10 215 b

¥ + + ¥

x Est aE F after th/drolysm as free hexosamine.

f
ound detegte ualitatively on chromatogram,
Quannta Ve estimations gxpressegag molar ratios of uridine,

The remammg five components are listed separately in Table 3, These comﬁounds
were r%/dro sed and the products examined by paperc romatograp

contairied uridine, muramic acid ana several amino acids. Where Rosm e uant|ta-
tive estimatjons were made on both the purified components and their hydrolysates.
It was concluded that the composition Of the uriding-linked peptides from bacterial
extracts was as_follows; Av UDP-N-Acmur- (glu mesoDAP, ala): Dv UDP-N-
Acmur- (gu ser): E2 UDP-N-Acmur-(glu, s&r, " Iys); 6v UDP-N-Acmur-(glu,
mesoDAP, 3 ala); 3, UDP-N-Acmur-(glu; ala, ser, Iys, asp).
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The flavin content of bacteria and, growth medium

During the first growth phase and for a long time after the lysing had been
exhausted, flavin compounds accumulated in the medium and gave it a faint yellow
colour, The flavin comPounds were completely removed from"the medium )r the
procedure used for pucleotide extraction. The’extract was fractionated by column
chromatography using_the method of Yagi, Qkuda & Matsuoka (1955) (Fig. 5), The
flavin peaks were identified by comparison with riboflavin and FMN and Confirmed
by paper chromatography (Crammer, 1948). The molar Bropornons of extracellular
flavins were 31% riboflavin, 33% FMN and 36% FAD. 'No allowance has been
made for degradation during the extraction procedure.

08~

06

04 FAD
O-Zj Riboflavin '—rr‘,_l\'_‘_‘—\“_\—'
—L\_\u_‘_‘-w 1 h 1 1
50 100 50

FMN
50 100 150 100
Yolume (ml.)

08
Cell

Flavin (mpM/ml.)

06

04 L FAD
FMN
02
Riboflavin
_’_I_‘_L‘—n 1 1 ]
50 100 50 100 150 50 100
0-01 M-N H4C| + Toos ¥ 2 4 M- g
0:01 M-NH,OH M NH4C|, pH 56 10 1M-NaCl 4 0-01 M-HCI

Volume (ml.)

Fig. 5. Elution of flavins in bacterjal and medium extracts from Dowex-1 x 2 using the
. eluﬁon system oﬁ(aé}, Okuda & Matsuoka 19553. /

_ The flavin content of extracts from bacteria at different s,ta%es of gqrowth was
mvestlgated to determine whether the ap1pearance of flavins_in the medium was a
reflection of changes Inside the bacteria. There was no significant difference in the
total amounts or the proportions of each flavin in any. of fne extracts examined. A
typical flavin separation bg column chromatography is shown in F|g. 5 The molar
roportions in this bacterial extract were 7% riboflavin, 37% FMN and 57% FAD.



Accumulation of nucleotides by E. coli 26-26 113

DISCUSSION

Among the different nucleotides isolated either from whole organisms of Escheri-
chia coli 26-26 O from the glrowth medium with suboptimal concentrations of lysine
were a number of uridine-linked peptides. These appear to fall into two %roups.
R%)resentanve of the first group is_ component G1 which has been identitied as
U P-N-A_cmu_r-(PIu, mesoDAV, 3 ala) and'is probably identical tq the UDP-linked
mucopeptide isofated from E. coli by Strominger et al. (1959) with the sequence:
UDP-N-Acmur-ala-glu-mesoDAP-ala=ala, Comiponent A1 alsq contained glutamic
acid, raesodiaminopimelic acid and. alanine. It is probably of similar structure to
component 1 except that it contains fewer alanine residues. The amount of this
material was sp small that the number of alanine residues and their optical con-
figurations, could not be determined. This would be of considerable inferest in view
of the conflicting fmdlnlgs of different workers on the number of D-alanine residues in
peptides of this tyﬁe( elzer, 19621. o _

he remaining three uridine nucleotide-linked peptides appear to_be members of
a second group Of these compounds. From the aming acid composition of the three
components_isolated It is possible to su?gest the following tentative sequence for
component J : UDP-N-Acmur-(ser, glu)-ys-(asp, ala). Similar compounds contain-
mtg lysine and aspartic acid have been isplated from’Staphylococcus aureus Strain i
(Ito,"Ishimotg & Saitg, 1959) and are believed to be precursors of cell-wall material
In that organism (Ishimoto, Saito & |to, 1958). If the uridine-linked mucopeptides
are all precursors of cell-wall material this would suggest that the cell wall of €. coli
26-26 contains both diaminopimelic acid and lysing muco(i)eptlde components,

Only one of the UDP-linked mucopeptides”could be demonstrated among_the
compaunds released into the growth medium i.e. UDP-I\I_-Acmur-(gIIu, me' SODAP,
3ala). Non-specific leakage of nucleoticles from the bacterial cells only occurs after
a Prolonged period in the"stationary phase and then.is due probably’to lysis. The
relative amounts of nucleoside monophqsphates inside and” outside the bacterial
cells also indicate that under ngrmal condiitions general leakage does not occur. Thus
it seems likely that the organism retains the UDP-linked mucopeptides until the
Beptlde part is complete. Tt may then pass through the cytoplasmic membrane to

e_polymerized into cell wall material, _
he‘isolation of CDP ribitol and CDP glycerol from the growth medjum led us to
consider the possibility that glycerol and ribitol teichoic acids might be present In
the cell wall or cytoplasmic mémbrane of Escherichia coli 26-26, “Armstrong et al.
(1959) had already reported the presence of traces of glycerol in cell walls of
Escherichia coli » and We have been able to jsolate from cell wall greEaranons of
Escherichja coli 26-26 an ethanol-insoluble polymer containing ribitol § |Ilfy, 1962).
I 1S possible therefore that these two cgndme derivatives are precursors of teichoi
acids present In the cell wall or cytoplasmic membrang of Escherichia coli 26-26.
IS interesting that COP ribitol and CDP glycerol were Isolated only from the growth
medium and” not from bacterial extracts, This would indicate that the intracellylar
concentrations are very low although Shaw (1962) has reported that these nucleo-
tidgs are particularly unstable undgr the conditions used for extraction.

The accumulatiort of flavins In the growth medium seemed to be independent of

the release of other nucleotides and recent work by Wilson & Pardee (1962) has
8 G. Micreh. xxxii
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shown that in Escherichia coli o flavin synthesis is in_excess of cell requirements
during growth and continues at the same rate for some time when growth Is stopped.
During this time flavins appear in the growth medium, The proportions of intra-
cellular riboflavin, FMN and FAD for Escherichia coli_26-26 Were similar to those
obtained by Wilson & Pardee (1962) but the ratio of FAD to FMN in the growth
medium wés higher. This may be due to the different method used for extraction of
}he_ fla}/_ms_totr_ to the particular growth conditions of Escherichia coli 26-26 under
sine limitation.

yThus_ It has heen possible to isolate from Escherichia coli 26-26 a number of
nucleotides which are believed to be Precursors of cell wall material. From these
results 1t seems likely that the cell wall of this, organism contains a complex muco-
peptide structure containing both lysine and diaminopimelic acid and also ribitol or
Iycerol teichoic acids, The r_eIatlonshlr[TJ]s,betvveen, these nucleotides and the com-
% sition of the cell wall of this organism is being investigated.
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INTRODUCTION

During the last 10 Years a series of naturally gccurring iron-binding compounds
ssessmg potent big ogtcal activity has been discovergd ﬁHesseIttne el al 1952;
eilands, 1952; Lochhead, Burton & Thexton, 1952; Bickel et al. 1960). The onI%/

feature common to aII these compounds is that the jron-inding structure is in eac

caseasecon ary %roxamtc acid mer & Neilands, 1959: Bickel et al. 1960).
Biologically the co ounds seem to fall irito two ﬁroups growth factors and antt-

blottcs One b|o 0g |caI characteristic common to afl the compounds is that they are

extremely potent: eg the growth factor ferrichrome supports half maximal growth
of Arthrobacter jg -9 at a Concentration. of 0-3 thyg./ml., and the antibiotiC ferri-
mycin A IS ten times as active as penicillin on’a weight basis against Bacillus

U tlllls
ickel and .co-workers have observed that with certain bacteria these iron-

containing antibiotics and | |ron containing growth factors are mutually antagonistic

(Bickel et'al. 1960; Zahner, utter&Bachmann 1960). They Broposed the"generic

name siderochrome to_nclude all natur% 3/ occurnng Iron- mpmg hgdroxamlc

acigs. Those compounds which have antjbiotic activit theY called sideromycins,
and those capable _of antagontzm% sideromycins Were classed as sideramings
Btckel et al, 1960] The distinction between these. two types of iron-binding com-
pouns becomes less. clear when they are examined for growth-factor act|V|t6y
agatnst certain hacteria, Arthrobacter terregens, Arthrobacter’j-9, and Arthrobactér
flavescens are re npresentatlve oganisms which have a growh factor requirement
satisfied by haemin or a naturally occurring hydroxamic acid (Burnham &Neilands,

* Present address: The Charles F. Kettering Research Laboratory, Yellow Springs, Ohio.
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1961), and with these organrsms the sideromycins are about as effective as sider-
amrnes In promoting %rovvt (author's unpublished results?1 |t seems likely that
such micro-organisms have lost nat only the ability to synthesize sideramings, but
have also lost much. of their specificity’ for the i erochrome necessary, 10 repl ace
the natural sideramine. Under these Circumstances, the loss of speciticity would
have survival vaIue Recent wark on the metabolic function offerrrchrome provrded
evidence that this co (pound drrectly Infl uences the ability of Arthrobacter jq
to Incorporate iron into protoporphyrin (Burnham, 1962). In the present paper
additional evrdence for the artrc a ion offerrrchrome In' the synthesis of haemin
IS prresente and apossr esrteo ctrono the sideromycins. rssug?ested
he esrrIrno the_experiments was based on the, observations of Zahner et al.

(1960) that the antibiotic_action of the sideromycins could be countered by the
srder mines. _Instead of usrng Prowth inhibition to mea ure anta onrsm however,
the ability of the test hacterd fo synthesize catalase rn e preserice of sideramines
and sidefomycins was studied. Ferrichrome was chosen as the representative
sideraming, dnd ferrimycin A was chosen as representatrve sideromycin. The test
mrcro organism was Arthrobacter jg-9, whose growt -factor reﬂurrement can be
satisfied Yferrrchrome or by ferrimycin A, However, the organism does display
specificity 10 the extent that, When grown in the presence of one of these compounds,

it will not respond to the other for & perrod of several hours, and for a shorttime the
compounds are antagonistic in the classical manner. Since the antagonrstrc period
Is short, and since the growth rate is slow, 1t is generally not possiblé to observe an
effect upon growth.

Previously it was shown that the amount of catalase in the organism, measured
8 catalase activity/mg. th provided a very sensrtrve IndeX to the state of
ferrichrome nutrrtron of Arthrobacter jg-9 (Burnham & Neilands, 1961)n In
ferrichrome-deficient organrsms the cataiase content decreased before ?rowt Was
measurably affected, and the synthesis of new catalase was apparent before 9rowth
recommentced after (provrdrng growth factor. _Similarly, with organisms {reated
with ferrichrome and ferrimyCin' A, it was possible to méasure an effect on catalase
synthesis under conditions Where growth was not measurably affected.

METHODS
Organisms, Arthrobacter strarn 9 aferrrchrome requrrrrg bacterium, was
orrgrnaIIy obtarne from D Barker, and has beel desoribed previously

Eurnham erIandjs l£61 reen erg & Barker, 9622 The photos nthetic
acterium Rhodopseudomonas sp eror 6, and a streptomycin-resistant variant of
Staphylococcus aureus, strarn 11 var, which requires haemin for growth, were
both obtained from Dr June L asce les (Oxford). These organisms were grown under
conditions described previously b% Lascelles (1956a, b).

Chemicals. Ferrichrome was oDtained from rron defrcrent Ustilago sphaerogena
fermentatrons 8 descrrbed Eorevrouslp vy Neilands Ferrimycin A “Was
generously donated Vrsce r a Ltd., Ba Ie Protohae In 1X was
purchafe from Schuchar t a H, Munich,” Germany) and was re-
rystallized three times from glacial ace rc acrd before Use.

etermination of haemin. Haemin was measureg eythe very sensitive nitrate
reductase assay with Staphylococus aureus, as developed by Lascelles (19566).
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Assay of catalase activity, The catalase activity of washed cell suspensions was
YQEES colorimetric titanium sulphate method described by Weil-Malherbe

Bt |

Antagonism experiments
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Fig. L. Increase in catalase activity after adding haemin and ferrimycin A to a ferri-
chrome-deficient culture of Arthrobaeter jg-9. The organism was grown in basal medium
+ ferrichrome to 1 m/ig./ml. After 48 hr. at 30° the organisms were harvested by centri-
fugation and resuspended at a concentration equiv. 0-5 mg. dry wt. organism/ml. in
media as follows: O, basal medium+ 100 m/ig. haemin/ml.; ¢ basal medium+ 100 m/cgi}.
haemin/mi. + 200 m/ig. ferrimycin A/ml.; A, basal medium+ 200 m/tg. ferrimycin A/ml.
Fig. 2. Increase in catalase activit}g after adding ferrichrome, and ferrimycin A to a
ferrichrome-deficient culture of Arthrobaeter jg-9. The organism was grown in basal
medium + ferrichrome to 1 m/ig./ml. After 48 hr, at 30° the drganisms were harvested by
centrifugation and resusBended at a concentratjon equiv. 0-5'mg. dry wt. organism/ml.
in medja as follows: O, basal medium+ 100 m/ig. ferrichrome/ml.; «" basal medium +
100 m/ig, ferrichrome/ml.+ 200 m/tg. ferrimycin Alml.; A, basal medium + 200 m/ig.
ferrimycin A/ml.

\When haemin was suPphed_ to ferrichrome-deficient organisms, the catalase
activity increased (Fig. 1), This response, to haemin resembled the response to
ferrichrome repoyted Hrewousl .and it is believed that the mcreafed catalase
aCtIVItK resylted from g novo ignthesm, of the enzyme (Burnham &Nelands, 1%]).
When hagmin and ferrimycin A were simultaneously supplied to the organisms, the
Increase in catalase activity §ar_a|leled that obtained when haemin was added ajone.

~ When ferrichrome was supplied to deficient Arthrobagter jq-9, catalase activit
increased several fold (Fig. jp

However, when ferrimycin A and ferrichrome were
added to deficient orgFmsms simultanequsly, the increas in catalase activity was
markedly decreased. The control experiment with haemin and ferrimycin A' indj-
cated that ferrimycin A was not simply inhibiting catalase activity, nor was it
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inhibiting apoenzyme_formation or combination of apoenzyme and haemin to
form active enzyme, These results, therefore, strongly suggest that ferrimycin A
functions as an ‘antibiotic by antagonizing the participatior of ferrichrome”(sider-
amines) in the synthesis of haemin

Synthesis of haemin by cell-free extracts of Rhodopseudomonas spheroides

The evidence that ferrichrome can partrchate in the biosynthesis of haemin was
further examined in cell-free extracts of the Photosynthetrc bacterium Rhodo-
pseudomonas sp heroides, Restrng suspensions of |I. spheroides, ingubated anaerobic-
aII rn the | rg ht with rannno aevu ate, iron citrate and an oxidizable substrate,

ave been shown to synthesize haemin and excrete it into the suspending medium
(Lascelles, 1956f). In the present Investigation, haemin formation was followed
when iron was supflred as ferrichrome by usrnr%; the nitrate reductase assay for
haemin (Lascelles, 956ttr Results obtarned using this assay were confirmed with

e. The growth an pre aratron of cell free extracts of R. spheroices was as de-
scrrbed by Lascelles ﬂ he_incubation mixture contained é/tmole/ ml.):
succrnate 100; tris bu er 1-8) 50; cell-extract and test compounds to. -0 m
Incubation was at 87° for 2hr. under an atmosphere of N2 The reaction was

Table 1. Haeminformation by Rhodopseudomonas spheroides sonic extract

eeeeeeeeeeeeeeeeeeeeeee sonic extract 0-3ml. gequrv 24 mg. protein/ml.),
succinate 100 «mole, tris buffer (pH 7-8) 50 /;mole, + proto orﬁhyrrn and' ferrichrome
as Indicated; water to 10 ml.; incubated at 37 for'2 hr. under

Addition to incubation mixture
Haenmn

( Lo . .

Prot0forR4hyrrn Ferrichrome formed CPM/mg.
Tube 0-i JO 3n (m/imole/ml) ~ haemin

1 005 ml. . 0-36 -
2 - 005 ml. 0-0 638
3 005 ml. 005ml. 0-30 4,820
4 0-075 ml. 005 ml. 0-b4 5,750
5 01 .. 0-05 ml 0-84 9,100

* Corrected for background.

stopﬁed by dilution with ice water and sa (E)Ies removed for haemin assay with
Staphylocaceus aureus. Carrier haemin was added to the remainder of each sample,
aantrltorrr]a&nturrnténrras crystallized three times. Radioactivity was measured in a scintil-

Ferrich rome -TFe was prepared by mrxrn 1ml. of 2x 10-3m iron-free ferrichrome
with 0-7ml. of 2x 10-3 eC3alruste 0 about pH 7-0 with m-KOH, and the
volume was tgken to 20 ml. The sli é excess of ferrichrome insured that all of
the e added to the system was boun ¥ errichrome.

An oxidizable substrate was_ required Tor haemin formatron presumably . for
reduction of the ferric | rron gerrrchr me%bly the extract. It s eneraII recogized
that | rron rsrncorporate Into protoporphyrin only in the ferrous state Paul, 960)
The haemin- ormrnP system was de rﬁendent upon’ protoporph grrn and Iron, and the
iron could be supplied as ferrichrome. This was shown by assay with the mutant
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strain of Staphylococcus aureus and by incorporation of ZFe. Ferrichrome could
(Se%r(\e/cet I%se the sole source of iron in this System FTabIe 1), though iron citrate was also

DISCUSSION

Zéhner ¢t al. §19,60) with Bacillus subtilis and Burnham (unpublished results)
with, Arthrobacter citreus found that haemin did not counter the action of feri-
mycin A upon the_growth of these organisms. If sideramines function only in the
s%/nthesm of haemin, and if sideromycins block only that reaction, then haemin
should reverse the action of sideromiycins on %rowt_. Since this is not the, case,
0ne. mus con3|dfer additiongl functions for the sideramines, or, alternatively,
aaditional sites of action for the sideromycins,

It is a pleasure to acknowledge my gratitude to Dr June Lascelles forher stimu-
Iatmg interest and for encouragement and patience during this work. Thanks are
also due to Dr E. Yischer of Ciba Ltd., Basle, and Dr H. Zahner of the Eidg. Tech-
nischen Hachschule, Zdrich, for their interest and for generous gifts of sidero-
chromes. The skilful technical assistance of Miss Lynda Butler ‘is gratefully
acknowl,ed?ed. The authar was, a Fellow of the Jane Coffin Childs Memorial Fund
for Medical’ Research during this work, which was aided by a grant from this Fund.

REFERENCES

Bickel, H., Gaumann, ., Keller-Schierlein, w, Prelog, V., Yischer, ., Wett-
stein, A. & Z&hner, H. (1960). Uber eisenhaltige Wachstumsfaktoren, die Siieramine,
und ihre Antagonisten, die eisenhaltigen Antibiotika Sideromycine. Expenentia, 16,
129.

Burnham, B. F. (1962). Bacterial iron metabolism: investigations on the meehanism of
ferrichrome function. Arch. Biochem. Biophys. 97, 329.

Burnham, B. F. & Neilands, 1. B. (1961) Studies on the metabolic function of the
ferrichrome compounds. J. biol. Chetn. 236, 554.

Emery, 7. & Neilands,J. B. (1959). The iron-binding centre of ferrichrome compounds.
Nature, Bond. 184, 1632.

Greenberg, 1. & Barker, H. A. (1962). A ferrichrome-requiring Arthrobacter which
decomposes puromycin aminonucleoside. J. Bact. 83, 1163.

Hesseltine, c. w., Pidacks, c., Whitehall, A. r., Bohonos, N., Hutchings, B. L. &
Wil liams,J. H. (1952). Coprogen, a new growth factor for coprophylic fungi. J. Amer,
chem. Soc. 74, 1362.

Lascelles, J. (1956&). The synthesis of porphyrins and bacteriochlorophyll by cell
suspensions of Rhodopseudomonas sphéroides. Biochem.J. 62, 78. . .

Lascelles,s. (1956ft). An assay of iron protoporphyrin_based on the reduction of nitrate
by a variant strain of staphyiococcus aureus-, Synthesis of iron protoporphyrin by sus-
pensions of Rhodopseudomonas spheroides. J. gen. Microbiol. 15, 404,

Lochhead, A. 6., Burton, M. 0. & Thexton, R. H. (1952). A bacterial growth factor
synthesized by a soil bacterium. Nature, Bond. 170, 282.

Neilands, 3. 8. (1952). A crystalline organo-iron compound from the fungus ustilago
sphaerogena. J. Amer. chem. Soc. 74, 4 46

Paul, K. G. (1960). Heme compounds in enzyme catalysis. In The Enzymes, 2nd ed.,
vol. 3, ed. by P. D. Boyer, H. Lardy and K. Myrback. New York: Academic Press.

Weil-Malherbe, H. & Schade, R. (1948). Studies on the liver catalase of normal and
cancerous rats. Biochem.J. 43, 118.

Zahner,H. Hutter,r. & Bachmann, E. (1960). zur Kenntnis der SideromycinWirkung.
Arch. f. Mikrobiol. 36, 325.



J.gen. Microbiol. (1963), 32, 123-129 123
Printed in Great Britain

Some Effects of Respiration Inhibitors and o-Coumaric
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SUMMARY

The non-competitive inhibjtors fluoroacetate and arsenite inhibited
sporulation and respiration of enfurla INAquallS (Cke.) Wint. to a greater
extent than malonate. They also restricted growth. o-Coumaric acid acted
similarly to the non-competitive inhibitors but, while not inhibiting
growth, it caused changes in the colour of the mycelium, suggesting an
altered metabolism. Arsenite increased a-ketoglutarate in the medium and
to some extent pyruvate, while o-coumaric acid produced only a slight in-
crease in the concentration of pyruvate. No detectable amounts of suc-
cinic acid resulted from the presence of malonate. Injection of o-coumaric
acid into scab-infected apple shoots decreased the incidence of disease;
malonate had the opposite effect and was strongly phytotoxic.

INTRODUCTION

The production of conidia by phytopathogenic funP| IS often essential to the
local sPread of disease. Venturia indequalis, The causa funﬁus of the scab disease
of apple, produces large numbers, of conidia after establishment of ascospore In-
fection early In the sedson. Restriction of sporulation after infection, whether by
host resistance or by application of antlsgorulants, could therefore be |mPortant in
controlling the diséase, Kirkham (19576, ¢) outlined the significance of phenolic
host metabolites In resistance, and Kirkham' & Flood (1956) showed the activity of
certain _analogues_ of caffeic acid, including o-coumaric acid, as inhibitors of the
sporulation of V. maeﬁualls. In the present paper the activity of o-coumaric acid is
further Investigated and compared with the effects of respiration inhibitors,

METHODS

Culture methads. A single conidial isolate of Venturia mae_ciualls (Cke) Wint.
clone E 1; Kirkham, 1957&) was used. Cultures were grown on fi ter-_%gercwmders
tandmﬂ in 10% %w/vg malt-extract solutions; sBo,r ation was estimated turbigi-
metrically, the_Spekker drum readings recorded peing directly proportional to th
number of conidia produced (Kirkham, 1956). There Were six replicate cultures in
each treatment and analyses of variance were made on the data. In sporulation
tests the paper cylinder Cultures were transferred at the end of the log phase of
growth to media Containing the inhibitors, For biochemical tests, the paper cylin-

er cultures were each rinsed aseptically in 100 ml. sterile distilled water towards
the end of the log phase of growth and for the last 3 days of growth transferred
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to a simple medium (glucose, 1-5.; MgS04.7HZ), 005 g.;. KHP 04 0-15.; 100 ml.
trace element solution: Kirkhani, 1957 contamm%the inhipitors. The Bathogen
was also grown in surface culture in Roux hottles, each containing 100 ml. 10% (ilv
malt-extract solution to provide material for chemical analysis and measuremen
of respiration.  Inhibitors were added during the log phase of growth. The pH
values of media_containing_ o-coumaric acid, malonic”acid and transaconitic acid
were adr%us,ted with 2N-NaOTI before use. ,

K'leﬁ | v(|i/85t7est on shoots of Cox’s Orange Pippin was conducted as described by

irkham (1957c).

Analysis of cu]turefiltratesfor acidsfrom the -paper cylinder method. Twelve tubes
were used for the anaIYsm' the paper cylinders from €ach tube were removed and
the culture medium bulked. Each paper cylinder was cut in half, the retaining nng
removed and the paRers unrolled: they"were then transferred to beakerS an
covered with water. After gentle agitation for 10 min, the fluid was decanted and
the process repeated twice. The eluates and the bulked culture medium were com-
bined, centrifuged to remove spores, poured into 4 vol. of boiling ethanol, held at the
boil for 5 min., then ra;tn,dly cqoled and kept at 1° overnight. Precipitated material
was separated by centrifugation and the ethanol removed by distillation under
reduced pressure’in a pitroden atmosphere at 30-35°. After brin mlg It to PH 1-8,
the aqueaus residue (about 10 ml.) was extracted continuously with light Pe_roleum
60-80°) for 6 hr. After removal of traces of light petroleum in a strea of nitrogen,
the_aqueaus phase was shaken for 3 hr. with™1 ¢, deactivated charcqal (Schramm
&Pri os_u\;h, 1943) to remove pigments. The charcoal was separated by filtration
and the filtrate and washings made to 50 ml. A sample of this Solution was used for
d_etermmm% nitrogen. (micro-Kjeldahl) and potassium (flame photomet(rjy). These
figures enabled the size of the cation’exchange column to be calculated. The re-
mainder of the solution was brought to pH 2-2-5 with 8x-acetic acid (Harris
Tigane. & Hanes, 1961) and passed” through a column of Dowex 50x4 (100-200
mesh) in the hydrogen form. The eluate and washings were added to a column
S9x0-6 cm., dlam# 0f Dowex 1x8 {200-400 mesh) I the acetate_form and. the

olumn washed until the eluate was free from su%,ar (Molisch test). The analysis of
the absorbed acids was completed by gradient elution (Hulme &Wooltorton, 1958).

Keto acid analysis of culture filtrateSfrom Roux bottles. Two Roux bottle cultures
were ysed for each treatment, After centrifugation and filtration through Celite as
described above metaghosphonc acid (100 ml. of a solution to give & final con-
centration of 0-6m-HPO3) was adoled to the clear filtrate, which was kept at 0° until
analysed. For the analﬁms, dinitrophenylhydrazine (20ml. of a 1% solutjon in
5n-AS04) was added:_the mixture was brought to room temperature and allowed
to stand for 45 min. Dlnltro_henylhgdrazones of the keto acids were isolated b
the method of Isherwood & Niavis (1 562 and then separated on a paper chromata-

rsgn4 and determined individually by the method of Isherwood & Cruickshank

Mefxsur_ement ofre%piratif])n. M C%Iium was removed from individual Roux bottles
by filtration througn muslin, washed with water to remove spores and culture
medium, sucked dry on filter paper in a sintered-glass funnel, blotted for further
dr_ymg macerated for 5-10 min. in 0-05m-KHZ204and the fluid adjusted to pH 6-)
with ZN-NaOH. The extract was made up to be equivalent to about™>0 mg (wet wt.)
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mycelium/2-2 ml. The inhibitors were used at pH 60, except for the higher con-
centrations of o-coumarate and arsenite, which came out of solution below about
pH 65 and had to be prepared immediately before use. Respiration was measured
In a standard Warburg apparatus by the direct method, the Inhibitors bem% added
from the side arms of'the flasks after a steady respiration rate had been attained.

Effects of inhibitors on growth and sporulation
Table 1 shows that malonate inhibited the sporulation of the pathogen. The
degree of inhibition was dependent on the initial pH value of the transfer medium,
being greater at pH 6-2 than at pH 4-2. In no case was the mycelial growth de-
creased in rate or amount,

Table 1. Inhibition by malonic acid of sporulation of Venturia inaequalis
clon¢ E I grown in malt-extract solution

CoPcen ration .
of Inhibitor In|t|?| é)H . _Le_\fel of
M valu Sporulation* significance

[ B

076 P < 0001

8
0
2
g HB P < (01
* Spekker dru

The effect of malonate injection on.inoculated shoots of Cox’s Orange Pippin was
also investigated. In a preliminary trial malonic acid (t()}lmatpH 50)qdamaged the
immature I2aves when injected through the petioles below the shoot tips.” Inter-
veinal scorch and distortion gradually” increased during the 5 days after injection
until the leaves were all severgly dar_na?e_d. The concentration of the acid was there-
fore decreased to 0-05m in the main Trial, where inoculated shoots were mgected
after the 3p hr. infection period (9 replicate shoots/treatment). Some slight damage
again resulted but wa msufhuenE t0, mtgrfere with the exgre_ssmn of dlseqﬁe
svmptoms. Figure 1 shows that the incigence of disease was increased In the
malonate treatment. In contrast with this result, the |n{_ect|on_of similarhost
materjal with o-coumaric acid _801m at pH 7), after infection with Venturia in-
ae(éuahs clone E I, caused a consitierable degree of inhibition ofthe pathogen (Fig. 2)
an FS in no wa damaglng tot ?host. _ _

Table 2 shows that arsénite and fluoroacetate were no more active as antisporu-
lants than the competitive inhibitors (transaconitate, malonate; Table 1) ang that
where sporulation was markedly depressed mycelial growth was inhibited. “Similarly,
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the respiration rate of mycelium was decreased much mre by these inhibitors than
b¥ malonate. 0-Coumardte, however, while having no effect on the rate and amount
of growth, strongly inhibited both respiration and sporulation.
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Table 2. Inhibition of Venturia inae(iualis clone EI, grown in 10%  malt-extract
solution at pH 6-2, by respiration inhibitors and o-coumaric acid

*

nhibitian of
. Concgntration : Growthf rneslpqlrte;ﬁgn(}
Inhibitor fms Sporulation*  category (%)
— — 0-788 3 —
Na arsenite ﬁ-o b §-472 g g8
9 W 2
Na fluoroacetate gg ?5 ﬁggﬁ j 38
IragsAcon.nm zi?d 8% 8&%8 % -
0-Coumarie acl - -20]
¢ooB
T I ;
Malonic acid 01 - - 2
Difference siqnificant: P<000L,. .. , _
? = none or traces; 1 = tﬂm and |nh\b|ted' 2= norm%l bl{t sutfolpnmal; 3 _:_optnpal.
, .nh|b|}|o of OXygen uptake by mycelium from Roux bottle cultures; inhibition of carbon
dioxide output was Similar.
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Analysis of culturefiltratesfor acids

The filtrates from two Roux bottle cultures were ysed for analysis in each case.
Adding arsenite to these cultures, 22 days after inoculation, greatly. increased
pyruvate and a-ketoglutarate concentrations as assessed at the end'of the incubation
Perlod 15 days later (Table 3). Adding o-coumarate, however, only slightly increased
he pyruvate concentration, and in simjlar cultures grown in the preséncé of malon-
ate E Tmf no succinic acid was detected. Addln? malonate or o-Coumarate to Roux
hottle cultures or to washed paper-c*llnder culfures resulted in acid profiles which
differed from the control: but most ot the compounds produced are as yet unidenti-
fied and were éJresent onlyin very small amounts. Thus, except for a-ketoglutarate
there occurred no Iar?e amounts of those acids which would have been*expected
If a Krebs C}{C|e were functioning.  Oxaloacetic acid was detected in trace amounts

In all the culture filtrates but not in the original medium,

Table 3. Production ofketo acids by Venturia inaequalis in the presence of
sporulation inhibitors added to the Cultures during tne log phase of growth

Pyruyate/20Q ml Iute?-a}ﬁee/to-o ml
. ychture%?un!n ' gcufturer?uid '
Inhibitor (mg-) (mg-)
Control . - -
N te (0-01 -
o arente 00180 : t

DISCUSSION

Inhibition of sporulation of Venturia inaequalis b%/ phenolic metabolites of the
host (‘partlcularly depsides) may be important in the host relations of the pathogen.
Structural analogues of caffeic dcid, the active part of the chlorogenic acid molecule,
have shown, greatly increased actmtX, In vitro and in vivo; of these analogues o-
coumaric agid has so far proved to be the most active antisporulant agent, Anunder-
sta,ndm% of the mechanism of this actjon mlpht provide Clues to thé nature of host
resistance and to the type of chemical structure of potential value as an eradicant

ungicide. , _ o _
I? seemed possible that the energy requirement for sporulation might be supplied
bﬁ" a respirafion mechanism such a5 the Krebs cycle.and that known inhibitars of
this cycle mlght also inhibit sporulation. At about this time Behai (1959) published
the résults of a study of the effect of respiration inhibitors on the sporulation of
AsPer%an nlger, HIS results ?%ree with ours, but in addition we have fanal gbed the
culture filtratés in the hope of tetecting the expected accumulation of mefabolites
just Tfore the inhibited Stage of the metabolism.. ,
Tables 1 and 2 show that'the known competitive inhibitors were |ess active as
antisporujant agents than the known non-competitive inhipitors and that the latter
also restrict th (I;rowth of the pathogen. The activity of malonate s interesting
since it is generally ag_reed that malonate is most active at a low pH value, where it
is predominantly ‘undissociated, and in this form it penetrates plant tissue more
readily than in"the ionized form. Perhaps with Venturia inaequalis either the
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lonized and unionized forms of malonic acid E)enetrate the mycelium with e(iual
ease or the inhibitory actign occurs extracellularly and the ionized form s active
Turner & Hanly, 1947). Succinate never accumlated with malonate infibition.
n fact no moré than traces of it were detected in any of the culture filtrates,
Assuming that malonate reached the site of the reaction under our experimental
conditions and inhibited succinic dehydrogenase, the absence of increased ,ﬂuanuues
of succinate would suggest that succinic dehyarogenase iIsngt active in V, inaequalis.
Barinova (1960) concluded that succinic dehydrogenase did not participate in the
metabolism of Rhizopus nlquc,ans or Aspergnlus niger grov_vmg In glucose media,
but In the presence of malonic acid (0-005~0-06m) succinic acid production In-
creased. However, because fumaric acid production also increased, Barinova
s,u?(gested that the two processes of acid production were independent rather than
linked as theg would be in a Krebs cycle. When arsenite was used as an inhibitor,
P_Yruvate and a-ketoglutarate were found in increased. quantities in the culture
iltrates (Table 3). [t'would appear, therefore, that oxidative decarboxylation of
Wruvate and a-ketoglufarate dplaéls, a part in the metabolism of V. inaequalis.

alker, Hall &Hopton (195]) described the production of pyruvate by A. niger as
well as an unknown keto acid and a non-acidic carbanyl compound.” Apart from
pz/ruvate and a-ketoglutarate, our culture filtrates all Contained traces of oxalo-
acefate, but no othér detectable carbonyl_compounds. 0-Coumarate, alt,hough
Inhibitory of sporulation, showed no simifarity in action to any of the respiration
InhibitorS used, either in vitro or in vivo. Pyruvate production increased slightly
(Tahle 3), but there was no increase in a-ketgglutarate. Examination of the acid
profile showed a number of minor differences from that produced by malonate, but
neither profile differed strikingly from that of the control. In spite of the difficulty
of obtammP satisfactory acid profiles, due to the production by V. inaequalis of
many mostly unknown &cids, each in a small quantity, it s clear that the mechanism
of action of 0-coumarate bears ittle resemblance to that of the respiration inhibitors
tested. It appears therefore that o-coumarate either has.a different effect on the
tricarboxyli¢ acid cycle or that the mechanism b,)( which it inhibits sporulation is not
concerned directly with this cycle. Since it Is still uncertain whether a tricarboxylic
acid cycle operatés in V. inaequalis, it is Possmle that the action of the respiration
Inhibitors in decreasmg sporulation m|gh be unconnected with their known action
on respiration, Furthér comment must await the results of investigations of the
course of respiration in the fungus.

The authors thank Miss Erica Jacobs-Larkcom and Miss Christina Dexter for the
Warbyr ﬂeterm:natlons, Miss Jean Gooding for technical assistance and Mr D. H.
Rees for'the statistical treatment of the restilts.

REFERENCES
Bazrgin?lva, G. A. (1960). The tricarboxylic acid cycle in molds. Microbiology, Moscow,

Behal, F.J. (1959). Biochemical studies of spore formation in Aspergillus niger. Arch.
Biochem. Biophys. 84, 151. o _
Harris, C K., Tigane, E. &Hanes, C. S. (1961). Quantitative chromatographic methods.
Egrt,?l. 3I50La3téon of amino acids from serum and other fluids. Canad. J. Biochem.
ysiol. 39, 439.



Inhibition of Venturia inaequalis 129

Huime, A C & Wooltorton, L. S. C. (1958). Determination and isolation of the non-

Xolaule a%%s of pome fruits and a study of acid changes during storage. J. Sei. Fd
ric. 9,

Is hgrwood F.A & cruicesnanc, D.H. (1954). Chromatographic separation and

air}alysml of mixtures of pyruvm oxalaeetic and a-ketoglutaric acids. Nature, Lond.

Isherwood, F. A, & Niavis, C. A, (19562 Estimation of a-keto acids in Planttlssue
critical study of various methods of extraction as applied to strawberry leaves, washed
potato slices and peas. Biochem. J, 64, 549,

cirnam. D, S. (1956). A culture technique for Venturia s p an(i_jaBturb|d|metr|cmethod
for the estimation of comparative sporulation. Nature, ond

cirxnam, D.S. (19574). Relationships between cultural chaigcters ‘and pathogenicity in
Venturlamaequallsand Ventyriapirina. .J. gen. Microhiol

irnan. D. S. (19576). Studies of the significance of polyphenolic host meta I|tes in
the nutrition of Venturia inagqualis and Venturia pirina.” J. gen. Microbiol.
renam D, S, (1957 bThe significance ofpolyphenohcmetabohtes of apple and arm
“ The Rost relations of Venturia inacqualis and Venturia pirina. J. gen. Microbiol. 1/, 491,

Kirknam D. S &Fiooa, A E,_(19 6) Inhibition of Venturia spp. by analogues of host
metaboljtes Nature, Lond 18 4
R S & haniy, V (1947) Malonate and plant respiration. Nature, Lond. 160,

Schramm, Gerhard & Primosigh, Josef F]1943) Uber die quantltatufg Trennung neu-
traler Aminosauren durch Chr matograp je Ber. dtsch. Chem. Ges. [0, 373,

Walker, T.x . nai, Honcan. & W. (1951). Chromatographie detection of
pyruvm d|methylpyrUV|c and aket6é1lutar|c acids 1 cultures of Aspergillus niger on
various substratés. Nature, Lond 1042

9 G. Microb. xxxii



J. gen. Microbiol. (1963), 32, 131-133
Wi?thlates () 13l

Printed in Great Britain

Morphology of Actinophage €»17

By CLAIRE-MICHELLE BACQ
Department of General and Medical Bacteriology, University of Liége, Belgium

and R. W. HORNE

Institutefor Animal Physiology, Agricultural Research Council,
Babraham, Cambiridgéshire, England

{Received 17 December 1962)

SUMMARY
The negative, staining technigue. was, used to study the morphology of
PR T P S M,
acteriophages, and that 1t capsid 1s burlt of distinct sununis.
INTRODUCTION

Some streptomycete phages have already been described (see references in
Bacq & Dierickx, 1962%; they comprise a hedd of about 800 A diameter and a tail
UP t0 2800 Along. Mach (1962) observed a substructure in the tail of a StreptomY_ces
olivaceus phage; this consisted of discs, 45 to 50 A thick, but was not contractile.
The_presgnt Joaper deals with observations made on the ghage I>L7 which jnfects
strains_of streptomyces from the . griseus qro_up (Welsch, “Corbaz & Ettlinger,
195/7). The normal host strain ysed for ifs isolation and propagation is.an actino-
mycin C-producing S. chrysomallus sI7 (Welsch, Minon & Schontfeld, 1955).

METHODS

A concentrated and highly purified preparation of Bha e >17 was obtained u,sing
methqds described elsewhere (Bacq & Dierickx, 1962). The material examine
contained, 1083 pla ue-formmg units gpfuglml. and was prepared for electron
Elﬁrg?ﬁgp(lfggg)serva lon by thé negative staining technique according to Brenner

RESULTS

Electron micrograPhs revealed particles of 625+80 A average diameter (60
mea?urementsg and of hexagonal outline (PL._L, fig. %% No az%)enda emWe f%rm of
a tall structure was visible. "Actinophage €17 15 normally stable i phosphate buffer
(pH 6-5, Tonic strength OT) but was found to be very Sensitive to dialysis agamst
ammonium_acetate” buffef or distilled water and ‘only empty capsids (Cwoff
Anderson & Jacob, 1959) were seen after dialysis. This preparation had been kegt
frozen (—80°) ;this did not modify its infectivity but increased its sensitivity towards
further treatmens. The, comglee /parhcles . 1 1%. 1) were obseryed when th
preparation was fixed with 1% (W\é)formal ehyde in phosphate buffer for 20 min.
and dialysed overnight against distilled water before negative staining. The
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percentage of empty cagsrds Was in good a reement with the degree of inactivation
calculated for the initial suspension” from the measurement o teabsorEtron at
260 m/t per infective Rart ele ( Bacq&Drerrckx 1962). The empty capsids kept the
polygonal shape of the intact Partrcles measurements on electron micrographs
Indicate an average diameter of 5 The crude lysate when examiried by
the same methods revealed particles of rdentrcal morphology; hence the tarIIess
character IS probably not an artifact due to the Preparatron procedures. Empty
caBsrs prepared by dralgsrs a]gamst distilled water aBPeared to be composed of
subunits or capsomeres ( It was not possiole to determine the precise
numberofcapsomeresformmgt esheII When the haqe waslyophrlrzed ana resus-
ende in distilleg water before examination, the emp g capsig sseeme 10 2 1gﬁ]re
ate umeans of short Rrorectrons borne by the capsomeres (Pl. 2, fig. ese
prorec lons may be like those abserved in electron mrcro graphs of <|>X14bacterro-
a7%e Dy Tromans &Hane (1961). The capsomeres haveacentre to-centre spacmﬁ
As estimated from the pictures of the empty particles, the protein she
20-35 A thrck These small dimensions of the surface components and a close
Backrng would explain that the subunits are difficult to resolve on the entire particle
ecause the phosphotungstate could not penetrate between them.

Sometimes, when specimens were mixed with the stain at pH 45 without previous
dialysis, an Isolated ‘structure of hexagonal outling was observed (PL 2, fig. 4).
The external diameter js estimated at 105-110 A, with a central hole of a diameter
of 35 A Thin fibres of 15 A diameter and up to 140 A Iontq are attached to the
hexagonal structure. Atentatrve rntergretatron of the rsolaed hexagonal plate is
that 1t forms a type of rxatronpate s observed in other phages (Brenner et al.

50: Bradley & Kay, 1960). The arrow (P| Zf? 3{) Romts t0; a ring-like design
on the capsid the diameter of which is slightly larger than the isolated hexagional
component. and which cculd be its site of localization on the complete particle
|t remains to be seen Whether these two structural features are related to an adsorp-
tion mechanism. From PI. 2 gs 3 4 the roate strycture appears to be located
most probably on a vertex of th polygonal head outline.

DISCUSSION

The position of the plate structure rarses the question. of the three-dimensional
shaoe of the virus particle, for | m the case of hage the idea has been put forward
that the varioys s mmftrreso the h % d il com onents arer ated Horne
& Wildy, 1961). Pate structure eing hexagonal, avertexo article s
characterized by a sixfold axis of symmetry conse uently the shape o the total
phaﬁe shouId be that of an hexagonal br ramrda rrsm but less elongated than
Inthie T2 ph r?e head, to grvea ore exagona P lle. Pictures ofemgty capsids
ast oseshow In P, 2, fig 6 (a, b), have been interpreted in othermstancsﬁBrdey

H/ ?]as derrv rom lcdsanedral capsids, but this type of symmetry seems
unli I’mtecaseo

In conclusron 017 is drfferent from actino ghages hitherto glescribed. It can_be
assocrated wrth other tailless phage partrce slich as bacterrophage P22 studied
ny Anderson (1961), to form a ne marphological group. The Interesting feature
In 017 1S the substructure of its capsid, whrch suggests that it 1s built'of small
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subunits according to symmetry patterns described in other V|ruses (Home &Wildy
The capsomeres or subunits are probably of very small dimensions and
different from ‘those observed on coliphage T5 by Bradley & Kay (1960).

One ofthe authors (C-M. Bacg) isan “Aspirant du Fonds National de la Recherche
scientifique de Belgique’.
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EXPLANATION OF PLATES
Electron micrographs of negatively stained preparations of actinophage ® 17.

Plate L

Fig. 1. Particles fixed with 1% (wlv) formaldehyde, x 115,000.
Fig. 2. Empty shells obtained by dialysis against distilled water, x 202,500.

Plate 2

Fig. 3. Shells of Iyophilized phages, x 300,000.
Fig. 4. Isolated hollow structure, X 360,000,
Fig. 5. Particles fixed with 1%(w/v) formaldehyde showing a fixation structure, x 187,500.

Fig. 6. (a, b, c). Different aspects of empty shells, x 300,000.
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Serological Relationships,and Some Properties of
Tobacco Necrosis Virus Strains
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SUMMARY

gy ey
L %1%25%%@%5%8% .
Rk e e
il fhxecaeSfa'gegf&on'e R D

[estrIc name 10 ? 0 NECTosIS fO VITUSES SEro oglcaly rela tO what
seems the commonest Strain, namely, a

INTRODUCTION

Tobacco necrosis was the name given bY Smith & Bald 0(1935 ) 10 a virus disease
of tobacco seedlings in which the” lower eaves developed necrotic streaks anng
the midrib, while“the upper ones remained symptomless and virus- free Th
roots of mfected plants contained virus as also”did the roots of many eat){
Ioo Ing gants awden ql94)found that the symptoms of tobacco necr03|s cou
he caused by serologically unrelated viruses and” Bawden & Pirie (1942

described the purification and properties, of strains of these viruses. They d|d no
propose any new names for the serologically unrelated viruses, but distinguished
different virus cultures by the place or ost from which they came. All the cultures
caused necrotic local lesions anly in tobacco, French bean and all other hosts to
which they were inoculated, but since then three viruses have been described under
the name tobacco necrosis that caused systemic dlseases namely st|pple streak of
bean (Baw%en&Vand r Want, 1949), Augusta disease of tulip (Kassanis, 1949
and cucumoer necrosis (Van Koot&\/'an orst, 1955; McKeen, 1959). . Our work
was done to compare the properties and to find the serological relationship between
a range of these Viruses. ETHODS

Tohacco necrqsis viruses were derived from several sources and will be specified
with a small capital letter for the sake of brevity. Theywillthus be referred to ase.g.
enva OF SUAIN a, Strain = was Isolated from a naturally mfected tobacco root
(Kassanis, 1960; Kassanis &Nixon, 1961). Strain v isthe major infective component

9-3
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of the Rothamsted tnv Culture (Bawden & Pirig, 1942: Kassanis & Nixon, 1961).
Strain ¢ came from the leaves of a normal looking Daturg taiula [g)lant. Strain s
IS from the stock culture of bean stipple-streak virus, supplied by Dr D. Noordam.
Strain ¢ Is an Isolate of cucumber necrosis virus from Holland supplied by Dr
Van Dorst. Strains e and ¢ came from cultures of «nv supplied to"us by Dr D.
Teakle from USA. Satellite virys was obtained as before (Kassanis, 1962).
Each strain was derived from a single lesion after a series of single-lesion isolations.
The serial transfers from sm%Ie lesions were usually done on French bean (Phaseolus
vuloaris L., var, Prince) but occasionally on Nicotiana tabacum L., var. Xanthi,
Strain s was isolated from the young leaves of a succession of systemically infected
French heans before it was irioculated to tobacco. in which several serial single-
|esion transfers were made ar.d each one was tested in French bean to ensure that it
became systemic. After the last transfer, inoculum from a smrqle lesion was rubbed
over as many bean leaves as possible, and these leaves supplied the inoculum for
moculatln? d large number of tobacco plants. The tobacco_sap was stored as 2 ml.
samples al —20° and used throughout the entire work. These precautions were
taken to ensure the purity of the strains because leaves of appa[entlg healthy
plants often contain eny (Kassanis & Nixon, 1961 Bahos & Kassanis, 19636).

The viruses were purified as before (Kassanis & Nixon, 1961), except that' they
were salted out with ammontum sulphate at 30%, saturation before the two cycles
of high and low-speed_ centrifugation. The precipitation with ammonium_sulphate
was omitted when strain » was purified as it denatured much of the virus. The virus
preparations in water were kept at 4°. The purified preparations of all strains were
colourless except those of strain b which were light brown. Concentrations were
estimated bY’ optical density at 260 m/i using a Uiicam SP 500 spectrophotometer.

For infectivity tests the ‘primary leaves Of French bean were inoculated when
not quite fully”expanded and before any trifoliate leaves had expanded. Al
experimental (Plants were kept in an insect-proof glasshouse at an averaqe tem-
perature of 20°. Inoculations were made by rubbirig the upper surfaces of leaves
with the forefinger wet with inoculum. To increase the number of lesions, ‘Celite
(a diatomaceous earth) was mixed with the inoculum, _

Antisera were prepared by injecting rabbits intravenously with two doses of
3mg. of purified virug, at_an interval of a week. The rabbits were bled 10 days
after the second injection. The antisera were stored at 4° with 0-5% phenol added,
SIX antisera were prepared, :wo a?alnst strain o and one each against a, b,  and
s strains. None reacted with sap from uninfected plants,

Serologma,l fests were made either by precipitation tests in narrow tubes or b
double gel-diffusion precipitation in 0-5% ‘lonagar (or purified Difeo-Bacto a%a
dissolved in different buffers. Reservoirs were Cut Wlth a cork borer (-6 cm. Qia-
meter and the distance between reservoirs was usually (-2 cm. _

Sedimentation constants were determined with a Spinco Model E ultracentrifuge.

Mr R. D. Woods dja th% electron mwrosco% on é)unﬂed VIrus preparations oy
methods previously described (Kassanis & Nixon, 191).
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RESULTS
Symptoms in French beans

Of a range of commonl g[gown experimental plants tested to find a differential
host for thé strains, French Dean was the best. Except strain s, which caused no
obyvious local lesions and became systemic, all strains caused only{_ necrotic local
lesions, but these differed enough in_colour and size, and In the time they took
to become visible, to permit reliable identification. The small, round, dark reddish
brown necrotic local lesions produced by strain a within 2 days of inoculation
gradually spread along the veins ?lvmg a_network of red-brown necratic tissue
with almost transparent Interveinal areds. They Increased jn_size with time and

when few, reached 4 cm. in diameter before the Teaf abscissed. The lesions produced
bﬁ strain p_took ahout 3 da%s to appear. They were dull red-brown and spread alon

the veins like those caused by strain a, the Interveinal areas _becomln? transparent.
They, too, increased In size until the leaf abscissed (PI. 1. fig. 1).. Strains ¢ and ¢
produced lesions similar to those caused by a, but ¢ could bé distinguished by the
Systemic infection caused In ve% young clcymber plants.

Strain ¢ was isolated from the leaves of a normal-looking Datura fatula L.

plant. When 1t was first inoculated on to_French bean mindte necrotic lesions
appeared 3 days after inoculation, and remained small. Transfers from these lesions
t0 further beans gave lesions of different sizes and some increased in size considerably
in one direction only (PI. 1, fig. 4). Inoculation to bean from any part of such an
Qutgrown_leswn gave only one kind of lesion. The minute lesions aﬁgeared severa|
times durm? our'work arid their formation seemed dependent on the physiological
condition of the bean plants. Inoculations from the same purified preparation
often gave, Iargie lesions In one plant and small in another growmg In the same pat,
but occasionally the two kinds of lesion appeared on theé same’ leaf. This strain
differs from the'rest in that its lesions remained discrete and did not spread along
the veins. The reddish brown lesions, which almost always remained circular
in outling, grew to about 1 ¢m. In diameter after about 2 weeks and then seemed to
consist of concentric rings (PI. 1, f{]g. J). _
Strain e formed lesiofs intermediaté between those formed by strains a and d.
Two days after inoculation they appeared as distinct dark reddish brown. spots
which tecame irreqular in outline and eventually reached the smallest adjacent
Veins. Theg contintied to increase, but did not spread along the larger veins like
those caused by straina oro (Pl 1 fig. 2.

The culture of bean stipple-streak Virus supplied by Dr D. Noordam produced
only nec&otu}; |0(:a|I Ieilons In Frencrt1 be_anl?ur_mfg tth% WTer]ter, b,l%t W]ben ttemper_atfure
Increased a few plants became systemically infected. The rarity of systemic infec-
fIons was e}oundpto_ be because Yhe c_uftur)e/ contained sateﬂl,teyv_lru W?uch Inter-
fered with the multiplication of the stipple-streak virus. Strain s isolated from this
culture, and freed from} the s%telllte VIrus, ArEected French hean § atemlcauy
throughout the year, although the severity and kind of symptoms variéd with the
seasof. During ‘spring and Winter the symptoms were very severe; the inoculated
leaves showed Veinal niecrosis with occasional interveinal green or yellow mottllrg]g.
The mottled leaves became stiff and brittle with their edges often curled downwargs,
Long streaks formed on the petioles and often on the stems. The necrosis extended
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to the growing point and to the young trifoliate leaves, k||||n? the whole plant.
During Summér the leaves were severeI,Y mottled but less necrofic, shoots prolifer-
ated extensively and some plants fruited althou?h both their flowers and_ pods
showed lesions“(PL 1, fig. 5). The virus conceniration was high in all infected

tissues. . o
Serological relationships

Tube precipitation tests. The six antisera were titrated against six of the isolates,
using the virus at no more than 0-02 mg./ml. to avoid antlgien excess at the higher
dilutions of antiserum. All six viruses Were serologically refated but the antiserum
titres against the heterglogous viruses showed that the. six fell into two groups
(Table 2) Cross-absorﬁ)tlon tests showed that strains within each group also ditfered
serologically from each other, although to a lesser extent than between groups.

Table 1 The reciprocals of precipitation titres of tobacco necrosis virus
antisera against homologous and heterologous antigens

Antiserum

aAﬁE\En : 28F88 h 558 Dil o
1
BEERERE

A series, of twg-fold dilutions of antiserum were incubgted with equal volume of 0 02 mg./ml. of
Peunr{gee%t\(frreus.wl%e titres were recort‘ieg arter standing ?or SVYW. atqléyo and overnight gt room

For absorption the mixture of antiserum and heterologous virus at optimal
proportions was,incubated fer 5hr. at 37° and then kept ovérnight at 4° before the
resulting prem?,ltate was removed by low-speed centrifugation. When the absorbed
antisera were titrated, the unabsorbed were also tested as controls. Antisera to
strains a, b, s and o were absorbed with some of the strains selected to provide the
maximum_ information on antl(‘;enlc composition. Each_absorbed antiserum was
tested agamst all strains except c. Antisera against strains a, b, £ and s had few
antinodies reacting with strains o or e, and vice versa. After an antiserum was ab-
sorbed with a strain belonging to the other group, its titre against the homologous
antigen was unchanged. Using the nomenclature propose bg Kassanis (1961)
Bhn% \élr]rgtSﬁgrln the two groups are serotypes, and those within each group strains of

\When an antiserum was_absorbed by a member of the same group most or all
antibodies were removed.. Such tests showed thaf strains a and  were Indistinguish-
able in antigenic composition, and their similarities in other properties imply that
they may well be identical. The mability of any other strain to absorb completely
the"antibodies in antisera prepared against strains a, b 0r o Indicates that they have
Sﬁecmc antigenic determinants. Absorption of antiserym to strain s with strain b
showed an antigen common to strains a, £ and s, which was not found in strain o,
whereas absorption of antiserum to str%m b With strain s showed an antigen common
to A £ and b, which was not possessed by strain s,
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The two antisera prepared against strain d differed in antibody composition.
All cross-reacting antibodies were removed from both antisera whén absorbed b
strain e, Antisefum D L contained some antibodies that reacted only with strains a
and  of the other group, as, indicated by absorption with strain b or s, whereas
antiserum D2 still reacted with strain b after absorption with strain a or s (Table 2&
From these results the minimum antigenic composition of each strain can be derive
Strains a and f appeared identical,” and more closely related to strains b and S
than strain b to strain s. Strains a and b are equally related to strains d and E
but strain s is less 0. The close relationship between strains d and e, indicates that
these two Strains form a separate serotype with a large proportion of specific
antigenic determinants.

Table 2. The reciprocals of Precipitation litres, of absorbed antisera to strain
0

| tobacco necrosis Virus
ﬁ%%gf%nr Antigen used for testing
: absorp-
Antiserum  tion A F S B D E
g\ oo 2 om o b 0
A
5 40&5 40&5 40&%% 409§ ﬂ ﬁ
R T
b 2% 2% 25% R
S A
: b i b
R
N b
ab?enTcheeo'?gfrree& e eCDIOGEL of BLeciptation (it of asorted 1’/‘%‘3 5 e ,”aﬁci'?}}'f#g?
antisera are shown In

utions tesﬁe

%Efeerf against Strains a, s, v, a1 and a 2 respective y.'ﬁtreso unal so’rged

In addition to the cucumber necrosis virus found in Holland by Van Koot
& Van Dorst (195_5)nand designated here as strain c, there.is the Canadian cucumber
necrosis virus which McKeen $195€? showed to be serologically unrelated fo tobacco
necrosis virus byt included in the tobacco necrosis group because of certain similar-
tigs. U_sm? an inoculum provided by Dr McKeen, we found this virus unrelate
serojogically to either of our serotypes and the lesions produced in French beans
distin tl¥ Iffereqd from ang described here._. , _

Diriusion precipitation tests In agar-gel. Titration of tnv antiserum in agar-gel
against ho ologous or h_eteroloqous antigen showed that at several antigen-
antibody (Ag/Ap) ratios, 1rr_esP,ec Ive of huffer, pH and ionic concentration, ‘two
and sometimes three, precipitation lings were formed, esgeually when the distance
between reservoirs was 0-9 cm. When the distance was 0-2 cm., 0ften there was only
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one line that split at either end, probably because at these Romts the reactants
travelled longer distancesto meet at optimal proportions. The phenomenon was
not caused by contamination of the antigen and antiserum with a different strain
because suchi large contamination as indicated by the intensity of the lines could
easily have been detected by Infectivity tests. Neither sap from healthy plants, nor
the material produced bx sbjecting large quantities of such sap to tnv precipitation
procedure, reacted with any antiserum either In gel-diffusion tests or in fube
precipjtation tests. The doutile line might have been Caused by the b[eakage of the
virus into fragments whose size, antigenic composition and diffusion cQefficient
determined the Posmon of the precipitation ling, This Is suggested by the fact that
sometimes the two lings crossed each other, These fragments must have similar
electrophoretic mobilities in agar because they were not separated by immuno-
electrophoresis. Two or more [ines in an apparéntly homogeneous antigen reacting
with Jts homologous antiserum have been reported with dther antigeris and these
are discussed by Crowle (1960). N L

All strains, except strain b, produced clearly visible precipitation lings with their
homologous or heterologous antiserg in different buffers and Ag/Ab ratios. Of the
several uffers in which a%ar,wa,s dissolved (fris, phosphate, borate, and veronal)
borate ﬁave the best ling Definition and sensitivity at pH 7 to 83 at wide Ag/Ab
ratios. Line formation with strain b a%al,nst any antiserum was erratic and Qften
no line formed irrespective of the condlitions of the test. This strajn also differed
from the rest in flattening when air-aried on collodion film and breaking into frag-
ments when stained with sodium ghosphotun state for electron ml_croscoPy.
Incubation with an equal volume of 2 % formaldehyde for 30 min. stabilized the
particles (Kassanis, & Nixon, 1961). This treatment also allowed strain b to form
precipitation_lines in any medium with any of the antisera tested. All experiments
involving .this strain wiere therefore dore with formaldehyde-treated _material.
Precipitation in gel was much less sensitive than rec,lﬁnatmn In tubes. The mini-
mum-concentration of virus that produced a liné with homologous antiserum at
dilutions 1/5 to 1/20 was between 0-05 and 0T mg./ml., as against 0-004 mg./ml.
In the tube precipitation test. _ _ _ _

To investigate relationship between strains, a single undiluted antiserum was
placed in the" central reservoir and the strains at appropriate concentrations were
arranged In a|l possible combinations in the surrounding reservoirs. The antigenic
relati nsh|Ps between the strains suggssted bSy this method were the same asthat

Iven by the tube grem Itation method. Spurs were formeﬂ bX those strains

hich riad an anUP nnot shared by the strain in the neighbo rmg [ESEIVolr.
The spurs were deflected from the parent line when strains_in"each Serotype were
compared, and continued the course of the parent ling without deflection when
strains from the two serotypes were compared. When strains from the two serotvpes
were compared in naghbourmg [BServoirs a?amst the mixed antiserum of the two
the lines crossed apparently without deflection. It Js therefore worth noting that
the crosslng of the lines 0; two anpgens, tes;]e,d against mixed antiserum dogs not
necessarily signify complete fack of relations IP' _ _ _

Similarrestlts were abtained in immunoelectrophoretic tests using the technique
described by Hirschfeld (1960). As the strains had different electrophoretic mobili-
ties In agar-gel crosses or spurs were easily formed when a mixture of two strains
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was run and tested against antiserum. This method confirmed the findings of the
double diffusion methiod and also checked the purity of the preparations. When
virus greparatjons of strain a were run at 6 mq./ml. and tested against an antiserum
to strain d a single line was produced. This test had a sensitivity of about 0-025 mg./
ml. All strains, except b, moved towards the negative pole at’speeds depending on
the buffer used. Under the same conditions strain b was either statiopary or moved
towards the positive pole. As strain b has greater electrophoretic mobility in
liquid medjum thap the other strains, the immunoelectrophoretic resylts indicate
that the effect of electroosmosis was greater than that of electrophoresis.

Some properties

Crystallization. When concentrated virus solutions were sedimented in the
uItracen,tnfuge the pellets of strains a, £ and s sometimes became insoluble in water:
suspensions Of the Pellets showed a strong sheen and consisted of numerous small
flat rhombic crystals of various thicknesses (Pl. L fig. 6), which usually dissolved
overnight at 4° With some preparations, however, rjot all the crystals dissolved:
thHesg Wwere centrifuged at low speed and dissolved in 0-067M-phosphate buffer

Virus preparations in distilled water left at 4° for several months sometimes
ch(stalll,zed, especially strains a, f and d, but never preparations of strain b.
Al strains, except b, were easily crystallized by addmg saturated ammonium
sulphate solution drop-wise until & slight turbidity appeared. The solution was then
left at 4° overnight or anger for the crystals o separate. These crystals were
also rhombic plates of variable thickness: the small angle made by the Sides of the
plates was 79°, as recorded by Bawden & Pirie (1942) for a strain found in the roots
of a potato nE,Iant which was called potato culture (PI. 1, fl% 0. . ,

Electron microscopy. Kassanis & Nixon (1961) reported that particles of strain a
had a diameter about Smy larger than Strain b when shadowed or negatively
stained with sodium phosphotungstate. We found no significant differencé in size
between any of the strains, including a and b. The negatively stained particles were
hexagonal in outline and their diameter ran%ed from 25-9'to 26-7my. A second
examination of strain a by the same methods gave a diameter of 30.my. The
condition of the virus or the'way the specimens are [\)Arlepared for electron microscopy
may influence the apparent size of the particles. Whatever the real size may bé,
It seems unlikely that there is anY consjstent difference in size between strains.
Strain b was fixed with an equal volume of 2% formalin before staining, to preserve
the integrity. of the particles (Kassanis &Nixon, 1961). There was no Evidence that
;_orrr&alm f|]gg|n% alters the size of the particles; strain s had the same diameter
Ixed or unfixed, _ _ ,

UItravlo!]et I%t absorpntmn. The u.v. absorf%lon ?Rec,trum of all strains was tpe
same, with @ maximum_at 260-202 my and a minimum at 242-244my. The
ratio of maximum to minimum differed between preparations from 12 to 17,
the most frequent being 1-3, irrespective of strain used. The ratio of absorbancies
at 260 and 280 my was 15, B _ o

The virus concentrations of several purified preparations were found by estimating
drg welght or total mtro?en, from which the specfic extinction coefficient at 260 my
was detérmined. The values were somewhat Variable, but no systematic deviation
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from the mean was observed for any strain. The, average extinction coefficient was
55 per mg./ml. Phenol-extracted nucleic acid in 0-06/M-phosphate buffer, pH 7
gave a maximum at 260 mji and a minimum at 240 m/i. The maximum to minimum
fatio ranged from 1-7 to 2-4 and the 260/28() ratio was 1-5. .

Sedimentation. . Sedimentation constants for several tnv isolates have been re-
ported (Pirie, Smith, Spooner & McClement, 1938; Price & Wyckoff, 1939; Bawden
&Pirie, 1947: Kassanis &Nixon, 1961). The values obtained ranged between ... S
and 130's. Strains d, e and s, never Torewou,sly examined, were centrifuged at
two concentrations in distilled water. The sedimentation constants obtained were
between 116 and ..o S.

Interactions with satellite virus

Satellite virus multiplies in the presence of tnv strains a and b, but not in
mixed infections with several other viruses gKassams & Nixon, 1961 Kassanis
1962). The concentration of satellite virus in the presence of all strains was compared
In tests usmg French bean leaves as the host. The inoculated leaves were usually
detached and placed on a wet towel in trays covered with Eolythene sheet, as this
Fave reater virus concentrations, especially with strain d. Five days after inpcula-
lon, the sap was extracted and the individual virus content estimated serologically.
Satellite virus is not serologically related to either of the two tnv serotypes.

Table 3. The concentration of tobacco necrosis virus (tnv) and satellite virus in
French beans in single and double infections determined by serological precipitation

tests L
tnv alone tnv + Satellite virus

. Homologous  Antiserum to  Homologous 1 Antiserum to
Strains antlserﬂm sateﬁlte virus  antiseram sate\?lte Virus
A 32* 0 4 1

] : 4

G 1§ o

8 8
f virus dilutiop end points. in precipitation tests determined hy incubatin
tions ofi] at-cﬂlr ﬁedgaﬁ wit tﬁe mHmae ntiserum d|ILéLe[ii 1/%0. gtramsg
train a. The satellite virts did not multiply when inoculated alone.

mowv o
ocooo

—=O

se%aﬁ%g)-g‘gf%lail
and ¢ behaved as

Only strain a failed to induce the multiplication of satellite virug (Table 3).
In this and other experiments, strains o and s were_usually more effective than
strains a, £ and c. All these strains have major antigens, in common. Strain e,
although not closely related to the other strains, also"assisted the multiplication
of the “satellite virys, but usually less than the others. Satellite virus multiplied
at the expense of the assisting viruses, decreasing their lesion-size. as well as_their
concentr%tlon. (At certain rat|0f of the congentration. of the satellite and as |st|ng
viruses the lesion number 15 also decreased. (Kassanis, 1962) (PL -, fig. - )
ability of these strains to induce the multiplication of satellite virus is not related
to théir antigenic composition.

w
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DISCUSSION

All the txv isolates we have studied were serologically related. They fall into
two groups, .Or serotypes, each contamm% distinguishable strains. Serotype A
contains strains a, b, c, f and s; and serotype D Strains o« and e. No serolqgical
differences were detected between a, £ and C, but the last could be distinguished
because it became systemic in younP cucumber plants. Apart from the serological
differences, the strains can be identified by the symptoms theP( cause on Frénch
hean and by some other properties, e.g. strain b fails to crystallize, loses its infec-
tivity faster than the others and breaks up when stained with sodium phospho-
tun_%state, unless fixed with formalin. The thermal inactivation rates and rates at
which they multiply in the plants are also useful in distinguishing between the
different strains (Babos & Kassanis, 19634, ). o ,

Our strains do not include all the kinds of tobacco necrosis viruses described by
Bawden & Pirie (1942), for we have found only one crystal type and they reported
several. The crystals Tormed by six of our strains résemble’ those of the potato
culture, which they found to be serologically related to some that crystallized in
different ways. From an old preRarauon of'the potato culture given o us by Mr
N. W. Pirie We obtained a virus that in every way resembles our strain a. The cul-
tures called Princeton, Potato and Tobacco™ VI by Bawden & Pirie therefore are

robably closely related serological I;( to our strain a, Of the cultures they reported
s serologically unrelated to the potato culture, Tobacco | and I1 no Ionger exist
and we have encoyntered noth|n_(|1 like them. Hence they may well e quite
unrelated to any of our strans. The Rothamsted culture has been maintained
continuously since 1942 and from it Kassanis & Nixon (1961) isolated both the
strain called b and the safellite virus. Some of the properties Bawden & Pirie
(1942) reported_for the infective component of the Rothamsted culture suggest
that it was strain b, even though they reported it to be serologlc_ally unrelatéd to
the potato culture, which we find s serologically related to strain . One likely
reason for the d|screBan_cy Is that the purified ‘preparations, of the Rothamsted
culture Bawden and Pirie used as antigen had been treated in ways that Iar%el_y
inactivated strain b and they possibly Contained only the satellite’virus which is
anURenlcall distinct from sfrain a. . _ .

The namé tobacco necrosis virys is now largely meaningless, for it is used, not
only for viruses that cause the disease first given this name, but also for viruses
thal cause systemic diseases. We propose that it should now be restricted and
defined in térms of serological reIat|onsh|Es. There is reason to think that the
ongmal cultures used by Smith &Bald (1935) and most of those studied by Bawden
&Pirie (1942) coptained kusef serologmall relqted to those we hflve, sthled ang
We suggest that the name should now Be used only for viruses serologically related
to them. This me?ns exclgdm the viruses_called Tobacco | and |1 by Bawden &
Pirle é1942 . should they be rédiscovered. The virus causing cucumber necrosis in
Canada (McKeen, 1959); which is not serologically related t0 our types, would also
be excludeg but the one that causes cucumber ecrosis in Holland would be in-
cluded in the group.



144 P. Babos and B. Kassanis

REFERENCES

Babos, P. & Kassanis, B. (1963a). Thermal inactivation of tobacco necrosis virus.
Virology (in the Press). _ o _
Babos, Kassanis, B. (19636) The behaviour of some tobacco necrosis virus strains
in plants, Vtroloquv (in_the Press).

Bawden, F. ? % 5T9he serological reactions of viruses causing tobacco necrosis.
Brit. J. ex Pat

Bawden, FpC &Pirie, N.W. (1942). A preliminary description ofpreparattons of some
of the viruses causing tobacco necrosis. Brit. J. exp. Path. 23, 314

Bawden, F. C. &Pirie, N. W. (1945). Further studies on the gurtftcatton and properties
of a virus causing tobacco necr05|s Brlt J. exp. Path. 26, 277

Bawden, F..C. & van der Want, J. P. H. (1949). Bean sttpple -streak caused by tobacco
necr05|s VII‘US Tijdschr. PIZiekt. 55, 142,

Crowle, A. J. (1960). Interpretation of inmunodiffusion tests. Annu. Rev. Microbiol. 14,

Htrschfeld J. (1960). Immunoelectrophoresis-procedure and application to the study
of group- Bpecn‘tc variations In sera. Science Tools, 7, 18.

Kzi\ssams ) B A 6Al4necrot|cd|sease of forced tulips caused by tobacco necrosis virus.
nn. a 10

KassanlsppB g1960) Comparison of the early stag%es of infection by intact and phenol-
disrupted tobaccq necrosis virus. Virology

K assanis, B. (1961). Potato paracrtnklekus Eur. Potato J. 4, 13,

Kassanis B. (1962). Properties and behaviour of a virus depending for its multiplication
on another. ' J. gen. Mtcrobtol 21, 41T,

Kassarl\t/lls Bb&lleon L. (1961). Activation of one tobacco necrosis by another. J.
en ICronio

MgKeen C.D. (1959) Cucumber necrosis virus. Can. J. Bot. 37, 9 .

Pirie, N. W., Smith, K. M., Spooner, E. T. C. & McClement, W D (1938). Purified
preparattons of tobacco necromswms Parasitology, 30, 543,

Price, W. C. & Wyckoff, R. W. G. (1939). Ultracentrifugation of juices from plants

affected’t&?/tobacco necr03|s Phytopathology, 29, 83,

Smith, K Bald, f A descrtgtlon of a necrotic vims disease affecting

tobacco and other plants araSIIOIO

van Koot, Y. & van Dorst, ?

f955 A new virus disease of cucumbers. Tijd-
schr. PIZielet. 61, 163,

EXPLANATION OF PLATE

rhlpeeldagsr Qrtfﬁgrcue?f inoculated with strain . (right half-leaf) and strain . (left half-leaf),

Fig. 2. Fenc an Ieaf noculateqwnhs ain . gle haIf Iea and strain . wit Bateutte \ttrua
(,ﬁ'(%h haI |eﬁ % tr noculation.” Fewer aller lesions were caused by the mixe
| cu um althdugh t two alves were inoculated W|th the same concentration of strain «.

Fig. 5. French bean leaf inoculated with strain o, 2 weeks after inoculation.
Fig. 4. Half French bean leaf showing atypical lesions of strain d, 3 weeks after inoculation.

f'ﬁné thFerenr?Pngreaq eplant systemically infected with strain s (sttpple streak), 3 weeks after inocu-

FI% 8 A carbon replica of a small crystal of strain . formed during ultracentrifugation,
x 36,000 approx.
Fig. 7. Crystals of strain A formed in the presence of ammonium sulphate, x 150.
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The Specificity of Tr¥ anosomal Antigens by
Immunotiuorescence

By B. WEITZ
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SUMMARY

The immungfiuorescent method was applied to a strain of 11ypanosoma
DIUCEI and of rzpanosoma VIVaX by using the direct antibody technique.
Conjugated antibodies to the soluble antigens of trypanosomes reacted
specifically with the homologous species only; antibodies to the bound
antigens reacted with both species.

INTRODUCTION

Serological investigations of trypanosomes are considerably limited by the rela-
tively small amounts of antigens available for test. In addition, the heterogeneity
of populations of organisms or of antigens derived from them may remain un-
detected unless the tests are specifically designed to characterize the antigens of
individual organisms. The use of the fluorescent labelled antibody technique,
therefore, seemed particularly appropriate for the study of the immunological
behaviour of trypanosomes, because the precise location of the antigens can be
determined on individual organisms as they occur in the blood of infected animals,
Fife & Muschel (1959) described a diagnostic test for antibody to Trypanosoma cruzl
in human sera, treating suspensions of formalin-killed T. CIUZI obtained from cultures
with human sera and subsequently with anti-human fluorescent rabbit antibody.
In the presentwork the antigenic character oftrypanosomes was studied by allowing
specified fluorescent conjugated antisera to react directly with the trypanosomes.

METHODS

Organlsms. Two species of trypanosomes were_used: (1) Trypanosoma brucei 427,
a strain isolated from a cow in East Africa; (2) T. VIVAX, a strain originally isolated
from a sheep in West Africa and later adapted to rats and mice (Desowitz & W atson,
1951, 1953). Both strains were stored at —70° in glycerinated suspension in
capillaries (Cunningham & Vickerman, 1962) and when required for tests were
maintained in mice by rapid passage.

Antisera. Antisera to the exoantigens (anti-EX) and to the bound antigens
(anti-TH) of both species of trypanosomes were obtained from white rats after
multiple intramuscular injections of the antigens mixed with potash alum solution
as adjuvant (Weitz, 1960). Groups of immunized rats were bled from the heart
about 5-10 days after the last injection of antigen and the sera from the bleedings
of each group of rats were pooled and stored at —15° until required.

Fractionation of antisera. After testing for potency and quality by precipitin
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test (Weitz, 1960, 1962a), the antisera were fractionated by chromatography on
DEAE (diethylaminoethyl)-cellulose. The sera were dialysed against o-o1 m-
phosphate buffer (pH 7-5) before fractionation and the eluates concentrated by
pressure dialysis to a content of 2-5% protein and again dialysed. Analysis by
starch gel electrophoresisindicated that the fractions used for conjugation contained
onlé the ft- and y-globulin components of rat serum.

onjugation of globulin fractions. Volumes containing 2-5% protein ranging
from 1-5 ml. were coupled with fluorescent dyes by the method described by Riggs
et al. (1958) with the modifications detailed by Goldstein, Slizys & Chase (1961).
The solutions maintained in an ice bath and constantly stirred with a magnetic
stirrer were adjusted to pH 9-0-9-2 with cold M-carbonate hicarbonate solution.
Crystalline fluorescein isothiocyanate (FICT)* or tetramethylrhodamine isothio-
cyanate (RICT)* were added slowly at the rate of 0-025 mg./mg. protein. The
coupling was allowed to occur for Lhr. with FICT and for 4-6 hr. with RICT (see
Smith, Carski & Griffin, 1962). Atthe end of this period the solutions of conjugates
were adjusted to pH 7-2-7-§ with n-HCI. .

Removal of unconjugated fluorescent material. The conjugates were dialysed in the
cold overnight against a solution of 0-01 M-phosphate buffer in saline (pH 7-2) and
were then passed through a Sephadex-G25 column, taking only the first dyed
effluent fraction. A half volume of acetone-dried rabbit liver as a fine powder was
added and shaken mechanically for 18-24 hr. in the cold. The liver powder was then
centrifuged down and the clear supernatant fluid removed. Some loss of protein was
noted on some occasions; all the conjugates were restored to a final concentration
of 2-5% protein and stored at —15¢c.

Preparation of Smears. Mice or rats, infected for 2-3 days and containing large
numbers of trypanosomes in the blood, were stunned and blood obtained from the
sectioned axilla and immediately mixed in 4-5 volumes of Alsever solution (dextrose
4-66 g., sodium chloride 1-05g., sodium citrate 2-0g., distilled water 200 ml.,
pH 6-1). Blood smears on microscope slides were prepared as soon as practicable
after the mixing in Alsever’s solution and were allowed to dry in air. As soon as the
slides were dry they were fixed in methanol for L min., shaken dry and dried in air
on a warm plate.

Staining ot blood smears, Comparisons between different treatments of the same
preparation were all made on the same slide on which several small areas were
separated by painting with nail varnish, a procedure which prevented the different
reagents from mixing with each other, and which allowed the microscopic exami-
nation of the differently treated areas of one slide without altering the illumination,
thus ensuring a correct assessment of the different intensities of staining or
fluorescence.

The fluorescent antibody, used neat or diluted in phosphate buffered saline, was
applied to the appropriate section of the slide, covering the whole area of the
section. After 10 min. at room temperature, the conjugate was removed by suction
with a small capillary pipette and the sections washed with phosphate buffered saline,
first by carefully squirting each section with a pipette and then by covering the
whole slide for 1 min.; the buffer solution was then shaken off and the smears dried

* From the Baltimore Biological Laboratory, Baltimore 18, Maryland, U.S.A.
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in air on a warm plate. In this way the possibility of contaminating sections with
the_different reagents during washing was minimized.

Examination of specimens. A Reichert fluorescence illuminator was used, con-
sisting of an Osram HB0-200 W. mercury vapour lamp, with adjustable condenser
and field diaphragm. The smears were examined in a darkened room with dark-
ground illumination; a control smear stained with acridine orange was used to
adjust the apparatus initially. Various primary filters were used, singly or combined,
including BG 12/3 mm., UG 1/1-5mm. and UG 1/2-5mm. (Schott & Genossen) and
various ocular barrier filter combinations, including a W ratten 2B, pale green-
yellow filter and orange-yellow filter OG 1/1-5 mm., all with ultraviolet-stopping
glass GG 9/1 mm.,

Owing to the very rapid loss of fluorescence of the smears under illumination,
photographs were taken with a fast 35 mm. Kodak TRI-X film (ASA 400) giving
about 3-4 min. exposures with a BG 12/3 mm. primary filter and UG 1 barrier
filter under 1/12 in. oil-immersion objective and X 6 ocular. Colour transparencies
were obtained with Kodak high-speed daylight Ektachrome film (ASA 160) by
using the same objectives and ocular with a UG 1/2-5 mm. or UG 1/1-5 mm. primary
filter and a pale green-yellow barrier filter and allowing 10 min. exposures.

3 RESULTS AND DISCUSSION
NOﬂ'Spelelc fluorescence of trypanosomes. Many preparations of trypanosomes

showed non-specific fluorescence of various intensities, and no results were accepted
unless control preparations fluoresced either not at all, or only minimally. The
controls consisted of portions of the smears left untreated and portions which had
been treated with conjugated antisera to rabbit serum protein, which should not
react with the preparations derived from mouse or rat. Other controls were treated
with normal rat serum or normal rabbit sera similarly conjugated with fluorescent
dyes. Unless the control preparations showed no more than a low-intensity fluores-
cence, which appeared unavoidable under the conditions of the test, the results
were rejected.

No single factor proved to be mainly responsible for the production of non-
specific fluorescence of trypanosomes. The best results were obtained when the
diluted infected blood was smeared without delay and when the smears were fixed
immediately after the films were dry. Suspensions of trypanosomes obtained by
centrifugation usually yielded non-specifically stained specimens, and thus smears
of diluted whole blood were mostly used. Washing the preparations for prolonged
periods was found unnecessary and gave poor results. It thus seemed that any step
which favoured the proper preservation of the trypanosomes was useful in avoiding
non-spgecific fluorescence. )

Specific fluorescence. The results of treating blood smears of Trypanosoma brucel
and 1. VIVaX with anti-EX and anti-TH are illustrated in P11, figs. 1-8. The
specificity of the anti-exoantigen is shown by the well-marked staining ofhomologous
species only (PI. 1, figs. 1, 2, 5, 6). The anti-TH sera on the other hand stained the
smears of both species equally (PI. 1, figs. 3, 4, 7, 8). These findings were confirmed
by making mixed smears of the two species and_treating them_ with antisera con-
jugated with different dyes. When a mixture of T. DrUCEl and T. VIVAX was treated
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with ‘brucei’ anti-EX conjugated with FIT C and subsequently with ‘vivax anti-EX
conjugated with RITC, the respective organisms were stained green and red,
showing that only the homologous species was stained by the homologous anti-
serum. When the mixed organisms were similarly treated with two differently
conjugated anti-TH of different colour, both species of trypanosomes appeared
greenish yellow as a result of the double staining with fluorescein and rhodamine.
No difference was noted in the localization of the antigens with the different antisera.

These results are consistent with the properties of exoantigen as determined by
other methods. Thus, mice immunized with the exoantigen of one species are
protected against infection with the homologous species but not with a heterologous
species (W eitz, 19626). Similarly, anti-exoantigen sera precipitate only the homo-
logous exoantigen, whereas anti-TH precipitating sera cross-react with the hetero-
logous species (W eitz, 1962a). The results confirm the distinctive characters of the
soluble antigens found in the sera of infected animals (exoantigen) and those which
are derived from the disruption of the trypanosome (bound antigens). The exo-
antigens determine the small differences in antigenic structure of different species
of trypanosome. Moreover, antigenic variation appears to affect the exoantigen
more than other antigenic components in the organisms. For immunization of
animals against infections with trypanosomes it is evident that the bound antigens
are therefore more likely to promote antibodies effective against more species of
trypanosomes and possibly their variants than the antibodies provoked solely by
exoantigens. Further investigations are being made to confirm these results with
a variety of strains and species of trypanosomes.
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EXPLANATION OF PLATE
Fllshlat% Tr g%anosoma vwax F| -8.Try) anosoma ruce| treate with fluorescent antjbo

s were taken. wit F?mm XpOSure, EVEO(-]‘ F ghnted 10 etjwer un(lierte
sam on t| s. The intensitie of sceneaecom arable for eac ue R/anosom
since t Sg otogra swe made r8 e same slide without a ter tlono Ilumirtation, wit

BGl/ mm.” exciter ter and OG 1 barrier filter and examine under112 in. oil Immersion
objec ive with a X ocu

Figs. 1, 5. Treated with quorescent antibody to T. brucei exoantigen (anti-EX).
Figs. 2, ¢. Treated with fluorescent antibody to T. vivax exoantigen (anti-EX).
Figs. 3, 7. Treated with fluorescent antibody to T. brucei bound antigens (anti-TH).
Figs. 4, e. Treated with fluorescent antibody to T. vivax bound antigens (anti-TH).
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THE SOCIETY FOR GENERAL MICROBIOLOGY

The Society for General Microbiology held its thirty-seventh General Meeting at the
Royal Institution, London, on Monday, Tuesday and Wednesday, s, 9 and 10 April,
1963. Thefollowing communications were made:

ORIGINAL PAPERS

Electron Microscopx of Membrane Prepared from Candida utilis. By C. Garcia
Mendoza and J. R. Villanueva (Inslitido ‘Jaime Ferran' de Microbiologia, Velazquez

138, Madrid, o)

Several studies in recent years have helg_ed t0 elucidate the structure of the, cell envelope
of yeasts.  Conway & Doviney F(1950), iochem. /. 47, 347) produced evidence of tne
existence in intact yeast cells ot an ‘outer metabolic region’, freely Bermeable to small
molecules and without osmotic properties, which they considered to be a true cell wall.
Bartholomew & Levin ((1955), J. gen. Microbiol. 127 473) obtained pictures that gave
confirmation of the double membrane nature of the %eas cell wall reported by earlier
workers, such as Northcote & Horne ((1952), Biochem. J. 51, 232), and gave somg. indica-
tion of the presence of additional very thin membranes in the envelope. Robinow &
Murray ((1953), Exp. Celt Res. 4. 390) demonstrated the cytoplasmic memprane of yeast
by a stamning method ang observation with the light microscope. In their pictures the
CYtO_p|a|8m_IC membrane adhered to the protoplasm and shrank away from the cell wall on
asinolysis.
P In anyattempt to discover the construction of the cell, and in particular the structure of
the cell membrane, we have used enzymic techniques, B%/ controlled treatment with
“strepzvme’ (Garcia Mendoza, C. % Villanueva, J. R. (1962), Alature, Loud. 195. 1326)
protoplasts have been obtained from which isolation of nuclear, ribosomal and mito-
chongrial components may be IrJossmIe. Lysis occurs when a suspension of protoplasts of
Candida utilis In o-s M-mannjtol plus o-1 M-F_hosphate buffer pH 6-s is diluted with distilled
water. Microscopic ohservation ofthe resulting suspension reveals granules of various sizes
and_empty vesicles. By differential centrifugation a dark yellow mass of membrane-like
bodies is precipitated. The present paper will present results of phase contrast and electron
microscopic studies of the mempranes. Preliminary observations indicate that the mem-
branes are very fragile and readily destroyed by small changes in the environment or very
brief exposure to sonic vibration. “Electron micfoscopy has riot reveale dthe presence of am-
gr%am_zed structure on_ their surfaces. Their chemical composition and immunological
e

aviour is being studied.

Plasma Enzyme Levels in Mice Infected with Various Viruses. By B. W. J. Mahy,
C. W.Parkand Jv. E. K, Rowson (Departments of Cancer Researchi and Biochemistry,

The London Hospital Medical College, University of London)

Transplantable tumours and virus preparations derived from mouse tissues are ofte
contaminated with a virus, first described by Riley, V. el al. ((1960), Science, 132, 545
that causes no apparent Patholo?mal changes in the infected animal, but induces marke
elevations in tbe [evels of severa plasmaenz,ymelsl, mcludmélactlc dehydrogenase (LDH

—_—T S

Plagemann, P. G. W., Watanabe, M. & Swim, 1]. E. (1962), Proc. Soc. exp. Biol., N.Y.
I1,°749). Our own studies have yielded similar fmqus. Iruses can he freed from con-
tamination with this enzyme-elevating virus by passage through rats or tissue culture, The
Moloney leukaemogenic” virus and polyoma “virus propagated in mouse embryo tissue
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culture have no action on the plasma LDH activity until the appearance of gross neoplastic
lesions (Adams, D. H., Rowson, K. E. K. & Salaman, M. H. (1961), Brit."J. Cancer, 15
860). Contrary to this, finding It was recently reported that a number of oncoqe_nlc and
non-oncogenic viruses induce a rapid significant rise in the serum LDH levels of infected
mice (Wenner C. E. etal. (1962), Virology, 18, 486). In the present study the plasma levels
of lactic dehydrogenase (LDH), glutamic-oxaloacetic transaminase " (GOT), glutamic-
pxruvm transaminase (GPT), phosphoglucose 1somerase (PGI) and alkaline phenyl phos-
phatase (AlkF) were measured in mice after infection with a number of viruses. Vacginia,
polyoma, influenza A and lymphocytic choriomeningitis (LCM) viruses caused no signifi-
cant alterations in the plasma en_z?/me levels uF t0 10 days after infection, even though
the influenza A and LCM viruses killed.the inoculated animals within this FeI’IOd, Encepha-
lomyocarditis virus induced a rapid rise in plasma GOT activity and a |ater rise in LDH
and’PGI. Therise in GOT was much greater than that occurring in Riley infection, and
was associated with demonstrable myocardial damage. The increases in’LDH and PG

act|v_|tyb;/vere similar to those seen after Riley infection—in which no pathological lesions
are visible.

Viral Infections in Thymectomized Animals. By P. Denys, Jun., R. Leyten, M.

Vandeputte and P. De Somer (Virus Department, Rega Institute, University of
Louvain, Belgium)

The high susceptibility of newhorn mice and rats to certain viruses, inoculated within
the first 24 hr. after birth, maY be due to an incomplete development of the immunological
potential at th|sdper|od. To test this hypothesis, we have inoculated such viruses into
animals that had been thymectomized at birth and which, considering the interference
with the deveIQF_ment of immunity produced by thymectomy, might be éxpected to retain
their susceptibility fora longer pefiod. NMRI miceand inbréd Wistar rats, thymectomized
within 24 hr. after birth, grow normally for the first 3 weeks. Differences in growth
between thP/mectomued and sham-operated animals set in at the age of 4 weeks: Only
suckling rats, 1-8 days old, are susceptible to herpes virus. Such animals die on the eth day
after subcutaneous jnoculation. Similarly, young mice are much more susceptible to herpes
virus than adult mice. _ _ _ _ _

Rats that have been th}/mectom[zed at birth and inoculated with herpes virus on the
14th day do not die but fail to %am weight normally; and the difference between their
weight and that of controls gradually increases. Five weeks after infection the mean
weight of such rats was 55 g. At the same age all four control groups (infected and sham-
operated, Infected normal;” uninfected t_hymectomued and uninfected normal%, had a
mean weight of 85 g. The animals were killed at the age of 7 weeks to measure the serum
antibodies against fierpes. The, average titre was 1/30 in thymectomized rats and 1/480 in
sham-operated and normal animals. o _ _ _

hymectomX also increased the susceptibility of mice to herpes virus. When inoculated
at the age of 1 month, 72% of the th¥mectom|zed died within 11 days after infection,
whereas death occurred in only 33 % of the controls. Mice inoculated with Coxsackie Bs
viruswithin 24 hr. after bjrth die on the 4th-5th day, Mice Infected more than 3 days after
birth recover from this infection. In contrast, mice that had been thymectomized at
birth and inoculated with Coxsackie Bsvirus at 3 day's had a 30% mortality. The growth
of survivors was markedly retarded; at the age of 3 weeks their mean weight was 4-5 g.
whereas that of the control ?roups was 95 g. The animals of this experiment were killed
at the age of 3 weeks and histopathological €xaminations were carried out, _

Hitherto, attempts to produce djsease with APCis virus in common laboratory animals
have failed. However, thgmectom_lzed mice inoculated with APC virus grew more slowly
than the controls, and over 50% died between the 5th and th week. Uninoculated thym-
ectomized animals are still alive after s weeks.

As indicated bgdpre,liminary experiments, rats thymectomized at birth and inoculated
when 2-3 weeks old with polyoma virus are still capable of developm? polyoma tumours.
In a group of 28 rats, thyniectomized at birth and inoculated subcutanedusly 2-3 weeks
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afterwards QlOsTCIDsovnus), 7 up to now developed aFonomatumour, while none in the
sham-operated control group. All'the tumours found till now were Iar(I]e cerebral hemangio-
mas, This tumqur tyf)e and its particular localization are exceptionally encountered in our
strain of rats, inoculated at birth with the polyoma virus. No other'tumour localization
was found till now. Five of the tumour-bearing rats had positive haemagglutination-
inhibition antibody titres (1/512, 1/256), » had neﬂanve titres (1/32). As Prewous_ly de-
scribed, polyoma tumours In rats contain a new ceflular antigen foreign to the rat tissues
and therefore could be considered in a certain way, as a tissue homologous for the host own
tissues. This fact could explain why rats, inoculated after the neonatal period with the
virus, do not develop polyoma tumours, being immunologically comPetent to reject these
foreu}m tumour annﬁ]ens. However, rats thymectomized at birth wil accei)t these foreign
cellular antigen as eY accept homografts and therefore may develop polyoma tumous
when inoculated after the neonatal périod.

Nucleotide Composition of RNA-Viruses. By C. Cocito, P, Laduhon and P. De
Somer (Virus Department, Rega Institute, University of Louvain, Belgium)

A mijcro method for eIectroRhorenc analysis of nucleotides (Cocito & Laduron, jn the
Press) has been used to study the composition of RNA from animal viruses. Stocks of [P]-
labelled m¥xokuses were obtained by mrj]ectmg [=P]ortho hosﬁhate into the allantoic
cavity of 10-day-old _embr)ronated eggs which were infected with the virus 24 hr. later.
From the allantoic fluid, collected after 2da¥s, the virus was purified by repeated cycles of
adsorption at 0° on 2-5% “gv/v) chick ery hrolc_rte suspensions followed by elution for
2 hr, at 37° with 0T5M-NaCl buffered "at pH 7-4 with 0-05 M-Na_phosphate. Viral
nucleic acids were extracted with water-saturated phenol at 3° I&recg)ltated with ethanol
at —15° dialysed at 3° hydrolysed for 18 hr. at 37° with 0-3M-KOH, neutralized with
HC10. at 0 ° desalted and concentrated in. vacuo. The resulting LszP’-Z'B'nbonucIeot!des
were placed gn stnps of cellulose acetate, with suitable amounts™of unlabelled nucleotides
as markers for ultraviolet-absorption. . Electrophoresis was carried out for 3 hr. at
300 volts, with a 0-0LmpH 3T5 Na_citrate/eitric_acid buffer. The disposition of the
ribonucleotides was the following;: CMP, AMP, GMP, UMP, with a migration_of the
slowest CMP component of 2 cm jhr. Spots were eluted with 0-01m-KOH at 37°, and
radioactivity measured with a gas-flow counter. Nucleotide composition of RNA from two
mkﬂxokuses purified in this way was as follows: Newcastle disease virus, CMP = 24-6,
AMP = 19-4° GMP = 24-1, UMP = 31-9: influenza virus, strain PR s, CMP = 22-8,
AMP = 261, GMP = 21-5 UMP = 29-6, . _ ,

Another Frocedure used to purify viruses produced in in vitro cultures will be discussed,
For example, the nucleotide comgosition ot Coxsackie %rouRAB, grown in monolayers, of
HeLa cells, was CMP = 23-2, AMP = 24-5 GMP = 23-1, UMP = 29-2. The compositjon
of the RNA_from other myxo- arbor-, entero- and tumour-viruses grown either in vitro
orin vivo, will be presented.

Induction and ReBression of an Enz¥me in Pseudomonas aeruginosa. By W.J,
Brammar and P. H. Crarke (Department of Biochemistry, University College London)

A strain of Pseudomonas aeru,ginosa has been shown to produce an aliphatic acxlamide
amidohydrolase (3:5:1:4). ThiS enzyme is induced by growing the organism 11 media
contamm_g the substrate amides ﬂacetam|de and pro'monam|de or one”of a number. of
other amides which are inducers but not substrates (Kelly & Clarke (1962), J. gen. Microbiol.

21, 305). . :
The €nzyme also acts as an acyl transferase, catalysing the transfer of the acyl radical
of the amides to h¥dr0xylam|ne 0 form t,hecorresgondm hydroxamic acids. Coordinate
induction of transferase”activity (acetamide as substrate, and hydrolytic actmtkl (gro-
plonamide as substrate) was snown_for a wide range of enzyme acﬂwhes,usmg both Sub-
strate and non-substrate indycers. There was no séparation”of these activities by purifica-
tion procedures using (NH4)S04 precipitation and column chromatography on DEAE
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cellulose. Kelly & Kornberg ((1962) Biochim. biophys. Acta, 64,190) showed that the ratio
lgflgmm%nangj e transferase 1o propionamide hydrolase activity was constant over a 35-
old purification.

Measurements, of transferase activity, with acetamide as substrate, were used to follow
enzyme synthesis b%‘ logarithmjcally Hrowm? cultures in succinate medium under con-
ditions of gratunx. cetamide, iV-methyl acetamide and A™-acetyl acetamide were effective
inducers under these conditions. After'a lag of about one generation, enzyme s¥nthe3|s
proceeded at a constant differential rate for’some time. EnZ}/_me induction by A -acet?/I-
acetamide was rePressed b%/_ acetate (the product of enzyme action), by certain other meta-
bolites, and by the subsfituted amides cyanoacetamide and thioacetamide, neither of
which was a substrate or inhibitor of the enzyme. Enzyme induction by acetamide under
these conditjons was repressed by the same compounds, but at different concentrations.

The kinetics of enzyme induction in acetamide medium, when the enzyme is necessary
for the initiation of growth, are more complex.

Cuticle Decomposition b)ﬁﬂ_Micro-organism_s in the Phyllosphere. By Jakoba
Ruinten (Laboratory for Microbiology,” Wageningen, Netherlands)

Yeasts and other micro-OTganisms are common inhabitants of the phyllosphere
&D[Menna, Y. E. (1959), N.Z."J. Agric. lies. 2, 394; (19596), J. gen. Microbiol. 20, 13;
uinen, J. (1161), Plant and Soil, 15,81). The yeasts belong to a small number of species
that are not the, same as those of the soil yeasts occurring i the same locality. The phyl-
|osp2h4e9re yeasts in fact cannot survive in the soil (Di Menna, M. E. (1962), J. gen. Microbiol.

In a surveP/ of the phyllosphere of tropical vegetation, 200 yeast isolates have been
obtained. Al of these Ieaf?:leasts are lipolytic andGDroduce extracellular lipids (Deinema,
M. H. (1961), Meded. LandbHoogesch., Wageningen 61,1; Ruinen, in the Press). Several of
the isolates, when tested in the lahoratory on Cuticles of Aloe species and iris, have pro-
duced micros l'opic evidence of cutin decomposition within 24 hr, The presence of cutin-
decomposing enzymes in other fungi has been demonstrated by Linskens, H. F. &
Heinen, W. X(l% ), Naturwissenschaften, 47, 18; Hemnen, W. (1960), Acta_hot. neerl. 9
167: (1961), Acta bot. neerl. 10, 171). It may be mgmflcantthatt e same activity is found
in strains of Azotobacter, Beijerinckia and ‘other Dacteria from leaf surfaces.

In the natural habitat, where most of the nutrients must diffuse through the outer wall
of the epidermis, it seems likely that the lipolytic activity of the micro-organisms facilitates
the supply of nutrients necessary for the maintenance of a dense phyllosphere population.

The Fine Structure of the Cell Boundary and. Photosynthetic Lamellae of
Anacystis montana (Lightroot) f. minor (Wille). Drouet and Daily. By P.
E chiiix (Botany School, University'of Cambridge)

The cell b_oundar}t/)_of blueé;reen albggae has_ previously been described by Ris & Singh
((1961), J. biophys. biochem. Cytol. 9, 63) and is composed of at east three ldyers, an oufer
membrane, an inner investment and a bipartite ‘inner, or plasma membrane. Recent
studies have shown that the outermost electron-dense. layer is highly convoluted into a
series of blebs or ﬁ[otrusmns. The electron-lucid inner investment Tollows_the contours of
the protrusions while the b.partite plasma membrane remains unaltered. The significance
of these protrusions in the oyter membrane is not_clearh{ understood, but it i3 thouglht
tté%gtrge%gna?lx be connectec either with the synthesis or attachment of the narrow mucila-
u .
: Studies have revealed thi presence of a comPIex series of fine lamellae, approximately
150 A thick, which aPpear to be concerned with the cellular photosynthetic mechanismi,
Earlier workers had found that the lamellae were confined to a rather narrow peripheral
band in the cell. This present study indicates that the lamellae may in some instances fill
a large part of the cell, The lamiellae and associated granules and vesicles generally
appear in one of three different forms: (a) tripartite, or i some Instances, quadfi-partite
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structures, in which the lamellae are composed of two membranes and are not associated
with a large number of granules ; (b) tri-partite lamellae in which the interlamellar space is
filled with large electron-lucid granules—possibly the products of photosynthesis, and
(c) discontinuous lamellae that appear to be composed of a complex Series of vesicles and
Franules. Work is mgrogress to elucidate the relationship ofthese ultra-structural changes
0 the physiologic state of the organism.

Influence of Root Secretions on the Symbiotic Association of Rhizobium, and

Lequminous Plants. By T.A.Lie" (Laboratory for Microbiology, Wageningen,
Net%erlands) Y e ' 9 egening

The formation of root nodules in bean pIants_SPIiaseolus_vulgaris L.), grown in nutrient
solution, is very poor under hot summer conditions, Satisfatory nodulation has heen
found, however, |H tlhe presence of root secretions of nodulated leguminous plants or an
extract of root nodules. _ _ _

The active substance is soluble in water and ethylether, but insoluble in chloroform.
It is inactivated above 80°. No nitrate or aminonitrogen can be detected in the purified
extract, but the presence of a pentose is likely. The_ultraviolet spectrum of the extract
exhibits. a strongf absorption at appro_xma_telY 250-270 m/i, Evidence has been provided
concerning a relationship between biological activity and absorption at about 260 m/i.

These results are in accordance with the ‘preplantm%' effect reguorted by Thornton,
H. G. ((1929)Z Proc. roy. Soc. B, 104, 408), and Nutman, P. S, (1953, 1957), Ann’ Bot., Lond.
17,95:°21, 322). Although the Rre_sence of nitrate in the tap water used by these authors
invalidates to a certain extent the influence of ‘preplanting*(Gibson, A. H. & Nutman, P. S.

Ann. Bot., Lond. 24, 420) the_experiments with excised. root nodules (Nutman

. S.(1952). Ann. Bot,, Lond.. 16, 802, still sug%est a regulation of the exjstent root
nodules, on fater infections. This is further supported by the observation that the Infected
root hairs are located in well separated zones originating from the primary infections
(Nutman, P. S. (1962), Proc. roy. Soc. B, 156, 122).

Some Aspects of the Leaf-Nodule Symbiosis_of Pslychotria. BY vsouixa M.

centitanto and W. s suver (Department of Bacteriology, University of Florida,
Gainsmlle, Florida, U.S.A)

This investigation concerns the obligate, cyclic, leaf-nadule symbiosis in the tropical
plant, Psychotfia bacteriophila. In this symbiotic association plants naturally or exBen
mentally “freed of the bacterial endo h&/e are dwarfs. Although this system has been
grewously studied (von Faber, F. C (1912), Jb. wiss. Bot. 51, 285; (1915), Jb. wiss, Bof.
4, 243), a definitive description of the organism and a biochemical basis of the symbiosis
have not been made. We have repeatedly isolated the endophyte from germinating seeds
on N-free media. When the leaves of bacteria-free plants were abraded with a carborun-
dum-culture mixture nodulation was induced. The isolated endophyte was.a motile, Gram-
negative rod with a refractile granule at each end. On nitrogen-free media, colonies were
small, smooth, colourless and quite mucoid. The pH tolerance for growth was wide (pH 5-9)
and growth occurred from 15'to 40° but not at 50°. That the isolani fixes nitrogen was
shown in several ways: (a) Extensive growth was ohtained on N-free media within"4 days,
but growth yield on per%ton,e media was more rapid. Reduced 02 fension increased the
growth rate ‘on N-free media, (b) Washed cells incorporated Nz from an N1enriched
atmosphere, (c) The culture has been successtully carried for some 30 transfers on N-free
agar. Atmospheric nitrogen was also fixed by nodulated plants_for such plants have
grown and shown ng s%/_mpt_oms of N-deficiency when suP_p led with N-free nutrient for
over 4 months. N2fixation is not the organism’s sole function.as a symbiont for dwarfism
In nodule-free Plants cannot be reversed by the addition of fixed nitrogen. Since dwarfs
characteristically do not elongate at the Stem internodes it would appear that a plant
hlormé)ntedm Involved in the symbiosis. The nature of this substance has net yet been
elucidated.
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Symbiosis cf Hydra with Algae. By L. muscatiner and H. M. Lennore (Howard
Hughes Medical Iristitute, Miami, 36, Florida, U.S.A.)

. Green and albing (= algae-free) Chlorohydra mridissima were grown and maintained
in the Iaboratorsy in"an artificial medium,” With daily feedm% maximum logarithmic
%rowth (k = 3-54) occurred in .10 sM-CaCl?, 10~sM-NaHCO3 10 am-KCL, 10-aM-MgCI2
0 3m Tris (hydroxymethyl) aminomethane huffer, RH 7-6, in de-ionized water. Calcium,
sodfium, and magnesium 10n§ were required for growth of both green and albino individuals;
potassium, thou_?h not required, enhanced growth. o

When fed caily on Artemia nau |||,dgreen and albino hydraé;rew at nearly identical
quanthm_m rates. But with limited food, growth of the gregn hydra aIwaYs exceeded that
ofthe albinos. On starvation, the green hydra survived for 2-3 weeks slow>ﬁd|m|n|sh|ng|n
size, whereas the albinos disintegrated within 6-10 days. Only 15-20 % of the normal.com-
plement of algae were shown t0 be needed to prolong the survival of the hydra. These
and radjoisotope studies show that the algae werg not essential to the host for removal
of respiratory or excretory wastes, but Tather for processes associated with efficient
utilization of food substratés. _ .

Both green and albino were able to retain 85-95 % of the =S-labelled food administered.
However, after 5 days of starvation, green h¥dra contained a larger proportion of the
IS In proteins, while albinos contained more of the &5 in amino acids and small peptides.
Furthermore, starving albinos lost ss5-labelled material to the external medium at twice
the rate of green individuals, indicating a higher turnover rate and shortey b|oIoP|caI
half-life of lab filed tissues in C, mridissima devoid of algae. This loss of material could be
d|m|n|sh%d H}/ grafting green tissues tq eillbm_os. ,

Green hydra incorporated 14C02raﬁ|dy_V|a algal photosynthesis, 10-12 % of the total
carbon taken jp was transferred to the animal_tissues in 48 hr. About half of the trans-
ferrled clarbon Wwas incorporated into host protein, while the remainder was found in small
molecules.

It is hypothesized that augmentation of the host is mediated at the cellular level by
trace amounts of substances produced by the algae.

A Bacterial Endosymbiote in an OQsmotrophic Flagellate ? By B. A newton:
@ggbﬁggg)rtment of Chemical Microbiology, Departmentof Biochemistry, University of

The fact that protozoa harbour organisms of other species has long been recognized and
there is an extensive literature concerned with ‘lgrotozoon-bactenum complexes” (reviewed
by Kirby, J. jr. (1941I)' Protozoa in Biological Research, p. 1009; edited b(}/ G. N. Calkins
&F. M. Summers, Columbia University Press, N.Y.). However, as pointed out by Sonne-
born,. T. M. ((1959), Advanc._ Virus Res. e, 2292, it Is difficult to establish criteria to dis-
tinguish. between Cytoplasmic genetic elements or particles of endogenous origin and
symbiotic intracellular organisms or particles of,exolgenous ongm: conse%uently, an un-
equivocal identification ofintracellular structures in protozoa as bacteria has beenachieved
for relatively faw cases. _ N _

This communication will describe a basogmh,c ,ro,d-shalp,ed structure (a ‘b!polar-qu%/]’g
which occurs in the tryPanosomld flagellate Crithidia (Strigomonas) oncopelti, Organist
contain one or two 0T these structures. ~Chemical_analysis_ of isolated bipolai-bodies
(Newton, B. A & Horne, R. W, §1957), Exp. Cell Res. 13, 563), showed that they are
composed Iarr%_ely of ribopucleoprotein; no pollysacchande or metaphosphate was detected
and cytochemical techniques failed to estabfish the presence of deoxyribonucleic acid.
Isolated bipolar-bodies are sensitive to osmotic shock and electron-niicroscope studies
revealed the presence of a thin boundary membrane; some rods were observed to have
constrictions which strongly suggest a division process.

S s o
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C. oncopelti is atypical of the _zo_omasti%oph,oia in that it grows readily in a simple,
chemically defined medium_containing methionine as the sole amino acid (Newton, B. A.
(1956), Nature, Land. 177, 2793. Recently Gill, J. W. & Vogel, H. J. ((1962), Biochim. big-
phys. Acta, 56, 200) reported that this flagellate synthesizes lysine from aspartate via
ae-d|am|n08|mel|,c acid (a pathway thought to bé typical of bacteria and blue-ggreen
algae but_absent In euglenids and higher fungi (Vogel, H. J. 1959?, Fed. Proc. 18,°345).
The terminal enzyme in this Fa_th,way, diaminopimelic decarboxylase, was found to be
localized in a cell fraction containing a high proportion of bipalar-bodies. These findings
led the authors to state that *... the'relative nutritional self-sufficiency aftributed to this
rotozoon may only be apﬂarent’ and the% conclude that the bipolar-bodies are bacteria-
ike organisms which furnish lysine and probably other metabolites to the protozoon, which

In tyrn provides osmotic profection and perhaps other advanta%e_s for the endosymbiote,
As further evidence in support of this conclusion they report (Gill, J. W. & Vogel, H. J.
El963), J. Protozool. (in the Press)), that the flagellate’can be ‘cured’ of the endosy(mbmte

y growth in the presence of penicillin. Results of experiments which bear on the truth of
these conclusions will be presented.

SYMPOSIUM ON ‘SYMBIOTIC ASSOCIATIONS’

This Symposium was held on Tuesday and Wednesday, 9 and :o April. The principal
contributions have been published by the Cambridgé University Press as the 13th
Symposium of the Society. Their titles are asfollows:

Integrative and Disintegrative Factors in Symbiotic Associations. By R. Dubos
and A. Kessler (The Rockefeller Institute, New York)

Bacterigphage Lysogeny. By W. Arber (Laboratoire de Biophysique, Université
& G, Sileelant) er | physig

Experimental Studies of Lichen Physiology. By D. C. Smith (University Depart-
pmentongrSmuIture, Oxford) YO0 BY nith { e

Factors Influencing the Balance of Mutual Advantage in Legume_Symbiosis,
By P.S. Nutman_(Soil Microbiology Department, Rothamsted Experimental
Station, Harpenden)

The Root Nodules of Non-Le[quminous Angiosperms. By G. Bond (Department
of Botany, University of Glasgow)

The Biochemistry of Nitrogen Fixation. By D. J. D. Nicholas (Research Station,
Long Ashton, Bristol)

Some Effects of Forest Tree Roots on Mycorrhizal Basidiomycetes. By J. B. E.
Metin (Institute of Physiological Botany, Uppsala, Sweden)

Defence Reactions in Orchid Bulbs. By J. Niesch (Ciba Ltd., Basle)
Vesicular-Arbuscular I\/,I%/cor_rhiza: an Extreme Form of Fungal Adaptation.
Ey B. I\é os)se (Soil Micrabiology Department, Rothamsted Experimental Station,
arpenden

Algae and Invertebrates in Symbiosis. By M. R. Droop (The Marine Station,
Millport, Scotland)

Symbiosis and Aposymbiasis in Arthropods, B%/ M. A. B rooks (Department of
Entomology and EConomic Zoology, University of Minnesota, St Paul, Minnesota)
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Ambraogia Beetles and_their Fungi_ with Particular Reference to Platypus
ﬁyl t|)ndrush;:ab. By J. M Baker (Forest Products Research Laboratory, Princes
ishoroug

Symbiotic. Associations: The Rumen Bacteria. By R. E. Hungate (University
of California, Davis, California)

The Growth and Metabolism of Rumen Ciliate Protozoa. By G. S, Coteman
(Biochertistry Department, Institute of Animal Physiology, Babraham, Cambridge)

Studies.on Bacterial Associations in Germ-Free Animals and Animals with
%)ﬁflfneijd)Floras. By M Lev (National Institute for Research in Dairying,
Infie



	JOURNAL OF GENERAL MICROBIOLOGY 1963 VOLUME 32 NO.1
	Contents
	Obituary Notice
	Some Sorption Phenomena at Mammalian Cell Surfaces
	The Mechanism of Influenza Virus Haemagglutination as a Model of Specific Receptor Adsorption
	The Bacterial Cell Wall. The Result of Adsorption, Structure or Selective Permeability?
	Some Biologically Important Aspects of Adsorption of Antibody on to Tissue Cells
	Group N Streptococcal Phage Lysin
	Electrical Counting Characteristics of Several Equivolume Micro-organisms
	Growth (without Multiplication) of Mycobacterium lepraemurium in Cell-free Medium
	Reverting and Non-Reverting Rough Variants of Bacillus anthracis
	The Characterization of a Series of Lactobacillus Bacteriophages
	The Decomposition of 4-(2,4-Dichlorophenoxy)butyric Acid by Flavobacterium sp.
	The Role of Penicillinase in Determining Natural and Acquired Resistance of Gram-Negative Bacteria to Penicillins
	The Steroid Growth-Requirement of Mycoplasma mycoides
	The Accumulation of Nucleotides by Escherichia coli Strain 26-26
	Investigations on the Action of the Iron-Containing Growth Factors, Sideramines; and Iron-Containing Antibiotics, Sideromycins
	Some Effects of Respiration Inhibitors and o-Coumaric Acid on the Inhibition of Sporulation in Venturia inaequalis
	Morphology of Actinophage 17
	Serological Relationships and Some Properties of Tobacco Necrosis Virus Strains
	The Specificity of Trypanosomal Antigens by Immunofluorescence

