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Jules Bordet 1870-1961

With the death of Jules Bordet at Brussels on 6 April 1961 there disappeared the
last of the Pasteurians of the great epoch. Jules Bordet was_born at Soignies; a
small town about 40km. from Brussels, on 13 June 1870. The Bordet Tamily,
0r|f]|,nall from Rolampont on the plateau of,Langres_(France}? settled on re,sent-daK
Be (I;lan err|tor¥ when an ancestor came to live at Liege at thie end of the eighteent
century; there the father of Jules Bordet was born'in 1834, ApPomted a school
teacher at Soignies the father married and had two_sons, Charles (b. 1868) and
Jules (b. 1870). When the father was appointed in 1874 to the, Ecole Moyenne of
Schaerbeek, a djstrict of Brussels, the family moved to the capital.

Jules Bordet had his secondary education’at the Athénee ROK&H of Brussels, He
showed an interest in chemistry and worked with %reat enthusiasm in a little
laboratory which he constructed in his home. At 16 he entered the University of
Brussels where he obtained, in 6 years instead of the usual 7, his Diploma of DaCtor
of Medicine, in 1892. The same y&ar he published in the Annales te Vinstitut Pasteur
a memoir entitled ‘Adaptation des virus aux organismes vaccines’ (Bordet, 1892)
In this he established that serial passage of Vibrio metchnikovi through a vaccinated
animal led_to_the selection of ‘specially virulent microbes, little™susceptible to
phagoc tosis. This memoir was the result of a lively inferest in experimental research
which had led the young student, dur_mgi his medical studies, to frequent the
laboratory of Leo Errera”of the Botanical Institute of the University. There_he
experimented on the chemotactic sensitivity of the gametes of certain algae. The
work of Massart and of his hrother Charles Bordet on the leycocytic chémotaxis
(Massart & Bordet, 18%0) undoubtedly did much to direct Jules Bordet towards
microbiology and the work which was the subject of the 1892 p_aRer. This led to
his obtaining a travel bursary from the BeIPlan Government, with which he was
able, after sérving as a doctor at the hosglta at Middelkerke, to go to the Instityt
Pasteur n Paris.”He was in Paris from 1894 until 1901. Bordet entered Metchni-
koff's laboratory, where great scientific activity by a %roup of hrilliant workers was
In progress. He became™friendly in particular with Cantacuzene, Auguste Marie,
Salimbeni and Besredka. His stron% personality, his activity, his infectious gaiety
and ardour for work imposed themselves on this soclety of enthysiastic young men
moved by the desire for knowledge. The discovery in"1895 of the roles of alexine
and antjbody in the Pfeiffer phenomenop mage him a star. There then followed 3
series of papers which in a few years laid the foundations for the understanding of
humoral Immunity and serologmal Specificity. .

In 1897 Bordet’s resjdence 11 Paris was mterrui)ted by a mission to the Transvaal
to stud rlnderr%_est, which he undertook on behalf of the Institut Pasteur: there he
met a German mission led by Robert Koch, Bordet devised a method for the control
of rinderpest which consisted in |nject|n? healthy animals with a ittle convalescent
serum from other animals and then nEu tmg the Injected animals in contact with
Infected animals in order to_confer immuni )Bby a mild attack of the disease.

When he returned to Paris Bordet again bedan his research work and new dis-
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2 J. Beumer

coveries were made in rapid successjon: haemolytic sera (1898) and precipitatin
sera (1899), which helped to establish on |mmun0|0g}!ca| grounds the realltY 0
zoological Species; complement fixation (done for the Tirst time on 16 March 1900
as shown by his experimental notebook); and in 1901 with his brother-in-law
0. Gengou the application of this reaction to the demonstration of ‘sensibilisatrices
specifiglies’ in various Infections. _

Bordet’s anate life had meanwhile undergone a profound and happy change in
1899 when he married the wife whose love, intelligence and gogdness riever céased
to sustain him until he died, thus bringing to an"end an admirable union of two
People who had shared an exceptionallyhdppy life. In 1900 a daughter was born;
ater followed a second daughter and then a son. _ _

In 1901 Bordet returned to Brussels. In the precedlng ear the province of
Brabant, in which Brussels is situated, had decided to créate an anti-rahies and
bacte_nologlcal institute and offered its directorship to Bordet who, in spite of
pressing Invitations from the |nstitut Pasteur in Paris, decided to return to his own
country to start the new institute. This was provisionally installed in March 1901
In the huildings of the Institut de Physiologie Solvay“de I'Universite Libre in
Brussels. The Creation, organization and mariagement of the new laboratory de-
manded much labour from Bordet. It was a flattering distinction and a valuable
encouragement when, in 1903, Madame Pasteur gave permission for the Institut du
Brabant to take the name of Institut Pasteur de Bruxelles, which it Jealous_ly
Pres_erves. In. 1905 the Institut moved to its present bundm?, which had been built
or it and which it still occupies.  Henceforth the burden of administratjon and of
teaching took more and more of Bordet’s energy, though 1t did not hinder his
research work. Papers continued to appear. Studies Of the antlgen-antlbody
reaction; the discovery of the whooping cough bacillus (Bordet' & Gengou,
1906 4, b) a study of bldod coag%ulatlon; the _dls_coverfy and cultivation of the orga-
nisms of avian daphtherla (1907); a description of the agsent of hovine pleuro-
pneumonia; the discovery of conglutination (Bordet & trenP, 1909) and of
co-agq-lutmatlon Bordet & Gengou, 1911): researches on anaph¥ atoxins'(19136).

In"1907 the Universite Libré of Brussels aP_pomted Bordet to the Chair of
Bacteriology in the Faculty of Medicine. Until 1935 he tayght and lectured,
giving an doundance of experimental facts, expounded with precision and 5|mPI|cny
in a [ogical and methodical sequence of extreme clarity. His lectures were followed
Sﬁ'd' i d”t]eeac ee(pcal students, won by the infectious enthusiasm of this exception-

¥he First World War made scientific research difficult in an occupied country,
Durm[q these sombre years Bordet undertook the editing of his Traite ge Vimmunite
dans fes maladies Infectieuses which appeared In 1919, Bordet, isolated by the
hostilities, received great moral supPor when in 1916 the ROY&| Soclety elected
him a foreign member, With the return of peace. international scientific activity
hegan again, but new fasks claimed Bordet. Belgium had suftered greatly d_urmg
the war; the Université Libre of Brussels in 1920 Sent to the U.S.A. & delegation t
seek the aid of the Rockefeller Founaation to build new Institutes for the Faculty
of Medicine, and Bordet was nominated to this mission. During this trip he learit
that the Nobel prize for 1919 had been awarded to him for his work on‘immunity.
When he returned to Belgium he was welcomed by the Royal Academy of Medicine
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at a special meeting to which many of his foreign colleagues came. In response to
the SPeeches abouf himself Bordef made the f_ollowm% charming comment: ‘It is
true that Nature from time to fime sheds a little of her mystery; sometimes one
succeeds in picking.up some of the petals which she strews inthe wind’. The Nobel
Prize was the culmination of many honours conferred on Bordet; his international
reputation was further enhanced. "In 1922 he spoke at Strasbourg, in the presence
of the President of the Bepublic of France, for foreign scientists at the commemora-
tion of the centenary of the birth.of Pasteur. .In_1930 he was President of the First
International Congress of Microbiology, held in Paris, and in 1946 in Paris he gave,
In the name of his foreign colleagues, an admirable discourse at the meetln(]] in the
Sorbonne to commemorate the 50th anniversary of the death of Pasteur. Tn 1933
after the nearly simultaneous deaths of Roux arid Calmette, Bordet was nominated
President of thie Scientific Council of the Institut Pasteur in Paris. There gach year
he lectured on immunology, drawqu cqnclusions from new discoveries with a flair
for the essenfial and a Capacity for interpretation which made the lectures a
periodical review of progress in immunol gy._ _ . oo

The accumulation of more hongurs and duties which came to him in the scientific
and medical life of his country did not prevent Bordet from continuing to devote
himself to his true mission angr dearest qccupation, experimental research, Between
the two World Wars. most of his activity was concerned with bacteriophage, then
a new discovery. With varjous coIIeaques he established the antigenic power of
phage and the hereditary character of lysogeny; he noted the role of calCium and
micfobial variation in susceptibility to bacteriophage. . _

In 1940, at the age of 70, Bordet gave up the diréctorship of the Institut Pasteur
of Brussels but, in Spite of the difficalties of a second enem%occupatmn of Belq!um,
he carried on work with his son, who succeeded him as Director of the Institut,
Unfortunately Bordets sight now began fo fail, putting an end to his laboratory
work. He maintained, however, a very active membershﬁ) of numerous committees,
In 1950 there was a.celebration in the great hall of the Universite Libre of Brussels
on the occasion of his 80th birthday; ntmerous public auth_orltles,_forel,?n scientists
(whose s,Fokesman was Sir Alexander Fle_mlngg, Academies, Universities, friends
and pupils, united to pay him a moving tribute. His speech of thanks constituted
a fervent profession of faith in the valte and future of science. In retirement he
lived with his wife in an appartment near the Unjversity and maintained his
Interest in everything hap enlng In the world, especially in the world of science.
His greatest gleasure was the fréquent visits he made to"the Institut, to which he
remained attached by the strongest bonds. His health, which had always been
gxcg%on?lllgerlobust, only failed'in the last months of his life; he died peacefully

n 6 April 1961,

The scientific work of Jules Bordet

. The scientific work of Jules Bordet is remarkable both in extent and depth. One
is astonished by the number of his fundamental discoveries in _|mmunolo%y and by
the contributions. of the first order that he made_in hacteriology, about blogd
coagulation and in the study of bacteriophage. On_his arrival Tn Metchnikoff’s
aboratory an immunological problem first atfracted Bordet. Preiffer and Issaeflf
had just noted (Pfeiffer, "L894; Pfeitfer & Issaeff, 1894) that cholera vibrios, when
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injected into the peritoneum of a guinea P]I_g immunized_against this microbe
clianged into spherical non-motile graiules which soon died. This hacteriolytic effect
did not occur in an untreated guinea pl?, however, but did occur in the péritoneum
of Untreated guinea FIgS receiving chofera antiserum along with the vibrios. Since
antiserum had'nobac enWUc actmtg/ Invitro, Pfeiffer imagined that the endothelial
cells of the peritoneum were necessary for the pacteriolysis. - On, the other hand
Metchnikoff, Qbserving the granular transformation of vibrios in vitro, in Perltoneal
exudate of an immuniZed guinea pl? attributed the bacteriolytic power to leucocytes
Present in the exudate (Metchnikoff, 18_95()). Bordet, however, noticed that the Cell-
ree antiserum was bacteriolytic in vitro provided it was fresn (Bordet, 1895).
After heating to 55° or storagé the antiserum lost its bacteriolytic power, _thoufqh It
still containéd agglutinins for the vibrio. Bordet then discovered that a little fresh
serum trom a nor-immunized animal would restore bacteriolytic power to a heated
or a%d antiserum. He drew the conclusion, ‘the only one however which it was
possible to deduce’ he said later, that the bacteriolysis was due to the combined
action of the two substances : heat-resistant antibody found only in the serum of the
Immunized animal, and heat-labile substance present in the sera of both Immunized
and. non-immunized animals. He realized that the serum of animals immunized
against Vibrio cholerae ag |utinated and lysed V. cholerae only, just as sera of
animals immunized with \ibrig metchnikovi agglutinated and lysed only V. metchni-
kovi; the antibodies were specific. In contrast, fresh serum from a non-immunized
animal restored to heated antisera lost bacteriolytic power. Moreover, It was not
necessary even that the heated antiserum and thé fresh normal serum should come
from the same animal specjes. The substance in the serum which collahorated with
the specific antibody was therefore unique, Bordet recognized that this substance
was like the alexine of Buchner (1889a-C), that was.a prificiple responsible for more
ortlﬁss marked bactericidal or haemolytic activity discovered in normal sera by that
author,

Normal sera, however, can agglutinate certain micro-organisms and the red blood
cells of other S,Reues of animal”Since |n{ect|on of microbes considerably enhanced
the agglutinating power of the serum for the microbe, Bordet asked himself whether
the mIJectlon of rabhit red cells into g qulnea pig might not S|m|Ii1rIyrenhanc? the
Powe of the %umea pig serum to a(I;%I_u Inate thése fqre|%n red cells, “The results of
he experimenits surpassed his expectations : not only did the serum of the immunized

um%a-{m% a% |utinate rabtflt,red cells but in a few minutes Izsed them comﬁleteily
?Bor ef, 189 ?._The haemolytic serum thus discovered was folnd to act exactly Iike
the bacteriolytic serum, The ha_emo%tlc power disappeared on heating to 55° and
could be restored by adding alexine. The combined action of n0n-SPECIfIC alexine and
SRecmc_antlbo,dles was thus revealed as a mechanism involved In the reaction of
the living animal against the introduction into its bodhy of Innocuous forelgn
material, such as the Ted cells of another animal species. The elaboration of specific
antibodies against microbes was only one aspect of the same ?eneral capacity of
the I|V|nquor8an|sm to defend_itself dgainst penetration by foreign elements. ~

In 1895 Bordet hﬁd established the first examr?l_e of &n in Vitro sérodiagnostic
methoa by showmgt at a trace of heated choleraantiserums ecn‘lcall_¥ agglutinated
3 suspension of cholera vibrios and not g suspension of vibrios of a ditferent Species
(Bordet, 1895). Thus, just as the specificity of sera which agglutinated different
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vibrios permitted the certain distinction of cholera vibrigs from other vibrigs, so
the remarkable specificity of haemolytic sera permitted animal sPe_ues to be distin-
quished bﬁ components of their cells. Bordet showed in 1900 that it was the stroma
0f red cells which carried the anthen_lc specificity and with Renaux (1926) that
zoological specificity resided in the Tipids of the stroma. But since 1899, the work
of Bordet and of Tschistovitch on - specific precipitin against animal proteins
had shown that the humoral constituents of the, organisms Were equally important
In zoological specificity. Bordet discovered that injéction of cow’s milk into a rabbit
?ave a Serum which precipitated the casein of that milk (Bordet, 1899a2. A little
ater he (1899a) and Tschistovitch (1899? simultaneusly observed that the sera of
animals immunized with the serum of a forejgn speues sge_mflcall_y precipitated the
Protelns of this serum. The use of these precipitating sera in medicolegal diagnostic
ests of blood stains is well known. S

The combined action of antibody and alexine which Bordet had proved necessary
for bacteriolysis and for ha_emol¥3|s by antisera was elucidated when 1n 1900 he
demonstrated for the first time the Rhenom_enon of alexine (complement) fixation.
He had shown that after contact with a sufficient dose of cholera vibrios the specific
antiserum lost the power of making new vibrios susceptible to_ lysis b% alexine.
The antlbody therefore, in fixing tself on the vibrios, ‘sensitized’ the micro-
organism to the action of the alexine, hence the name ‘sensibilisatrice " (Sensitizer)
which Bordet gave it. In a crucial experiment he showed that alexine itself also
1;|r>]<teI 0odn the micro-organisms but only when these had been sensitized by specific

Ehrligh & Mor%enro_th (1899) and Bordet (18996) noted independently that red
cells would absor a_ntlbodg from heated antiserum and after centrifugation were
haemolysed by alexine. Bordet (18996) also noted that the antibody Was fixed so
firmly o the red cells that even after several washings the red cells retained the
a_bllly(to be Iysed by alexine, In 1900 Bordet showed that the alexine was firmly
fixed to red clls sensitized with specific antibody and that it was possible in this
way to remove all alexine from fresh serum. _ N

The role of the sensitizer was to confer on the antigen (vibrio or red ceI_Iz the
ability to fix alexine. Bordet confirmed the non-specific character of alexine, it was
the same alexine which affected red cells and transformed cholera vibrjos into
granules SBordet, 1900, 19_012._ From 1901 on, Bordet angd Gengou applied the
eaction of complement fixation to the serodiagnosis of numerous infections
(.0. typhoid fever, anthrax, swine er smelas%, by which the presence of the specific
sensitizer In the sera of the sick animal could be revealed (Bordet & Gengou, 19016).
The later application gf this method by Wassermann to the dla(h;nosm of syphilis
%nd mc;re recent applications amply demonstrate the fruitfulfiess of Bordet’s
ISCOVErY.
In tﬁey years which followed Bordet worked continuously in this fertile field of
humoral |mmun|t¥ where so many discoveries were to be made. In 1899 he recog-
nized in the sera of non-Immunized animals antibodies analogous to those of Immurie
sera, notably in that they were sharPIy_spe,mﬂc (Bordet, 1 9a1. In 1899 and 1904
he found that the antibgdies and alexing in sera were themselves antigenic when
Injected into animals of different species; and thus obtained anti-alexines, anti-
agolutinins, and anti-sensitizer. The specificity of these anti-antibodies depended
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on the zoological source of the antibody ; the antiserum of a guinea pig immunized
with rabbit Serum neutralized indifferently all the antibodies Obtained in the rabbit
by immunization with various antigens (Bordet, 1904). = _

In 1906 Bordet & Gay explaingd™a phenomenon described in 1902 by Ehrlich &
Sachs, who had observed that %ulnea PP red cells were haemolysed by a mixture
of normal bovine serum heated Yo 55° + fresh normal horse serum, although neither
serum alone.was active. Ehrlich &Sachs (1902) concluced that the nornial bovine
serum contained a substance that sensitized the red cells to action of the alexing in
the normal horse serum. Bordet & Gay (1906 recognlzed a_phenomenon which had
escaped the other two workers, namely, the marked agglutination of the guinea-pig
red cells produced in the mixture of the two sera. They suspected that the explana-
tion of Ehrlich & Sachs was incorrect and that a new phenomenon was being
observed. By ingenious experiments Bordet & Gay established that the boving
serum contained Colloidal materials which adsorbed fo red cells already loaded with
sensitizer and alexine, and as a result both agglutinated and lysed them.. In the
experiments of Ehdich & Sachs the fresh horsg serum supplied both sensitizer and
alexine but, as is known, horse alexine does not lyse even s_tr_onglly sensitized quinea-
P_Ig red celfs, The heated bovine serum supplied the agditional’ colloids which, on
IXation to the red cells charged with sensitizer +alexine, agglutinated them and
P_romoted their haemolem( ordet & Gay, 1906). This phenomenon of conglutina-
lon as Bordet named it (Bordet & Strend, 1909{ occurs also with microbes (Streng,
1909), and constitutes a very sensitive tést for the fixation of alexine..

The strong ahsorptive capacn)(] of the antigen + antibody complex is evident in
another P_hen_omenon described by Bordet & Gengou §19 1) under the name of
c0-agglutination, When ranhit serum was added to & mixture of defibrinated normal

uinga-pig blood and the serum of guinea pig immunized against rabbit serum,
ere waS a_marked a Plutlnatlon 0f the red cells. Analysis showed that the
antigen + ant_lbody_comg_ex formed by the union of rabbit protein and the corre-
sporiding guinea pig antibody led td the flocculation of the red cells—the first
rlegclolr)de example Of an indirect haemagglutination reaction (Bordet & Gengou,

During these O'yea,rs of intense activity in the field of humoral immunity Bordet
wag preoccupied with the mechanism of the union of antigen with antitiody and
maintained a long controversy with Ehrlich on this subject. To Ehrlich’s theory of
the union of toxin and anfitoxin in fixed groportlons, pased on the hypothesis of
a strong affinity between the two substances, and a similarity of their Combination
to that"of a strong monovalent acid with a strong hase, Bordet proposed his theory
of the union of antigen and antibody in variablé progor_tlons, as in adsorption. In
his own words ‘les reactions, anticorps-antigene consistent en accolements fort
analo%ues aux phenomenes d’adsorption dis a laffinite ntermoleculaire, lesquels
offrent ce caractere important que les substances reagissantes sunissent en pro-
partions tres variables. De ce point de vue, Ia reactjon e I'anticorps sur I'antigene
Beut s compavrer a la condensation d’une couleur d’aniline sur le paP|er-f|Itre_..

ordet’s theory exi)lams how under-neutralized toxin no longer kills the animal
which receives'it, although still producing certain toxic phenomena. According to
the theory of union in varlab’e groportlor]s th(ffse MmiXtures coptqt;n not an g 0ess of
pure toxin along with completely neutralized toxin, as would be required by the
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theory of union in fixed proportions, but only of partially neutralized toxin, that is
to say, toxin which has absorbed uniformly a quantity of antitoxin too small to
neutralize the toxmt,Y completely. The later'work of Heidelberger and his colleagues
confirmed by guantjtative, chemical_analysis of specific precipitates that antigen
and antibody indeed combine in variable propartions, _ _

In 1913 Bordet’s interests turned to the problem of ana%hylax,ls and particularl
to the question of anaphylatoxins. Various authors, notably Friedoerger, had pro-
duced shock In the gumea—mg very like anaphylactic shock by the’Intravenous
injection ofa liquid obtained by addln? to freshguiinea pig serum, anthen +antibody
complexes such as sensitized red cells or slge_mflc precipitates; heated (IJumea-plg
serum was Inactive In these conditions. Friedberger thought that alexine, on
absorption to the antigen + antibody complex, decomposed tfie antigen to produce
a poison, anaﬁhylatoxm. Bordet discovered that fresh guinea pig serum could, be
activated in this way by a little viscous suspension of agar. Intravenous injection
of serum thus treated ‘in fact induced anaphylactoid Shock (Bordet, 1913a, h).
The agar seemed therefore to behave like antigen +antibody complexes, showing
like them, as B rdet_gl924) thought, absorptive properties with respect to serum
constituents ang alexine. _ _

The outstanding_contribution of Bordet to bacteriology was the discovery of the
organism of Whoopmg-cou%h, first seen by Bordet in 1900 in sputum obtained from
one of his daughters, who had the diseasé. This small Gram-ne?atl_ve coccobaci|lus
was unable to grow on the usual media. Bordet & Gengou failed to find the organism
again until 1906 when Bordet collected sPutum_from his son, now stricken with
W oopmg-couﬁh, during the early stages of the disease. In this specimen he found
the. coccobacillys and succeeded”in cUltivating it on the Bordet-Gengou medium
which, with only minor modifications, is still"used (Bordet &G_en?ou, 19064, b).
Bordet & Gengou recogmzed that the bacillus was very common in the_respiratory
Passages In the early stages of the disease but later it became scarcer. They found
hat 2-3 weeks after onset the sera gf whooping-Gough patients contained g Specific
antibody to the whooping-cough bacillus. The bacillus was very toxic, containing an
endotoxin which even in'very small doses produced widespread ecchymosis, pletral
effusion, %yspnoea and tissug necrosis at the site of inoculation. This endotoxin they
considered. was responsible for the Irrifation of the respiratory mucous memborang
which inifiates the fits of coughing (Bordet & Gengou, 1907, 1909). Bordet &
GenPou_ also Preloa[ed a r{)henollzed vaccine which was used successfilly as a pro-

h}/ actic, notably in Denmark by Madsen. In 1910 Borde_t&Sleesyv,lgk_reco%mzed
In the whooping- ouqh bacillus the first example of antigenic variability in a micro-
bjal épemes. or initial |30I3t|on‘from ap Infected person, the organism required
blood for its (Ilro_vvth; It could be ‘trained’, however, to grow In nutrient agar, hut
the organism Trained to 8rovv on nutrient agar differed ant!%emcally from the Qriginal
Isolaté maintained in blood agar. The strain maiptained 1n blood a%ar contained an
antigen easily agqlutmabl,e by the serum of a rabbit immunized with this strain, but
this nhqen Was lacking in the strain a?_apteéi to grow on nutrient agar alone, To
Bordet also_ (1909, 1910) 1s due the earliest description of the morpfiology of the
organism 0{ ovine Ple%roP,ne mogw, and_in collaboration with Fally thdt of the
or%mlsm of avian diphtheria §Bor et, 1907: Bordet &Fally, 1910). ©
etween 1901 and 1920 Borclet devoted much activity to-another question which
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greatly interested him, that of blood coagulation. The numerous Papers which he
Pubhs ed, alone or with his colleagues Gengou and Delange, contain a wealth of
acts (Bordet, 1920). Bordet and Gengou first showed that not only whole blood
but also the Rlasma freed from cells coa?ulated on contact with wéttable foreign
hodies; and that covering the internal surface of glass tubes with i)araffm wax kept
the plasma liquid. The Coagulation of plasma o contact with 9 ass s due to the
ultimate formation of thrombin Whlch_reguwes the presence of calcium, and the
anticoagulant action of sodium oxalate is due to the binding of calcium as oxalate.
Once formed, thrombin added to plasma in the presence of calcium not only b,rou%t
about coagulation but considerably accelerated the formation of new thrombin. The
|atter, possesses, according to Bordet & Gengou (1901a, 1903a, 6, 1904a b%ablhty
to stimulate its own production. Bordet ‘& Delange 0(191_2a) showed that the
thrombin activity appears to be the result of the combined action of two substances :
the first, which they named serozyme, was furnished by the liquid part of blood;
the second, named Cytozyme, came from the cells of the’blood, notably from Rlate-
lets, andl was also présent in fissues. Cytozyme, which was soluble in ther, ethanol
and chloroform but was precipitable” by”acetone, behaved like a Phosph_ollmd
(Bordet & Delange, 19126, 1913). Serozyme, probably of a protein nature, did not
exist as such in circulating blood or inoxalated plasma but in the state of pro-
serozyme, which was incapable of uniting with cytozyme, 1t was contact with' the
wettanle walls of a test-tube which, in the presence of calcium, brou%ht about the
transformatjon of pro-serozyme.to serozyme, a reaction accelerated by cytozyme.
The latter had the proRerty of uniting’ with serozyme to form thrombin vihich
coa?ulated fibrinogen. The latter played'in coagulation a passive role since thrombin
coutd be produced in its absence, s Bordet (1919) showed by depriving oxalated
plasma of its fibrinogen by saturation with sodium chloride and showmg% that on
contact with a foreign bod_Y_ sero%me appeared in this plasma, and that this
seroza/me was capablé of uniting with cytozyme, thus r_oducmg thrombin.

From 1920 on'Bordet took & lively intergst in bacteriophagé which Twort and
d’Herelle had just discovered. With Jaumain, Bordet noted that lysis of bacteria
by bacteriophage required not only that the bacteria should be living but that
nutrients should be available; lysis was not produced in physjological saline (Bordet
& Ciuca, 1921c). In certain bacterial species sensitivity to’phage was dependent on
the antigenic make-up, the S form heing very sensitivé and thé R form resistant to
the same phage (Bordet, 1922). He discoVered that some phages Jysed in the Presence
of oxalate, Whereas others were jnactive under these ‘conditions (Bordet, 1926)
and that these Jatter phages regwred considerable quantities of calcium tor lysist
different for different phdges (Bordet & Bordet, 1941). Bordet & Ciuca (1921a
discovered that bacteriophage was antlgenlc. Bordet was Rarncular_lg/ concerne
with the problem of lysogeny. In parficular he showed the essential ditference
hetween | soqemc bacteria and bacteria contaminated with phage which could
develop after 1ysis of a sensifive strain of bacterium. Contaminated hacteria were
easﬂg/ freed from ghage b¥_ isolation procedures, but true Q/so enic bacteria pre-
served their lysogeny Indefinitely (Bordet & Ciuca, 19216; Bordet, 1925). Bordet
also noted that Cerfain_ phages made some bacterial strains deflnltelg Ikhsolg_emc;
nis.is, lyso enhzatmn (Bordet, 1925()). |t was In Bordet’s IaboratOJy that Mc mleg
1925) rioted that the lysogenic power persisted In lysogenized”bacteria In th
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Presence of phafqe antiserum: the Iyso&;enic character was therefore perpetuated in
the absence of free phage. Moreover J. Bordet &P, Bordet (1946) recognized that
if the adaition of sodium oxalate to the culture medium prevented the propa_%atlon
of the phage from a lysogenized bacterium on a sensifive bacterium, 1t did not,
however, prevent the” liberation of this phage by the Iysoqemzed_ bacterium.
Bordet saw clearly that it was the lysogenic power which vias Transmitted by the
lysogenized bacterium to Its descendants and not the phage itself. Bordet &

enaux (1928) explained this as follows; *. . .in the case of the Lisbon organism
each individual microbe washed comPI_ete_I free from culture medium and carefully
separated from its congeners kept within itself the ahility to cause Iysis of the Shiga
bacillus; that is to say, could furnish descendants having this lysogenic power and
which moreover develfoped quite normally without showing lysis’

CONCLUSION

The work of Jules Bordet shows clearly the essential character of his scientific
thought. Basically there was a wide and profound curiosity which drove him to
research through a need not only to know, but to understand. This curiosity, fed
by wide Iearnm%, was frurtful because it was never satisfied by a superficial answer
t0 a question, but demanded detailed understanding of the” data and a solution
which'was complete, Iowca and clearly demonstrated. His mind presented to him
In unambiguous erms the groblem_to bie solved and separated the contingent factors
from the essential and really basic ones. Without apparent effort, by a kind_of
Instinct, the intellectual intefrogation became concrete in experimentdl form. The
experimental scheme was alway3 simple and Premse, however profound and subtle;
Bordet shaped the experiments in the form of an unavoidable dilemma, chosen with
sych logic that a clear answer must result. [t s perhaps this mastery In the design
of experiment which most deserves admiration. . . o ,

Bordet was a very. exact observer; as his imagination was_lively in the selection
of subjects for_exPenment, Iead_lngnto daring associations of ideas; so his mind was
quick, methodical and prudent in the observation of fact, He always insisted on the
capital importance of proper exRenmental controls de5|fgned fo Ieave no room for
doubt, never risking a conglusion that was susceptible ofambiguous mterﬁretatlon
because a different possibility might have been n glected. He considered that when
an experimental fact had béen correctly observed under adequate conditions, and
when all possibilities of error had been removed, thanks to a judicious use of controls,
it remained for the research worker to play a H?OTOUS qa_me aPamst himself i which
he had to try to refute his own discovery, and.fo admit it at fast, only when it could
no longer be denied, A striking examplé of this rigour a _
following stor W%Bch concerns the s§|rochaeteo syphilis descnb_edgy Scheﬁtﬁmn
In 1905 In Qctober/Novembper 1902, Bordet & Gengou examined a Syphilitic
chancre and discovered a spirillum in the specimen. ~“Bordet wyote about this
discovery In.a letter (28 April 1905) addressed to Metchnikoffwhich Is now preserved
In the archives of the Academy of Sciences of Moscow. In an article entitled
A _roloos de la deécouverte du trepongme Pale’ which appeared in the Revue
medicale (e Bruxelles (1961, 17, 333)'S. Zyloersac published the text of this letter
of which he had obtained a photograph thanks to the Secretary of the Academy of

?our and prudence’is given by the
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Sciences, Professor Feoseef. It is from the text published in this article that we
exltract fpe plassa esdcited_gere.
n particular Bordet said: _ _

, ‘Inpt e deeper layers o? achancre.. .we have found F}havmg studied the prepara-
tion for 3 long tjmei/aserlll_um hardly more coloured than the background, of such
extraprdinary fineriess that if one were not warned, one could examine preparations
for a long time without dlscqverm_%; It.” Further on: ‘Naturally we felt very excited
after having seen this, but in spite of very close examination our later work has
beennegative. ... “We have however discovered spirillawhich appear to be identical
In a sore of the mycous membrane of the throat, but even a no_n-sklph|l|t|c throat
contains spirilla often so similar that we have not dared to attribyte an% value fo
our results.” Because of this unreproducibility of results and inability to be certain
Bordet & Gengou refrained from publishing their gbservations. As said in the
letter to Metchnikoff “We have been discouraged and we have not concluded that
the spirillum has anythln? to do with syphili§, for it is certain that one can only
see it when it 1S abundant, but we have not judged either that our single positive
result ought to be taken too seriously.” . o _

Bordet snowed the same prudence and intellectual honesty in the interpretation
of experimental results, never exceeding what the facts showed and hazarding an
explanation only as a working hypothesis for future experiments. But if he did’not
let the facts say.too much, he drew from them, however, e\_/erythl_n% that a pene-
trating and ranging mind could deduce. The sure intuition with"which he perceived
the really new and fruitful idea in the observed facts was only_e_%ualled by the ease
with which he passed from the experimental fact to its significance and the law
which it illustrated.. . _

Exceptional In his scientific gifts, Jules Bordet was attractive_also by other
aspects of his rich personality. He was a writer of high orcer, using the French
Ian[quage with a rare_elegance and precision. His Traité de Vimmunite dans_les
maladiés infectieuses is nat only an assemblage of the fundamental bases of im-
munology but also a classic of scientific writing. The limpidity and elegance of his
style, his ability to express in common words the most difficult scientific. problems
and the colourfulness of his comParlsons led to his often being asked to write general
reviews or articles_for high-leve E)Opu_larlzatlon  these are rmodels of their kind.

In his public discourses the elevation and wgour of his thinking would have
sufficed to capture his audience, but his remarkable oratorical talent contributed

et more to the dissemination of his th,ourghts. His teaching at the Faculty of
edicine of the University of Brussels will iever be forgotten by anyone who had
terpﬁhﬂgi\élsl%ge of attending his clear vivid lectures, delivered with such infectious

He trained his students by example, _b)A daﬂR/_ contact in the laboratory, by
conversations without formali ydurln%v_vhlc_ , by his advice or criticism, he Indicated
amethod of work and a rigorous scientific discipline without crushing the personali-
ties of his colleagues, Heleft them in complete liberty, not imposing upon them
any esprit d’ecole’in the strict sense of the term, but generously according them the
mast Preuous gifts which he could make: sincere” appreciation of tfieir value,
g%ﬂfg ened advice about their work, and severe but constructive criticism of their
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The man himself was as attractive as the research worker and teacher. His
equanimity, his spontaneity, the simplicity and.charm of his welcome made human
contacts extremel easY. e mixed with this a sincere interest in his fellow men:_his
relations with the staff of the [nstitut Pasteur of Brussels, from his immediate
colleagues to the most junior of his technicians, were marked by a friendliness and
reciprocal confidence which developed in an almast famil W@/. But this interest in
the Person extended to an Interest in all mankind. Jufes Bordet had verY hllgh
ideals about the mission of the research worker, more especially of biologists. He
never lost sight of the %ood that men can draw from the discoveries of [eamed men
and_ the possibilities which are, offered to the latter to )JJIay a role in the struggle
against misery, suff_erln? and disease. This Is what he expressed at Paris in 1930

gssg(lj ress S President of the First International Congress of Microbiology when

"‘Assuredly every, scientific discovery, t%lves lively satisfaction about the difficulties
overcome, Ut no jOY can compare witf that which the bac_tenoloﬁlst experiences
when he thinks that profound unhappiness or cruel suffering will be mitigated,
that much mourning will be avoided, that a country where iniumerable lives were
sacrificed will soon Show itself to be hospitable; in & word that inestimable benefits
will spread through the world hecause one day someone in a laboratory did an
experiment which"penetrated some mystery.of etiology or mode of transmiission of
some noxious microbe, revealed a didgnostic test o Suggested a more successful
prophylactic or therapeutic measure.’ _ _

ordet did not see In science only a tool which men could use in order to under-
stand nature, to dominate it and 0. use it for his own purﬁoses; he placed science
at the centre of philosophy and ethics. Interested in all the problems with which
man IS faced, Bordet was much preoccupied with the philgsophical, moral and social
roles of science. Convinced, of the excellence of sCientific method, he earnes_tIK
wished that men should use it to solve the moral, political or social problems whic
face them. He published in 1945 a little work entitled Breves considerations sur le
modle de gouvernement, |a liberte et | 'education morale. | extract from it two passages
characteristic of the. high conception which Bordet had of science and which miay
serve gs the conclysion'to this article. ,

‘It s |nd|sPensabIe that agreement should be reached about the hasic precepts
of a universal ethic which should be acceptable by all men of good will, whatever
their philogophical or religious convictions. One thinks in this"context of science,
for it is universal.” _ o ,

. ‘What has g[;ven_blrth to sclence and sustains it in its eternal_ task is a pure
idealjsm, this urnmg and disinterested desire to_know, the infinitely precious
privilege which human nature possesses, and which explains. and {ustlfles the
primacy of our species. But this Is integrated with science, which sets the example
and Is its ||vmtg witness, Science can embrace in its religion of tryth all the asrg)l_ra-
tions of men gf'good will, it canunite them In 1ts wish to Serve civilization. Scientific
culture, provided that it does not limit itself to the knowledge of techniques. and
that 1t reaches towards general ideas, develops in the mind qualities of equilibrium
comprehension. and ,|m8art|a||t -which make it understandable how" useful and

Wise It 1S to unite science and ethics so that they may inspire each other.’
J. BEUMER
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Cell-Wall Structure and Biosynthesis

By M. R. J. SALTON*
Department of Bacteriology, University of Manchester

The external structures responsible for the rigidity and integrity of bacterial
ceIIs are glenerally referred to as the ‘cell wallS” and apart from ‘their obvious
mechanical functions verY little direct work has been done on the biochemical
actlvmes assouated with these structures. It is generally agreed that isolated cell-

eparatlons of Gram-positive bacteria are comParatlveI devoid of enzyme
ste socallzed in other structures and fractions derived from disintegrated cells.
ith the cell walls of Gram-negative bacteria. the situation is less certain as there
have heen several reports of enzymic activities intimately associated with envelog
Ereparatlons of these orﬁamsms (Marr, 1960; Hunt, "Rodgers & Hu hes, 1959;
lton, 1961a). Ithoug the en|zym|c functions Jocalized In cell sh%ve no
been mvesn?ate extens ve;gwalshave attracted Interest jn a broacer biochemica
sense ort will thus e confined to, some aspects of the chem|stry and, bio-
Znt esis of t se structures and 1t Is not intended 't beacomle ete review ofh
rapidly expanding topic (for recent reviews see Work (1961) and Salton ( 19616))

* Present address: Department of Microbiology, University of New South Wales, Kensington,
N.SW., Australia.
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Structure of cell walls of Oram-positive bacteria

The general chemical composition of the cell walls of Gram-positive bacteria has
been the subject of numerous investigations, and the broad features of amino acid
amino sugar and monosaccharide_contitution are now well known (Cummins &
Harris, 1956, 1958: Work, 1957, 1961; Salton, 1953, 19615). However, the arrange-
ment of the simple constituents identified by paper chromatography of the hyaro-
lysed walls has remained_uncertain until recent years. Thus the variéty of polymers
In the walls of Gram-positive bacteria can only now be defined a little'more ¢ earIH.

The followmg classes of golymenc substances have been isolated from walls
and partially of fully characterized: (13 mucopeptides or peptidopolysaceharides;
(2) oligosaccharides, polysaccharides; (3) teichoic acids; (4) teichuroniC acid.

It is"apparent that thie walls of some Gram-positive bacteria may be made up
entirely or mucopeptides (1), while others contain in addition one dr more of the
other three classes of polymers. I\/Iucopegtldes composed of three or four principal
amino acids, to?ether with glucosamine and muramic acid, have been identified. In
all bacterial celf walls, Additional cell-wall components such as, the teichoic acids

A_rmstrong et al. 1959) and polfvsacchandes are less widely distributed and the
eichuronic acid_polymer has so far only heen reported in walls of Bacillus subtilis
Janczura, Perkins & Rogers, 1961). Of all the Tour classes of substances isolated
rom walls, only the chemical structure of the teichoic acid has been fully established
b thhe beagg6 l11)| work of Baddiley and his colleagues (Armstrong, Baddiley &
uchanan, 1961). _ N

The term “mucopeptide " was originally progosed_ by Mandelstam & Rogers
(1959) to describe the amino suPar-a Ino ‘acid-containing complexes of the Walls
now fecognized as the structural “backbone’ common to”all cell walls of Gram-
Posmve bacteria. Whether the ‘mucopeptide’ of a given wall iIs made up of one
ype of ‘polymer” is certainly not known at present and as shown by Salton, (19563
a complex mixture of “fragments " is obtained when a mucopeptide wall is digeste
by the enzyme, lysozymé. There 1s, however, little doubt now that the muco-
peptide forms the rigid backbone comﬁonent comi)osed of covalently bonded amino
acids and amino sugars. That the other cell-wall compounds are attached to the
mucopeptide by weaker linkages now seems likely from the extractibility of the
teicnoic acigs (Archibald, Armstrong, Baddiley & Hay, 1961) and the_teichuronic
acid of Bacillus subtilis {Janczura & al. 1961) with trichloroacetic acid (TCA) In
the cold and the removal of oligosaccharide and polysaccharide residues with both
picric acid (Holdsworth, 1952) and formamide (Krause & McCarty, 1961). In all
cases the other wall ‘pofymers” have been_ obtained in solution, feaving behind
insoluble mucopeptide residues, still IE)ossessmg the structural ng;dn[y and appear-
ance of the native cell wall as seen in the electron microscope (Archibald, Armstrong,
Baddiley & Hay, 191; Krause & McCarty, 19%1). = .

With “the isolation and characterization of muramic acid (Strange, & Dark,
1956: Strange & Kent, 1959) and its identification in the Park nucledtides hPark
& Strominger, 1957) the key role of this amino sugar in the structure of the wall and
spore mucopeptides became arpparent. Thys the broad outline of mucopeptide
structure has been established trom the studies of products isolated from walls and
mucopeptides digested with lysozyme and streptomyces amidase (Salton, 1956,
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1957: Brumfitt, Wardlaw & Park, 1958; Ghuysen & Salton, 1960; Ghuysen, 1960;
Salton & Ghuysen, 1960; Ghuysen, 1961; Priniosigh, Pelzer, Maass & Weidel, 1961).

The mucopeptide is envisaged as possessing an acetyl amino sygar ‘hackbone’
containing alte,rnatln? \V-acd Iglucosamme and JV-acetylmurami¢ acid resiques
with peptides linked through the COOH group of murarhic acid. However, it IS
obvious that not all of the iV-acetylmuramic acid residues carry peptide sub-
stituents since di- and /elm-saccharides have heen jsolated in lysozyme dlgests of
walls (Perkins, 1960; Salton & Ghuysen, 1960). These observations suggest that
IV-acetylglucosamine and W-acetylmuramic acid are in the form of amiio sgar
re eatmqwunlts. An examination of the products of partial acid thdrol sis_of tne
walls of Micrococcus lysodeikticus with concentrated HP 04 tor 12hr. at 37° also

Table 1. Products identified in | sozy_me and HP 04 digests of
Microcaccus lysodeikticus walls

Lysozyme HP04 12hr.; 37°
Disaccharide* ree AGT, ng AMAf
_ isaccharide
Tetrasaccharide* ansacch ide?*
TIrasacgharlge*
_ Oligosaccharies™
Mucopeptides Mucopeptides

* Co.mpou(!]ds composed of both AG and AMA. f AG, .V-acetylglucosamine ; AMA, JV-acetyl-
muramic acld.

revealed the presence of acetyl aming sugar compounds composed of iV-acetyl-
glucosamine and A*acetylmuramic acid and the nature, of some of these products
IS comP,ared with those obtained by lysozyme digestion in Table 1. _
Confirmation that some of the muramic acid residues.in.the wall mucopeptide
nossess free carboxyl groups has been obtained by esterifying the walls of Micro-
oaceus lysodeikticus with methanol-HCI and redicing the esterified walls with
LiIBH41n tetrahydrofuran. Upon acid hydrolysis (4n-HCZ 4 hr. 100°) of the walls
subjected to this procedure much of the cell-wall muramic acid has been converted
It:0, a ?e(égitirl?(lmanfé%%)sugar compound and the sequence of the reactions is shown in
grhe precise nature of the repeating unit in mucopeptides is not known. Several
low-malecular-weight mucopeptideshave been isolated from lysozyme-digested
walls of Microcacals lysogeikticus (Ghuysen & Salton, 1960) and from Escherichia coll
mucopeptide (PrimoSigh, Pelzer, Magss & Weidel, 1961). Whether these simple
mucopepties form the repeating units of 10,000-20,000-molecular-weight com-
pounds ontained from wall digests (Saltan, ,l956r) cannot be said at present.
The problem of determining’the subunit size of wall mucopeptide by conventional
Axterminal and C-terminal “amino_acid analysis ﬂSaIton,_ 9%1c) presents some
difficylties, esPec,laIIy when the wall structuré contains teichoic acids Bossessmg
ester-linked alaning.” Free amino ?rou s and C-terminal residues can be readily
identified by reacting walls with ffuoro-dinitrobenzene and anhydrous h;{drazme
respectively (Salton, “1961¢). Surprisingly few free amino and C-terminal groups
are found tn some bacterial cell walls,” Suggesting either a high degree of cross-

linking or protection of the reactive groups with substituents. o
2 G. Microb. xxix
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Where a variety of ‘JV-terminal’ and ‘C-terminal’ groups have been detected in
the wall of a 1gr%\_/en species, it is difficult to interpref the information in terms of
subunit size. This has frequently been found to be the case with a wide variety of
bacterial walls (Salton, 1961c).” However, the data for walls of Micrococcus [yso-
derkticus and some of the lysozyme digest Rroducts apgear to be consistent and have
given a subunit size of around 2000, as shown in Table 2. A tentative model of a
mugppegtlde structure compatible with the data available at present is illustrated
in Fig. 2

0] H NHCOCH,
CH3CHCOOCHS3

HCl

/
CH,CHCH,OH

Fi%. 1. The sequence ?f reactions f?r detecti?% muramic_acid resi? S (ip Yvails
BO seasmﬂ ree. a( 0X rou?]s Olnvoves.esteH at|8q.W|t methano ﬁCI ollowe
0 ggl (Jjﬁy r% f/)ys'}? Ithim Borohyaride giving the modified “muramic acid” compoun

Table 2. Subunit size of -walls and soluble productsfrom Microcaccus lysodeikticus

_ Wall Lysozyme NDF  Mueopeptides
Molecular weight - 10,000-20,000 %88

. W oW

Many structural problems remajn to_be solved and it is not known at present
how subunits of the_tyHJe i)ro osed In Fig. 2 would be joined_together to give the
h|gh,er-mo|ecular-we|9 t_g 0,000-20,000) "Compaonents possessing Pelptlde to disac-
charide (1V-acetylmuramic acid-iV-acetylglucosamine) ratios gréater than 1

Structure of walls of Gram-negative bacteria

Isolated walls of Gram-negative bacteria are both ph sicall* and_chemically
more_complex than those of most Gram-positive organisms (ISa to ’n19616)t' Thg1

protein, lipid, polysaccharide complexes form part of the wall and in addition
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rigid mucopeptide layer has been clearly demonstrated in the elegant studies of

eidel, Frank & Martin (1960). Thus there Is now abundant evidence that walls of
(Gram-negative bacteria possess a mucopeptide of similar composition to that
found In ‘ram-Posmve bagteria and it is the mucopeptide component which repre-
sents the ‘hasal structure” containing muramic acid and diaminopimelic acid and
D-glutamic acid as the most characteristic substances (Work, 195/).

R-AG-AMA-R'
Alla
Alla
u

Llys-eNHZ

eNH;

(I;:ys-Gly COOH

lu
A]lla

la
R‘-AG-AQA-R'"

Fig. 2. Atentative modek/lofa mucoSpF tige. subunittf sed on data obtained from
icrococcus ysodeikticus walls.

Biosynthesis of cell walls

Interest in the problem of cell-wall biosynthesis was stimulated by the discovery
that penicillin action on bacteria involved an inhibition of mucoge tide formation
and consequent accumulation of nucleotide precursors (Park & Strominger, 1957;
Park, 1952: Mandelstam & Rogers, 1959). Various aspects of the biosynthesis of
walls have been dealt with In" reviews %Strommger 81960), Work (1961) and
Saltb(in (19616) and the present discussion briefly covers only Certain facets of the
problem.

Amino acids

.The simplest level at which wall synthesis_has been studied is at the level of
b|osxnthe3|s of some of the most characteristic bund_m% blocks (amino acids, and
amino sugars) of the wall mucopeptide. Thus the origifs of the D-isomers of the
amino acids alanine, aspartic acid and glutamic acidas well as the formation of
a,e-dlammoleeIlc acid (DAP) in its various isomeric forms (11, dg and meso) are
relevant to the problem of the biosynthesis of walls. F_’athwa_;fs for the bigsynthesis
(ig égevl\%t?(r %96|1n)o acid (DAP) have been discussed in detail elsewhere (Rhuland,

, WOrK, : e :

Alanine racemase has begn known for some time in bacteria (Wood & Gunsalus,

1951) and the presence of such an enzyme could fulfil the function of providing
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D-alamne for cell-wall precursors. The origin of D-glutamic acid in bacteria has heen
investigated in relation to the formation of the y-D-glutamyl capsular polypeptides
(Thorne, 1956). No glutamic racemase could be detected in the organisms capable
of producing D-glutamyl peptides, but they did, however, contain enzymes effecting
an indirect conversion to D-glutamic acid by a transamination reaction hetween
D-alanine and a-ketoglutamic acid (Thorne, 1956). Whether cell-wall D-Plutamic
acid arises by a similar pathway cannot be said at present. That the D-glutamate
may also originate from a specific racemase in some or?anis_ms has now been demon-
strated with an enzyme purified from extracts of Lactobacillusfermenti by Tanaka,
Kato & Kinoshita (1961). Themeso isomer of diaminopimelic acid occurs more widely
in cell walls than does the 11 isomer (Salton, 19616; Work, 1961) and a racemase
which interconverts the 11 or mesaisomer to an equilibrium mixture of the two has
been described by Antia, Hoare & Work (1957?7. The origin of the D-isomer ofaspartic
acid in bacterial cell walls has not, so far as the author is aware, been investigated.

Another enzymic reaction which may have a bearing on the biosynthesis of cell-
wall comi)oun s includes the amino acid-agtivating system for D-alanine detected
by Baddiley & Neuhaus (1959) in Lactobacillus arabinosus.

Amino sugars

The two amino sugars N-acetylglucosamine and N-acetylmuramic acid occur in
all of the bacterial call walls so”far studied. The biosynthésis of amino surg]ars has
been discussed in some detail in the excellent review by Roseman (1959). The path-
ways for the formation of Afacetylglycosamine and N-ac_etylgialactosamme have
beén studied with bacterial enzP(mes by Roseman and his colleagues (Roseman
1959). [t 1 thus likely that cefl-wall acetylglucosamine originates from some of
these described enzymic reactions.

The biosynthesis of muramic acid (the 3-0-lactyl ether of D-glucosamine) has
not been fully investigated. Strominger (1960&) reported the followin% enzymic
reaction of uridine diphosphonucleotides (UDP) in extracts of Staphylocaccus
aureus:

UDP\-/g%gt}_lllgllucosamine + phosphoenolpyruvate -> [IDP-acetylglucosaming —pyru-

UDP-acetylglucosamine —pyruvate -> UDP-acetylglucosamine —actic acid.

Richmaond & Perkins (1960) also investigated the origin of the lactic acid residue
of muramic amﬂ and their results were consistent with’the idea that phosphoenol-
pvruvate was the Immedjate precursor, _

Whether muramic acid is synthesized at the nucleotide level has not heen
conclusively established.  Zilliken (personal communication) has suggested the
blﬁ/nthesw oI muramic acid at a di- ?r fn-saccharide level by the addition of an
unknown 3-C fragment to form the O-lactyl side chain, _

The possibility”of a more direct route of biosynthesis has been explored in the
author’s Jaboratory. usm?_ext_racts of Micrococcus Iysodeikticus gSaIton, unpublished
observations). The investigations of Roseman $195 ) have suggested that the amino
SUgar phosPhates are probably the most |mBo_tant Intermediates for the formation
of A-acetyl amino sudars. To'test the possinility that muramic acid synthesis may
occur via® glucosamirie-6-phosphate (GM-6P) Crude extracts of M. lysodeikticus
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were incubated with GM-6P and phosphoenolpyruvate in m/15 RhosRhate buffer at
BH_Y—O. A compound which corresponded to muramic acid-6-phosphate (prepared

y. incubating Boehringer crystalline yeast hexokinase, ATP, Mgz+and muramic
acid and separated bg paPerc romatogra hy) was detected in the Teaction mixture.
Thus these results téntatively suggest that muramic acid may originate from the
following reaction:

Glucosamine-6-phosphate + phosphoenolpyruvate-«nuramic acid-6-phosphate + Pi.

Confirmation of this pathway must await further purification of the enzyme
system present in the crude extracts, Which of the, three passible pathways suggested
for biosynthesis of muramic acid will be the principal one involved in wall formation
remains to be established. 1t is perhaps relevant to this problem that muramic acid-
e-phosphate has already heen isolated from bacteria by Aqren & de Yerdier (1958)
as well as a compound elieved to be UDP-muramic &cid-b-phosphate.

Cell-wall intermediates and biosynthetic pathways

The qriginal observations of Park %1952) on the structure of the nucleotides
accumulating In penicillin-treated Staphylococcus aureus gave the first indications
of the types of compounds, acting as cell-wall precursors (Park & Strominger
1957). omBounds of inentical structure have also been obtained by Rogers. &
Perkins, (1960) when 5-fluprouracil was used as an inhibitor of mucopeptide hig-
synthesis. Thus the use of substances inhibiting wall formation has greatly facili-
tl%teeéj the detection and isolation of cell-wall hucleotide precursors™(Strominger,

The number of nucleotides isolated from hoth untreated and Pemcnlm- or fluoro-
uraeil-inhibited bacteria has increased rapldlg during the past few years, and some
of the earlier data have been summarized by, Strominger (1960) and’Salton (19616).
Uridine nucleotides containing muramic acid and amino acids including diamino-
%lmellc acid have also been 1solated from Escherichia coli. by Strominger {1960) and

omb, Chin, & Roseman (1961). Until recently only uriding nucleotides containing
muramic acid had been found In bacteria, but the Getection in extracts from Aero-
bacter cloacae of adenyl nucleoties contamw muramic acid and peptides is of con-
siderable interest (Cdoksey, Anwar, Roy & Watson, 1961). The formation of thymi-
dine dliJhospho_rhamnose y extracts Of Streptococcus faecalis which contains con-
siderable %uantltle_s of rhamnose In the wall has now been established b}/ Pazur &
Shuey (1960) and it seems likely that this nucleotide may also be a cell-wall pre-
cursor c?mp?und. _ o -,

Transter of the amino sugar-peptide residues as well as polyol and sugar moigties
of the various nucleotides to mucopeptide and/or wall has not been conclusively
demonstrated, However, the nature of the nucleotides accymulating in the presence
of various antibjotics makes t extremely likely that some of the sug?ested pathways
for wall biosynthesis (Strominger, 1960; Salton, 19616? may not bé far from reality.

The site of cell-wall biosynttiesis within the bacterial cell has not been established
but stydies of the anatomy of thin sections of cells support the view that wall
formatjon may occur In g limited area rather than over the entire surface of the
protoplast. . It seems inevitable that the membranes or membranous _or?anelle_s are
concerned in some way in wall synthesis. The hypothesis that the infermediates
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are formed at intracellular levels and that the transferring and/or ‘polymerizin?’
mechanisms are located in the membrane in intimate contact with the cell-wall
acceptor seems an attractive basis for further experimental exploration.
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Metabolism, Transport, and [\/Iordphogenesis:
Which Drives Which

By P. MITCHELL
Chemical Biology Unit, Department of Zoology, University of Edinburgh

In the course of the last forty. o fifty years, the profound |n3|giht that biochemists
have obtained into the hiological Processes_ known collectively as energy mefa-
bolism has led to the belief amongst many biochemists and cell biologists that the
processes of transport q,rowth and morlohogenesm are ‘driven’ by"the ‘energ
released through metabglism ~ This go ular elief has, t some extent, substitute
the imaginary demon of ‘metabolic en rPy for the vis vitag, In the case of ‘active
transport " across membranes, for example, many of us tend to, visualize a kind of
rabblnq or catapulf system that s trlggereql offby contactwith its substrate so that

it traps the substrate and, with the ald of ‘metabolic energy’, forces the substrate
through the membrane, where It releases it and passes back again in readiness to grab
another, With morphogenesis it is somewhat harder to portra%/ how we may imagine
the process to be ‘drivén’ by metabolic ener?y, but | am sure that our mental imdges
often tend to include miniature conveyor belts, substrate-specific mechanical shovéls,
and all kinds of englneerln devices.” As Waddington (1959) has pointed out in an
excellent little cameo on p K_swo-chemmal aspects of morphogenesis, ‘It is perhaps
remarkable that blolog%/, which was for so long a morphologjical science, has macle
so Ijttle atfempt, nowthat it has passed into the experimental phase, at a causal
a_nalyms of the mechanisms that give rise to the shapes which have been so exten-
sively studied’.. Waddington was mainly thinking of multicellular organisms, but
although the microbiologist has the great advantage,of studying morphogenesis in
individual cells or in guite small aggregates, Waddington’s conclusion dbout our
Ignorance of the morphogenetic mechanisms is nevertheless largely true.
. Of course, the fundaméntal advances in the knowledge of the"molecular mechan-
ISms of transport, growth and morphogenesis have had to await the development
of their foundations in classical biochémistry. But | agree with Waddlngton ang
with other bl0_|0(1IStS who are suggesting, In effect, that it would now bg helpful
If the blo_chemlca(ljy minded were more Qften to jnterrupt their preoccupation with
the chemical foundatigns, to straighten their backs, as it were, and to look carefully
at the master plans of our science—that 1s, at whole living organisms.

When we consider whole adaptln? and developing bacterta and give our thoughts
some licence within the context of the present syniposium, we may realize thatthe
processes of growth and morphagenesis représent the movemeénts of chemical
groups (atomiC nuclei and electrons) at certain rates and in certajn definite directions
in space, from nutrients Initially present in the growth mediym. to polymers or
metabolic intermediates gncludmg Inorganic ions and water) within the organism,
Thus, growth and morphogenesis represent transBort Progesses which, In common
with the more popular membrane transport, must be described by vector quantities,
having both magnitude and direction in space. They can be represented Dy arrows,
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the Ie_nqth of which will denote their magnitude. On the, other hand, orthodox
chemical reactions are scalar quantities, having only magnitude and not direction
In space. They can be represented by dots of different size, or b;r numbers. [t s a
matter of experience—and of theory (see Curie, 1908)—that scdlar or directionless
guantgtles cannot determine the diréction of vector quantities. And so, the spatially
irectionless. processes of metabolism (as usually understoad) cannot force the
movement of any chemical against the natural direction of diffusion (See Jardetsky
&Snell, 1960; Kedem, 1961). This is equivalent to saying that if a substance appears
to be movln(i; against the natural ikfusion gradient in a Testing or growing organism
that is, If it séems to be “actively’ transported) the substanCe in question Cannot
e doing so, hut must either be moving as some unidentified derivative, or must be
carried by a bulk flow (Mitchell, 1959, 1961a, 6). Pausing for a moment, you will
see that the simple argument that we have Just Used |mPI!es that the cause of the
process usually aescribed as ‘active transport’must beng hmgmorethan the thermal
or Brownian motion that gives rise to down-hill diffusion of molecular complexes
molecules, or stable fons, or the pressure gradient that gives rise to the down-hill
movement of a mass of fluid_(or of solid fibrils or partlcles%, and which must be due,
In the first place, to a diffusion or escapmg PIOCESS. _
A?ar_t from_Its Intrinsic interest, this conclusion is very valuable to the experi-
mentalist, for it maé/ impel him not to rest content with the'sort of “active transport”
madel that is based upon macroscopic mechanical analogies, but to ask what the
unidentified derivative of the apparently ‘actively transported’ substance may be,
or Whether the transport m%y e due toa bulk flow. One ma o_bdect that this View
of ‘active transport”as a diffusion or down-hill escape, robs the idea of its glamour
and mystery; and, for examRIe, we would have to discard the romantic suggestion
of Cofien & Monod (1957) that membrane transport 1s controlled by, demons like
those imagined (but not isolated and purified!) by Clerk Maxwell. | think, however,
that we have to accept this E),ossmle loss of romance as one of the normal conseguences
of scientific thought and enlightenment; and there are indeed signs that the Parisian
ermease school“are beginning to recognize this necessity (sée Kepes, 1960). So
ar our argument has sugPested that vie can represent the progess of membrane
transPort nd the vectorial processes involved In'the activities of maintenance and
grow h b¥ processes of diffusion alternating with chemical transformation. The chemi-
al transtormation (promoted by an enzyme) gives rise to _the_d|sapPearan_ce of a
8|ven component and the appearance of another at a certain site so that diffusion
f the appropriate components towards and away from the site of chemical change
will qccur. This descrwtlon, a5 you see, seems to distinguish sharply betwegn
chemical transformation and diffusion. _
Du_rlnlq the last few years it has become apparent that certain types of catalysed
chemical’ process (involving the exchange of covalent bondsz_ re not strictly
scalar, These are what | have called group-translocation reactions, because the

chemical process of group transfer is accompanied HX the effective diffusion of
chemical @rows ﬁcross an 21msotr08mc catalytic system (Mitchell, 1957, 19593, 6,
19613, 6, C; Mitchell & Moyle, 19583, 6)

Figure 1 illustrates a workmq model of a h¥dr_oxyl-translocating ATPage as an
exaniple ofacatalg/st of group translocation. This model helps oné to realjze that
although we are accustored to thinking of the diffusion and the chemical change
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of molecules in rather different terms the éJrocesses mvoIved in diffysion and chemi-
cal change are, In fact, very similar. The diffusion of amo lecule or jon or molecular
comp ex'In a biological system describes the movement of the particle b¥ the ther-
mal()racttvated breaking and makmgo the secondar%bonds that tend to prevent
the displacement of the parttcle relative to the neigtibouring atoms. The chemical
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transformation of a molecule oy ion or molecular complex describes the movement
of one of its constituent chemical 8roups by the thermally activated breaking and
makmg not only of secondary bonds, but also the primary bond that tends tq pre-
vent the escape of the group’from 1ts partner (or donor group) and its transfer to

an geceptor grouy

% ?t% etRnk ?f ct]emlcal transformatloré as heing due to the diffusion OJ
chemical groups (and/or electrons) from group 0nors 10 trtroup acceptors, quide
or catalysed at certain points b the présence of group-transferring and group-
translocatmg enzymes, |t IS eV| ent that we will have to regard the gra |ent of
escapm? tendency, or the gradient of * group potential—as Lipmann (0941 196(2
called it—not only as the determinant Of the direction of chemical reaction in th
orthodox scalar sénse, but also in the vector sense, meaning the direction of group
dtftusm]n or transgét

ave arrived now at a more homogeneous view of the processes of diffusion
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and chemical reaction in which the first refers to the down-hill escape of molecular
complexes, molecules or stable iong, and the second refers to the_down-hill escape
of chemical groups, electrons, or radicals. As recognizea by Henry Eyring and others
(see Glasstone, Laidler & Eyring, 19413, the proCesses of ditfusiorial and chemical
change are alike In being ‘activated arffusion processes. Further, in condensed
systems such as we mainly find in biology, these thermodynamic processes proceed
by a partially reversible fandom pouncing of the particles from less Tprobable con-
figurations to. more probable configurations in space. The activity of enszes and
catalytic carriers in‘such systems 15 due to_their capacity for increasing the_proba-
b|!|t% of certain transitional spatial configurations. TRis is the justification for
thin |n? of metaholism as a spatially orgaized process of translocation catalysis
(Mitchell, 1959, b, 1961a, b, ¢). o __
It 15 now necessary to return to our argument about the impossibility of driving
substances against the natural diffusion or escaping tendency{ by chemical reactions,
for In the case of the group-translocation type of Teaction, the chemical process as
we have now defined it contains a sPatlaI Y directed or vectorial element. In the
case of the model of the ATPase that translocates hydroxyl ions, for example, we
can see that the movement of h,ydrox¥| across the. molecule is dependent upon the
electrochemical potential gradient of hydroxyl ign across, the system—bearlnq
in mind, of course, that the effective fydroxyl ion activity on’the left is ng
trplat oﬁ tIhe free hydroxyl ion, but s the activity of the OH' group in Inorganic
ospnate., . . :
P Nor\)/v, It 1s clearly possible that the vectorial transfer of hydroxyl ions through the
anisotropic ATPase might influence the movement of other molecules or jons (say
Na+ or K+) along witht b%/ a momentum transfer process. But it is sufficient t0
note for the purposes of the Rresent arqument that even if this were the case
the directign and velogity of t egrouP_ translocation reaction would sfill depend
upon the ditfusion gradient of the &ffective hydroxyl ion-alkali metal ion ‘complex”’
across the catalytic sg{stem as a whole. The particles involved in translocation cannot
a5 a group o against the direction of the natural escaping tendency. ,
To summiarizg, it seems that in the metabolic sequence Tthat we described earlier
as_diffusion alternating with chemical transformation) no step can properly be
saig.to drive the processes of transport or metabolism forward, for ever¥ stép In
reality represents a tendency for molecules or chemical groups to escape from one
place’and pass to another, spontaneously.

THE CYTOSKELETON

One may well ask how the processes of vectorial metabolism that | am sg/ste-
matically ormulatm? in this paper come to be organized in space, In the macro-
scopic sénse. We wilT now go on'to consider this qliestion very _brlef_lg._

hen the enzYmes, catalytic carriers, and other requlators of diffusion in a system
catalysing a metabolic process are distributed homogenequsly or randomly, ‘there
will,“of cOurse, be no macroscopic spatial consequence of the movements of the
sypstrates relative to the catalysts; for such movements, being directed at random
will have no vector component. This is metabolism as we often see it in the fest

tube. On the other hand, if the microscopically anisotropic catalysts are organized
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in space upon or within a macroscopically anisotropic membrane or other structure

the corresponding s%atlally organized diffusion of the substrate molecules and
chemical groups in the system “represents the fundamental vectorial component
ofthe Wetabollc process underlying “active transport and developmental processes

enerally.

! The a)r/usotro ic array of catalysts required to produce the spatial and metabolic
organization of the organism must, of course, be supgorted upon or within a speci-
fically locating framework (Mitchell, 19596, 1961a, ). Thus we have formulated,
in explicit biochemical terms, the requirement for the cytoskeleton enwsa?ed_ long
ago, for example by Peters and by Needham fsee Peters, 1939). In bacteria we
are lucky in bemP able to recognizé the cell-wall and the plasma membrane as the
main cytoskeletal components—the backbone, as it were, of the whole spatial meta-
holic orﬁanlzatm_n (see Mitchell & Moyle, 1956a). o _

| Rope it will now be possible to"see more clearly the practical aim of this rather

abstract exposition. My aim has been to draw your attention to the spatial
asymmetry of the individual catalysts and the spatial asymmetry of the organized
BO ymolecular systems in whichthe reside. For this spatial asymmetry canproperly

e fegarded as & primary cause (or Specification) of the vectorial diffuSion processes
of organized metabolism and growth. _ ,

|t Seems rather unlikely that during the growth of micro-organisms many of the

enzymes and catalytic carriers of the"cell énvelopes and. cytoplasm could e syn-
thesized at their sites of activity, for the necessary synthetic machinery could hardly
be fitted Into the available space; and indeed, there is evidence, which will be dis-
cussed in this symposium, that the proteins (or at Jeast their subunits) are made in
the microsomal particles. We must therefore consider the possibility that the very
catalytic proteins that are to cause and control the translocation of specifi¢ sub-
stratés across, the plasma_membyane, or the translocation and incorporation of
specific chemical groups, into cell-wall polymers, and so on, must themselves
Bossess the specifiCities that will allow them to diffuse to and become specifically

onded into their sites of activity In the Pol_ymolec_ular fabric of the cell envelopes
and cytoplasm during growth and adaptation (Mitchell, 1959, c, 19616). Thus,
We are qlven a new reason for investigating the iclea, 0r|g|nall_¥_suggested by, Green
(1957), that enzymes and catalytic carriers have, a dual specificity—one beln% the
substrate specificity, ana the ofher being a locational specificity dependent on the
shape and propertiés of the surface of the protein. Accordm%to this conception the
Ioctatlﬁnlaltbonds would represent the articulations between the ‘small bones” of the
cytoskeleton.

yI,t Isagainst this kind of background that the studies of the distribution of enzyme
activities between the plasma njembrane and cytoplasm fractions of ,mlcroorgamsms
are of real blqloglcal interest. | do not propose to awell upon distribution Studies;
Dr. Dawson will edealmgfvvlth them In Some detail. But I'think 1t would be a[l)gro-
priate to mention 1[usta ew germane facts. Some time ago, Keilin &King (1960)
showed that after the succinic dehydrogenase protein of the cytochrome Complex
of the. mitochondrial memfrane fraction has been displaced (or ‘solublll_zed’S)_ by
chan%mg the ph%smal conditions of the system, it will, under normal physiologicél
conditions, pass hack into fresh. succinic fehydrogenase-poor cytochromeé complex,
becoming “insoluble” and functional again &s part of the succinic oxidase system.
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Dr Moyle and | have succeeded.in showing a similar reversibility of the binding of
a-ketoglutarate dehydro%enase in the membrane complex of Micrococcus lysodeik-
ticus (See_ Mitchell 166)9. Very recently, Green and his collaborators “(Green,
Tisdale, Criddle & Bock, 1961) have isolated a protein of low water solubility from
mitochrondria which may represent an important structural element in the mem-
brane, and they have obtained some evidence that this Proteln forms complexes
with certain of the enzymes of the electron and hydroqe transport system. Miss
Thomson and | have found that about 20% of the total nitrogen of the plasma-
membrane material of M. lysodeikticus is soluble in chloroform+ methanol
f2+ 1, viv), and that E)racucally all this nitrogen is accounted for by a protein. of
ow water solubility, the amind acid analysis of which shows an unusually high
proportion of non-polar amino acids. The Surface-active properties of this protein
suggest that it is an important structural element of the plasma membrane. The
studies of protein synthesis that Dr McQuillen, Dr Dagley, and Dr Hunter are to
describe at this syniposium and the ideas on cell-wall synthesis that Dr Salton has
already aiscussed presumably require spatially anisotrapic molecular complexes in
microsome ang Rlasma menibrane, and the éxperimental work on the reversible
dissociatjon of these supramolecular complexes is beginning to support a jig-saw
Puzzle view of much of the cytoskeleton, many of the bits of the Jig-saw Staying
og?ether mainly because they fit. One woulg say, in more strictly chemical termi-
nology, that the molecules g the_%ytoplasmlc_ and membrane complexes are prob-
ably'mostly linked together by residual valencies and by_hydrophlllcbondlng s, for
example, in the case of the four subunits of haemoglobin {see Kendrew, 1961).
Now [ would like to return to the main theme “of my paper and describe very
briefly some exPerlme,nts that we have recently done in Edinburgh in an effort
t(% t(ierrtmnstrate he anisotropy of certain enzyme systems in the plasma membrane
of bacteria.

VECTORIAL METABOLISM

. Many of the current ideas about the molecular mechanism of metabolically driven
lon-transport begin with the assumPtlon that the components of the metabolic
electron and hydrogen transport system are arranged in'a spatial sequence across
the membrane thro_u%h which transport occurs. Lundegardh E1945) was the orl%;lna-
tor of this iclea, which we can represent as shown in Fig. 2. In'terms of enzymology,
this might imply that cytochrome oxidase (or other terminal catalyst for donating
electrons to oxyﬂeg) would be fsﬂuated op the rl(TJht, and that DPN gehydrogenase
and succinic genydrogenase, for example, would be at the left-hand side; <o that
the assage of electrons through the membrane (perhaps via the thochrome Fea
rﬁﬁmb@@ m) would form OH"ions on the right"and H+ ions on the left in equal

Since hiochemists have often consicered some such spatial arrangement of the
cytochrome system and associated enzymes across mitochondrial and other mem-
branes, and have assumed that it might be of physiological importance (see Robert-
son, 1960), | thought it would be useful to atternpt to”test the possible asymmetry
of the oxidation-reduction processes. across the Blasma membrane of Micrococcus
lysodeikticus by a suitable combination of metanoli¢ and transport studies. But,
before | talk about this work, it will be necessary to give you some background facts.
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Some years ago Dr Moyle and | fqund that the bulk of the ¢ tochromes tem of
Micrococcus lysodeikticus 15 present in the plasma membrane of the cells. We also
found that the plasma membrane contains several oxidative enzymes, including
succinic oxidase. AtpH 7, the pIasmamembraneo M. Cysode|kt|cus |s|mpermeable
o hydrophilic solutes such as ATP, DPN, glucose, succinate, malonate, and feri-
cyariide (Mitchell & Moyle, 19566, and un‘oubhshed observations). On the other
hand, 1t is freely permeabfe {0 lipjd- solubesolutes such as ethanol. Recently |
have confirmed the observatlon fGlIbe Few (1958) that H+ lons pass only
Slowly . througih the asma membrane of M lysodeikticus, and have made the
sur nsmglyeementar discovery that uncouplers of oxidative phosphorylation and
ass|m| lation, such as 2:4-dinitrophenol, salicylate, dicoumarol, and azide, catalyse
the e(%udmranon of H+ fons in proporhon t0 their uncoupling activity (Mitchell

Membrane

4H 02+2H20

4H* Oxidase system 40H"

| :
l |
l !

Fig. 2. Diagram of anisotropic oxido-reduction system after Lundegardh (1945).

With these facts as a background, let us focus attention L11pon the succmtc OX|dase
system n the membrane of Micrococcus lysodeikticus. he intact cells oxidize
externally added succinate rapily, usmg molecular ow(]]en —hut this oxidation Is
not depressed by the presence.of malonafe outside the cells. (Malonate, of course, is
the classical competitive inhibitor of succinic dehydrogenase.) If, however, the

pH of the cell suspension is briefly. depressed to 5 50 as'to et In externally added
malonate without otherwise damaging the cells, the oxidation of succinate IS almost
completely abolished. These observations demonstrate that the succinate and
malonate accepting region of the succinic oxidase system of this organism is situated
at the Inner 5|de of the plasma membrane as shown in F|g 3. I"should, perhaps,
reming ou that the succinate cannot gass spontaneously through the membrane
as such but goes via a highly specific catalytic system, probably &s succinyl, which
WeWI have otake for qranted for the purpose’of the present argument,

The. second fundamental question, concerning the possible asymmetry of the
succinic oxidase system that one would naturally ask is, where, 1 relation to the
plasma membrane; is the cytochrome oxidase? A few years ag 0, Chance %1953a h)
described a carbon monoxide spectrum of the thochrome oxidase of this organism,
and so we carried out experiments designed to Tocate this terminal oxidase.™To our
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surprise we discovered, in the course of these studies, that the respiration of Micro-
COCCUS I){sode|kt|cus is ot depressed by 10 cyanide or 10-2M-azide—Incleed, it Is
stimulated by 30-50 %—and so we viere forced to the conclusmn that this highly
aerobic or anlsm does not contain a cytochrome oxidase of normal cyanidg or
azide sensitivity. This being the case, We had to abandon our plan to locate the
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oxidase with non- penetratm? inhibitors. Instead, we decided to search for an
outlet of electrons on the external surface of the plasma membrane by usm% the
non-penetrating ferricyanide 1on as electron acceBtor In place of oxygen, and to
look for a possible inhibitory action of ferricyanide on oxygen uptake, eobserved
that, aIthou?(h external ferrlcyanlde could ot substityte for or inhibit molecular
oxygen yptake in the oxigdation of succinate by suspensions of intact cells, it cquld
acce t eectrons arising from the oxidation of ethyl alcohol to acetic acid via a

-linked dehydrogenase system. Further, alcohol oxidation was carried out at
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ad Itron o |n|trop eno -----------

the same very rapid rate by ferncyanlde as by molecular oxwen and the h droden
lons produced In‘the course of the reduct|on of fernclyanlde ere found by fitration
In unbuftered incubation media to be liberated exclusively outside the memprane
of the cells. Since externally added DPN could be shown not to Rartlm ate In the
DPN-linked. dehydrogenase’ systems of intact cells, and since the normal DPN-
linked reactions ceased If the el membrane were damagedso as to allow the endo-
genous DPN 10 escaPe we concluded that, using ferricyanide as terminal electron
cceptor, the oxido-reduction systems are probably arranged in some such way as

| ustrate in Fi

We were part?cuziarl}g impressed by the fact that, using ferricyanide as terminal

electron acceptor, the hydrogen 1ons produced by the oxidation of alcohol were all

released out5|de the membrane. This Ied Us to inguire whether a similar production of

external acid occurred when oxygen was used' as terminal electron acceptor; for
3 G. Microb. xxix
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it would be exr[])ected that, since the reduction of oxragen can be equivalent to the
production of hydroxyl ions, the hydrogen ions would'be neutralized by hﬁdroxyls
If the site of the ongen terminal omdase were outside the membrane, while thiey
would not be neutra |zed |fthe oxggen termlnal OX|dase were inside the membrane

aswe of course, that the aygn unlike the erlﬂ/amde can pass read | ay
through the membrane, Totry tolocatg the production of OH' ionsfrom the moleculdr
oxygen we measured the effect of a brief perlod of aeration on the external pH of
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unbuffered suspensions of Micrococcus lysodeilcticus containing endogenous Sub-
strates. Figure’ shows a typical 8r0u ofobservatmns Innormal cell Suspensions,
the admission of air causes raR depression of the PH of the susgensmn medium,
and when, two minutes later, ahaerobic conditions are reimposed by bubbling with
pure nitrogen, the pH Tises somewhat and then comes almost to rest about 0-8 units
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lower than it started. The addition of »-butanol at this point to give a final con-
centration of 5% (fv/v) allows the pH to rise to approximately 6-6—the same pH
as that obtained If butanol is adaed at the beginning of the exﬂerlment, no air
having heen admitted.. As, on breakmg the Elasma_membrane with n-butanal, the
same final pH was attained whether th& cell Suspension had been aerated for 2 min.
or not, 1t was evident that the depression of the %H of the suspension medium
could not be due to net acid productin, but must be caused by the develoBment
of an asymmetry of the electrochemical potential of H+ across the membrane.
This was’ confirmed b¥ the addition of 2. -dmﬂroghenol_at the beginning of the
aeration experiment, for, as would be expected, the dinitrophenol decreased the
8s mmetrY without af[ectmgnth_e final equilibrium pH. It was S|gn|f|8an_t that in
the normal cell suspensions, the initial rate of effective proton transter during aera-
tion corresponded to approximately 50 /tequiv. H+/g. cell dry wt. min., representing
the release of hetween one and two protons outside"the membrane éand an equiva-
lent number of hydroxyl 1ons |nS|def per oxygen atom consumed. Figure 6 shows a
tentative scheme’to account for these obsefvations, Experiments now in progress
are providing similar evidence in the case of Escherichia'coli (Strain ML30).

CONCLUSIONS

Let me conclude ma/ gaqer by asking: why is the oxido-reduction sy%tem aniso-
tropic, causm|g| the molecular oxy?en and substrates that ditfuse from the medium
to liberate OH' jons in the cytop asm and H+ |?ns outside? | believe the answer
tq be that this primary type ofanisotropy has evolved because it causes, by progesses
of exchange, other sécandary asymmetries that underlie the activities of assimila-
tion and growth. One djrected o vectorial chemical &Jrocess tends to cause a primar
asymmefry that may, In turn, lead to other secondary vectorial or transport gr -
Cesses andcorresponding asymmetries, The oxido-reduction asymmetry is probabl
the cause of the membrane potential, it may well cause the asymmetry of distribu-
tjon of Na+ and K+, and of other substrates gsu?h as sugars and amln? audsf across
the membrane; an% It may, as | have recently sug% sted ‘Mnchel . 19 c)nglve
rse t0 oxidative phospho zlanon by allowinga hy rox¥l- ranslocating ATPase
reaction (Fig. 1) to run backwards across the membrane. 1 would like to"mention,
In Rassmg, that Dr R. E. Davies has drawn my attention to the fact that a sugges-
tion, formally akin to the latter, was tentatively put forward some ten years ago
by Davies &Ogston i19503 and by Davies & Krébs (19523. . _

We must not’lose signt of the fact that transport processes in hiology are integral
with the activities of %rowth and survival, When we separate transport from mor-
ghogenesm, growth, and movement in livin _organlsms, the separation is not real
utapstract, Thus, it emerges that the activities of b|olog|cal transprt represent
the elusive, directiveness of the phenomena of life. Scalar (or directionless) bio-
chemistry is a _sub{ect of dead things, like crystals. To describe the flame-like
Prope_rtles of living things, we have to represent’the metabolic processes as grOJec-
lons In space as well as in'time. This requires the recognition and development of a
new subject; the subject of vectorial ch_emlstrY. Pernaps, once again, the exact
sciences are to receivé inspiration from biology?
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The Bacterial Cytoplasmic Membrane

By D. E. HUGHES

Medical Research Council, Unitfor Research in Cell Metaholism,
Department of Biochemistry, Oxford

. Bacteria are normally regarded as belrg extremelg/ tolerant to osmotic changes
in their external medium (Stuart, Frey & James, 1933). Nevertheless, some Bar-
ticularly Gram-negative organisms harvested in the log phase (Sherman & Albus,
1924) under?o eithier plasmolysis or plasmoptysis when placed in media containin

varying salt concentrations [Winslow & Walker, 1939, Mitchell & Moyle, 1953).
Osmmotic activity In bacteria is also displayed by their afility to concentrate certain
amino acjds against concentration ?rad,lents_ (Gale, 1943) and in their selective
permeanility, particularly towards organic acids (Davis, 1956; Ajl, 1959).

_ The shrinkage of cytoplasm away from the cell wall, which ma¥ be seen hy
light mlcroscotg)g/ during plasmolysis, early Jed to the prediction that there was 2
Rermeablllty rrier petween the cell viall and the inner cytoplasm (Fischer,
903). From the sensitivity of this barrier to organic solvents and the Pe_netratl_on
of lipotrophic material (Eisenberg, 1910).1t was also predicted that this barrier
consisted of a membrane contairiing a high lipid content (Overton, 1899). This
prediction has been amp_lg confirnied bo téy the demonstration of a plasma
mgmgraﬁg by electron microscopy and from direct chemical analysis of isolated
membranes.

Electron. microscopy. In ultrathin, sections of numerous types of bacteria, a thin
osmiumphilic layer Is seen sandwiched between the cell wall and the bulk of
the cytoplasm_ (Kellenberger &Ryter, 1958). Where the knife cut IS at rlght angles
to this layer it is revealed as a membrane of two dense outer layers each 20-30 A. wide
enclosing a less dense layer 50-80 A, wide, This double. membrane is often more
clearly révealeq in perman%anat_e- or formalin-fixed material which has been stained
with Uranyl nitrate after Tixation iPI. 1, fig. 18 (Nortn, 1961; Conti & Gettner,
1962). Thé dimensions of the cytoplasmic membrang in bacteria are thus similar to
membrane structures in animal-and plant cells associated with gsmotic or secretory
functions (Palade, 1956). Measurements of sections of artificiall grepared lipo-
protein suggest that the Clear nner layer is lipid. Thisis also supported by the heavy
stalnln(% with uranyl salts. The 50-80°A spa(_:lnP agrees well with that expected from
two fatly acid chains each of 15-18 carbons in length (Trurnit & Schidlovsky, 1960;
Stockenius, 1960), As seen by electron microscopy dimensions of the bacterjal
cytoplasmic membrane agree Well with the dimensions and structure suggested by

avson &Danielli (1943),Tor a generalized type of osmotically active cell membrané,
That it is the main osmotic barrier Is amply confirmed by thie osmotic properties of
protoplasts and spheroplasts where. the cell wall Is eitfier Who_IIP/ or Bartlally re-
moved (Mitchell & Moyle, 1956; Britt & Gerhardt, 1958; McQuillen, 1958).

* Present address: Department of Microbiology, Dartmouth Medical School, Hanover, New
Hampshire, U.S.A.
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AIthou?h in most sections the cytoplasmic membrane gppears to be firmly
attached o, or associated with the cytoplasm, and to separate from the celIwaII this
Is not always the case. Even in Gram- negatrve organisms where g asmolysis |s more
readrly de onstrated the membrane may often remarn partlar ftached to t ecel

and thus detached from the cytoplasm (Chapman It is trye that
ceII WaII preparations prepared by prolonged shakrng with Iass beads (Salton,
196 1) are_devoid of the enzymic” activities and I|Eoprotern assocrated with the
Ic-tltoﬁ asmic membrane However, when prepared by other methods such as the

es press (Hughes, 1951) or French Bres nglner Lawrence & French, 195 d
the membrane are read||¥ obtaine
rom cyto-

fractrons containing both cellwall and the fulk o
both from Gram-negative and Gram-positive organisms, essentially free

n\ltur of

Fig. ['1 trathHr section of scherrg ia coli. An ex onentiall

. 1L?or veste ag 1xed 2 pen |o n 000 ate
uffe ter dehydration net ano celswre ace m %/ tr te
In etha.o ov rnr ed m embe ded In ubg %rethacr % 3/
merizatio wascrr aF&CA M ématron rom a Cohalt-60 source. Electron

micrograpns were ta en |na
Plasmrc contamination (Hunt, Rodgers & Hughes, 1959).. Such preparations when
urt er raﬁmented for instance by Ultrasonics, yreId particulate fractions mwhrch
a drate of the cell wall 1s still associate wrth I oprotern ?
Pu Ishe sugﬁestrnthr that the membrane may In fact be more firmly assocTated
h th e cell wall thar the separation during”plasmolysis suggests (Mitchell &

Mo

Fyre aratron of rsolated membranes. Lipoprotein-rich fragments of membranes are
common prepared by osmotrcally shocking or bursting by other means sucroge-
stabilize roto la |s 0 organrsms such ag Mrcri)coccus Iysoderktrcu%and Eacgllus
me ateriu \/\9 Inth ese organisms, sozyme removest e bulk of the
ceI wall é rebuII 1958) The 1solated”frag mens so called “ghosts’) .appear In
metal-shadowed sPecrmens to be aﬁproxrmatey I Cross sectron about
100 A thick, and to be free from adhering cell wall and bytoplasm they neverthe-
less may contain up to 20% of their dry weight as carlohydrate, the rest being

ICroSCOpE.
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mainly I|Poprotem. Fractions rich in lipoprotein but containing various amounts
of cell'wall may also he prepared by similar methods from sgoher%plasts prepared by
lysozyme treatment in the presence of versene (Repaske, 1956). The action of auto-
catalytic enzymes (Mitchell & Moyle, 1956), unbalanced groiwth produced by the
action of perticillin”or other antibiotics (Lederber_? & St Clair, 1958; McQuillen,
1958) or thee omission of an essential cell-wall constituent such as lysine or diamino-
pimelic acid (McQuillen, 1958) have also been used to rePare spheroplasts from
which membrane-enriched fractions may be isolated. Pro oRlas Ereparatlons of
certain yeasts have heen prepared by ‘the action of carbonhydrases from Helix
pomatia (Eddy & Williamson, 1957). _ O _

In addition to these chemical and enzymic methods for |solat|n? cytoplasmic
membranes, cell fractions can be Prepare by mechanical ruRture of thie cell wall
followed by procedures to remgve the bulk of the cytoplasm: these contain the bulk
of the cell'wall and cytoplasmic membrane (Hunt. Rodgers & Hughes, 1959). Such
cell-wall membranes reRared from Pseudomonas fluorescens were made by rupture
of the cells in the Hughes press, treatment with degxyribgnuclease, subseguent
emptying by shaking ‘with glass beads and extraction with phosphate buffer,
The present’author fias used"this, procedure more recently with a wide range of
mlcro-ogganlsms to yield preparations which typically contain the bulk of thé cell
wall and” have an énzymic Constitution simifar to membrane preparations from
%Eotoplasts. Similar preparations may be obfained from cells ruptured in the

" press (Edebo, 1960) or the French press (Milner et al, 1950) aIthough_ these
Presses appear to give greater fragmentation of the wall (Hughés, unpu ||shed1.
n some Cases varying amounts of cell-wall material may be removed from cell-wall
membrane preparations by subse(went treatment with lysozyme (Hunt ¢ al.
19592 or other carbohydrases (Hughes, unpublished); usuglly this leads to frag-
mentation and yields pr_eFaraUQns which appear. similar to “ghosts’ by electron
microscopy but which still consist of particles which contain both lipoprotein and
cell-wall carbohydrates. _ _ _

AIthouPh It IS obviously of advantaqe esPe(;la_IIy for chemical analysis to prepare
the cytoplasmic membrane free from céll wall, it is0ften also advantagieous to he able
to isolate cell-wall membranes. The membrane In these appears to be structurally
intact and easily freed from supernatant fractions containing cytoplasm particles
such as ribosomes. These in turn are relatively free from enzynies and other material
associated with particles, for instance so-called ‘oxidosomes’, which are now gener-
all% assumed to be comminuted cytoplasmic membrane,

hemical analysis of cytoplasmic membrane. The most constant feature of cyto-
F,Ia_smm membrane and cell-wall membrane fractions is their high concentration of
ipid, up to flO% ofdrY weight, which 1s mostla/ gresent as phospholipid. Carbo-
nydrate is also generaIYpresent but this depends on the proportion of adnering
C&ll wall.. Wher€ the cell wall i absent, amino su?ars are absent and the carho-
hydrate js probably not derived from the cell wall. For instance, in Micrococcus
lysodeikticus, mannose in contrast to glucose is found in the membrane ghosts.
he carbohydrate of cell-wall membrane preP_aratlons appears indistinguishaple
from that of purified cell walls (Hughes, unpub |shedg_. The amino acid composition
of purified membranes appears similar to cell protgin and is unlike_that of wall
polypeptide in that it contains all the common L-amino acids and no D-amino acids
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Gilbey, Few & l\/IcQunIen 1958). The l C]md composmon of_membranes from

Iysodelktlcus has recentybeen analysed more fully by McFarlane (1961a, b)
Abot 80,% of the total [ipids Is phospholipiq, the remaining 20 /o being neutral
|||od mainly a diglyceride. Of the phos holiy |d about 80/ 1S |phosphat|dy|

cerol, thé remairicer consisting of hos hatjd g inositol and a complex which
¥|elds lycerol, mannltol and fatt audso hydrolysis. The fatty acids In all these
actlons were mainly CBanteiso and 10- auds an observation vwhich fits well with
the 50-60 A. spacing seen in the electron mlcro?raphs The lipid content of these
preparatlons [ ﬁresented apprommatelg 80% o that of the intact cell. Cell-wall
membranes from Pseudomonas fluorescéns and Lactobacillus arabinosus contain at
least 90-95 % of the total cell lipid. The main fafty acids_from these orﬁamsms are
similar to those from M. lysodelkticus, and staining reactions suggest thiey are also
present mainly as phosPhoI ipid (Hunt et al. 1959). In L. arabinosus lactobacillic
acldl can be detected. in the membrane extracts and in P. «pseudomonas an unidenti-
fied CI7branched acid was detected (Hughes, unpublished).

Table 1. Enzymic activities of c¥\oplasm|c membranes and particulate fractions

rom bacteria
Organism Cell fraction Enzyme activity Reference
Bacillus megaterium M%Wcrflege and Su cm|c m Jagtgcn%gs Storek iisWachs .
_ P H}\Ti 0XI age ! g9563
B. stearothermophilus ~ Membrane and — Gorl B&rde
particles ecker
Staphylococcus aureus — Membranes Suc inic, la tlc formi &%n Nznch |l <Moyle
ehydro-

% glcero hate 1956

genases, acl osphatae

Pseudomonasfluorescens Caerl]ldwaah ngfernbrane Nlcn%l %oxxlase suc- nteta 199
par B da &QFPase lh%d

ma |c oxidase
Azotobacter vinlandii -~ Membrane and H nase, DPN oxidase, Cota-Robles, Marr
. part |bcles quap (heve pﬁwosphoryla%a %Klﬁson (519 3
Mycobacteria sp. Particles TPNH and DPNH o |dase Brodie & Ballan-
oxiaatjve ogphor ation,  tyne (19603
S succmlcd ogenase
Escherichia coli Cell-wall membranes N%erous dehydrogenases I-|u%he3 (unpub-
Lactpbagillus arabin ?
(?othlerufacto ac?ﬁ Cell-wall membranes ATPase? Hexokinase hlu%hg (unpub-
Alkahgenesfaecahs Membrane and Oxidative P]Ti ag orylation, S chot
particles All ase a ogen Ish

The enzymaticfunction of the, cytonlasmlc membrane. The cytoplasmlc mempbrane
was first established as the sité 0 resplratory enzymes and cytochrome-linked
electron transport by studies on |§ 55§pur| led “gnost " preparations from Bacillus
me atenum( torck Wachsman Wlebu 1953),"Since then a similar local-
ization of enzymes concernedl with resglranon as been found in many other aergbic
organisms (Table 1). In addition to these enzymes in membranes, nurerous particu-
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|ate fractions which have a similar enzymic constitution to the membranes have
been isolated from mechanically broken™cells (Table 1). These particulate enzyme
fractions usually consist mainly of lipoprotein granules, are often heterogeneous in
size and contairi ribonucleaprotein, which, wher it can be separated, is ustially with-
out enzymic activity (Hunt et al. 1959). The enzymic activity associated with the
Ilpo?rotem particles and membranes is often difficult to solubilize without destroy-
m?_ heir structure. However, by treating them with deterﬁen_ts or other surface-
active reagents such as deoxycholic acid (Hunt, 1959), which disassociate lipid ang
rotein, the enzymes sometimes may be brouHht Into solution and further. purified.
ranules which reduce tetrazolium in whole cells hav_e,been_regiarded as equivalent to
animaland plantmitochondria. These have beenidentified withthe isolated lipoprotein
ranules as ‘bacterial mitochondria’ (Mudd, Kawata PaYne Sail & Takagi, 1961).
here seems little doubt now, however, that most if nqt all of such pregaratlo_ns
have been derived by comminution of the cytoplasmic membrane from which
theY can be readily prepared by, for instance, treatment with. ultra-sound gHunt
etal. 1959). If analogies for bacterial structures are to be sought in the higher cells, it
would seem more carrect to regard the cytoplasmic membrane as equivalent to the
christae mitochondriales’ of animal or plant mitochondria (Green, 1961; Marr,
1960). 1t would be expected in this case that intact membrane greParatl_ons or cell-
wall membranes wauld carry out oxidative phosphorylation, So far this has only
been demonstrated in Bartlculate fractions from_mmro-on{;anlsm,s (Brodie &Ballan-
tyne, 1961; Shibko & Pinchot, 1961|). It 15 gossm_le that this failure to phosphory-
|ate oxidatively is due to either the Tack of essential factors present in supernatant
fractions. Crude supernatants from disrupted bacteria cannot always be added to the
Partlculate fractions because. they contain material and enzymes Such as adenosine
riphosphatase (ATPase) which interfere with the measurement of oxidative phos-
phorylation. Inthe case of cell-wall membranes, the effect of freezing and thawing
mayalso be deleterious. _ _ _

In addition to enzymes associated with energy production many others have
been shown to occur in the cytoplasmic membranie or in particles dérived from it.
These include enzymes suchi as formic r&ydro enlyase, nicotinic acid and other
aromatic hydroxylases and many polyol-dehydrogénases which occur exclusively
In mmroommsms (Table % _

Most of the wark on membrane and particulate-bound enzymes has so far been
done with aerobic orgamsms, and afart from the. demonstration of particulate
enzymes such as hydrdgenase E)Gest, 954) In Clostridium pasteurianum, little work
has heen reported on thie membrane of facultative or obligate anaerobes.. Recently
cell-wall membranes have been prepared from a number of laetobacilli. These
organisms, althouqh_obtalnmg the bulk of their energy by anaerobic glgcolysm,
neVertheless can Ltilize ox gen 1o oxidize substrates sich &S pyruvate and lactate
at low rates. This oxidation is mediated through riboflavirf electron-transport
systems; cytochromes are. normally completely ‘absent. Neither the glycolytic
ehzymes, With the exception of some weak hexokinase activity, nor. the flavo-
enzyme systems were found in_the cell-wall membranes, The orily activity so far
found congistently is ATPase, The ATPase in these cell-wall membranes has an
unusually low pH optimum (5-2-5-3), is M82+act,|vated but is not activated bY
o-dinitrophenol. It has not so far been found possible to free it from the cell-wall
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membrane nor to show definitely that it is associated with the lipoprotein portion
of this fraction. However, similar ATPase activity has been demonstrated in
membranes prepared from' Pseudomonas fluorescens, Escherichia coli, and Aero-
bacter aerogenes. The enzyme from all these organlsms does not liberate on ortho-
Rhosphat_e rom a wide range of or?am,c phosphates including AMP: a low rate of

ydrolysis is found with. other nucleoside triphosphates and ADP, The consistent
occurrénce of an ATPase in the bacteria is of interest in connexionwith the suggested
role of this enzyme in ion transport and permeability (Whittam, 1961),

The possible Tole of the cytoE)Ia_smlc membrane in R_oteln synthesis Is discussed
by Hunter in this symposiur, 1t IS 0f5|gn|f|cance_|nt IS connéxion that most puri-
fied membrane preparations contain anout 2% ribonycleic acid (Hunter, Brookes,
Crathorn & Butler, 1959; Nisman & Fukuhora, 1961), and that this also forms a
constant feature of cell-wall membrane preparations (Hunt et al. 1959). 1t is diffi-
%Ellt tto trerlnoilgeséhls without chemical treatment or disruption of thé membrane

unt et al. 1959)

It seems possﬂZIe that the cytoplasmic membrane is the site of synthesis as well
as of activity of permeases ﬁ ees, 19602 and other inducible membrane-bound
enzymes such as the nicotinic gldrox lase stem,gHuntetaI. 1959). Alsp of interest
In this connexion Is the ai)par nt lability of respiratory cytochromes which appear
to be firmly bound and almost exclusively in the merbrane but yet alter concen-
tration rapldlg when oxygen tension in the growth medium is ¢ anqed (Lenhoff
& Kaﬁ)lan,,w 6). Such problems, which are connected with the sa/n hesis of the
membrane itself, are opento an experimental approach nowthat methods for isolating
the membrane from a wide range of microorganisms are available.

SUMMARY

A membrane sited between cytoplasm and cell wal| forms the permeability
barrier In bacteria. It 15 rich in lipoprotein and in the electron microscope IS seen
to consist of two parallel outer protein layers between which there s a lipid layer.
In aerobic organisms the membrang is tfie site of cytochrome-megliated substrate
oxidation. Oxidative phosphorylation has, nof been shown tq take place in the
membrane. _In lactobacilli, neither anaerobic glycolysis nor flavine-linked oxidation
takes place in the membrane. The membranes from most organisms so far examined
have a firmly bound characte,rlspc ATPase. The intact C}gtorﬁ,lasmm memprane mﬁy
thus be considered as similar in tunction, structure and chemical composition to the
christae of animal and plant mitochondria. Particulate fractions isolated from

mﬁchamcall dispupted cells often mislabelled “bacterial mitochondria” are prob-
ably comminuted membrane.
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The Chromatophores of Photosynthetic Bacteria

By JUNE LASCELLES
Microbiology Unit, Department of Biochemistry, University of Oxford

In 1952, Schachman, Pardee & Stanier discovered that the entire complement of
Phot_oreachv_e igments (bacteriochlorophyll and carotenoids) i the photosyn-
hetic organism, Bhodospirillum_ rubrum, was bound to large particles, knowri as
chromatophores. These were readily separable from cell-free etracts by centrifuging
and had a sedimentation constantof about 190 Svedberg units. Since then sinilar
particles have been shown in man¥ other Ehotosy_nthetlc bacteria including Chro-
matium (Newton & Newton. 1957) and Chlorobium thiosulphatopkilum (Gibson,
1957: Hulcher & Conti, 1960). Preparations of chromatophores in relatively pure
form have been made bP/ differential and Fradlent centnfugatmn ﬁNevvton_ &Newton,
1957: Anderson & Fuller, 1958; Frenkel & Hickman, 1959; Cohen-Bazire & Kunj-
sawa, 1960). The particles are antigenic, which mlght provide another possible
method for'their purification FNeWton & Levine, 1959: Newton, 1960).

Structure as revealed by electron mmroscopr. The chromatophores of Rhodo-
spirillum rubrum isolated by Schachman et al. 81_952) were revealed by electron
microscopy as flattened disks, about 110 mp.in diameter. The appearance of the
chromatoghores in ultrathin sections of cells is in accord with that of the isolated
[iartmles Vatter & Wolf, 1958; Hickman & Frenkel, 1959: Frenkel & Hickman
959%. Their size varies with the organism, from 50-10 mln (Bhodospirillum rubrumj
to 15-25 m/i (Chlorobium limicola), In photosynthetically actiy
and in Chromatium the chromatoi)hores are seén as discrete vesicles bounded by a
single membrane but in C. limicola they appear as ORaque granules. The lamellar
strlctures revealed in electron mlcrographs of plant cnloroplasts have been demon-
strated only in the chromatophores of R. molischianum, an exceP_tlonaIIy _Iarge
orqanlsm (‘ rews, 1960). The chromatophores of other photosynthetic bacteria do
not exnibit any fine structure thou?h systems of paired lamellae appear together
with_chromatophores in cells from ofd caltures of R. rubrum (Hickman & Frenkel,
1959). The budding organism, Rhodomicrobium vannielii, differs compl_etel¥ from
other photosynthetic bacteria in that it has a basic lamellar structure similarto that
of the blue-green algae; chromatophores are not discemible (Vatter, Douglas &
Wolfe, 19592., .

There 15 €vidence that the chromatophores of Chromatium (Newton & Newton,
1957) and Bhodospirillum rybrum (Frenkel & Hickman, 1959) are composed of
subunits which are functionally complete and. which are released by sonic oscilla-
tion of whole chromatophores. Electron mmroscoRy of preparations of “sub-
chromatophores * from R. rubrum shows them to be homogeneous and about one-
fiftieth the size of a normal chromatolp_hore. These Eartlcles are also found in
preparations from very young, cultures (Frenkel & Hickman, 1959),

he electron micrographs Of Vatter & Wolfe %19581 show the cliromatophores of
the Athiorhodaceae to be packed throughout the cell while those of Hickman &

active Athiorhodaceaé
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Frenkel ( 1959% sug%est that they are most numerous at the periphery. This. dis-
cre ancrutmrg t be due to differences in the method of cultivation of the organisms

(e, light infensit
% %tructures Y be seen in sections of Tphotosynthetrcallz grown Rhodospirillum
rubrum vary considerably with the aﬁeo he culture (Hickman & Frenkel, 1959).
Chromatophores are not present In cells from young cuItures (though ‘supchromato-
phores’ are present) while lamellar structures oceur in sections of cells from old
cultures. These observations probabl account for the conflicting reports in the
literatur aboutthefrne structure ofcpy)otosy t etchacterra

Athiorhogaceae can row aerobl ant e dark but do not form the photo-
synthetic pigments un er t ese conditions. No chromato ores can be seen n
sectronso or anrsmsw Ich have been %rown In this way, su%gestrngt at the par-
ticles are formed only under conditions which allow pigment synthiesis (Vatter &
Wolfe, 1958; Frenkel & Hickman, 1959).

Table 1. Composition of chromatophores of Rhodopseudomonas spheroides*
All values except for phosphorus are expressed as % of the dry weight.
Protein 58-4 Bacteriochlorophyll 4-3

Total lipid 24-6 Carotenord 11
Carbohydrate ~ 4-2 Hae 0-015
Nucleic acid 0-94 Acrd soluble iron < 0-02

Total phosphorus 0-22 /;mole/mg. dry wt.
Lipid phosphorus 014 /cmole/mg dry wt.

* Unpublished work by M. J. Bull of this laboratory.

Con(rnosrtron The most detailed analyses have been made with chromatophores
from Chromatium (Newton & Newton: 1957; Bergeron, 1959), Besides bacterio-
chlorophyll and carotenoids Q42and 15orespectrvely of the dry weight) they are
rrch |n rotern and phospholipid (61 and 22-3% respectrvely? In addition; the
chromatophores contain ponsaccharrd ﬁrobably composed 0f galactose, toHether
with small amounts of ribontcleic acid. T phos?holrprd fraction contains ethanol
amrne as the onI nrtroc%enous base. Chromatophores from Rhodopseudomonas
Peror es, purified by centrifugation onasucrose ra dient, have a similar composi-
tion to those of Chr matium (Table 1? contain, however, considerably Tess
haem and acrd soluble Jron, Ethanolam ne, b t not serine, hag been demonstrated in
the ﬁhospholrprd fraction (Dr Carr, personal communication).

The chromatophores of Rh é) %sg)rr’]llu rubrum conta choline Ph(os holwrds
and are rich Jn cardiolipin ( |]p 3{ glycerol) oNlactos des
which are major ¢o ponentso chloroplast lipids (Benson, Wintermans & Wiser,

1959 Benson, 1961).

Chromatophores are complete Wrth res ect to, components of the electron trans-
port chain, containing various cytochromes, flavin and farndrne nucleotide (Newton
& Newton, 1957; Hulcher & Conti, 1960; Kamen, 1961): in addition the are
exceptionally rich in coenzyme Q derjvatives (Lester&Crane 1959: Rudney, 19

Ratios of bacteriochlorophyland carotenoid to protein and cytochrome have
been calculated but these estimates are possibly not of great significance since the
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amount of photosynthetic pigment per mg. of chromatophore protein ((jat least inthe
Athiorhodaceae) varies considerably according to the conditions under which the
cultures are grown (Stanier, 1959; ‘Cohen-Bazire & Kunisawa, 1960). A constant
amount of chiromatophore protein is apparently formed to which is bound variable
amounts of pigment. vapothe_tl_cal mociels of chromatophores must therefore allow
a considerable’ degree o IeX|b|||t¥. o

The composition of chromatophores is strikingly similar to that of the electron
transport particles of non-photosynthetic_hactéria, which may be derived from
the cytoplasmic membrane ((jl\/la_rr, 1960). There is indeed evidence that chromato-
phores are closely associated with this’membrane. Thus, the photosynthetic pig-
ments of Chromatium are nqt released immediately, as are soluble erizymes, upon
rupture of whole cells hy sonic oscillation (Newton € Newton, 1957).” Also, the pig-
ments in a functionally active form are associated with membranous structures
(‘%hosts’)r formed by ‘osmatic_lysis of Iysqzyme-protoRIasts of Bhodaspirillum
rubrutn (Tuttle &Gesi, 19591% These observations might, however, be attributed to
traé)_pmg of the particles,In the ruptured membranes;

jochemical reactions in chromatophores. The discovery by Frenkel (1956) that
crude extracts of Bhodospirillum rubrum catalyse an anaerobic, light-depéndent
phos hor¥|at|on of adenosine diphosphate (‘AD to adenosine triphosphate (ATP)
was soon Tollowed bz the demonstration of this reaction in extracts of other photo-
sxnthetlc bacteria ﬁ renkel 1959)‘._ Fractjonation of the crude extracts has shown
that the entire photophosphorylation activity Is catalysed by the chromatophores.
Purified greparaﬂons from B. rubrum and Chromatiun esteri morPamc phosphate
at rates of up to 150 /;moles per hour per mg. of bacterlochlorophél the reaction Is
strictly light-dependent and occurs  ana robn:al(!;y (Newton & Kamen, 1957
Anderson & Fuller, 1958: Frenkel & Hickman, 1959; Geller & Lipmann 19602. The
rate of Rhotophosphorylanon is lependent on the protein, rather than the bacterio-
chlorophyll content of the particles gCohen-Bazwe&Kumsawa, 1960?. Besides the
substratgs, inorganic orthop_hosphat and ADP, the washed chromatophores need
magnesiym ions and catalytic amounts of a reducmg agent,such as reduced diphos-
phopyridine nucleotide, (DPNH) or succinate. The r
re%uwed to poise the oxidation-reduction system only when traces of 0 2are present;
under completely anaerobic conditions photophos horlylatl_on proceeds . in the
absence of an exfernal reductant (Vernon & Ash, 1960). Flavine adening dinucleo-
tide stimulates the activity of chromatophores of B. rubrum (Baltscheffsky, 1960)
and coenzyme Q derivatives are also required b_¥ depleted chromatophores from this
organism, ‘grown with diphenylaming to Inhibit synthesis of isoprenoid compounds
(Rudney, 1961). The reaction is considerably stimylated by the oxidation-reduction

e ghenaz_m methosulphate, which has a s}:mnar effect wjth Iant,chl_%r_o IaBts

ellér & Lipmann, 1960; Amon, 1961a). Photophosphorylation 1s inhibited by

any of the comrg)%unds W"]]‘Ch Inhibit o>i|dat|ve phgsphor}llatlon Including anti-
rgyl(t:n AffaI?d l29 -neptyl-4-hydroxygninoline-Ar-oxidc (Gefler & Lipmann,” 1960;

allSCNETT3KY, - : I

On the Bagls 0? %?)wes_e ohservations Arnop ‘l%la) has proposed that illuminated
chromatophores esterify morganlc Phos hate bz a mechanism of cyclic photo-
Phosphory_latlon similar to that postulated for chloroplasts. This scheme requires
he expulsion of an electron at high energy potential from a molecule of chlorophyll,

G. Microb. xxix

ducing agent Is apparentl
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at the expense of ene{%%/ contained in an absorbed quantum of light. The excited
chloropm(ll thus becomés electropositive and creates a flow of electrons along the
ggﬁtr%isrc nasiﬁort chain; coupled phosphorylation is presumed to occur at sites
Rgcent reports from Arnon’s IaboratorY (Arnon 196Lb; Arnon, Losadg, Nozaki
& Tagawa, 1961) have shown that chromatophores also carry out non-cyclic photo-
Bhos_phorylatlon In which there is net formation of a reddctant as well as ATP.,
articles from Rnhodospirillum rubrum form stoichiometric amounts of ATP and
DPNH (‘trapged’_as |actate by the addition of lactic dehydrogenase and pyruvate)
when illuminated in the presence of ADP, inorganic phosPhate, diphosphapyriding
nucleotide (DPN) and an artificial electron Tonor system, ascorbate pls 2:6-
dichlorophenol inclophenol. _ _
There is abundant evidence for the proposed coupling of the phosphorylation
with light-induced oxidation-reduction reactions, but thie actual site(s) and the
mechanism of coupling are unknown. The observation thaf oxidation of cytochrome
c2in extracts of Rhodaspirillum rubrum occurs uRon illumination only if phosphory-
lation is proceeding simultanegusly suggests that an esterificatiort site is at this
step of the electron”transport chain’ (Smith & Baltseheffsky, 1959),
Numerous oxidation-reduction reactions have been observed upon illumination
ofextracts and Rurlfled_chromato hores of photosynthetic bacteria. These have been
Indicated by changes in the absorption spectrum_of components of the electron
transport chain in Situ, (ee, for instance, Smith & Ramirez, 1959; Olson & Chance
960; Chance & Nishimura, 19613 or by following the_oxidation or reduction of
externally. added natural cofaetors and dyes. Mluminated chromatophares. of
Rhodospirillum rubrum cagalyse the reductjon of DPN with concomitant oxidation
of succinate or reduced. flavine mononucleotide (Frenkel, 1958; Vernon & Ash,
1959, 1960). With gurlfled chromatophores only DPN s actjve; this is in sharp
contrast to chloroplasts inwhich trlphosphoPyrldlne nucleotide isthe active cafactor
Chromatophores ofR. rubrum also cat_a|¥se e light-dependent, anaerabic oxidation
of ferrocytochrome c or reduced dyes inthe (S)resence of an acceptor such as fumarate
or DPN {Vernon, 1959; Vernon &Ash, 1960). All these observations provide strong
support for Amon’s, proposed mechanisms of cyclic and non-cyclic photophos-
pharylation in bacterial chromatophores. _ _
. Enizyme activities detected i chromatophores, which are not ||ght-_dependent,
include succinic gehydrogenase (Wood%/ &Lindstrom, 1955; Cohen-Bazire & Ivuni-
SaWa, 1%6({). Unlike chloroR_I stS, the bacteria re;faﬁtmns do not contain ribulose
d#)hosp ate carboxylase which appears to be & soluble enzyme in these organisms
(Fuller & Gibbs, 1959). _
Formation of chromatophores. The abse,nc? of structures, resemblmg hromato-
hores In electron micr glr,aphs of aerobically grown Athiorhodaceaé (Vatter &
olfe, 1958; Frenkel & Hickman, 1959) suggests that the particles are formed
only under conditions that permit pigment ‘synthesis. However, Stanier (1959)
has'pointed out that the presence of the photosynthetic pigments could alter pro-
foundly the physical properties of a ;r)reformed lipoprotein matrix. . _
There 15 evidence that f)lgment ormation_is_closely associated with protein
synthesis QLasceIIes, 1959; J. Lascelles ang M. J. Bull, unpublished), Formation of
bacteriochlorophyll by suspensions of Rhodopseudomonas spheroides occurs only
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under conditions that permit protein synthesis.. It is dependent on a nitrogen source
and is inhibjted by amino acid and ndicleic acid analogues; suspensions of mufant
strains requiring purines and amino acids require the addition of these metabolites
for %;ment formation. In addition, XC-labelled amino acids are mcor[oorated Info
chromatophore protein at 2 to 3times the rate of incorporation into soluble protein
during the adaptive synthesis of photosynthetic p|ﬁments. These ohservations as
Yet provide, only slender support for the de novo synthesis of chromatophore protein
Inked. to plgment formation and more extensive investigation is necessary before

the origin‘of the structure is understood.
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Bacterial Ribosomes and Protein Synthesis

By K. McQUILLEN
Department of Biochemistry, University of Cambridge

Bacterial cells, like other living orPanisms, contain ribonucleic acid (IRNA) both
free and in combination as ribonucteoprotein (RNP). The free, or soluble, RNA
has a composition different from, and a molecular We!ght (. 30 0002 lower than,
that of combined RNA. Neither has a composition obvidusly related to that of the
deoxyribonucleic acid (DNA). In addition to the usual four nucleatides, soluble
RNA contains pseudo-Uridylic acid, and much of this RNA 1s thought to function
In the transter of activated amino acids to the site of synthesis of protein. This
fraction is known as ‘S-RNA’ or ‘transfer-RNA” or ‘acceptor-RNA’,” Most of the
RNA, however, can be isolated from disrupted cells as ribosomes which are RNP-
particles of sedimentation constant in the range 20°S to, 100 S. There s controversy
as to whether such particles exist in vivo and,"if sq, which sizes occur within living
cells. The proportions of the different sizes obtainable from bacteria depend on
various factors such as the cultural conditions (growth_medlum, phase of growth,
presence of antibiotics) and the nature of the médium in which the preg_arat_lon S
made. The ‘fundamental particles’ appear to be 30.S and 505 and combination of
one of each of these yields a 70Aribosome. Dimerization of the latter gives 10058
Pnarttﬁceler%e (mens]e chandes can be brought about by altering the Mg2+ coricentration

1005~ 2(705) A 2830A+50A) -»Disintegration.

Mgz+ concentration decreasing >

Isolated ribosomes aﬂ)ear by electron microscopy to be 100-200 A. in diameter
SHaII_&SI_ayter, 1959: Huxley"& Zubay, 1960) andultrathin sections of bacterial
ells if SUItab% fixed show the cytopfasm to’ contain electron-dense particles of
similar size. There 15 no indication of an endoplasmic reticulum to which these
particles are attacheq as in some mammalian tissue cells but the particles are gener-
ally believed to be ribosomes. On dlsruptmg_the cell they are released and,” after
re ovmg the_large cell fragments, can bé sedimented by centrifugation for 1-3 fr.
at 100,000 g. The various sizes can be separated by différential centrlfugat!on or by
spinning down throuﬂh a solution of Increasing density, e.0. a sucrose gradient from
510 20% (wiv) (Briften & Roberts, 1960). _

When h hlg Purlfled, [1D0SoMes consist (ff 50-65 % RNA and 50-35 % Iproéeln,
and contal ctong such as VYI 201 p053|byrR0| amlnes_gp treschne s%e laing,
spermine) hut no detectable IIpid or DNA. “The protein is thought to be largely
structural " and can be segarated Into more than two dozen basic proteins of average
molecular weight about 25,000 (Waller & Harris, 1961). In Escherichia coli 80-90%
of these protein chami,have -terminal alanine or methionine but whether each
riosome_contains all kinds or only one Kind 1S not known. The total protein
J0Aand 50A particles would correspond to molecular weights of about 300,000 and
600,000 respectively.
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Nucleotides of adenine, guanine, uracil and cytosine are the major constituents of
the RNA of ribosomes and the small amounts of pseydo-uriaylic acid which are
sometimes found may be due to contamination or transient association with trans-
fer-RNA. 30S ribosomes contain a single unit of RNA (molecular weight c. 500,000,
sedimentation constant 14-165); the 505 particles contain either two such units
or one unit of twice the size (c. 235). These hlqh-molecular-welqht units can_pe
de[qraded into subunits by heat, controlled dialysis and other Treatments. The
refative dispositions of the RNA and protein in_ribosomes are. not known with
cerfainty but_the particles may he spon e-like in form, carrying several times
tF?ISIlA own weight of water and” with the RNA more exposed than in the small

VIFUSES. - o :

In aowltlon to containing RNA and structural protein, ribosome preparatins
frequently exhibit enzymic activity, Much of this may be due to non-specific
binding biut there is reason to believe that some s jnherent. Most of the ribonuiclease
activity of bacterial cells is demonstrable in puritied ribosomes but 1S latent until
the particles have been disrupted, e.q. by urea or chelating agents (Elson, 1961
Bolton et al. 1959). Unmasking resylts in dlpestlon of riboSonial as well as added
RNA, Latent deoxyribonuclease activity (EfSon, 191) and non-latent E)eptldase
activity (Bolton etdl. 1959) have also been reported. F_mally, traces of all Kinds of
roteins may be present as nascent material at its site of synthesis (McQuillen,

oberts & Britten, 1959: Roberts et al. 1960). = _ _

There is abundant evidence from In vivo and in vitro experiments that ribosomes
are concerned in the synthesis of protein in animals, gla_nts and micro-organisms
(McQuillen, 1962). Whien radioactive precursors to protemns (amino acids or. inor-
ganic sulphate) are fed to a growmg culture of bacteria, the radl_oact,lvnx IS incor-
porated in ‘nascent groteln bound to ribosomes before appearing in the soluble
protein fraction of the cells (McQuillen et al. 1959). This is an extremély rapid process
and to demonstrate the_higher Specific radioactivity of the nascent protein it was
necessary to carry. out in Vivo experiments lasting only a few seconds. The ribo-
somes became maximally labelled in 5-10 seconds and thie radioactivity was ‘chased
out” by unlabelled substrates, equally rapidly. The radioactivity asSociated with
ribosomes was present in amino acids linked as,pol*peptldes Or profeins,  Even
when 3504 was used for only a few seconds, radioactive cysteine and methionine
were found i a number of peptides onpartial hydrolysis of tfie ribosomes. Although
this association is transient in vivo, it is quité stable in vitro and nascent protein
?Na/lsc 8Glﬁeﬁe%6rl moved by treatments which disrupt the ribosomes, e.g. 4M-urea

Préparations were usually made in media containing Mg2+ ((10-005-0-01% such
that most of the ribosomes were in the 70.S or Iar%er form. “Redyction to, 0-0001
M2+ caused dissociation of the bulk of these to 50.5+ 30A particles which could
he"separated by centrifugation through a sucrose gradient. Nevertheless, a great
deal of the nascent protéin_still occurred in the 70S region, which now contdined
only a few ribosomes (McQuillen et al. 1959). [t may be that a small fraction of
the"ribosomes exists in‘a form which. does not readily dissociate and on which the
nascent Pr_oteln 15 Synthesized. Studigs with cell-freg fractions of Escherichia coli
support this possibility. Lamborg & Zamecnik (1960) devised a system containing
ribosomes and soluble factors which converted amino acids to peptices or proteins.
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This was investigated further by Tissieres, Schlessinger & Gros (1960) who showed
that the newly synthesized po’\l)(peptldes were principally associated with the 705
region.even wheri reduction of Mg2+concentration had caused the dissociation of the
majority of the 708 ribosomes to 508 +303 ?_artlcles. It was estimated that 5-10 %
of the ribosomes might be in a non-dissociating, ‘active 705’ form. BOS and 505
Part,lcles had been CPrewously shown to reassociate to 70,8 when the Mg+ concen-
ration wasrestored to 0-01 mbuf this procedure did not yield “active 70 .S ribosomes.
Until recently it was enerall}; assumed that the RNAs of ribosomes acted as
templates for organizing the synthesis of the many different kinds of protein, Each
bacterial cell contains 10,000 0r more ribosomes and makes Perhap_s 1000 lifferent
proteins, and it isimportant to know whether or not different proteins can be made
on the same ribosome or whether a specific kind. of ribosome is needed for each
specific protein. 1f DNA in the nucleus transmits ‘information’to RNA which then
sBecmes the sequence in which amino acids are joined to form proteins, it is reason-
able to hypothesue that the information might involve the sequence of the nucleo-
tides in the DNA and RNA and. therefore, that there might be expected some
relation. between DNA and RNA comi)osnmn._ AIthou?h there is no apparent
correlation between DNA and ribosomal RNA. in several systems there.has been
found an RNA component which resembles DNA n nuclegtide composition. The
concept of ‘messenger-RNA™ has been developed (Brenner, Jacob & Meselson,
1961; Jacob & Monod, 1961%. ‘Ribosomes are non-specialized structures which
synthesize, at a given time, the protein dictated b}ﬁ the messenger thex,hagpen 0
contain’ (Brennér et al. 1961). This ‘messenger-RNA’ or ‘fape-RN n(]on_n_er,
1961) _ is said to be madle in association with DNA and to have a related composition;
to be. heterogeneous In molecular weight (this is necessarg since 1t IS to ‘code’ for
proteins of different sizes) but averaging not less than 500,000; to associate with
ribosomes in order to “programme "thém;and to have a turnaver rate such that each
‘messenger-RNA Is used only once or a few times (Jacoh & Monod, 1961). Much
of the experimental evidenceon which this theory is based comes from investiga-
tions of organisms infected with bacterlophalge (Yolkin & Astrachan, 1956; VolKin
1960; Breriner et al. 1961; Spiegelman, Hall & Storck, 1961). Infection may halt
the synthesis of the many proteins #rewousl made, bx the host, initiate synthesis
of 20-30 new proteins concerned In phage grodu_ctlo,, and lead to the synthesis
and turnover of an RNA fraction with”properties like those mentioned’ above.
Formation of completely new ribpsomes is not, apparently, involved but the new
RNA may associate witl] nEre-exmtln ribosomes. A Similar mechanism (el.e. transient
association of specific. ‘messenger-RNA” with ribosomes) has also been suggested
for uninfected Escherichia coli“(Gros et al. 1961; Jacoh' & Monod, .1961) But the
evidence IS not conclusive. A puzzlln(i(,feat_ure IS that the material identified with
the postulated ‘messenger-RNA’ has kinetic properties required of a precursor of
ribosomal-RNA—amoupt, rate of synthesis, etc. Moregver, there are other systems
Se.g. reticuloc tesg In which protein’synthesis occurs without concomitant turnover
fa componént corresponding to, ‘messenger-RNA’. Roberts and his co]leagues
McCartml/ & Britten 1962: “Britten & McCarthy 1962; McCarthy, Britten &
oberts, 1962; Britten, McCarthy &Roberts, 19622 In a very detailed mvestlgatlon
have shown the necessity for, and have demonstrated the occurrence of, a precursor
of ribosomal RNA in uriinfected E. coli. This material sediments in the same region
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85 the ‘messenger-RNA’ (S-lIA, amounts to the same fraction of the total RNA
(. 3%), becomes [abelled equally rapigly (maximally in 1-2 min.) and is pot
conserved in this form, i.e. 1t IS fransfefred elsewhére or broken down. The
evidence presented sugﬁ]ests that after synthesis this RNA becomes incorporated
into new ribosomes rather than being degraded. The possibility that the ‘in-
formation’ or ‘message’ may be conserved or ‘buried” in'ribosomeés together with
additional nucleotides which' alter the overall composition cannot yet be excluded.
Moreover, there must be e_xRIanatlon of the whereabouts of the necessary rib-
osomal RNA precursors which are not a(%arent in the scheme of Gros et al. (1961)

and an indication of the function of ribosomal RNA if it is not mainly ‘information’.

It 1s, after all, 60-90 % of the total RNA and is conserved during growth,
The author was a Research Associate of the Camegie Institution of Washington.

REFERENCES

Bolton,E. T, Britten,R.J., Cowie,D.B. McCarthy,B.J., McQuillen K. &Roberts
R.B. (1959%. Annual Report of the Biophysics Section. Yearh. Carneg. Inst. 58, 250.
Bonner, J. (1961). Discussion. In Protein Biosynthesis, p. 205. Ed. by R. J. C. Harris,

London: Academic Press. _ _ o
Brenner, S, Jacob, F. & Meselson, M. (1961). An upstable intermediate carrglng infor-
mation from genes to ribosomes for protein Synthesis. Nature, Bond. 190, 570. _
Britten,R.J, &McCarthy, B.J. (1962), The sy_nthesmofn_bosomesmE.coh [1. Analysis
of the kinetics of tracer incorparation In growing cells,. B|0J)hys_. J. 2,49, _
Britten, R. J. & Roberts, R. B. (1960). "High-fesolution derisity gradient sedimenta-
tion analysis. Science, 131, 32, o _
Britten, R. J, McCarthy, R, J. & Roberts, R. B. §1962). The synthesis of ribosomes in
E. coli._ V. The synthesis of ribosomal protein and the assembly of ribosomes. Biophys.

J. 2,83 o : : : . :
Eison, D. (1961). B|0Io§|call5ﬁ active proteins associated with ribosomes. In Protein
Blos¥nthe3|s, p. 291, Ed. by R.J. C. Harris, London: Academic Press.
Gros, F., Hiatt, H., Gilbert,W.,Kurland, C. G., Risebrough, R. W. & Watson, J. D.
g196d1).1$6n%t§1}3|e ribonucleic acid revealed by pulse labelling of Escherichia coli. Nature,
onad, 19U, ool. . . . .
Hall, C.E. & Stayter H. S. (1959). Electron microscopy of ribonucleoprotein particles
from E. coli. J. mol. Bial. 1, 329. _ _
Huxley, H. E. &Zuba¥, G. %1960)._ Electron microscope observations on the structure of
microsomal particles from Escherichia coli. J. mol. Biol. 2, 10.. _
Jacob, F. & Monod, G. (1961). Genetic regulatory mechanisms in the synthesis of pro-
teins. J. mol. Biol. 3, 318, _ o o _
Lambor?, M. R. & Zamecnik, P, C. (1960). Amino acid incorporation into protein hy
extracts of E, coli. Biochim. biophys, Acta, 42, 206. =~ _ _
McCarthy, B. J. & Britten, R. J. 1962%. The synthesis of ribosomes in E, coli. I. The
incorporation of C#uracil into the metabolic pool and RNA._Biophys. J, 2, 35.
McCarthy, B. J., Britten, R. J. & Roberts, R, B. (1962). The synthesis of ribosomes
InE. CO)iI. [11. Synthesis of riposomal RNA. Biophys. J, 2, 57. _ _
McQuillen, K. F_l 61a)p Protein synthesis in vivo: the involvement of ribosomes in
Escherichia_coli. In Protein Biosynthesis, p. 263. Ed. by R. J. C. Harris. London:

Mc%uil len, K. (19616). Ribosomesandthe synthesis of proteins. Progr. Biophys. biophys.
Chem. 12, 69

Academic Press,
McQuilten, K., Roberts, R. B, & Britten, R. J. £1959). Synthesis of nascent protein
by ribosomes in Escherichia coli. Proc. not. Acad. Sci., Wash. 45, 1437.



Bacterial ribosomes 57

Roberts,R. B., Aronson,A. ., Bolton,E. T., Britten,R.J., Cowie,D .B., Duerksen,
1. D,, McCarthy, B. J. &Mc%uulen K. (1960). Annual Report of the Biophysics
Section. Yearb Carneg. Inst. 59, 229
Spiegelman, S, Hall, B, D. & Storck, R. (1961)._The occurrence of natural DNA-

RIA complexes in Escherichia coli infected with T2. Proc. nat. Acad. Sci., Wash. 47,

TlSSleres A., Schiessinger, D. & Gros, F. (1960). Amlno amd |ncorporat|on into pro-
teins b Escher|ch|acol| ribosomes. Proc, nat. Acad. Sci.,

Vovbklrﬁ 5 {%%%0) The function of RNA in T2-infected bactena Proc nat. Acad. Sci.,

as

Volkin, E. & Astrachan, L. (1956). Phosphorus incorporation in Escherichia coli ribo-
nucleic acid after infection with bacteriophage T2. Virology, 2,149,

Waller, J.-P. & Harris, J. . (19612 Studigs on the composition of the protein from
Escherichia coli ribosomes. Proc. nat. Acad. Sci., Wash. 47, 18,



J. gen. Microbiol. (1962), 29, 59-63 59
Printed In Great Britain

The Effect of Various Drugs and Inorganic lons on
Bacterial Ribohucleoprotein
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In bacteria, protein synthesis is usually accompanied by synthesis of ribonucleic
acid (RNA): but in the_ﬁresence of the antibiatics chloramphenicol (Gale, 1953
and puromycin (Yarmolinski & de la Haba, 1959; Takeda ayashl, akagawa
Suzuki, 1 0%, or the puring analogues 8-azaguanine (Chantrenne & DEvreux,
1960 Roodyn & Mandel, 1960) and"8-azaadenine Aproteln syntnesis can be sup-
gressed while RNA continues fo be made. Such RNA has often been thou?ht to he

bnormal and the cessation of protein synthesis attributed to the fact that it could
not function in metabolism. Undoubtedy the RNA formed by Bacillus cereus in the
Presence of azaguanine is not pormal smce_Z?% of Its guanine may be replaced b
he analoque (Matthews & Smith, 1956) mainly at the ends of polynucleqtide chain
Mandel & Markham, 1958). But in the case of chloramphenicol the evidence that
he accumulating RNA is abnormal 1s entirely indirect. thus, this material Is un-
stable while mot bacterial RNA is not (Hofowitz, Lombard &Chargaﬁ, 1958);
It 15 broken.down by the cells when they are freed from antibiotic and at the sanie
time material absorbing at 260 my appears in the medium, re-entering the cells
Whengrov_vth resumes (Hahn, Schaechter, Ceglowski Hog s & Ciak, 1957); and in
ultracéntrifuge diagrams for cell-free bacterial®extracts it appears as large peaks due
to ribonucleopyotein (RNP) sedimenting at 14-18 S, whereas in extracts of untreated
cells only small geak are seen In this region of the pattern (Nomura & Watson,
1959; Dégley & Sykes, 1959). Chantrenné & Devreux (19602 have pointed out the
similarity” between the action of chloramghenlcol and that of azaguanine which
has beenproved to cause accumulation of abnormal RNA: both compounds inhibit
synthesis of C}ltoplasmlc protein but not of RNA and neither interfere with the
synthesis of cell walls of B. cereus, Nevertheless, chemical analysis does not su&port
the view that “chloramphenicol RNA"is abnarmal since the base ratios are those of
normal bacterial RNA FHorownz et al. 1958; McQuillen, 1961). Moreover, If we
regard “chloramphenicol RNA" as a species of RNP which s normal,lg present at
much lower concentrations In bacteria as an intermediate stage in ribosome syn-
thesis, most of Its abnormal Pr_opertles can pe accounte for:"and we shall sriow
that in the analytical ultracentrifuge aIthou%h Itis (#]ute different from ‘azaguamne
RNA it dges In'fact resemble the RNP formed by a mutant which appears unable to
stabilize ribosomes dug to its inability to synthésize the protein required.

The work of Horowitz ¢ al, (1958) shows that it Is not correct to regard the cells
as accumulatmg a tyPe of RNA which, as soon as the antibiotic is rémoved, the
break down an e{ec . Wh(ﬁw ‘chloreﬁgnphenlco_l RNA’ was labelled with 143-ao|en -
sing 1t was shown to break down at the same time as it accumulated since the label
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could be “chased out’ with excess of non-labelled nucleoside; no label was lost from
cells that had not been treated with chloramPhenrcol These and other experiments
show that the accumulation of RNA must be regarded kinetically: as soon as
chloramphenicol is added, the rate of breakdown js feduced below that of synthesis
and RNA accumulates: and_ when chloramphenicol s removed, breakdown out-
strrps synthesis and the adaitional RNA disappears. In tending to stabilize the
RNA it'is clear from the results of Horowitz et'al. (1958) that thechloramphenicol
does not act alone, because the RNA which accumulates when 1t is first added is
more stable than,that accumulatrngi later as though some materral whrch 1S mvolved
In stabilization js, in [imited supply and becomes progressrveR/ex hausted. Since
chloramphenrcol inhibits protein Synthesis, 1t may well be that this material is
F{ rotein of the type associated wrth ribosomes: this may confer stabrlrt on ribosomal
NA either b 3{<coatrng itorh \}ll\ll posrnfrg gon rtacon Iquration less vulnerable to
enzP/mrc attack. Nomura & Watson (959) and Da e)( &S¥kes (1960) |solated
‘ch oramﬁ enicol RNA” and showed |t to be ribonuc eopro ein contarnrng less
proternt an rrbosomal RNP. On thrsvrew accumulation of RNA is a conseglience
of, and not the reason for, cessatron of protein synthesis. When formed inside un-
inhibited cells this RNA would |mmed|ate|rt; take part In further reactions mcludrn%
unjon with protein, that would lead to stable ribosomes. For a reason which Is no
evident the antibiotic appears.to inhibit breakdown of RNA when the amount of
Protern available s not uffrcrent for th rsgu Spose Direct experimental evidence
or these views was obtained by ronson piegelman (1958) who reported that
breakdown of ‘chloramphenicol RNA” did not occlir when amirio, acics were present
In the culture : nstead, this RNA appeared to be convered straight into ribosomal
RNA hecause it was found that JC-amino acids were incorporated Into particle-
bound protein without any simultaneous rncorporatron of labelled nucleic acid pre-
cursors into RNA. - Although few details were given of this | r%ortant experrment
ItS Interest increases as more attention is foctised u?on Intermediate steps In the
bacterial synthesis of RNP. By examination of cell-free extracts in the anal tical
ultracentri ugewe have shown that peaks at 14-18*9 due to “chloramphenicol RNP*
disappear within 30 min. when cells are suspended in a medium containing amino
acids which is free from antibiotic, and that this disappearance is accompanied by a
marked enhancement of the peak due to 30%9 riposomes. A precursor- Rroduct
relatronshrp 1S also sug?ested by the fact that 309 ribosomes disappear as ‘chloram
phenicolRNP’accumulates (Pardee, Pargen&Prestrdge 1957, Dagley &Sykes, 1959)

Three main stages are discerned in”current thedries of pratein biosynthess:
(1) conversion ofan amino acid to an adenylate, (2), its reaction with a sujtable
transfer RNA’molecule to form an aminoacyl—transfer RNA, (3) reaction of this
ester, in the presence of guanosine triphosphate and a labile “transfer factor’
(Nathans &Lrpmann 1961) with a ribosome which may contain_‘messenger RNA'’
Where {t e amino acid becomes incorporated into protein. Demogs & Novell
1956 acks & Gros (1960) and others have shown that chloramphenicol does not
rnhrbr stag esg and d)and may block stage 5)3) at some point. Yarmolinski &
de la Haha' (1959) have drawp attentron to th close similarity in structure between
the antrbrotrc puromr{crn and amrnoacy |—transfer RNA—and they showed experr
mentally that the antibiotic also inhibits stage (3? This was confifmed by Nathans
& Lipmann (1961) who found that neither transfer RNA nor transfer factor were
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affected b}( puromycin but that ribosomes were irreversibly poisoned for in vitro
experimerits. Like’ chloramphenicol, puromycin inhibits the_ synthesis of pratein
but not of bacterial RNA which therefore dccumulates but is said to differ from
‘chloramphenicol RNA’ n being stable, i.e. it is pot broken down when the hacteria
are freed from puromycin and ‘suspended in mineral salts medium (Takeda et al.
960). We have exarmined cell extracts of Escherichia coli inhibited with puro-
m)rcm and find changes in_the uItracentrlfugIe patterns similar to those due to
f Qram;t)_henlcol. Thus, as RNA accumulates arqe peaks appear, due to material
sedimenting at 14-183; but bﬁ contrast, when célls were resuspendeq in a growth
medium frée from antibiotic the peaks disappeared much more slowly from ultra-
centrifuge diagrams of cell extracts and there, was no rapid increase in.concentration
of S0S “ribosomes. However, chloramphenicol and purom&cm evidently act in
similar fashions; and the observation that accumulating RNA may be’ rapidly
degraded by the cells in one case and not In the other is ot convincing evidence
that there dre two tY es of RNA which liffer in structure. We found that resump-
tion of protein synthesis n a puromycin-free growth medium was initially very
Slow an radu_al)(accelerated. BY virtue of jts'similarity in structure Rluromycm
may become firmly attached to sites normally occupied by transfer RNA ard it
may be displaced from them only when the gell is_able to build up certain con-
ceritrations of metabolites, 1f the’material sedimenting in cell extracts is precursor
RNA for ribosomes, stabilized at this point by combining with puromg_cm_, It may
differ from ‘chloramP_hemcol RNA" only in the rate at which the antibiotic is dis-
H!aced from combinatiqn. I this should occur slowly, the RNA may be incorporated
Iret%tl _ |r(1jt0 stable ribosomes rather than suffér degradation "before they are
synthesized.

yWe have examined cell-free extracts of Bacillus cereus pre|oar,ed_ 50 min. after
addition of 40 jig. azaguanine/ml, culture: this caused marked Inhibition of growth
as well as an increase In the ratio RNA/protein, determined chemically for Lml.
of extract, from 0-28 to 0-37. Extracts Were alsg ;r)]repared 45and 85'min. after
?uanosme had been added to reverse the action of the analogue and allow growth
0 resume.. For none of the extracts was there evidence that maerials had been
Produced similar to that g|\_/|n(r1 rise o the 14-18 S peaks which result from poisoning
he cells with chloramphénicol or purom?]/cm._ The onl changes observed in patterns
were due to,a marked Increase In concentration of 303 riboSomes when azaguaning
had been displaced. Similar results were obtained with cultures of Escherichia coli
treated with aza-adenine. This difference In rates of sedimentation of the RNA
which is synthesized in the presence of chloramphenicol or azaguaning stands In
contrast t0 various similarities in action already noted (Chantrenne & Devreux
1960); ho (iver ‘aﬁa%uanlne RNA’ has been Rroved to %che ically abn(?rmal
whereas ‘chloramphenicol RNA™has not. Mandel & Markham ?1958_f0un that
the polynucleotides built durmq inhibition with azaguanine are relatively short,
and Trom our work we conclyde that they sediment slower than 145; nevertheless,
afte_r_aza(?uanme has heen e&ected 30,8 fihosomes may be synthesized from these
additional polynucleotides at a speed sufficient to calse ari increase in ribosome
concenLranon above the normal value. _

Borek & Ryan Y1958) showed that RNA continued to be made by a mutant of
Escherichia coli requiring methionine when protein synthesis had Ceased due to
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lack of methionine. Dr W, Hayes kindly supplied us with a similar strain of . coli
which showed this effect, This mutant s%nthesued little or no protein when cells were
suspended in a methionine-free medium and after. 180 min., synthesis of additional
RNA also ceased. Cell-free extracts made at this time showed additional peaks
In ahout the same region of the ultracentrlfu%e pattern as those due to *chloram-
phenicol RNP’, namély at 148 and 165, When methioning was added to restore
protein synthesis these'peaks diminished and there was a simultaneous increase in
area of the peak due to 50% ribosomes: this occurred over a period In which the
Increase n %ell mass was equivalent to less than a third of a generation. These
neaks at 143 and 16% ma% thus be due to ribosomal precursor material stabilized
Dy the protein known to be ‘turning over” in starved cells (Mangelstam, I9603;
hut proof of this must await the results of tracer experiments designed to decide
whether the material is Incorporated directly into the 50% ribosomes, as the ulfra-
centrifuge results suggest, or whether it Is first broken down and the ribosomes then
resynthésized. Meanwhile it has been observed that the RNA accumulated by the
mutant resembles “chloramphenicol RNA” n_being converted by Mg+ ions to
larger, or at least more rapl_dlly sedimenting, ribgsomes ang also in being rapidly
broken down to smaller particles on treatment with sonic viprations.

For all our experiments the cell-free extracts were made with water, or phosphate
buffer (0-015m or o-ossmhor tris buffer (0-001m) and all gave essentially the same
ultraeentrifuge pattern when used to extract distupted bacteria from the Same crop.
Ve did not make a practice of extracting with solvents containing 0-01 M-magnesium
acetate, such as other workers have used, for the following reasons; (1) there is no
evidence that the 70 ribosomes which are formed at thig elevated concentration
and which readily dissociate when it is lowered are those ribosomes which take part
In protein synthesis (Tissieres, Schlessmger &Gros 19602 or indeed in any metabolic
pracess; () on the other hand there is direct evidence that, In the intact bacterial
cell, reaaily-dissociated 708 ribosomes are normal[ljy present at much
centrations than other RNP particles (Bowen, Da

|ower con-
( gley, Sykes & Wild, 191);
(3) added magnesium acetate would have ag(?regated most of the material that we
suhg%ﬁst may be %recursors of nbosqmes, an chan%es in ultaaeentrlfuge patterns
wiich appear to be meaningful would not have been observed.

There are two other features of this work which %ppear relevant to current prob-
lems, First, the rapid disappearance of additional RNA following removal of chlor-
amphenicol, azaguanine or azaadenine was accompanied by a rapid rise in con-
centration of 30 ribosomes but not, in the first instance, of 50% ribosomes. Resump-
tign of Erotem synthesis hy the methlonlne-requmn? mutant took place with a loss
of the 14-16% peaks ang a rjse In concentration of 508, hut not 308 ribosomes.
Although, therefore, 50$ and 30% ribosomes may have common precursors the
appear 1o be formed from them by separate and distinct metabolic routes. Second,
I the peaks at 14-_16% shown bY extracts of the mutant are indeed due to ribosome
precursors then this RNA would become labelled rapidly in cells exposed to a suit-
able radiotracer; and on raising the Mg2+ ion concentration of the extract it would
sediment at 308 or adhere to' larger ribosomes. Such. material would therfore
behave similarly to the ‘messenger RNA’ found in uninfected bacteria by Gros

g%u&}!iegl%l) and'is clearly not readily distinguished from it solely by sedimentation
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It is pow a well-known fact that ptotoPIasts nrepared by the action of Iﬁsozyme
on Bacillus me([;aterlum can under suitable conditions carry out many of the finc-
tions .of the intact cell. Thus they can respire, grow, form spores and synthesize
nucleic_acids and proteins when incubated in média of h_|%h osmotic pressure, In
more dilute media, the Rro_toplasts can readllP/ be lysed with the liberation of about
0% of their dry weight in a soluble cytopfasmic fraction. The remainder of the
protoplast can be completely sedimentéd under moderate _centrlft:%al forces as a
membrane complex which appears to consist of two prmmfal components when
viewed in the electron microscape (Godson, Hunter &Butler, 1961). One component
consists of large empty membranous vesicles; many sections seen, however, are
almost entirely populaed by smaller vesicles which appear t0 be studded with elec-
tron-dense particles of approximately 150 A diameter. While the Iar%er vesicles
are almost cerﬁamly_ d,erlve? from the T toPIasmm membrane of the cell, the smaller
ones may partly originate from interndl structures. . _
. When“protoplasts”are incubated with labelled amino acids for short periods of
time up to 2 min. and then |1ysed‘ the bulk of the labelled protein formed is found in
this membrane complex. The isolated membrane complex is itself capable of
Incorporating labelled. amino acids into protein in vitro, although the Observed
Incorporation rate is linear with time and can continue in this wa¥ for several
hours, Degradative experiments have clearly shown that the bulk of the label is
bound in polg/é)e tide form (Hunter, Brookgs, Crathom & Butler, 19592. Similar
results have been re pr_ted%%Smegelman (1959) and by Zillig and. his co-workers
(Schachtschabel & Zillig, 19%9; McCorquodale & Zillig, 1959), using Escherichia
coli, and by Connell, Lengyel & Warner (1959) using Azotobacter.
The a?pearance of the membrane complex In the"electron microscope led ys to
suspect that it contained bound ribonycleoprotein particles of the type that hayve
been implicated in other systems as bemg directly concerned in protein synthesis,
and our more recent work (Godson et al. 1961) has been directed towards the further
fractionation of this comP ex, _ _ ,
_The most effective method used has involved the dispersal of the complex in a
dilute buffer under the 1mpact of ultrasonic, vibrations. The dispersed material
can now pe readily resedimented in fwo distinct Iarers, Ieavmg about 24 % of jts
d_% weight in the’ supernatant fraction. The two [ayers can_be separated quite
simply by mechanical means, the lower heavy white [ayer consisting largely of hon-
5 G. Microb. xxix
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proteinaceous material which need not concern us here. The upper layer, which
analeyses_chemmally as ma_ml3/ Lphosphoh[%oProtem with small amounts of RNA,
appéars in the, electron microscope ‘as small, rather ghostly, vesicles. No dense
particles are visible, such as, for instance, were seen”in the preparations of the
original membrane complex or as can be seen clearly in electron mlcroqraphs of the
whole cell. However, density gradient c_entrlfugoatlon of the supernatant fraction
from the ultrasonic treatment readily }(_lelds ribonucleoprotein particles of sedi-
g i

mentation constants 45 and 30, leavirig finally in solution material containing pro-
four signi-

tein and nucleic acids of very low sedimentation constant.
. Thus, if labelling experiménts are carried qut In the infact protoplast
ficant protein fractions can subseguentl be obtained by this procedure : the mitially
formed cytoplasmic fraction; and fronf the membrané complex, ribonucleoprotein
Partlcles, the phosphalipoprotein fraction and protein solubilized bY the ultrasonic
reatment (55 protein). Rather sur rlsmPI){J such experiments clearly show that the
bulk of the Tabelled protein resides at early times in the phosphollp_oBrotelnfractlon_.
The level found In the rlbonucleoProteln articles Is somewhat variable from experi-
ment to experiment, but always less during the first minute than that found in the
phosphohBoProtem. The cytoplasmic fraction and the probably related 59 protein
acquire label at later times, and ‘chaser’ experiments, where the dose of labelled
amino acid is followed after a few seconds with a much larger dose of 12C-amino
acid, indicate that its label s derived from the Phosphollgoprotem,fract|0_n. We
were, however, unable to obtain any evidence from these ‘chaser’ experiments
Indicating that the labelled protein irf the phospholipoprotein fraction was derived
from the Tibonucleoprotein particles. In this connexion, it is of interest that Mitsui
(1961) has recently described the incorporation of labelled amino acids info c¥to-
chrome cin a relatéd cell-free system from a pseudomanad. The Broteln Was jsolated
Ina pure state, and Mitsui (personal communication) finds no labelled cytochrome ¢
bound to free ribonucleoprotein particles. o
However, recent work from other laboratories has, indicated that only a small
B_ro ortion, of 705 rlbonucleoProtem g,artlcles, are directly concemed in ‘protem
losynthesis, and our phospholipoprotein fraction does corjtain up to 2% of RNA.
It is possible that the ribonucleoprotein particles,isolated elsewhere are obtained in
our gelicate fractionation procedure n a bound form attached to the phosphollPo-
protein surface. This surface might then be concerned merely in the rapid removal of
neWIY synthesized protein from the, ribonucleoprotein. This could account for the
fact that the Rrotem fynthetlc abilities of 1solated ribonucleoprotein particles are,
In general, rather small. o _ _
nthe other hand, the phospholipid surface might have a rather more direct role
Bo play. Onﬁofthe ?IffICUHIgS o%the ¥potheSJs ofé)rotejn nthesis as expounded
v Zamecnik, Hoagland and others (Zamecnik, 1960) is that the transter RNA
molecules when traristerred to the ribgsomal surface appear to be too long and com-
plex to serve in their entirety as suitable transfer agents. It was this_ difficulty,
combined with our experimental results, that led us to"propose a mechanism for the
final stal_g?es of protel b|osg/nthe5|s which has been described in more detail else-
where (Hunter & Godson, 1961). We assume that the specific ordering of the transfer
RNA molecules, and hence of the amino acid residues, Is determined by specific
hydrogen bonding with the ribosomal RNA, by some such mechanism as that out-
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lined by Crick, Griffith & Orgel (1957). If this Iinka?e takes place at the same dis-
tance down the transfer RNA chain for all types of fransfer RNA molecule, then a
surface with a sequence of charged phosphate groups Placed_ at approximately that
distance from the ribosomal syrface could make contact with each transfer RNA
chain at relatively_closely defined points. 1t was su?gested that a phospholipid
surface spatially arientated in this manner could serve to hydrolyse the amino acids
from their binding to the terminal nucleotide residues of the transter RNA mole-
culeswith the preservation oftheir bond energy, so that the formation of the peptide
chain would proceed spontaneously and rapidly. _

The same ‘type of considerations, however: might aPpIy if ‘messen[qer-RNA’
should prove o be of?eneral occurrence. [ this case, 1t could be postufated that
the transter RNA molecules_bind initially not to the ribosomal RNA but to the
messenger RNA, with the ribosomal RNA taklng the place of the, phosphohPld
surface.” This would account for the finding of ‘iascent’ protein directly on the
ribosomal surface in the eernments described by Dr McQuillen and others, How-
ever, another possibility 1S.that most methods of cellylar fractionation tend to
destroy delicate phospholipid surfaces. and membranes, In which case any protein
or|g|nall¥ fixed ‘between phospholipid and " ribonucleoprotemn  surfaces, would
then be tound on the ribosomes along. _

To turn tg another aspect, one of the consequences of our own hypothesis would
be the transient existence of lipo-amino acid comRIexes In the course of the transfer
of the amino acid residues from transter RNA to the pnospholipid surface, and these
might accumulate in special circumstances. LlPo-amlno acid comglexes have been
detected by several grougs of workers in recen ].years éHendler, 1959, 1961; Gabg,
Naquhten & Logan, 1959; Gaby & Silberman, 1960; Gaby, Wolin & Zajac, 1960;
Wallach, Soderberéq & Bricker, 1960: Bogoch, Belval & Winer, 1961;" Fukui &
Axelrod, 1961), an rapldIIy metabolizing compounds of this tyRe are best isolated
from protoplasts of Bacilius megaterium by acetone extraction which leaves the
bulk of the phOSph0|IgldS undissolved. It is.a pity that so little progress has been
made towards a more precise chemical definition of these complexes, . However,
complexes have heen separated from free amino acids by chromatographic (Hunter
& Goodsall, 1961), electrophoretic (Gaby et al. 1960) ad counter-Current methods
*Hendle_r, 1961). "In the case of B. megaterium the complexes can be separated from
ree amino acids on a semi- reParanve scale by paPer chromatography. Ona larger
scale, the complexes were separated from other lipids by successive chromatoq_rap Y
on silicic acid'and DEAE-cellulose, the last fractionafion effecting a separation of
the comPIexes_ Into phosphorus-free and CPhosp_horus-contammg fractions. Both the
principal fractions gave fatty acids on hydrolysis, but very little serine, ethanolaming
or choline was detected. Small amounts of Vcer,ol and carbohydrates were four\d,
but it 15 not as yet possible to_propose any cthemical structures for these materials.

Whatever the precise chemical nature 0f these lipo-amino acid complexes, there
seems to be liftle dount that the aming acid residues bound to them can readily be
used for protein biosynthesis ([Hunter &Goodsall, 1961). The role of these compouinds
15, however, by no means established, and they maK pernaps serve as a store of
activated amino acids. Gaby, on the other hand, has recently. sugqested (Gaby
et al. 1960) that the complexes studied in his laboratory are primarily concemed
In amino cid transport,

5-2
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SUMMARY

survey of 1N proteo tic bactena resent in the rumens of sheep, on
i e Rl Vg%hneaa b

|sno con ne oa}(}g |nd {;umen bu ha varia

Bty OSSesse stra ns. of man N Whic canhne
?ﬁ/ Phﬂa T( A of Diher feegstu COHS'[I?UGH? e properties
he bacteria 1solated are given.
INTRODUCTION

In a previous paper (Blackbum &Hobson I960« |twas shown that the micro-
organisms of sheep rumen contents readily yro g/se casein and that this activity
was assqciated both with the protozoa and thé large and small bacteria, The
results of attempts t0, |solate actlvel proteolytic bactena however, resulted in the
Isolation of only a limited num er of ers most of which were faculative anaerobes
(Blackburn & Hobson, 19606) h.these were present in numoers which
seemed to be quite comparable Wlth the highest dilutions of rumen contents from
vvh|cham|xed f[])roteol flora could be grown, 1t was felt that theY represented
ol aparto the proteol Y’[IC bacteria present in the rumen, The Isolated bacteria
dld not include representatives of the strlct¥ anaerobic rumen bacteria which have
been shown to be actlve In the breakdown of feedstuff carbohydrates and lipids and
which were present in the proteolytic suspenslons of bacteria, but it wag shown that
mixed cuItures contalnln these types of bactena could. be grown i a casein-
contalnln? medium and that the_casein was hydrolysed in some of the cultures
(Blackburn & Hobson, 19606, ). The present work describes the results of exi)en

ments. directed towards the isolation ang classification of types of proteolytic
bacteria other than those previously described.

METHODS
Media

In the previous work dlﬁerent kinds of media were tested for growth of proteolytic
bactena and it Was on the hasis of these results that the media used here viere
prepared, All media, exce t those used to aetect growth without CO2 were thoroughly
([;assed with oxy en free CO2during preparation and dis ensmq and all manipula-

lons were carne out underastream ofoxygen -free CO USIn(I] echnigues based on
those of Hungate (1950). Media used duririg the preliminary tests with cysteine as
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reducrnﬁ Igent and resazurin as oxidation-reduction indicator, were reduced to
below the Eh value needed for production of the colourless form of resazurin and
generally had an oxidation-reduction potential measured between platinum and
Calomel "electrodes of ¢. =370 mV. The more reduced media (using c¥ste|ne and
dithionite as reducing systemg were reduced to the point where phenosafranine was
{gst_a%lgdrr]l\e/ss The measured reduction potential of these media was about —410

General constituents of the media

Salts_solutions, Solutron contained (g/L). KH204 3-0 NH 504 60

aCI 6-0: MgS04 0-6; CaClZ 0-b, Solutron | contained (ﬁ/l.

Rumen fluid Was prepared by straining rumen contents (freshl obtarned from a
hay and qrass fed sheep) through gauze and centrifugin at6 00g for 10 min.
The_clearTiquid was kep tfor no more than a few days at 2° before Use.

Bicarbonate- drthronrte solution. . Dithionite was added, as a small volume of a
concentrated! solution (6%, wiv) in boiled water, to a sterile 10 % (wiv) Solution of
NaHCOg. The mixed, Solution was gassed with C02 and a portion added to the
ranne(drérlrtrp] Itgnt:tréng the final concentrations to 0+-5 and 0-003 % respectively of NaHC03

Sugars ncludrng carbohydrates alcohols and acids) were the usual commer-
cially available reagent gradés, the xylan was the xylan no. 3 used by Howard,
Jones&Purdom 160 Celluose Was prepared front Whatman no. 1 filter-paper
rl]round In a a mr 0 a fine powaer. roxymethyl cellulose Was CelIoasB
ow viscosity (1.C Ltdg For |solat|on of hacteria, celuose ﬁ*an carb oxyme thyl
cellulose and malt extract were incorporated into the medjunt before autocl avrng
Other carbohydrates were added as concentrated sterile filtered solutions, except
for starch which was an autoclaved solution.

Casein was Glaxo casein C&Glaxo L td, Greenford, Middlesex). This was, acid
Precrprtated washed with water and dissolved in dilute NaOH, neutralized and
he solution freeze-gried to |grve an easily soluble powder, which was added as a
solution to the medium before autoclaving,

Other constituents. Yeast extract was ‘Difco’ brand gBacto Laboratorres Detrort

. Tryptose was ‘Bacto’ brand (Bacto Laboratories, Detroit, U A&
extract was ‘Bacto’ brand (Bacto Laboratories, Detroit, US.A). L-Cystemne
hydrochloride was from L, Light, | td, Colnbrook, Bucks,

Media for jsolations. The media used for the isolations described here were
basically similar and the constrtuents and reparatron of the medium for isolations
from sheep 4an edescrre in detail. This medium contained per

100 ml.. salts so utron a%)lg ml.; salts sol utron (b)B5m]. phenosafranrne 0-0001 9.,
cysterne hydrochlorice -'caseln, (5 g.: rumen fluid, 10 ml.; tryptose, (}3§
agar, 2. water, 55ml. These constrtuents were added as sohsor solutio

mixed an gassed with C02and autoclaved at 120° for 15 min, under C02in a flask
fitted with & bunsen valve and a storr)#ered side tube. For addition of other medium
constituents or dispensing of medium the bunsen valve was removed and a syringe
Inserted through the tubing to which the valve had been attached. A brisk Stream
of C02was meanwhile passed through the side. tube and flowed out around the
syringe ensuring anaerobic conditions. After addition of the biearbonate-dithionite
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solution ([5 ml., see aboveg and any carbohydrate solution ({rnal carbohydrate
concentration was usually 0-5% (wiv )necessary the medium at 50° was dispensed
|nt0 tubes under CO2 by means o ybo ermic, s%/rrnges or a lahoratory-made
|spensr O%apparatus for (ise under C02 Tenfold dilutions of rumen fluid wefe made
un er C02in a solution prePare exactly like the medium, but omrttrn? the agar
and carbohydrate. One half millilitre portions, of the difuted rumen Tuid were
added to 4% ml. of medium in 6x| in. tes tubes under COZ the fubes trghtly
stoppered Wrth rubber bungs and rolled under cold water. For liquid medid the
agar was omitted, but the cultyres were still incubated in test tubes as above, at 38°.

Media for biochemical reactions,. For determrnatron of fermentatron and other
reactjons of the bacteria the isolation med |um Was aﬁgroRrrateymo ified, Unless
the degree of hydrolysis of casein was to be determined this was omjtted from the
medra and yeast extract (0-3%, W/vg was added. Growth without CO2was tested
re ace(?b)re a(r)%d aantg dispensed under oxygen-free nitrogen and with bicarbonate

MotrlrtyvvasIookedforrnyoungcultures containing only 0-1 % glucose or maltose,
and films for flaﬁella starnrng made from these same cultures

Analytical mefhods. The degree o roteol %/srs In liquid media was determined
with biuret rea entrnamannersrmra to that used in the previous work (Blackburn
& Hobson, 19606). Less than about 10% hydrolysrs ofcasern could not be deter-
mined very accurael by thrs method. Uréa hy drolxsrs was determined by esti-
mating thé ammonia liberated in surtablrvrortrons of the cultures using the method
of Cofway (1957). Volatrle fatf acrds(l FA) and succjnic acid were igentified by
gaﬁer chromatography by suitable methods, uninoculated media being used &

Sheep and samplrng Oprocedures The two sheep used. for the main isolations, 74
and 190, were fed 9% ha +350g concentr tes (fish meal, linseed meal, oat
bran, maize_ meal) ang 0g rass Cubes, respectrvelg per day, fed in
two lots at7am and 4§Jm Shee 10 was fed 90 % hay and 450 g. con entrates
per day in two feeds, [ were |vent e partially s nt etic soluble
casein- contarnrng diet previ usly descrrbed (Diet a, Blackburn"& Hobson, 1960c.)
Sheep 5 was fed™900 g. hay per day in two feeds.

Samples were taken via a rumen cannula, rapidly straiped to remove coarse
debris, and diluted and cultured as soon as possible after this. Generally, samples
were taken about 3 hr. after the morning feed.

RESULTS

During ? series, of mrLaI experiments m%ny variations in the constituents and
methods of reduction of the medlia were tested, as was the time of incubation nee d
o detect proteolysis. The results obtained, which relate to the r%mb ems of the
best medium for rowth of rumen bacteria, are not given here b ut ay be obtained

from the authors.” Liquid and solid media were also compared. tou? proteolysis
on solid media was not always easy to detect and did, not always corfespond with
the activity In corresponding liquic media, 1t proved difficulf to isolate pure proteo-
Iytic strairis from mixed liqUid cultures and so most of the Isolations were made by
Culturing dilutions of rumen fluid in solid media, picking off a selection of colonies
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which seemed to show some change in the medium, and testing these for proteolytic
activity in liquid media inifially and at intervals after purification by dilution and
subculture. In order to culture as many tyFes of bacteria as possiblé it was finally
decided to use the same hasic medium With a wide variety of carbohydrates &
ener%y sources ang to survey the proteolytic bacteria in two'sheep (74 and 190) on
two iasic types of diet, as viell as in the Other sheeP available. The isolations were
carried out over a period of some months, but the types of bacteria In the rumens
seemed to he stable over this time. All the bacteria isolated could thus be taken to
be stable constituents of the flora and not transient types introguced, for example,
with the feed. Only the proteolytic bacteria growing in the highest dilutions in
each test were subcultured and examined.. L _

A wide range of properties of the bacteria were tested as detailed information on
the properties of rumen bacteria from other than a few sources {RFIHCI aIIY catt_le%
15 lacking. Also, since the properties of the individual strains of the bacteria whic
have beén tentatively classified often seem to be very varigble, a Iarge amount, of
data on the bacterial properties would seem to be necessary before a comprehensjve
classification can be mace. However, to economize in space complete fermentation
reactions of the isolates are not given in the tables (full details may be obtained
from the authors). Apart from the properties mentioned in Table 1, fermentation
of the foIIowm% ‘sugars’ was tested: arabinose, rhamnose, mannose, galactose,
mannitol, dulcitol, Sucrose, trehalose, melibiose, raffinose, a-methyrlﬁlucomde
aesculin, dextrin, glycogen, sorbose, sorbitol, mositol, succinate, acetate. Te method
ofnumb_erln?nthe_ isolated strains is as follows. Number of host animal, carbohydrate
In isolation medium, log. 10 dilution of rumen contents from which Isolation was
made (number of colonies of this. organism in the d!lu_tlong, 1.e. T4 cell 7(2) was an
organism from sheep 74, isolated in & medium containing cellulose and occurring,as
two colonies in the, 1/107 dilution of rumen contents, The abbreviations usedfor
the carbohydrates in the isolation media are given with the tables. A letter a’ or
‘b’ has heen added to the desqnatlon In Somé cases merely to distinguish between
two 1solates otherwise bearing the same number.

Properties of hacteria isolated from sheepfed different diets

The isolates have been rouge_d according to their Bropertles and sqme tentative
classifications made on the basis of the named grolps' of bacteria isolated from
cattle by American workers. As only a few strains of some of the named orgamsms
have_been described in detail ang the properties of individual straing oftén vary
considerably, it has been found difficult to" classify accurately some of the isolates
described here, but connexions with the named bacteria dre mentioned. Since
similar bacteria were isolated from all animals they have not been grouped according
to the source. Unless otherwise. mentioned, all 15olates were strict anaerobes.
Group 1. Bacteroides amylophilus. This grou Includes isolates 6malt7, 74maltEo,
Thgluc8(2), Sxme7, 5xme8, 47glucs, 47cellon 47glucBa, 47cellob8 (malt = maltose;
maltE = malt extract: qlu_= glucose: xmc = mixture of xylose, maltose, cello-
biose; cellob = cellobiose).. These were all. Gram-negative pleomorphic coccoid or
rod-shaﬁed bacteria, sométimes with very irregular shapes. All fermented dextrip,
glycogen, maltose and starch. Isolate 5xmc8also fermented fructose. The main
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VFA product of maltose fermentation was acetic acid, and the final pH ¢. 5-7. The
bacteria in this rtiroup can be classmed as Bacteroides amylonhllus (Hamlin & Hun-
gate, 1956). A ISolates except 4gluc8 j) were similar to the type species in
requmn9 02for growth, andaI exce9 guc8 would ?row withodt rumen fluid,
Isolate 74gJucs(2) Tormed HZB 4?uc reduced nitrate. No straing grew at
and only 5xmc 47 Iuc8 and A7cellond at 45°, All |solates except 74malteo
Xro ysed Gelatin and the g/ 7v3|so caselnb the 150 ates (in the order given
Initially) was 49, 78, 85 33,60, 47, 62, 54 and &4 orespectlvey

Group2 Butyrivibrio. The bacteria grouped in Table 1 were all 8resum tively
identified as Butyrivibrio (Bryant & Small, 1956a). With the exceptions mentioned

Table 2. Properties of presumptive Selenomonas isolates
Organism number

Thstar- 190malt- 190star-

Property 6cellob8 6malt7 6malt7a 6cellob8a 47?23 %Od?ﬁ 8%?
%(irbose . rO— ¥ - -
oioid oo Loy L L
ﬁ + + + + + + —
obiose + + + + — +

F + - - — + + - —
U |n + - = — + + +
tarch + - + - . — + + +
actate + + 1 — — — -
uccinate - = -+ — -
+ o — + — -

o — — + - - - -

0 - + + - + -

Indole . - — — — — + -
Growth-rumen fluid + — + + + + -
r?v¥th-COJ - - ¥ N * _ _
e |q . . + — + + — _
Fidrohsisof casein (%) & ® % & @ & &

—o

ﬁmbols s.in Table. 1, W|th tar st rh All solat S ferinented lose
salicin. tﬁso ?? tes ente N[t: ?o|q| 0se %
t attera s0 at 50°. Final pH in glucose Was abo

g}tga\l gdrewat4
|ater all were Gram-negative curved rogs, about 0-6/a x 1-5p in averagie Size, some-
t|mes In chaln formatlon A number of isofates were motile with a potar lagellum.
Pnnmpe product of fermentation of glucose or In one case maltose Was
but ¢ acid. Isolate 47cme8 Is Probabl y a BUtyrivibrio athoug7 In morp oog vt
tended to be a stouter and mo 0
many ynroperttes 0 Butynwbno but |twas more (E)Ieomorp ic and at tlmes formed
stral% ter rods than the usual Butyrivibrig and these rods formed chains. In
mor ? rowth it somewhat resembled the two strains of groupzt but
dtffere mthe in forming butyric acid, and is best classified here, - Isolates

190xan8(6), 74xan7 23 74xan7 were all broader curved rods than the others with
one Slﬂ ﬁtral hter,

51alucoi &Hctg%ed

ecoccmd rod. IsoIate 190cell 4) was similar in

Oxan(6) was also capsulated, but thelr general properties fit
In with the rést of this group.

Group3. Selenomonas. The organisms in this group (Table 2) all usually exhibited
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a_characteristic. Selenomonas morpholoqy and . flagellation, varying in size from
about 2 to 5p. in length and from 0-410 Lk in maximum width.” However, all
isolates tended to form chains at_times and the cells in the chains were often
strarghter rods with rounded ends. The fermentatron reactions were generally similar
totoseo eenomonas ruminantium (Bryant, 1956), and the three lactate- and
cerol- ermentrng 150 ates could be classified as S, ruminantjum var. lactyliticas
gBy ryant, 1956), I VFA fermentation products of glucose the four rsolates Iabelled
cellohg and 6ma|t7 resembled the type cultures of Bryant in forming, marntﬁ
ro lonic_ and acetic acids. The other three isolates produced butyric acid, wit
tteacetrc and in this respect resembled the at prcaIS rumrnantrum strain B38H
Bryant, 1956 vvhrch is probably a species of Butyrivibrio.

roup Lac nospira. Two Isolates Were presumgtrvelx identified with the new
(_}enus Lachnos rradescrrbed by Bryant & Small (19506). These two isolates (74malt-

1), 74cellob (2)2 were similar ifi bern[q Gram- nerlratrve of -variaple rods about
Xlong, sometin ssh% tly curved motile with a P arfla?ellum and often oceurring
In chains. They formed a “woolly " colon rna? and in figuid medium a zoogloed]
type of growth which sedrmented out hey Tormed acetrc acid from glucose and
rew without rumen fluid._ In all these Propertres they resembled L. multrParus
gBryant&Small 19566). They differed from the type culture in some reactions
he' ather main prorztertres of the two isolates were as follows. Both fermentec
cellobiose, gl cerol $ Amalt7(l) only weakly), Plucose inuli, lactose, maltose and
sarch Neither fermented ‘adonitol_ inositol, salicin, cellulose, . carboxymethy
ce uose fectrn nor Iactate Isolate T4cellob6(2) fermented melibiose, xylose and

lan: 7 formed HX: neither grew wrthout C02 reduced njtrate nor
frmed indole; both aveaposrtrvev test and Ogrewat 45°. The final pH
glucosemedrum was 2-(. Isolate 74mat7£ hydrolyse casein to the extentofonly
dbout 2%; r4cellon6(2) to about9%rn days; .both hydrolysed gelatin,

Group5 The properties of group 5 are given in able3 ese Dacteria showed
Simi arrtres rnbrn Gram-negative rods, 0-8-1/xx 3-5p, sometimes. curved with
Pornted ends, erthersrngn¥0r in charns with granulations or polar staining, but often

orming chains of straig erces In some cases motility, with peritrichous flagella,
was seen, but In most cases only an oscillatory movement, or no motion, was found.

All formed mainly butyric acict, with some acetic, from glucose_or maltose, Growth
In Irgurd medium was zoogloeal or granular.  ISolates™190ni[7(6) and 190nr|7(6%
differed to some extent from the others in bernq more crescentic, with more defini
brPolar staining and also In not hydrolgsrng élatin and bejng only weakly proteo-
lytic on casein. 5xmc7, Sxmc7a and Sxmcg were denerally less curved than the
others and had more rounded ends. .The bacteria of this group had some similarity
to_Lachnospira in growth characteristics in_ljquid media but formation of butyric
acid excludes them from this classification. They are similar to Bacteroides. How-
ever the curved shape and pornted ends of the' cells of some of the [solafes might
preclude them from this group and su%gest relationships with the Spirillaceae {in
morphol ogy and growth t e[ysomewh resemble Myconostoc gregarrumg although
B, Succinogenes ryant& oetsch, 1954) can have gornted ends.” In the formation
of butyric acid from glucose.th et( also differ from all but one strain of rumep
Bacteroides so far reported, this latter was found in young calves by Bryant, Small,
Bouma & Chu (1958).
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Group 5a comprised three |so|ates (190malt7 7) 74starch65 ), 47nil9), and_their
properties are given.in Table 3. Isolates 190malt/(4) and 74starch6(2) were simifar
In erng pleomorphic Gram-negative curved, rods, Sometimes Iongi and thin with
more than one coil 803/* X X, at other times stouter, straigfiter and shorter
(0- 6/tx2/)fwrth rounded ends. C hain formation was common an the cells in some
cultures o 74starch6{ l 2) had a twisting movement, Isolate 47nil9 were generally
straighter rods about L/t x 4jl, more Variable in Gram staining. The one isolate

Table 3. Properties of groups 5 and 5a

Group ba
. orHar%sm
Group 5. Organism number ndmoer
1 "
8
oy MY %
4
ey G BB E L Y g E G
Xylose TS S S S S S
ucose + 0+ 0+ 4 = = 4+ o+ o+ o+ o+ 4+t
ructos + 0+ 0+ +  + 4+ 4+ + 4+ 0+ =+ 4
E dycero - - + o+ - + 0+ 4 — R —
nitol + - = = + = = = = rol
Ftose + 0+ 0+ +  + o+ o+ o+ 4+ o+ o+ 4+ #
ﬁ% + = + 4+ o+ 4+ 4+ o+ o+ o+ 4+ + 4
elloplose + 0+ +  +  + 0+ o+ + = 4+ =+ 4
,crn + 0+ o+ o+ o+ o+ - + 0+ + o+ 4
r¥ n I T T S I I
U — + + o+ 4 R T e
%\% + - + + = = 4+- + + 4+ 4+ + Ot
- — + + - -+ = 4t = = =
Ilulose + - - - - - = - -
actate - -, - -
yccinate S _
tzg ol T T '_ - s
i 5ro't ot 1w B T
asein
mbogs%n Table 1 and 2 with I:
n |rt reductl sswere trve N strains 19 nil7
1905&(8 2 Tieh f%ﬂh‘ 3 % excet ?(33 oo o
?ro rw I\ert ergHm%g il an ro er#]ceer ut rr ar cose or malto nalp varre
(Enro W an (}ra ’\e tests were neoqa % |so ate rew wr ut COaand 190malt (ﬂ) would not
r]%vlvp t V\oatét r{tg% uid. ‘None grew at 3 0°, all grew at 4 produced acetic acl omgucose

tested (190malt7(4 )r? produced succrnrc acid from glucose and all three produced
main P/acetrc amorigst the V gro ducts of glucose fermentation, These isolates
were entatrvely classrfred as Bact 0iges rumrnrcola (Bryant et al, 1958).

hGdroups 6tha ob. The| orqanrsms In th |s seotron arg grrt)uped under orlte main
eading as they were all rather pleom ram-neative or -variable, ova
coccl o? coccobgcrw They have bgens%d)rvrded on the asis o?morpholt)%
also on therrfermentatron products. However, fermentation reactions and t some
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extent morphology, varied amon%st members of the grroups and it Is probable that
aT elnbulgnltl)er of speCies are represented in each group. Their properties are given in

Group 6, were small Gram-negative or -variable oval cocci 0-5-1y Ionq, sometimes
occurrlltng in pairs, but generally singly. They formed mainly acetic acid trom glucose
or maltose,

Group bfa This was a group, of Gram-negative or -variable cocci or coccobacilli
all exhibiting some pleoniorphism and varigtion in size, but in general, being about
0-5-ji Iong. All produced propionic as well as acetic acid front glucose or malfose.

Group 60. The first three members of this group were all similar Gram-variable
coccobacilli, rather Iarper than those of groups 6 and 6a, being about 0-9// x 2//.
They were also facultatively anaerobic.” Isolate 190xyI8(2) was predominantly
Gram-negatlve had more tendency to chain formation and"the cells were about
0-9/tx 1-3f1. All the isolates in this q_roup produced a mixture of acetic and butyric
acids from ?Iucose and all were motile with a polar flagellum. o

Some of the isolates of grort#)s_G, ba, 6b resembled”Eubacterium ruminantium
EBryant, 1959), but there Seems in general to be no complete basis for including
hese groups In any so far named groups of rumen bacteria, _

. Grotp 7. These were all small Gram-positive cocgl, about 1y diameter occurring
smgIP{ Or In groups and, apart from the three mentioned above, they were the_only
facUltatively anaerobic bacteria amongst those described in this Paper. Their
Propert_les are given in Table 5. As these'isolates differed in reactions it seems likely

hat this group could be further sudivided. _ o

Urea hydrolysis.. All the bacteria isolated were tested for ammonia, production in
a medium contalnlng urea but no ammonium salts. Except for one isolate &Gram-
Posmve coceus, 470 |I9P there was little change In the ammonia concentration In
he media (there was always a small amount 0f ammonia present from the rumen
fluid and other constituerits) and any increase in concentration was very small
compared with the amount of urea present. In some cases there was an uptake
of ammonia, There was thus no, evidence for any definite hydrolysis of urea by any
of the strictly anaerobic bacteria isolated. .~ _ o

Zones of proteolytic activity. Proteolytic activity of colonies growing in roll tubes
of medium containing casein was shown by a clear. zone sufroungéd by a more
opaque ring in the somewhat cloudy medium and this area gradually spread with
growth of the colony.

DISCUSSION

|t was noted in earlier experiments that the carbohydrates included in the medium
had an effect on the types of proteolytic bacteria growing and the apparent deg,re_e
of proteolysis, but more extended obServations showed that this was not as specific
as was at firstthought. In some cases the influence was due to provision of a sujtable
substrate for growth, as,in the case of Bacteroides amylophilus which grew well In a
maltose-containing medjum. Some of the carbopydrates used may have also aided
the growth of recognizably IE)_roteolytlc bacteria by somewhat sup ressm? the rapid
growth of other hacteria which ocCurred on more easily utilized substrates such as
Olucose. . : : .

In'many cases the extent of hydrolysis of casein to trichloroacetic acid-soluble
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products was not high, and in some cases casein h¥droly3|s seemed to be an unstable
property, decreasing on continyed subculture. There was also evidence that the
enzymes were to Some extent adaptive as rapid subculture In a casein-containing
medium in some cases led to,a ?reate[ degree of hydrolysis of the protein. It is thus
Probable that the comparatively limited ¥droly3|s of casein exhibiteg b}{ many of
he bacteria Is not complete|¥ Indicative of their proteolytlc_actlvn¥ in the rumen,
where a constant amount of protein i added to what'is, in effect, a continuous
culture of the organisms, _ ,

In the earlier work (Blackhurn & Hobson, 19606), facultatively anaerobic Gram-
positive cocci occurred in almost all the experiments and t_heY have also been
Isolated in the present tests, although attention was focused In these experiments
on the anaerobic tyrg)es. The bacteria other than cacci isolated here were all found
overa Iong period in the different sheep and must alsq be a stable part of the rumen
Proteolyt_l flora. Bacteroides amylophll_us was especially prevalent in sheep bein
ed a ration hagh In starch. The types isolated in many cases belong to groups 0
bacteria already shown to be of Importance in the ruminal breakdown”of other
feedstuff constituents and to be widely distributed in ruminants. These results would
support the general findings that the proteolytic activity of rumen contents does not
valr:vlgreatly with variations in diet o ,

ugtf)]_um, King & Moore (1958) reported the isolation of non-sporeforming
anaerobic bacteria from the bovine rumen which caused clearing in a mediur
contammq milk as casein source, and Bryant et al. (see review by Bryant, 1961) have
noted that a number of ther isolates of bovine rumen bacterja, esgeclally Bacteroides
ruminicola, some Butyrivibrig straing and some Eubacterium strains, hydrolysed
casein and/or gelatin urmg hiochemical tests. These results fit in with tfie Present
data, and all the results so far indicate that there is ng one specific type of proteolytic
bacterium in the rumen, but that proteolytic activity isa variable propert% associated
with particular strains of species qen,erallly,actlve In other feedstuff breakdown,
It 5 possible that some non-Eroteo ytic straing may contain peptidases which will
act durmg the complete breakdown of feedstuff protein in the rumen. _

The fact that no definite hydrolysis of urea was found Is again in accord with
results of attempts to isofate anaerobic urease-producing bacteria from the rumen.
Only one type has so far been isolated and this was a Gram-positive rod related to
Lactobacillis bifidus (Gibbons & Doetsch, 1959).

The authors vvox%ld I'v](e #0 thank Mr J. Mclntosh for skilled technical assistance
and Mr W, Smith tor the fatty acid analyses.
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INTRODUCTION

It is enerallg accepted that infection of bacterial cells by bacterl I[T)]hage may
inhibit growth and further cell division. However, methods such as microscopic
observation or turhidjty measurements of randomly dividing bacteria cannot
decide whether a cell d|V|d|ng at the moment of infection can complete this process
or whether 11 is completely inhibited immediately after the, phage Is adsorbed. The
Inhibitory effect of virulent bactenoBh ge on bacterial division'was studied in the
Ilghtm|crosco e by Luria & Delbriick (1 422 but these authors concluded that their
method did not qive any definite answerto his questlon On the other hand. it has
been concluded that ceftain temperate R ages allow the infected cell to divide once
or twice pefore lysis (Lwoff, Siminquitc &K eldgaard, 1950).

Cell division aIthough Closely dependent u on growth, Is believed to involve
some more o less specific mechamsms Swann 1 72 It 15, therefore, not self-
evident that the growth |nh|b|t|n% actlon of Virulen bacterl rg)ha e must neges-
sarily be accompartied bY simultangous nhibition of cell divisio Sgync ronlzatlon
of bacterial leISIOﬂ facilitates the study of this interesting Rroblem In.add |t|on |t
%Esonet? relate thefmalx leld of virus to the stage in the cell IVISI? (?”

which the cells are infected. The effect 0 bacterlopha e.on synchronously dividin
Escherichia coli was reported in a prewous communlcatlon( tarka &Koza 1958).
When cells were infected immediately hefore an e>80ected ivision, a Slight Increage
|dn ttgje éntt)e?snylof scattered light was observed, indicating that probably some cells
vided before lysis.

Virus sgnthest/s In bacteria d|V|d|ng sgnchronously Was flrst stud|ed b Barner &
Copen &%g sin scperlc 1a coli” 15T- ang gacteno W Jesults
Indicated that bacteriophage adsorption and yield were esse tlay ndependent of
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the stage of host development at the time of infection, at least under the special
conditions of their experiments. On the other hand, Yanagita, Maruyama &
Takebe 99_58? using a filtration method of synchronization, gbserved significant
differencés in the amount of phage adsorbed by synchronized cells depending on the
increase of cell surface during the cell-civision Cycle. The burst sizes in One-step
growth experiments with bacteria infected at different phases of synchronizeg
%{_owth also varied sg;m_ﬁ_cantly and the hlghe_st values were obtained with cells
Idway between two divisions. ”In agreement with the conclusions of Yanagita et al,
1958),"the |mﬁortance of the actual State of the gr_owmg cell at the time of infection
pha%e for the yield of virus was also described in out precedlnq report (Starka &
0za, 1958) where cold shock treatment was used as a method of synchronization.
The apparent contradiction between the results of Barner & Cohen (1956) and these
|ater observations might be explained by the different methods of synchironization,
L.e. by withdrawal and addition of an essential metabolite in the first case, and by
filtration or cold shock in the second. _
The present stugy was begun in an attempt to throw more light on two Pro_blems
namely whethey pha%e inhibits the division process of already dividing bacteria; and
how the rate of synthesis and final yield of virus varies in synchronized cultures.

METHODS

QOrganisms and growth methods. A streptomycin-resistant strain of Escherichia
coli B was used and the division cycle was s¥ chronized by a single temperature
shift as described B_rewously (Starka & Koza, 1959). The glrowth medium was Bacto
Trgptose Brothg ifco) 0-5% (wiv).ang 0-085 M-NaCl, g [ _

Ingle-step g{ wth curves and single cell bursts were determined at 30° with
bactefiophage T 2r using the techniques described by Adams (1950, 1959) except
that all dilttions were ' made in tryptose medium instead of in broth, and the
temperature for phage growth waS maintained at 30°. The burst size in non-
sgg;n hropized cells at 30° Was found to be 90, with a latent period of 40-45 min. At

° the burst size was 100, latent period 26 min. The multiplicity of infection in all
burst-size_determinations was between 0-08 and (-1 _

Phage T2r Inacfivated by ultraviolet light u.v.g Was Rre ared according to
Luria & Delbriick §1942). After irradiation, the phage suspension contained 2 X 104
plaque-forming particles and 3x 109inactivated Rhages per ml, _

In exRenments with phage "x-174, Escherichia coli C was used as bacterial
host. The %gwth medium” contained tryptose 0-5% (wiv), 0-085 M-NaCl and
2-5 x 10-3M-CaCl2 _ _ _ _

Optical method of bacterial count. Bacterial counts were determined using a
Pulfrich nephelometer. In this instrument the incident light 1s scattered by Sus-
pended bacteria and collected by a converging lens at an angle of 45°. The Inténsity
of the light scattered by the sam'ole I compared with the intensity of Ilg_ht Rassmg
throu?h an gpal glass diftusing plate and can be adjusted by means of a lia ragm.
A scale on the_diaphragm ranPes from zero (slit cosedg td 100 (slit fully_open d}
In the range 0-70 of the'nephelometer readings (n.r ) the number of hacteria per ml.
determined by Platl_ng and by countlnq,m d counting chamber is directly propor-
tional to the intensity of the scattered light. Using Selected Pyrex tubes (internal
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diameter 15mm.,) as cuvettes, 1 division (n.r.) represents 5x 103 bacteria/ml.
Under the experimental conditions described here the intensity of the scattered
light s considered to depend only on the particle count and naf to he related to
increase in cell mass. Moreover, change in volume of the particles within certain
Ihmlts %g d|V|d|n? bacten ) heﬁ little effect on the relation of the particle count to
the nephelometer Teading FKoc , 1961).

RESULTS

Inhibition of cellular division by phage. The influence of hacteriophage infection on
cellular division was followed difectly in synchronized cultures of bacteria. Phage
was added to 10 ml. samples of cultures in different phases of the djvision cycle at an
Input ratio of phage -bacteria of 20:1. These samples were shaken sepérately in
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tubes. In non-infected controls the growth rate and_division time were identical
with the parameters of the stock Culture. Five min. after addition of phage,
essentially all bacteria were infected. _ _
Flgdure 1 shows a tg{plcai %r,ow_th curve of s nchromzeg_ bacteria ai\d the effect of
added phage on bacterial division. The time of one division ¢ycle was approx.
3Bmin, In repeated experiments 1t varied between 30 and 35 min. This is in (I]ood
agreement with the generation time of 34 min, for a_non-synchronized control. It
%g)gears that the growth rate of synchronized bacteria is not altered by cold treat-
nt. . It the time of completed division was considered as 0, then Infection of
bacteria at 0, 10and 20 min. (Fig. 1, points 1, 2 and 3g resulted |n|¥5|saft,erap [0X,
40 min, without even a translent increase in the inténsity of scattered light, Thus
the division of bacteria was completely arrested by the infecting virus eve if it was
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added only 5min. before the next expected division. A remarkable property of
phage in connexion with dividing bacteria is illustrated by the fact that addition of
pha%e to a culture of already dividing cells (Fig. 1, point 4) stopped further increase
In the Intensity of scattere I|§ht. IS shows that the division process was imme-
diately inhibited by adsorbed phage. When the input of phage was 100:1 or
more,”a fransient Increase_in Intensity of scattered, light was previously observed
when cells were infected 5min. before expected diviSion (Starka & Koza, 1958).
Phase-contrast microscopy showed that loss of rigidity of the cell wall was
accompanied by swell_mg of paired cells and by their séparation. This, and the
transient incredse in |I|%} t scaffering, were probably caused by the action of the
Ilync enzyme of the phiage tail. Fifteen minutes fter addition of PhaBe (input
1820%) cdmplete lysis was observed in all samples (‘lysis from without=—Delbriick,
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Fig. 2. The effect of u.v.-inactivated phage T2r on cell division in g synchronized cultur

ongscherichia coli B. Ina_ctlcvate(fe prﬁ)ageg/%acter?a ratto_: 4:1, (%o%pare WIZ'[?] ﬂ]g 13

Ew 3. The effect ofbactgnoprz e "x-174 onas nfhromzed culture of Escherichia coli C.
age/bacteria ratio = 5:1." (Compare wit @{ )

Similar experiments were performed with u,v.-irradiated phage containing a
negligible fraction of plague-forming survivors ﬁ1:1-5 x 105, Inactivated. particles
of rPhageyvereadded at Intervals'to the samples of synchronized hacteria, Input
ratio of inactivated phage :bacteria was 4:1. The results of these experiments show
that the irradiated phage did not differ from intact virus in jts immediate actjon on
dividing cells. In Fig.. P(_)Int 3represents the effect of inactivated phage on al <agy
dividing cells. The Slight increase in nephelometer reading indicates division of a
small fractlon of bacteria durin gdéorptlon. When the Input ratio was increased to
20:1, no such Increase was recorded. o

Zavada (personal communlcatlon)ndemonstrated that Escherichia coli C infected
by bacteriophage r/jx-174 was still able to synthesize /?-galactosidase when induced
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during the latent period. Turhidity measurements indicated that the host cells
continiued to grow untj the first mggs of lysis. In our studies, Escherichia coli Cwas
s¥nchr0nlzed as descriped above. actenophage "x-174 was added to the samples
of synchronized cells in a phage/bacteria ratio of 5:1. Figure 3 shows that the
diviSion of infected cells was not affected by phage during the whole of the latent
period. Considering that at 30° this lasts approx; 55 min. it Is L{)ossmle that some
cells may divide twice after infection. Thus, bacteriophage "x-174 hehaves similarly
to temperate phages (Lwoff, Siminovitch & Kjeldgaara; 1950).
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Phage yields of synchronized hacteria

Figure 4 shows the burst sizes obtained by means of smgle-_cell determinations of
phage yields from synchronized bacteria. The average burst size from non-synchro-
nized Cells was 92. “Synchronized cells which had just completed division (Q min.
gaveavalue of 62 and cells from between two subsequent divisions (15 mm.? avi
N average burst size, of 145, The differences were statistically significant, “The
distribution of burst sizes of individual bacteria from samples of synchronized,cells
Is shown in Fjg. 5. It appears that the burst size distribution of randomly dividing

bacteria js wider than that of synchronized cells. . ,

_T\]ese hn Ings were cﬁe_cked |t?1 burst size (Jetermma_tlons obtained by means of
single-step _?rowth experiments.  Samples of synchronized host cells were with-
drawn at ditferent phases of the division cycle and infected by E_hage. The latent
period preceding liberation of ve?etatlye phage was, determined using hacteria from
various gomts ot the division cycle which was found to vary between'40 and 45 min.
It appears that the rate of synthesis of new phage Paru_ les 1s not related to the

division cycle of the host. Orithe other hand, the burst size depended significantly



88 J. Starka

on the time at which the hacteria were infected. Assuming that variations, of
adsorption rate during division cy{cle_gYanagl,ta et a). 1958) did_not play an im-
portant role In these experiments, the input ratio of phage:bacteria was always the
same. Burst size determined by this method varied in"the same range as.in the
smPIe-ceII burst determinations. The average burst size from randomly dividing
cells was 87. Synchronized cells in Q min, gave a burst of 51 and cell$ from the
midale period between two divisions (15 mir) gave a value of 139 (see Fig. 4).
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cultures In which cells ha ugwmem - data a min__fro wym
|nw1mceswaem|w@% ﬂwwﬁdwsmm.?ﬂaam erjved from 5 independent
experiments with approx. 20 % samples showing bursts. (See Fig. 4.)

It appears, therefore, that durln? cell division the extent to which the cell can
reproduce the virus 1 lowered and reaches a maximum between divisions. In non-
s¥nchronlzed cultures growing exponentlallz the burst size represents a composite
of that from dividing and non-dividing cells.

DISCUSSION

The killing effect of T 2 _bacterlop_hages on bacterial cells is complex and jnvolves
the Inhibition of the division of infected bacteria, The use of a nephelometric
techn_l(ﬁue allows precise determinations to be made ofthe actual number of bacterial
cells Irrespective of size, and has demonstrated that infection of Escherichia coli by
phage T 2r prevents division even of those cells which were on the point of d|V|d|ng.
It may be that the lytic enzyme present m_the_fhage tail causes some structural
alterations in the cell wall the'integrity of which is essential for division. The almost
Instantanequs inhibition of cellular division by rﬁ)hag_e could alsq be explained by an
abrug_t Inhibition of syntheSJs of bacterial rily ucleﬁz ach, which |?_ ell known to
participate In cellular division (Swann, 1957). It has been established that the
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synthesis of nucleic acids and {)roteins by the cell is drastical% altered shortly after
Infection b Eha1ge (Cohen, 1947: Morigd & Wollman, 1947: Brenner, Jatoh &
Meselson, 1961), T2 “ghosts’ and phages irradiated by u.v. or X-rays and unable to
multiply have the same kllllnq properties as have intact phage (Garen & Kozloff,
1939) and one of the important properties of phage ‘ghosts’ isthat they inhibit the
synthesis of host ribonucleic acid (Herriot & Barlow, 1937). It cannat, however, be
excluded that inhibition of cell division involves both the phage |¥t|c enzyme and
Interference with nucleic acid metabolism. 1t is, perhaps, relevant that temperate
Phages do not interfere as greatly with the metabolism of the host as does the viru-
enf’phage T2 (Jacob & Wollman, 1959). This may be why they do not affect the
djvision mechanism of the host cell. Bacteriophage™x-174 fesentbles the temperate
phages in aIIome the host cell to divide durm? the whole latent period.

I his_paper Delbrick (1940) showed that the number of phage ?arncles
released from infected host cells depended on the physiological state”of the host
bacterium. With actively dividing bacteria the burst size was 170 and with resting
cells it was only 20, The’latent périods were 17 and 30 min., respectively. Another
observation indicating the importance of the physmloglcal state of the host cell was
madle by the same author (Deloruck, 1943). "I experiments employing the sm[qle-
cell technique, burst sizes varied from less than 20 to over 1000. This Iarrqe flucfua-
tion was explained by some feature in the mechanism of intracelfular virus
growth. In our experiments the variation of burst sizes was in the range from 10 to

80 only, but there was a significant difference in fluctuation range Petween non-
d|V|d|n? and dividing cells from synchronized cultures.. It seems that the large
fluctuation of burst sizes of randomly. dividing bacteria could he explained at
|east in part by the variation in burst Size depefding on the division cycle of the

.The observations of, Yanagita et al. (1958) on burst size variations during the
division cycle are confirmed and extended by our results despite the use of a com-

letely different methad of synchronization.” But our findings differ from those of
armer & Cohen 19562 who used a third method—that of ‘unbalanced growth’
resultm% from temporary withdrawal of an essential metabolite. Considering the
fact that the balanced growth is affected only slightly by. cold shock and to an‘even
|esser extent by filtratign, it may be assumeéd that the final yield of virus particles
from an infectéd bacterlum_growmg ungler normal conditions 1S influenced'both by
Its \ﬁhysmlogmal state and its position in the cell division ¢ycle. _

\Why the™ cell synthesizes tewer bacteriophages when infected at the time of
division as yet remains unknowp, since our un_ders_tandm? of the dual problem of
cellular division and virus multiplication remains incomplete.
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Evidence that Streptobacillus monrlrfo mis 1§ an
Intermedia (}e Stagf etween 4 (?ra/ne acterium
I1ts L-form or Derive

By PHYLLIS PEASE
Department of Bacteriology, University of Birmingham

SUMMARY

Morﬁholo ical and serological evr en e ted d]monstr
that.an or nrsm mor o ca ac mon
formis rs age Inter rarn act errd
eIVICIS, t rssro rca r ed oa ureo r-
orms as IS pas omr s ssd%pdrrn
conc |0n errved |s an minis a

asrmbf [orr n adds srn”{ mon or’mrs IS an rntEr diate
stage betwee acoryne erru resemblrng . Cervicis and an L-form.

INTRODUCTION

Streptobaciljus moniliformis is commonl&found in the nasopharynx and infected
middle ear of rats ﬂ trangeways, 1933; Klieneberger, 1936; Nefson, 1930, 1931,
1933) ; It causes rat-hite fever (Blake 1916: Blake, Horstmann &Arnold 1944
Brown & Nunemaker, 1942 Dolman, Kerr, Chang & Shearer, 1951: Hamburger &
Knowles, 1953; Lominski, Stewart-Henderson & cKee 1048: Scharles&Seas Qne,

34) and similar_conditions without a history. of rat-hite (Hazard & Goodkind,
1932, Levadrtr Nicolau & Poinclouy, 1925); epidemics of HaverhrII fever (Parker
&Hudson, 1926; Place & Sutton, 1934): adrsease ofmrce (Freund, 1 eva rtr
Selbie & Schoen, 1932: van Rooyen, 1936): and calf neumonra gggmrt
has also been isolated from brarnabscesses %Oedrng& eerson 1950) and subacute
bacterial endocarditis (Blake, 1916; Hamburger™ & Knowles, 1953; McDermott,
Leask & Berrit, 1945: ‘Peterson, McCullough,” Eisele & Goldinger "1950:_ Stuart-
Harris et al. 1935). It has generally been Tegarded as an unusual organism and
difficult to classify; especrallysrncertapPears not oply In its tyrirrcal Gram-negative,
filamentous phase, with Irreqular swel ngs assocra ed with' the productron of |ts
L-form (first described by Klieneb erger b, as a symbjotic 9ycop asma
but also'in the form of Short, reqular, Gram posrtrve rods"(Dubos, 194
filamentous phase, and in the phénomenon of L-form Broductron 8 monrrormrs
simulates the appearances pro uced in other bacterja ythe Influence of adverse
condrtrons notab the Tpresenceo penicillin, When in this stat monrlrformrs 1S
impossible to separate from rtsL phase (Klieneberger, 1985, 1936). In fact, the
difference betweenacu tureo S moniliformis and 0 LLs srmply that the Iatter
lacks the frlamentous stages Heilman, 1941a;

The pur rise of thig rP P (sto show that §treptobacr||us (?nrlr OrIs represents
a semi- sta e form intermediate hetween the Lstaﬁe and the Gram-positive,
bacillary phase of a corynebacterrum Corynebacteria have been shown to produce
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strePtobacrllus -like variants in cases of subacute bacterial endocargitis (Wittier
et al, 1960) and when grown in the presence of fresh blood (Bisset, 1938); the fare
also known to zgroduce variants resembling L-forms and m cor;lasma Mrnc
Wrttrer Cary &Lindberg, 1956: Smith, Pedples & Morton. 1957: Pease & Laughton,
% and an antrgenrc relationship between S. moniliformis and certain myco-

plasma 1s known to"exist (Brown & Nunemaker, 1942).

T e present rnvestrgatron arose by the isolation of 'a micro- or?anrsm 00SSessing
the characters of Stréptobacillus moniliformis from a_culture of Corynebacteriur
cervicis derived from the human genital tract, This organrsm and its parent bacterium
were compared with a standard strain of S. morfiliformis and with cultures of
Mycoplasma hominis,

METHODS

The strain of Corynebacterrum cervicis EstrarnP Pease & Laughton, 1962) from
which the streptobacillus variant was obtained, and two straifis of mycoplasma
(PeaseAan rzsero ogrcally |dentrca| with Edwards TyPeI were isolated from
vaginal swabsr this laboratory;_other strains of myco? asma were obtained b
courtNes 8 t%r69D G. ff. Edward. The standard strain of Streptobacillus moniliformis
Was

Media used were Difco PPLO medium, sometimes with 3-5% (w lbsodrum
chloride added, nutrrenta ar+10%(%/vv ) glucose and Hartleysbroth+l % (vIv)
horse serum or human plasma and (-5 % (Wiv) yeast extract.

Gel-diffusion tests were made by double drffusron recipitation in agar/phosphate
r[;el at pH 7-4. The antigens and the antisera were prepared according to the
echniques given by Pease & Laughton (1962).

RESULTS

The vaginal corynebacterrum (strain P) was grown upon Difco PPLO medjym
containing 3-5% sodjum chloride, and a'strip 0f filter-pa 4§)er soaked In penrcrllrn
solution (300 units/ml.) was olaced on the agar. After 43 hr. Incubation at 3/
L-form colonies appeared between the normal bacterial growth and the zone of
complete inhibition. Between the L-colonies and the bacterial forms there were
some colonies of intermediate appearance. These consisted of hacteria in the centre
and a thin transparent periphery of L-organisms. Subculture of the pure L-colonies
an thg mixed colonies, upon “the same medrum without the penicillin usually
resulted in the growth of corynebacteria onY

The pure L-Colonies were not stable. 1f inoculated upon medium without
enrcrllrn the rew in the form of cor nebacteria, and if upon medium containing
enrcr lin, th ey red out progressrveyrn the course of one Or two Subcultures.

However stbculture of the pure L-colonies sometimes resulted in the growth of
filaments resembling Streptobacrllus moniliformis. This form remained antigenically
Fnaltelred when subcuItH ed upon medium without penicillin, but was somewhat
ess fl amentous In mor

The cal onreso the stre to acrIIus form consisted of filaments (PI. lfr E)and
chains of bacillary elements 2), sometimes containing swe Irngs 1
fig. 3). There also occurred small coIonres of flat disk-like elements (PI. T, Tig. 4)
similar to the X colonies of Brown & Nunemaker (1942). These forms Were ustally
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(Gram-positive, but mixed with. some of them were Gram-negative L-forms (PI, 1,
fig. 5), which were morghologlcally and serologically identical with M. hominis
g ease & Laughton, 1962). The entire appearance was markedly similar to that of

. m?nlllformls( [, 1, 1i. 6) except that the latter was usually Gram-negative in
the filamentous phase. _ _

The Streptobacillus form ?rew well in Hartley's broth with serum and yeast-
extract. No growth was obtained In this medidm or in nutrient broth without
serum. Growth was, however, obtained on nutrient aqar without serum.

The results of the serologlcal tests are shown in Table L The antisgra were Pre-
pared_ against the corynebacterium and its Streptobacillus variant, _StrePtobac llus
moniliformis and a strain of M coPIasma hominis TXAJ_e 1 (Pease A) isolated in this
|aboratory. Antigens were made from the same grganisms and also from a strain of
LI, which was iSolated from S. moniliformis witfi the aid of penicillin, ang from
M. hominis Types 1 (H26) and 2 (Campo) supplied by Dr Edward, and Type 1

(Pease B).
Table 1

Antigens

Coryne- Strepto- S, monili Pease
Antisera bacte}ﬂum %auﬂus formis L ‘A Bs H26

A SR 4
RAt. h%rhﬁ'n?sr Aﬂ'i i(weak) Il % % T T i

Note: figures indicate number of precipitate lines appearing at junction.

The corynebacterium tested against its homologous antiserum showed two lines
of precipitation, whereas with antiserum for the Streptobacillus, only one ling was
formed indicating the loss of one antigen. A test in_which the corynebacteriym
antigen was placed in the centre cup and alternating Streptobacillus and S. monili-
formis antisera in the outer six.cups resulted in the formation of a hexagon %F y ),

ave an

showing that the corynebacterium, the Streptobacillus and S. moniliformis

SM

SV | Corynebacterium
antigen

SM <[Corynebacterium MH | Mycoplasma H 26

antigen

¢ SV

Fig. 1 Fig. 2 Fig. 8

Figs. 1-3 Diagrams of gel diffusion precipitin reactions, SV = Streptbacillus variant

Re?um; gM = g moni {fgrmgs serum;% o oryne%acterlum serum;wtﬁ = Mycop?asma
ominis Type 1 (Pease) Serum.
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antigen in common. In a similar test with three alternating antisera including the
corynebacterium antiserum, a hexagson and a triangle (Fig. 2) were formed, thus
showing that the Streptobacillus and S. moniliformis both lack one antigen possessed
by the corynebacterium. .

The relationship between the Streptobacillus and Mycoplasma hominis (Type 1)
was shown in a test in which M. hominis (H26, Edward)_antigen was placed in the
centre cup and alternating Streptobacillus and M. hominis antisera in the outer six
cups. A hexagon (Fig. 3) was formed, showing that the Streptobacillus and
M. hominis have an antigen in common. M. hominis Type 2 (Campo) antigen did
not react with any of the antisera.

DISCUSSION

The foregaing observations show that a_corynebacterium of vaginal origin_ is
capable of giving rise to a filamentous variant resembling Streptobacillus monili-
formis, both marphologically and sero_loglcaII?/, which further dissociates to give an
L-form resembling Mycoplasma hominis both morphologically and serologl_ca_lly.
The process of varlation entails the loss of an antigenic comP_onent b¥ the driginal
corynebacterium, which presumab_lg represents “some portion of the cell “wall
material, This simultaneous production of a filamentous variant and loss of a surface
antigen is exactly analogous with the process of S-R variation, as shown in Coryne-
bacterium diphthériae by Bisset (1938) and leads to the rather surErlsm suggestion
%hat Strﬁ)\?bacnlus mopiliformis, of which the co%n%bacterlum-ll ero Eg)hase 1S, n
act, well known (Smith, 1918; Heilman, 1941«; Ocding & Pederson, 1950: Parker
&Hudson, 1926) and is llustrated by Dienes (in Dubos, 1948), is both a stage inter-
mediate to the "L-form and in its morphology and anthen_lc structure simulates
a filamentous R variant of one or more corviebacteria. Tt is by no means certain
that all strains described as S. moniliformis do, in fact, have 4 single origin. The
seroloqlcal relationship of these variants, and of classical S. moniliformis and [ 1 to
Mycoplasma hominis, Serves {o reinforce the view of Pease & Laughton (1962) that
mycoplasma are, In fact, L-forms of corynebacteria, in many Cases,

These observations were foreshadowed, in a notable manner, by Hadle?/, Delves &
Klimek (1931) who recognized the progressmn S R-G (gonidial)'in several types of
bacteria, and remarked ui)on the resemblance of the G-fofm, now called the L-form, to
the organism of bovine pleuropneumonia. Hadley’s studies were, however, curiously
ne Iecjed, and vgh%n tr\e same resemhlance betwéen the L-colonies thtr%FtobBullus
maniliformis an tepeuropneumonlaor%amsmwas again noticed by Kljeneperger

935), the earlier observations were forgotten by subsequent workers. Klieneberger
at first believed thaf the L-form was a Symbiote of the bacillus, but was later cdn-
vinced of its bacterial origin. Rather curiously, it apfears to have been generally
accePted that recognition”of the bacterial orlgln of L1 had the effect of disproving
the Inferences drawn from its very stronrq esemblance to the pleuropneumonia
organisms, or mﬁcoplasma, and this"has defayed recognition of what now appears to
be"the truth: that the L1 of <3 moniliformis. is s¥n0n mous with Mycoplasma
hominis, and that both have their origin In strains 0 corgnebactenum.

l wish to thank [ﬁr K. A Bisset for help and advice, and Dr Nancy Laughton for
help In preparing the antisera.
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EXPLANATION OF PLATE
Plate 1

Stre obacillus-like varjant of Gorynebac |um cerw is, showing various appearan
%_8usgddes §7as characteristic of %tr pto%acui s mon|||orm|s Z&gr growﬂ?pon Bf

Fig. L F|Iaments x 3000.

Fig. 2. Chains ofbamllaryelements x 2000,

Fig. 3. Streptobacilli showing swellings, - x 3000.

I;I% 40 Streptobacilli showing a collection of flat disk-like elements, appearing as circular masses,

F|g 5. Gram- Eosmve bacillary forms mixed with Gram-negative L-forms. x 2000.

Streptonacillus. moniliformis showing filamentous and swollen forms, x2000. 48 hr.
grgwthon%Jl €0 Hﬂo meo”um at 3 S;J J
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Total Counts of Bacterial Spores using Counting Slides
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SUMMARY

SRS T L S g

s o e
In fﬁe Feg% 0? dlcﬁerent C0 Rtmg cheui[ﬁ)ersé}fi(l))f abatlon'i %e |h onf
B -t %“Q@ﬁé’s”’ﬂé's” s 8 ol it ob'llg\emalr%ofrgtto?g
frlhl eon el Séd%“e%%%ﬁ"e%(ﬁ re%rc%drh‘%ngc% L ecE
via |my o?spores tering By counting an yslige-cquure t%chmqu .

INTRODUCTION

. The need to assess the accurgcy of total counts arose at the outset of an investiga-
tion of factors which may affect the viability of bacterial spores. When spares
areﬁlated on a nutrient medium production of a colony depends on (1) germination
of the spore and emergence of a vegetative cell, (2) sirvival and multiplication of
the vegetative cell. Thése two E)hases may require different optimal conditions (Hal-
vorson & Church, 1957; Hyatt & Levindon, 1957, 1959: Demain, 1958; Demain &
Newkirk, 1960). A deternfination of the total count of a spore suspension would
enable calculation of the percentage of spores giving colonies'on a nutrient medium.
When this percentage is low the, Teason may De (a? because a proportion of spores
are not viable, (b) they may be viable but fail to germinate in the growth conditions
supplied, or () qermlnatl n.may be Initiated, but the environment may fail to
suRﬁort outgrowth and multiplication.
icroscope counts of bacteria in chambers of known depth have generally been
accepted_and used as the most accurate total count technique available (Glynn
Powell, Rees & Cox, 1913-14: Wilson 1922; Wilson & Kullman, 1931; Jordan &
Jacobs, 1944: Semenitz, 1951). Recently an electronic method (‘Kubnsehekl 1958),
used Wlde%f% co%_;fntmg blood cells, has been_ap[plled to c? nts of bacterda' f |a
technique |rg t effect & considerable saving in'time and labour, but a detaile
assbels,srr]n%nt of'its accuracy when applied to bacteria does not appear to have been
ublished.,
P In preliminary experiments using several slides (depth 0-02 mm.) the variation
of replicate counts was greater than had been expected. The possible sources of
variation and of error were analysed and include: (1) invisibility of spores; (2)
movement of spores; (3) inaccuracy of counting the spores in a chamber and per-
sonal bias in counting: (4) sampling error due t0 distribution Of spores in the
7 G. Microb. xxix
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counting chamber; (5) technique in filling the chambers;_(6) difference in depth of
countln? chambers havm(n; the same_nominal depth; (7) Variation of_the actual
depth of liquid enclosed in the counting chamber hy the cover-glass. The actual
depth of liquid enclosed in counting chambers with a nominal depth of 0-02 mm.
has been regorted to vary from about 00229 mm. to about 0-0297 mm, (Norris
& Powell, 191), depending mainly on the attention paid to closeness of contact
between the cover-%l_ass and the slide. Previous workers have failed to appreciate
the magnitude of this error, Norris & Powell (1961) described an interferometric

method for measuring the depth of liquia each time"a chamber Is assembled for a

count. . . P
th'The importance of the error due to the fit of cover-glass and slide is confirmed in
IS paper.

METHODS

Sg)_ore suspensions. The or?anlsms used were several strains of Bacillus subtilis:
Strain A, a.rough variant defived from B, subtilis NCTC 8236; strain B, a smogth
variant derived'from B. subtilis NCTC 8236: Strain D, a Iaborator%/ strain supplied
by, the late Dr J. F. Powell, Microbiological Research Establishment, Porton, Wilt-
shire. Cultures were grown at 37° for 7 days on the surface of peptone agar con-
tamlng 1mg. MnS04.4H2)/1, Organisms were harvested in sterile distilled water
washed several times on a refrlgerated centrifuge and suspended in sterile djstilled
water to give a fotal count of aboyt 100spores/ml, Sus*gensmns were cooled In ice-
waer durm? this treatment, and finally stored at 0-4°. They contained about 90%
of highly refractile spores; the remaining 10% consisted of spores which appeared
dark oy p?a&e contrast, and some apparently ‘empty’ cells. ‘Bright spores” only
were counted. _ o _

Dilutions of stock suspensions. 100- to 500-fold dilutions of stock suspensions
¥vere pregared in distilled water sterlllzeéi bkj fI|tEfltI0n through a 5/3 sintered glass
llter, and shaken for 5 min. to ensure adeqUate dispersion.

Counting slides. Two types of slides were obtained from Messrs Hawksley and
Sons Ltd. 17 New Cavenidish Street, London, W. L~ _
(1) Helber slide with_central annulus and Thoma ruling. Nominal depth of
chamber 0-020 mm. +0-001 mm (‘0-02 mm. slide’). .. o

2% Haemocytometer slides accordln? to the British Standard . Specification
748:1953 with Improved Neubauer rufing (‘0-L mm. slide’), Nominal depth of
chamber 0-100 mm. +0-001 mm. The dimensions of one slide of each type were
checked at the National Physical Laboratory. Usm%Johnson’s 1952) procedure
the mean degth of the 0-02mm, slide was -0215 mm, +0-0003 mm., that of the
-1 mm. slide was 0-1001-0-1003 mm. +0-0003 mm. (depth measured over two
rullngsg. The observed volume of the counting chamber was 7-5% greater than the
nominal volume of the 0-02mm. slide and 0-25% less than the nominal volume
of the (-1 mm. slide, Twelve slides of type 1and six of type 2 were used.

Cover-glasses for 0-02 mm. slides were 19 x 23 mm. aréa, - mm. thick, those for
O-Lmm. Slides were, 22 x 23 mm. area, 0-45 mm. thick, o

Filling the counting chambers. 0-02 mm. slides, A dropping pipette (Cook &
Yousef, 195?2 was rinsed out with the suspension, and a [OP placed on _the
central plateau of the slide. The coverglass was then lowered into position. The
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effect of pressing down the edges of the cover-glass to ensure contact with the slide
was significant, and is consigéred later. 0-1 mm, slides. The co_ver-fqlass Was wrung
to the supportlnt% surfaces of the slide, a drop of spore suspension from the pipetté
was allowed to flow under the cover-glass. ~ o

Storage offilled counting slides. _Sedimentation of spores and counting five
rﬂohcate slides could require UP to 2Ar. Eva?_oranon was prevented Ib_YseaIm the
edges of the OT mm. slides with DPX mounting flyid (British Drug Houses, Ltd.)
ng by storage of all slides in the Presen_ce of moist cottoréwool. _
Co ntln? technique. A f ase-contrast microscope was used (C. Baker Ltd.), with
?_hase glae type TA-Q-25A, x40 objective, x 10 binocular eyepieces and blue
ilter. Spores in 50 or 100 small squares (area 0-0025 mm.2) weré counted.

a

RESULTS

(Error due to invisibility of spores. Their retractile nature makes_spores readily
visible bg the phase-contrast microscope, Using a x40 objective (numerical
aBerture -7) the depth of field is less than 0-001 mm.; the counfing chambers were
20 or 100 times this depth, therefore sedimentation of spores is_essential. 1t was
observed to occur within half an hour in hoth tgp_es of slide. Counts were made
%ﬂelr' s_g?elmentatlon, and the error due to invisibility of spores was judged to be

egligible.

R/I(gvement of organisms. Spores are non-motile, Brownian movement practically
ceased after sedimentation. _ , _

Error in counting sPores onaslide. Three eXEenment_s were made with 0-02 mm,
slides stored for up to 7 hr., and four with 0-1 mm. slides stored for up to 3}- hr.
Five counts were made, during the storage, and the coefficient of variation of rreTPll-
cate counts. of spores in, a_single, filled” chamber, was calculated. For 0-02 mm,
slies, coefticients of variation Tanged from 0-79 to 1-81%: for 0-1 mm. slides the
values ranged from 0-54 to 1-14%.” . _ _

Error due to personal bias in countmg. Replicate counts of the same slides were
made by direct microscopic examination and from photomicrographs. The photo-
graphic count was 98% of the visual count, andhad a lower coefficient of variation,

ampling error due fo distribution of spores in the countlng chamber. ‘Student’
(1907) showved that under ideal conditions the occurrence of yedst cells on the squares
of a haemocytometer slide followed a Poisson distribution.” Conditions which must
be met before the distribution of the bacterial cells will be random are (1) the cells
should not repel one another, or else there must be sufficient space so that the
repelling effect will be negligible; 22 the volume. of the cells, refative to the volume
of the liquid in which théy ‘are suspended, should be small; (3) there should be no
clumping of the cells ESt,earman,, 1955), ,

Aqgreement with a Poisson distribution was tested by calculating_the Index of
Dispersion (y2) of numbers per sguare on each slide (Fisher, 1948)." The y2 values
were grouped and. the observed frequency of occurrence compared with“that ex-

ected from a Poisson distributjon. The Tesults for strain D spores are shown in

anle 1. For 60 counts of strain D spores total y2= 3008-3 E60x49 deqrees of
freedom). Determination of Y2y2 —f(Zn—) and reference to the Normal Devjate
table showed that the probability (P) of obtaining a total y2equal to or greater than
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this observed value was 0-185. In counts of strain A spores closer agreement be-
tween expected and observed frequencies was obtained. For 60 counts (60x 49
degrees of freedom) the corresponding probability was 0-742. There was no evidence

Table 1 The distribution ofx2v?|ues_forD)counts of spores of Bacillus subtilis
strain
Counting chambers 0-10 mm. depth, or 0-02 mm. depth. Eachvalug ofx 2is derjved from
?ountlé.oI ?ﬁ? k|)n §0 gg res onpone sl?de, (xz(ﬁs rtlp)utEmn f\ér Xg deﬁrées otj\%reedom
rom Fisher & Yates, 1 Ef
Fr)e( ected Observed

X2 uency  frequency
%8821% 0412 ' )
N
]

Table 2. Variation between counts on replicate slides

Number of replicate slides for each experiment, -5, Series 1, .cover-glass pressed
doF\)Nn ontog\lae. Series 2, &ver-gﬂlss lowered 0n'[OS|I88. Jase

Spore .
suspension M?an number  Coefficient of
B. subtilis 0 or%amsms variation

strain per Square 5%

1-305

:

Series 1. Depth of slides = 0-02 mm.

Series 2. Depth of slides = 0-02 mm

Series 3. Depth of slides = 0-10 mm,

OO O0 PO OIS0 S B8
B\m
I KOS
CJICONINOC
OO
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that distribution, of spores in the counting chambers differed significantly from a
Poisson distribution, - _ , _

_ Variation in technique offilling a slide. A single 0-02 mm. slide was used to count
five replicate samples from a Spore suspension. With an average of 4-56 spores
per_square_the coefficient of variation was 4-9%. A comparable coefficient of
vlaélz%non, 519% 15 shown by five replicate counts recorded in his table 1 by Wilson

Between slides variation. Coefficients of variation of counts on replicate slides are
recorded In, Table 2. The highest coefficients of variation were obtained when
0-02 mm. slides were used with the cover-glass pressed firmly down on to the slide.
Use of OT mm. slidles gave the lowest valués; the variation between counts on these
slides was therefore compared with that aftribytable to sampling errors.

Seven groups of replicate counts (four of strain D spores, three of strain A sg,ores)
on 0T mm. slides were anaI%/sed, y2for each group of replicates. was combined,
SK_Z; 477846 835 degrees of freedom) corresponding to a probability of 0-05-0T0.
This is comparable with the variation between. corrected counts In rePhcate 0-02 mm.
sI!des,reﬁorted by Norris & Powell 1961%. Since the probability of Poissonian dis-
tribution of strain D sBores was 0785 the variation between Tounts on replicate
0T mm slides was probably not significantly greater than the variation due to
sampllng. Using Bacillus stéarothermophilus spofes and 0T mm slides, seven groups
of replicate counts were made by a second operator. For this series of Counts
Ey2 = 30-752 (31 degrees of freedom) corresponding to a probability of 0-3 0-5.

For the second series of experiments in Table 2 {2: 2-11 938 degrees of free-
dom)., correspondln? to a probability less than 0-001. Clearly when gither method
of fitting the coverglass was used the Variation petween counts on replicate 0-02 mm.
slides was significantly greater than that attributable to sampling. _

Variation infit of cover-glasses to slides. The 0-1 mm. slide has the following ad-
vantages over the 0-02 mn1. slide, (1) the former is an ‘open’ type of chamber, to
whichthe cover-glass can be firmly Titted before the spore Suspensiop is introduced,
whereas the “closed” type of Helber chamber requires introduction of the suspension
before application of the cover-glass; (2) the error introduced by variable fit of the
cover-glass will be proportionally less ih'the case of the slide with the greater depth.

Usmg 0-02 mm. slides, counts with the cover-glass pressed firmly down on to the
supporting edges of the slide were compared with those on slides with the cover-
glass loweéred Into position. Four to eight slices were prepared by each method

na the experiment was repeated 6 timeS. Typical results were:

mean count with cover-glass pressed down (method 1)—
5- 136 spores/square (95% fiducial limits 4-212-6-059);

mean count with cover glass lowered (method 2—
6- 924 spores/square (95% fiducial limits 6-209-7-693);

countby method 1 =~ 0,
count by method 2

From the whole series of exgeriments the average ratig, of these counts was 75-5 %.
Comparison of counts by 0-02 mm. and by 0-1"mm. slides. Six slides of each type
were used to estimate the’count of a spore Suspension. Four such experiments were
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Berformed. In three of the experiments the same spore suspension was counted in
oth types of slide, therefore the mean number of Spores per square of the 0-1 mm
slide would be expected to equal 5times the mean number per square of the 0-02 mm.
slide. In the 4th experiment the concentration of the suspension counted by the
002 mm. slide was 5 times that counted on the (-1 mm. slide. When the count by
(-1 mm. slide was exopressed as a percentage of the count by 0-02 mm. slide the values
obtained were 69-9%, 85-6%, 75-4%, 63-4%; mean. 73-6%. _

(-1 mm. slides gave more reproducible cqunts which were lower and likely to_be
more accurate than counts py 0-02 mm. slides. An attempt was made to Confirm
this conclusion by an investigation of the percentage viability of a Spore suspension

1) by comparison of total count with viable countestimated by colony production,
2) by slide culture of the spores.

Determination of percentage viability

. Method L Total counts were made using T mm. slides. ‘Bng(ht’ (highly refrac-
t|ve,? SPOres on,I%/ were counted, since the small proportion of ‘dark ’ sporés were less
easily visible in the counting chamber. The percentage of bright spores initially
Bresent In the suspension, determined in the slide culture experiments, was taken &
4-5% based on the fourth experiment (Table 3). The count of bright s%ores_was
multiplied by a factor of 100/94-5 to gjve the total count shown in Table 3. Viable
counts were performed by a ?Pread Plate technique, In the first experiment four
dilution series were used; and six plates prePared from the final dilution in each
aelrletsbnlner_tge second experiment eight plates were prepared from each of five
Ilution series.

Table 3. The percentage viabilig of Bacillus subtilis strain D spores, as determined:
(1) by comparison of total, and colony counts, (2) by slide culture.

Method 1
e of

Tim
storage of  Total count 95 Y% fiducig . 5%fi§uc&l
fasfsei?'z?% pr . "”&'f%w%%)% Viae r%:f.“”t ﬁ@#tﬁq %Ew)z % viability
+0. . . i
B BRI Sl w2 B
Method 2
Nuber of I%Ha‘w?/o 95|_%.1;id cial 95.%.1;id cial
replicates Spores %”E# rsnzg%) % viability (Vm r%zg%)

B EnE

Method 2. Slide cultures were prepared according to the technique described
by Postgate, Crumgton & Hunter (1961). When irioculated on to peptone agar
and m_cubatedq at i ° sgores of Bacillus subtilis strﬁm D showed a_raep|d fall"in

ive Index followe of the vegetative cell. The

refract by swelling and outgrowt
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[S)ercentage of spores showing outgrowth or swelling after incubation at 37° for

hr. was recorded as percentage viability, On further incubation ﬁrowth appeared

to ]proceed fo microcolony formation, and no lysis of outgrown cells was observed.
he results are shown in Table 3.

DISCUSSION

The tolerance of +0001 mm. quoted by the manufacturers is +5% of the depth
of 0-02 mm. slides. Norris & Powell (196,3 found no serious errors in the chambers
they examined; the depth of one of our slides was reported to be at least 5% greater
than the nominal depth. The demonstration of a significant systematic error dépend-
|r}g on the fit of the cover-qlass with the 0-02 mm. slide agrees with the observations
of Norris & Powell (1961). These workers reported that a minimum depth of
0-02288 mm. of Iqm was enclosed in slides with a mean depth of 0-0204 mm.
L. the actual depth of the slide was at least 12-4% less than the depth of liquid
enclosed between slide and coyer-glass. _

_The tolerance of 0-00L mm. is 1% of the depth of 0-1 mm. slides; the error of the
s|ide tested was less than this. In our experiments total counts of spores by (-1 mm.
slides were 15-36% lower than those by 0-02 mm. slides with coverglasses firmly
pressed into position. In view of Norris™& Powell’s findings, the closér fit between
_cover-%l_asses and (-1 mm. slides and the smaller significanCe of this Source of error
in reldtion to the depth of the slide, it seemed likely that use of 0-1 mm. slides
would 9|ve a more accurate count. This was confirmed by the correlation between
percen aglewablllty of Bacillus subtilis spores determined’hy counting experiments
ang _b,;{ Slide cultdre, 1f 0-02 mm. slides had heen used the resulting estimates of
viability would have been about 61, and 57%, 1. 26% lower than estimates hased
on_the Use of 0-1 mm. slicles. o

.The variation between counts of replicate slides was greater between 0-02 mm.
slides than 0-1 mm, slidgs, Greater variation occurred when the cover-?lass Was
Pressed down on'to the slide, than when it was merely lowered, The y2test for varja-

lon between counts of Bacillus subtilis spores on (-1 mm, slides Pa\_/e a probability
of 0-1-0-05. Since the_probability of Poissonian distribution of sfrain D spores wes
0-185 the use of rei)llcate slides does not appear to have significantly Increased
the variation. Two total counts by 0-1 mm. slides are shown In Table'3; the first
was based on counts of about 390 sP_ores on each of four slides, the second on 230
spores on each of 10 slides. The replication used for the second count has reduced
the 95% fiducjal limits to about +4%_ of the mean count. Unless systematic
errors can be shown to be small in relation to this variation there_is probably no
value in further replication to increase the precision of this determination. .

Errors d¥e to the other faCIOfS mvegtlga,ted, are_relatjvely small; if there is a
tendency of organisms to, form clumps the“distribution will not be Poissonian, and
sampling errorS will be increased. Norris & Powell concluded that other errors
resulted from the adherence of organisms to solid surfaces, and advised the use of a
detergent and a low surface/volume ratio of suspensions to minimize this effect.
We have noted a drop In total count of spore suspensions after glacmg In clean glass
bottles and storing for 24 hr. at 4° presumably due to adsorption of spores on t0 the
glass. For this réason a fresh spore suspension of suitable concentration was pre-
Dared for each series of counts, and replicate samples removed within a few hours,
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The_ use of 0-1 mm. slides for total counts of vegfetatlve bacteria has not been
investigated; these orgamsms may not sediment sufficiently rapidly for the tech-
nique to be practicabl
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INTRODUCTION

Most of the studres on the virus/cell reIatronshrB in tumours_induced by polyoma
vrrus have been made on r}arrmary and transplantable tumours in hamsters fH
Silverberg, 1960) ana in mice (Sachs &Fogel, 1960; Winocour & Sachs, 1961) These
studies suggested that differences in the virus/cell relationship might depend on the
experimental anjmal chosen. For rnstance whereas mouse trssue WWas shown to have
not only a non-lytic butasoastronP %Nc response to polyoma virus in vivo and
In vitro(Stanton, Stewart, Eddy & Blackwell, 1959 Sachs Fogel, 1960), hamster
tissue upon infection reacted re omrnant% Kanon fic response with rapid
tguraourforlrérgtgron (Vogt & Dulbecco, 1960; Stoker & MacPherson, 1961; Roizman
oane
In the_present work we studied the virus/cell relatioship in_polyoma tumours
induced in our R inbred strain of rats. Previous experiments ﬁVandeputte l%lg
showed that no polyoma virys could be recovered from meningeal sarcomas induce
by this virus in"our rat strain. To determine whether this finding aPplred to other
rat tumours, we analysed drfferent primary and transplantable rat polyoma tumours
h directly and 1n vitro for the presence of the Virus or its antrPen usrn%the
quorescent ntibody technique and tissue culture procedures. We afso studied the
behavrourtof these tumours when transplanted and when challenged by polyoma
Virus in vitro

METHODS
Virus stock. The polyoma strain used in_our experiments Was obtaingd from
Dr C. Dawe (National Insfitutes of Health, Bethesda, Md., L.SA.). The virus was
%rown on mobise embryo fibroblast cultures in our Taboratory: the stock virus used
adatrtre of 2x 106 Tissue Culture Infectious Dosis 50/ml. STCIDSOImI
Primary and transplanted tumours in the rat. Within 24 hr, after birth, rats of the
Albino R ‘strain (obtained from Prof. Muhlbock, Amsterdam) were inoculated intra-
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cerebrally or subcutaneously with 105TCID 50 doses of %olyoma virus, The rats
which deveIoPed tumours were bled-qut and after heating the Sera to 56° for 30 min.
the haemagglutination-inhibition antibody titre was defermined. using 10 haemag-
glutinating units (Rowe, Hartley, Estes & Huebner, 1959). Each tumour was
femoved as%)tl?all ang part of it frozen |mmed|atevl\y either for crgoatat frozen
sections or for flyorocarbon extraction. Anather part was trypsinized and set up as
a fissue culture. When a tumour was very large, a fraqment was also minced with
scissors and grafted subcutaneously Into isologous adult rats. Meningeal sarcomas
and liposarcomas were not trypsinized; they were used only for transplantation or
for fluoyescent an_tlbo_d)( studiés and fluorocrbon extraction. Primary tumours that
?rew after graftlng |n_o_|solofgous rats were ser_lallg transplanted an? fragments
from tnem Were trypsinized for fluorescent antibody studies and polyom
isolation in fissue culture, _ _

Tissue culture preparation of rat polyoma tumours. A portion of the primary
tumour was trypsinized, and the cell 'suspension obtained after washing three times
was put into fissue culture. For fluorescent antibody stydies Leighton tubes were
inoculated with 105 cells, and for virus isofation, Petri dishes (60'mm diam.) were
Inoculated with 106cells and kept in a numidified incubator supplied with a constant
flow of 5% CO2in air. In all tissue culture exPerlments Eagle’s medium with 10%
(vIv) calf serum was used. After 24 hr. and after 4,6, 8 and 10 days tissue cultures
were removed fo see whether viral antigen could be detected by the flugrescent
antibody technique and whether virus cotild be isolated from the centrifuged super-
natant medium, and from the remaining medium together with the cells after these
had heen frozen and thawed three times, _ _ _

One or two Petri dish cultures were kept to establish a continuous line of the
tumour cells. After two to three in vitro passages the cells from these Petri dishes
were noculated into goung (about 1-3 days old) ana adult isologous rats. The sub-
cutaneous tumaurs, obtainéd by direct %r? Ing of the primary tumour as mentioned
ahove, or by in ectmg subcutaneouslay ells ofthe 2nd or 3ra'tissue culture Passages
from these pri arr umours, were aseptically removed after bleeding-out the Tat
and were retransplanted (2nd ?assage ables 1 and Z%Aportlon 0f Bach tumour
Was 1r¥p3|_n|zed na put n tissue culture to test for the presence of viral antigen
and infectious polyoma virus, , _ _

Determination ot the presence of infectious polyoma virus. Frozen pieces of primary
rat Rolyomatumours ere made Up as a 10% suspension b{ grinding In a mortar
np 059 ate-guffered saline NahCI 99 +NﬁHPO .EIZO 0-519°7.+ Na POAI.ZHZ),
1-111.g/1.) and treated twice in the cofd by fluorocarbon AFreon 136|na Polytron
Omnimix” (M. Wullimann, Selzach, Switzerland) at high speed (10,000 rev./min.).
For polygma virus isolation 0-1 ml. of the aqueous phase was inoculated into mouse
embrgo tissue culture. The tissue culture samples from primary and transplanted
rat polyoma tumours were also noculated on_mouse em rgo tissue culture (01 ml.
of each sample n fwo tissue culture tubes). These inoculated tubes, were kept for

2 days and examined every 2 days for the aPp,earance Of cyfopathic effect. After
12 days, the r%resence of haemagglutinating %c IVity in the megl_um Was determined.
Material from tissue culture tubes whichshowed no %ytopat IC eﬁfct or haemag-

|utinating actjvity was inoculated into new mouse em (rjy_o tissue culture tubes an

e corresponding initial tumour extracts were inoculated intraperitoneally (0-2 ml.

VIrUS
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into.adult mice, These were bled after 3 and 6 weeks for the titration of haemag-
R/lluA“Pn?“(tm-llggé)bmon antibodies, 10 haemagglutinating units being used (Rowe’s
€sl, y : , , .

Fluorescent antibody studies. . Frozen tissue blocks were sectioned at an indicated
thickness of 6y in a”—20° microtome cryostat. These sections were air-ried at
room temperature for 10 min. and then fixéd in anhydrous acetone for 15 min, After
a|r-dry|nrq and repeated washing in phosphate-bufféred salme,_anuBolyoma chicken
serun dilted 1/5 was applied on the sections which were then incubated for 30 min,
at 37° In a moistened Petri dish, This serum had previously been absorbed three
times with mause fibroblasts and had a titre of 1/2048 as determined by the haemag-
glutination-inhibition test. After incubation, the slides were washed three times,n
PhosPhate-b_uff_ered saline and re-ncubated at 37° for. 30 min. with fluorescein-
abelled antichicken goat serum (Microbiological Associates. Inc. Bethesda, Md.,
U.S.A.), which had previously been absorbed twice with acetone-aried mouse liver
Bovv_der. As counterstain, weused Lissamine Rhodamine RB-230 conjugated with

ovine albumin (M|crob|oI0ﬁ|caI_ Associates). Before being mounted in Huffered
glycerol, the slides were washed in three changes of phosphate-buffered saline.

10 test the ngeuflmty of the action, slides Were treated in paralle| with norma
chicken serum Before the application of fluoresceln-con]éjgated antichick serum ang
with the fluorescein-conjugated serum alone. Mouse embryo fibroblasts not infected
with olroma virus were also used as a control to detect the presence of any non-
sRem Ic fluorescence, The fluarescence procedure on tissue culture was similar, éxcep
that before air-drying and fixation in anhydrous acetone the slices were washed
three times with phoSphate-buffered saline. , _ _

The optical system consisted of the Zeiss fluorescence microscope eqmpped with
a high pressure mercury lamp HBO 200; the BG 12 (3 mm. x 5 mm.) exciter filters
and'the OG5 and OG4 barrier filters were used.

~ RESULTS
Primary tumours of the rat

Primary tumours were studied for the presence of viral antlgen by the indirect
fluorescent antibody technique on frozen ¢ryostat sections. As shownin Table 1, no
olyoma antigen could be demonstrated in'the nine tumours tested éPI. 1, fig. 1)
umaur extracts prepared in phosphate-buttered saline, whether treated or untréated
with fluorocarbon, weye negative for the presence of prolgoma virus even after a blind
passage on mouse embryo tissug culture (Table 2). Thé fluorocarbon technigue was
used to separate the antibodies from any virus which might be present in the extract
Hummeler & Ketler, 1958). Samples of the same tumour e tra_cts_mJ[ected intra-
eritoneally In adult mice gave ne%a_tlve MAP tests. These data indjcated that the
nectious polyoma virus and its atigen were ng longer detectable in the tumours
or their extracts, at least bZ the %echmques used. _ _
However, when portions of those same tumours, found negative by direct
examination as apove for infectious virus or viral anthen, \Were put up s tissue
cultures, the s¥ntheS|s of polyoma virus was_now detected in four of ten tumours
{Tab!e (11) By the fluorescent antibody technique, we found the viral antigen to be
ocalized mostly in the nucler (P1. 1, figs. 2, 3) and only occasionally in the cytoplasm
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(P1. 2 fig. 4). Synthesis.of the antigen reached a peak from the 4th to the 6th days
and then decreased to disappear sometimes after 9 days (Table 1), This implies that
the cells. in which viral antigen was synthesized had died and that there was no
re-Infection of other cells by any released polyoma virus, From all the tumours set
up s fissue, cultures and yigldirig viral antigen as shown by the fluorescent antibody
technique, infectious virts was isolated orf mouse embry0 tissye culture,

The aPpearance of viral antigen preceded the release of infectious virus in the
supernatant medium (Table 2 "RKS, RKS4) but probably not the detection of
Intracellular infectious Virus. Those timours set up s tissue cultures which did not

Table L Fluorescent cells in rat tumours (%); indirect method

gfyrpaet CFrrozsetg1 Primary tissue culture
tumour* sec){?ons% 2hr. Day4 Day6 Day8 Day 10

S

rks i 30 5/4 100 HE 10
RER : : : :
PES o @ m nt 00
REE : A :
rfs3 ; : ) nt - -
RES, - nt nt nt nt nt
RMS, - nt nt nt nt nt

* RKS = rat kidney sarcoma; RFS = rat subcutaneous fibrosarcoma; RES = rat lipo-
sarcoma; RMS = rat nieningeal sarcomatosis.

!] nt = not tested; — = ne%tlve. ,

J First number = nuclear Tluorescence; second number = cytoplasmic fluorescence (deter-
mined on 100 to 200 cells).§

Table 2. Virus isolationfrom rat tumour cells

Phos-
Rl CFaIlrJt%(rJ] %E?Ofgr Primary tissue culture Tissue culture after passage in rats
tumours* extractf extract 24hr. Day4 Day6 Day8 Day 10 Ist pass. HIA* 2nd pass. HIAI'

- nt - t t t . B}
EE%' nt nt JSr//J;§ Hi +H/%+ +n/+ Ht " - -

, ot ont - . : - - - -

RKS nt ) . nt +[+ ; B, ..

rks% nt it +] ++ i 7/ +7/+ - A VI

Hzg , nt . nt B} . . nt nt nt nt
. nt , . _ _ . nt nt nt nt

rks nt nt nt nt nt nt nt nt nt nt

REE . nt Nt +/+  +/+  +[+  +[+ - . . _
nt . k nt - nt nt nt nt

ﬁﬁs nt ] ] _ nt ) : nt nt nt nt
o nt nt nt nt nt nt nt nt nt

: S?e Tabltetl fIOEj types, g

nt = not tested, — = pegative. . _ , o

neJaEI\?g)magglutmanon-mhﬂn%on antibody (HIA) titre in the tumour-bearing rats (less than 1/32 is considered
First sign = intracellular virus; secondsign = virus in sgpernatant medium.

¥ One tumour out of three set up as tissue cultures released polyoma virus.
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then yield for infectious polyoma virus did not show any specific fluorescence which
could” indicate the synthesis or Presence of incomplet® virus ﬁPI. 2, fig. 5). Sera
1;\9% rtnlcte Inoculated with samples of these negative tissue cultures gave negative
ests,
Transplantable rat polyoma tumours

An attempt to transplant tra?ments of primary tumours minced with scissors by
subcutaneous grafting’ into jsologous rats was hot very successful. Indeed, two
menln(%eal sarcomas, two kidney” sarcomas and one sUbcutaneous fibrosarcoma
f%{llg&oR r%w after being grafted into 1sologous hosts. Only two kidney sarcomas
éo_rtlons of these transplantable tumours were put up as. tissue cultures. Both
ailed to release infectious polyoma virus and neither contained viral antigen. The
rats bearm% these transP]Ianta le tumours had cons_|stentIY negative HA-mhlbltmg
antibody titres. The ransplantation into rats of primary tumaurs after one or tw
passages in tissue cultures was more successtul (Tables”L 2). These tumours grew
ver% well in all the inoculated young rats 9' days ofdz/ and gave tumours in
60-80 % of the adults. The young and ault rats which developed tumours at the
sife of inoculation of these tissue cultures (1st passa el) and those hearing transplants
of these, 1st_passa?e tumaurs (2nd passage, See Table 2) never developed hagmag-

glutination-inhibifing antibodies against polyoma virus. _
All the first passage fumours when Put up°as tissue cultures were found negative
ed by the fluorescent antibody technique and

could be serially transplanted. After one and’three in vivo passages,

for the presence of viral antigen as tes
for infectious polyoma virus (Table 2). o

One tumour from the second in vivo passage released virus in tissue culture
gRKS . _CurlousIY, two tumours that arose from the same inoculum (1st assa?e
umour) in two other rats from the same nest and q_rafted at the same time were
found negative for pol¥oma virus when put up as Tissue cultures. This seems to
Indicate fhat although there is generally no virus production after transplantation
in.vivo of polyoma-induced tumours of the rat, exceptionally some tumour lines are
still capable of s nthesumg and releasing virus when set up s fissue cultures. The
reasons for this particular Behaviour ar Still unknown. The ditficulties encountered
In the transplantation experiments of primary polyoma tumours into_ isologous
hosts could be due ejther to factors depending on'the host, such as genetic differenices,
or to_factors determined by the tumour itself, such as the acquisition of new antigens,
nutritional deficiency, etc. Qur Albino R rat strain seems to be genetically homo-
?eneous, at least for tne histocompatibility antigens. This was™ verified by skin
ransplantation between animals chosen at tandom and by transplantation of one
spontaneous mammary tumoyr and two methylcholanthrene-induced filro-
sarcomas. This indicates that polyoma tumours in rats behave on transplantation
like some polyoma tumours n the mouse (Dawe, 1960). Primary hamster polgoma
tumours on the other hand seem to be easily transplantable, as'shown by Habel &
Silverberg (1960). Our data suggest that the difficulties, encountered” in trans-
Plantm gnmar rat tumours are’ determined bY factors inherent in the_tumour
ather than in the host. These Tactors are slightly depressedb P]assa e in tissue
cultyre and are_overcome by the use of néwborn rats for transplantation, as
previously described. Further'studies are necessary, however, to determine the exact
nature of this phenomenon.
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Susceptibility of rat polyoma tumours to challenge
infection with polyoma virus

. Tissue cultures made from three primary kidney sarcomas and one subcutaneous

fibrosarcoma were challenged with 2 x 105 TCID50 doses of polyoma virus. Two of
these lines gKKSj, RKS2)viere initially positive for virus production in tigsue culture.
In all cases, these tissue culture lines were found resistant to superinfection by
polyoma.virus, and no czytopathlc effect or virus production was ghserved during an
observation period of 12 days. For challenge, the same strain of polyoma virus as
that which induced the tuniours was used. “In parallel with these experiments, we
examined also the susceptibility to_ polyoma virug of a normal rat kidney continuous
ling (RN cells) and a continyous tissug culture ling established from a carcm_o?en-
Induced mammary tumour (DE40.cells); these two lines were also found resistant
to infection by dpolyoma virus. This indicates that the resistance of tissue culture
lines established from rat polyoma tumours to challenge Infection b;i_ this virus is
not a specific character of thé tumours. The gol oma fissue culture Tines, like the
RN and DE40 cells, were susceptible to herpes and vaccinia virus,

DISCUSSION

Sachs & Fogel (1960) showed that rat_polyoma tumaurs, when put in tissue
culture, synthesized infectious virys and.viral antigen. Although our studies point
In the sarme direction, we did not find this to be a general pheriomenon. Putfing a
rat polyoma tumour foundnegative by direct examination for the presence of virus
In tisste culture seems to inggce only in some instances the synthesis of polyoma
virus. The other tumours, which did"not release Infectious virus in tissue culture,
likewise appeared to contain no viral antigen when analysed by the fluorescent
antibody technique and the MAP test. No vidence was found for the existence of
an incomplete virus in our rat tumour lines as described by Sachs & Fogel (1960) for
certain mouse and hamster polyoma tumours. In our tumours, which Were positive
in tissue culture for the presence of virus, we foung mostI% a nuclear and only
occastonally a cytoplasmic localization of the viral antigen. THese results differ from
those reported by Sachs & Fogel \k/l%(?, who always located the viral antigen in the
cytoPIasm of his tumour cells, We do not know’yet whether this difference may
result from the ?reat_er sensitivity of the indirect method as compared with the
direct fluorescent antibody method used by Sachs. ,

The Induction by tissue culture of virus production in rat tumours found negative
for polyoma virus on direct examination, the rate of synthesis of the virus as Shown
bY he “fluorescent antibody technique and the disappearance of the virus on trans-
plantation with accasional recovery In tissue culture, Suggest a virys/cell relationship
closetoa I_ysogenlc system, as was indicated b_Y_Wmocour &Sachs (1961) for polyoma
tumours in the mouse. The non-susceptibility of the golyoma tumour lines to
superinfection by the same virus and their susceﬁtlblht_y t0 unrelated viruses (herpes
and vaccinia virs) might be considered as another gomt of similarity If it had been
sh)ecmc for the raf tisstie culture lines originated from polyoma tumaurs only. Also
the possible acquisition of a new cellular ,antlgen,_ as suggested hy our gr_ellmmary
transplantation” experiments, has its equivalént in the Dacterial Tysogenic syster
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(Jacoh & Wollman, 1959); further studies will indicate whether our findings are
analogous to those described by Sjogren, Hellstrom & Klein (1961), in mouse
polyoma tumours.

Part of this work was gresented at the Meetlng of the Society for General Micro-
biology held in Oxford (28-30 September 196
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EXPLANATION OF PLATES
Plate 1
Fig, 1, Cryostat microtom ect| n of a primary rat kidney sarcoma induced by polyoma virus
R('kSl?) senceg}oir tecta Isepoyoma a%tigen% }we %de ¥e f?uorescence met%dpdp Syx 8&
Flg Rat kidney sarcorp QRKSfI grown in tissue culture (day 4). Positive nuclear fluorescence
Indlicating the presence of potyoma antlgen? 400).

Flg S)Rat kidney sarcoma (RKS4) grown in tissue culture (24 hr.). Positive nuclear fluorescence

( Plate 2

F| 4, Rat subcutaneous fibrosarcoma (RFSfi grown in tissue culture (day 4). Positive cyto-
EI smlcfluorescence (x 400).
] 5 Ratk|dneysarcoma RKS,) grown in tissue culture (day 8). Absence of positive fluorescence
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The Effects of Partral Pressure of Oxygen upon Res,orratron
and Nitrogen Fixation by Soybéan Root Nodule
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INTRODUCTION

Allison, Ludwig, Hoover & Minor (1940g concluded from studies of the effects of
increased oxygen tension upon nodule réspiration that oxygen tension was low
within_ the trssue of soybean root nodules. Ebertova (1959) measured low redox
Potentralswrthrnnodules urrngthe errodrnwhrchnrtro en'was fixed. In contrast
0 these findings Ferguson &Bond 154 f und trncre sed Oloxr{gentensr nin the
root me um avou nrtrogen atron yw eno uate nts; and Burris,

(gee &Bach ( 5? h5). found with sliced soybean nodules that oxygen tensions up to

02strmu|ated Ixation but that hrgher tensions were Inhibifory. Bond (1961)
reported similar effects with root podulgs of nop-leguminous plants.

A unified hypothesrs WhICh relates the various™ phases of symbjotic nrtroden
fixation in quume nodules has been oroposed (Ber?ersen 1960ft) in which 1t is
suggested that red uorm OWer 9enerae In the bacteroids brings about the ulti-
mate production of N This hypothesis demands that oxy%Aen ttensron at

8 ICI00. XXIX

rom N
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the_surface of the bacteroids be low (much less than the tension which saturates
their terminal respiratory enzymes) if aerobic terminal respiration is not to compete
with N2for thejr reducing Power. The work to be reported here was undertaken
to Investigate, the appareént paradox of oxygen both stimulating and_mhlbltmq
nitrogen fixation by legume nodules. In doing this the work also provided a tes
of one aspect of thé hypothesis.

METHODS

Plant material, Lincoln variety sogbeans were grown and nodule aqe recorded as
Brewous!y described (Bergersen, 195%. Nodules Wwere detached fromthe roots into
f_ea|t<ersd|r|nmersed In‘ice and experiments were begun within Lhr. of picking the
irst nodule.

Bacteria. Rhizobiumjaponicwm strain CC711 was used throughout and was grown
on yeast-extract mannitol agar. Suspensions of bacteroids ithe nodular form of the

%&%msms) were obtained from crushed nodules as previously described (Bergersen,

Respirometry. Respiration was measured in double capillar Warburﬂ mano-
meters equipped with stopcacks between the fluid reservoirs and the capiflaries to
permit evacuation and flushing of the respirometers with various gas mixtures. In
doing this the fluid was lowergd to the hole of the stopcock and the respirometers
evacuated and filled through both sides. of the manometer. When filled, the fluid
was raised and a positive pressure maintained until just before measurements began,
when the excess pressure was released. _

Respiration of whole and sliced nodules was measured in Warburg vessels
(volume 8o ml.) containing 20 nodules and o-25 ml. phosphate buffer (m/15, pH 7-0)
with 0-2 ml. 40 % (wiv) KOH in the centre wells.” Respiration of bacterolds was
measured in the same vessels using 10 ml. bacteroid suspension and 1-0ml. of
0-02 M-Na succinate or 1 ml, of pnoSphate bufter (m/15, pH'7-0).

Preliminary tests showed that little change in p02 due to uptake of oxygen
resulted during measurement of the respiration rate during 30 min. with bacterolds
or durm% Lhr with nodules; with bacteroids the POZfeII from 2-0tq 1-8% and from
1to 0-9%. These small changes produced no detectable change of slope when the
uptake of 02was plotted against time. With still lower p02 values however, a
9veecrléngs|ergj rate could be detected after 20 min. In these cases only the initial rates

In all cases respiration was expressed as g02(jtl. uptake of 02hr/mg. dry-weight
tissue). In the Hrst exPer?menPa,temger%turg 01u %0° Was usedr. Later ¥h¥\é N
changed to 23, the optimum for nitragen fixation. _

(Gas mixtures. These were pre?ared from commercial gases through manifolds
equipped with mercury manometers, The lines were evacuated by a Totary pum
to 0-05 mm. Hg (McLeod gauge) and various scales, graduated in Percentage_ were
used on the manometers according to the barometric pressure at the be%lnnlngro
1(hF exﬂerlment. Argon was usedto bring }hﬁ mixtures to one atmosphere. The
ollowing are mass Spectrometric analyses of the gases used:

Nitrogen N2 898—2 %), 028(}1 %), A (1-1%
Argon A (96-3%), N2(3-2%), 02(0-5%
Oxygen  02(98-7%j, N2(1-3%), A (trace)



Nitrogen fixation by soybean root nodules 115

For aII(Pu(rjposes except the determination of the Michaelis constants, gas mixtures
contained 10% N2.

Isotopic nitrogen (EN), N2 gas was 8repared from NH3 (generated from NH+
|abelled NHAN S)nby oXidation Over CuO at 600-700°. The gaS was #assed through
the oxidant for Lhr” after constant volume was reached and was then collected over
Hg after being circulated through a liquid N2cooled trap where nltrogen-contamlng
impurities condensed. Mass 4g)ectrometrlc analyses showed less than 1% 02an
no trace of Mass 31_$]H\IO),_ or 46 (MNINO or INaD) or 47 (IN02.

Measurement of ni roPen fixation. Nodules were exposed at 23° to ‘gas mixtures
containing IN2in 50 ml. Erlenmeyer flasks attached to a manifold. After exposure,
the nodules were crushed in 3 n-HCland the soluble materjal analysed for 1N after
Kjelaahl d|?e_st_|on, distillation_of NH3and_conversion of NH3to N2 by alkaline
NaOBr confaining 0-1% KI (Francis, Mulligan & Wormall, 1959). Theatoms %
excess 1N in the samPIes was a measure of the nitrogen fixation of the nodules
during their exposure to the_labelled gas mixture.

Mass-spectrometric determinations, All isotope measurements and qas analyses
were done with an M86 (Atlas-Werke, Bremen) mass spectrometer. Atoms %" 1N
were determined from the mass 29:28 ratios of the samples and the excess calculated
from alternative readlnﬁs of a sample of aiy N2 contained in the other half of the
double inlet system. All samples and standards were measured at the same inlet
pressure (5mm. Hg). Corrections were made for air leakage occurring. during
preparation ofthe samples bY measuring the magnitude of the mass 28 and"32 peaks
and applying corrections to the atoms % excess BN (Francis el al, 1959). In these
experiments the maximum analytical error of repeated determinations on the same
sample of gas was + 2% of the atoms Y% excess. The maximum analytical error of
a complete determination, includin d|gfest|on distillation, convérsion to N2,
measurement and correction was +6-5 % ofthe atoms % excess, In any one experi-
ment all values of 2N excess of samples were adjusted by multiplying Dy ¢jx where
cwas the chosen atoms % excess of the incubation gas mixture and x was the actual
value analysed. This step was necessary. because cottaminating N2in the other ?ases
used in thé mixture caused small varitions,in the percentar%;e of 1N in the mixtures
of different composition which were used in an experiment; the step thus put all
measurements on a common hasis. Gas analyses were prepared from mass-spectra
%ﬂg {Te]!a%wr% peak heights of which gave the partial pressures of the components of

IXture.

o RESULTS _
The relationship between pQ%and q02for nodules and bacteroids

The effect of podule size. and slicing, eneral form of the effects of p02upon
nodufe [es irat|non %ls seenin F(ljg. 1 W%icm?lgstrates the results obta?ned WiPh 23-%ay
nodules. When q02was plotted against p02 (the q02p02curve) the result was a
distinct two-step_curve with the first maximum at about 50% 0 Zand the second at
about 90% 02 This type of curve was repeatedl[y obtained througnout this work
as long as nodules of a smqle age were used. The plants from which the nodules used
In this_experiment were Taken fell into two well-defined rou%s: those with few
arge (3-4 mm. dlam.? nodules and those with many small mm, diam.) ones,
These nodules were of the same age to within one day and each plant bore the same
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Fig. 2. The[effects of nodule age on the q0,,/p02curves for intact nodules, measured at 30°.
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weight of nodules, The effects of this difference in size are seen in Fig. 1 The small
nodules had a sllghtly higher 02at each p02value and the maximum occurred at
slightly lower p0Zthdn was the case for the large nodules. In all subsequent experi-
meénts only the large nodules were used because they were more ea3|l5( handled.
When the large nodules were sliced (about 1 mm. thick) the ([;enera form of the
qh021_p02(:urve was still apparent, but the first maximum.was not as marked as with
the intact nodules and the q02at each p02value was raised. The magnitude of the
first step of the curve was Increased by a little more than a third and that of the
second Step was sllqhtly reduced. _
The effects of nodile dge on the q02p02curve, The %0 2p02curves were determined
for nodules of different ages. The results are illustrated in Fig. 2,_The two-ste% curve
was found at all ages except 46 days. With young nodules (7—4 days) the two

-3~ - |
4
30 = =h
o -o-- 4
o
20
10 3 B-— - —@-— @
0 A ]

2 4 6 20 100

PO, (%)
Fig. 3..The q02p02 curves for bacteroids isolated from nodules of various ages.
BagcteronIs roz?c) r(]gdou%es age 8 83 5, succinate: +, 15 days, succinate; 83 (?gys
succinate; 1, 4/ days, suctinate; 0, 22 days, endogenous.

maxima occurred at lowrer p02values than with activel mtrogen-ﬂx_mgi (21-23 da s}
nodules. As the_nodules aged, both maxima occurred at pro?ressweylower 5) .
At 46 days the first maximtm, when present at all, occurred at'less than 5% 0 2and
nodule respiration was comgletely saturated with respect to 02at 10%, From
previous work (Bergersen, 1958, 1960«) it Is known that fixation ceases when the
nodnles are about 42 days old. Concurrently with this experiment measurements
were made of the respiration of isolated bacteroids and the relative proportions of
the various nodule fractions were determined. _ _

The effects of nodule age on the q02p02 curves for bacteroids. Bacteroids were
prepared from nodules aﬂed 8 15 22 ana 47 days and the respiration measured at
arange of p02(Fig. 3). The maximum q02was attained at 2-3 % 02, and the curves
are similar to those 1‘g|ven by Burris & Wilson (1939). The (1,02lp020_urves are typical
of the saturation of"an enzyme with increasing cohcentrations of its substrate and
there was no evidence of & two-step curve as seen with intact nodules. The main
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effect of nogule age was that which has already been reparted, as variations occurred
In the maximum~g02which were in close agreement with the results of Bergersen
(1958). At all ages the endogenous respiration was one-third of the res?lratlon with
succinate as substrate and was very stable, the q02of 22-day-old bacteroids being
unaltered after they had been st_a,ndln? In buffer at room temperature for 30 .

he effects of age on the composition of nodules, The composition of nodules is given
in Table L. For these determinations the nodules were crushed and the dry welghts
of the various fractions obtained after_centrifugal separation. The nature of the
fractions was checked microscopically. The composition became falrIY stable from
15 days with the bacteroids makln(rq Up about 25% of the dré/ weight and the cell
wallsand large particles of the host accounting for about 40 %.

——

Table 1. The composition of soybean root nodules of various ages
determined on & dry-weight basis

Nodule age (days)

Fraction 5 8 Fractllr?n %) 22 30

' 43 3 3
Large pﬂrucgg 0 80 5

S%Qtﬁﬁgldyz : 3 12 22 2§ %
e ) 2 2 %
S R A A

edimente {om the supernatant of %O g for 20 min,
4) Supernatant trom (33.

The effects ofpOi upon nitrogen fixation (XV2uptake)

It has already heen shown brx Burris etal. (19552 that p02affects nitrogen fixation
by excised soyfiean nodules, and it was necessary to ascertain that these effects were
not due to an increase or a gecrease in the time during which N-fixing capacity was
retained by the excised nodules. Figure 4 shows that this was not fne case, Since
at 20, 37 and 81 % 02, fixation was linear with time for af least 90 min. No fixation
at all was detected at 5% 02 this is in agreement with all the Bresen_t experiments,
Inwhich N2fixation could be extrapolated to zero at about 5 % 0 2for intact nodules.
(Ijntthlﬁ 8xper|ment, exposure to 1N2 commenced 55 min. after the first nodule was
etacned. . . L L
_ Nlt_rogenfl_xatl_onmcreasedWlthmc,reas_ln?_pOZu t0,30°-50 %, above which it was
inhibited. With intact nodules, the rise in fixation with increasing p02from 10 to
50 % was greater than the decrease which occurred from 50 to 8) %, but with sliced
n%dzu(l%s tElhe 2mflgl_bmson was as great as the stimulation over a similar increment of
able 2; Fig. 5) o
p. The effects of ngodu e age Upon ]5\10u§)take_ with gifferent p02values. The amount of

nltrogen fixed at the optimum p02 varied with nodule ?%e being %reatest at
%809 d%s Table 2), and the ogtlmum p02 decreased from 50% at 32 days to
at 40 days

t .
Tﬁe relation%hip between the qOJp02 curve and IW 2uptake with varyingp02. The
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data in Table 2 clearly show that the p02range of the first maximym of the q02p02
curve corresponded with the p02range for maximum nitrogen fixation. Figure 5
Illustrates the form of the curves for nodules aged 32 days. This relationship was not
found In older nodules (36 and 40 days) when respiration was measured at 30°, In
these cases the first maximum ?f the' g02p02curve occurred at a lower p02than
at 23" (compare Fig. 2 and Table 2).
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. The effects of p02 on the kinetics of njtrogen fixation. The Kinetics of nltro%;en
fixation by intact nodules were examined by measuring the effect of N2 concentra-
tion upon the nitrogen fixed in L hr. with different p02Values. The 1N excess of the
nodules after Lhr. was a valid measyrement of the velocity (v) at any: particular N2
concentration () since fixation was linear with time for at'least 90 min. The Dixon
(19532 modification of the Lineweaver & Burk (193@ graphical method, was then
used 1o determine the Michaelis constant [Km) and the maximum velocity (Frd)
for nitrogen fixation in the Michaelis-Menten equation

= 4
W vAvAT F]N-z

by plotting /v against 1/s at each p02, for nodules aged from 25 to 27 days. The
ow) en terision mgthls Wori asin tnepres yiratory work Was taken as the |n|t|aYva|ue.
The'N2concentration was taken as the final pN2measured in a gas sample taken at
the end of the Incubation. At each pN2for'any p0?, duplicaté determinations of
N excess were mage on each of two separate Sa Ples of nodules, ,

. Statistical methods were necessary in order to exploit the data fully. The following
is an outline of the methods of analysis used as a result of examination of the form
of the data. The variance of 1/v Increased with L/v so that a weighted _regressmn
procedure was necessary. To determine the weight function the regression of the
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difference between Sor range of) the sample means of two dupllcates on the ave
ofthe means was determingd in‘a relationship of the form:range = \ (1/p)+ b2(
This relationship itself was fitted using weights mverseIY proportiona to (1 an%
The coefficient of the lingar term, bu was significant Wh|eb2Was not, although there
is little doubt of the reality of the curvature. However these data do not conform
to a relationship: range = b{\jv)~, as sug?ested by Wilkinson (1961). The weights
were.taken as the inverse of the’squares of the ranige estimated from'the regresSion
relation of any average L/». The weighted re?ressmn of 1» on I/pN2was fitted usmg
standard least s%uares procedure he confidence limits of the Intercepts on th
aaxis (—/Kmand onthe y axis (1/F mit) were calculated using standard procedures.

Table 2., The influence of the partial pressure of 02upon, respiration and
nitrogen fixation of excised soybean nodules of various ages

Nodule Partial pressure of 02(%)

fil./hr./m nodule, Respiratjon redon20nd|es in each Wi er

\c/gr%re we? gontame d 83% S%Léﬁt{ wm? 5 w\évs a(qgl (futo prevent dprylilng cllut 01@ the %rssug
t db th f dules wh luble jn 3

ftr| éﬂ“ aatRare S 510 s e S e PSS Yo e T ol

eres é§'at|0£130f the 23-day-old nodules was measured at 30°. All other qO, values shown

Were
{ (% ected I3\ excess figures; all results are expressed as if the incubation gas contained 55-8
atoms oexcess

@85 Measurement 5 OO I I I I

" W Bl WS
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The results are ﬂlven in Table 3 It will be seen that Frl increased with p02
Kmwas only slighfly affected b¥ n02at the lower Ievels but above 40 % ingreased
ver sharBIy The initercepts onthe ¥aX|s for 60 and 80 % 0 2were not significantly
different but the slope Was greater for 80%02 These results meet the Criteri for
competitive inhibition ofnltrogen fixation b X genw en comparing 60 and 80 %

he intercepts on the ¥ axis for 50 and 60 % 02were {ust S|gn|f|cantl¥ different,
but the slope was greater for 60% 02 Thus, comparing these two partial pressures
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of 02, the results approach competitive inhibition. The Dixon-Lineweaver-Burk
plats for these three partial pressures of 02are presented in Fig. 6.
Figure 7 shows the change in Kmwith p02and the change in‘nitrogen fixation at
a_constant pN2 (10 %Kl. These latter figures were determined from The regression
diagrams of I/v on l/pN2at each p02. Figure 7thus shows the c_han%e In the kinetics
of the nitrogen-fixation reaction In relation to the earlier experiments, in which the

El?fgec%s) of p82up0n fixation were determined with pN2equal to 10% (Table 2 and

1/pN; PO, (%)

Fig. 6

o Ao Y A y intagh 76yl

Fig. 7. The relatjonship between the change in k mwith p02and the change in fixation
ﬁ ttl!le gaspplflase conta?ne(ji 18 [P J Y

with p02when % IN2.

Table 3. Datafrom the Lineweaver-Burk Blots of nitro gn fixation at diff rre&t p02
values. The Intercepts on the x axis gave -1 IKmard on the y axis 1/F

]-max, - 1|Km Km
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DISCUSSION

_There are intriguing effects of oxygen tepsion both on nodule respiration and on
nitrogen fixation.” [n discussing thesé results It is convenient to divide this part of
the paper into sections, but it'should be realized that the results are composed of
mte[]-relﬁted obsgrvations, . _
ne effects 0 Aﬂ%pn nodule respiration. In the widest sense the results presented
are in agreement with the work of others (e.g.. Allison et al. 1940; Ebertova, 1959)
who have concluded that the, owgen_tenswn in Ieﬁume root nodules in air is low.
This 1S shown b)é the 2-3-fold.increase.in q02when the external p02is increased from
air tension &20 %) to 90%. The additional information which has come from the
Present work Is that this increase In respiration is not simple. The failure of others
0 observe the two-step nature of the %OzlpOZcurve can be attributed largely to the
fact that no precautions were taken about nodule age. Nodules of a range of ages
would have the first maximum at different p02vallies and hence the whole cufve
would tend to be smoothed out. An explanation of the q02p02curve Is offered.
Interpretation of the nogule respiration data. From studies of the anatomy and
cytology of soybean nodules the hacteroids are seen to be the innermost component
since In"the céntral tissue in which they occur they are enclosed within membrane
enveloges in the cytoplasm of the host Cells (Bergersen &,Brl%g,s, 1958g. It may also
be noted again that the tissues of soybean nodulés are unifor'in cell ¢ ge sincethese
nodules have no gtr)owmg point, %Ber ersen, 1958). From these considerations and
assummg(zl)that actergids within the nodules have a gO2similar to their endo-
?enous q02as measured in the Warburg; and (ii) that root tissue has a similar q02
0 the plant tissue component of nodules, it s possible to offer an explanation of the
unusual_pattern of nodule respiration with increasing p02. Because the bacterojds
are the innermost respiring component it is logical to sugqest that their respiration
Is the [ast to be saturated with resBect to 02as the external p02increases; that is {0
say, the seqond step of the q02p02curve for the nodules represents the bacteroid
respiration increasing to a maximum with increased penetration of 02, Table 1shows
that for nodules aged 22 days. the bacterpids composed 25 % of their dry wejght.
Figure 3 shows that the maximum respiration of bacteroids isolated from these
nodules occurs at 2-3 % 02, 1t we now congicer the data for nodules aged 21 days
Flg. 2), the bacteroids (22-da3/ sample, Fig. 3) respiring at the maximum endogenous
até would account for 2-5/d /hr, of 02uptake. This IS the magnitude of the Second
ste{g of the 9O,/p02curve (Fig. 2, 21 days). .
Turning to the plant tissue’component of the nodule respiration, it is seen that
this 15 made up of the respiration of the cortical tissue and the central gbacte_rmd-
containing) cells, the peripheries of which contain mitochondria (unpublished
electron microscope observations). |t was found that 23-ciay soybean root segments
had a 0020t 2-52 at 20 % 02and_3-36 in 100 % 02. These valuesare close to those of
Allison' et al. (19402, namelfv 2T2 and 2-88, respectively. They suP_port the sug-
estion that the first, part of the q02p02curve represents the saturation with 020f
e plant tissue respiraion of the nodule, because 75 % of the nodule drY weight IS
Plant tissue and 75 % of 3-36 (fthe maximum q020f root tlssueg_ls close to the magni-
ude of the first maximum of the curve for these nodules ( |g. 2|). The suggested
explanation is summarized in Fig. 8, which shows how the nodule q02p0Zcurve
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could be the sum of the respiration of the plant tissue and of the bacteroids as the
restatlons of these components are successively saturated with 02

ssuming_ that this in erPretanon I correct,” it is also possible to deduce the
internal pC2at various, external oxygen tensions. These deduced values are shown
on the lower scale of Fig. 8.

Respiration (pl./hr.)

0 20 40 60 80

External pO,-(%)
L L 11 I
0 05 115

Implied internal pO, (%)

8Theexp|f1r}]at|on oftq qtR 02curveforn d Ie The o erveﬂ curveis con5|der

0Ye the sum oft ecurves r Etlssuean the acterm 5ast eareSéICCfSSI
saturae WI'[ re served Je Enrdatmn 1mg. noo| ?/
----- o S rve |rat|on 1751 mg root age ate respwatoﬁ
0-25mg. acter0|

This explanation of the nodule resplranon data implies that there is.an 02dif-
fusion barrier etween the host respiration and that of the bacterojds. The latter,
with their high respiratory rate (about five times higher than that of the root tissue
cells in teymg of the dry weight) would resglre anY OZfassmg the outer resplrlng
reqlons of the nodule &s, with Increasing external p0?2, these regions aploroache
saturatjon with respect to 02, There wotld be no break | |n the Curve unless there
was a further barrier WhICh did not permit the assa e of appreciable amounts of
02until a certain partial pressure had been exceeded. This diffusion barrier ma
ethe membrane envelopes within which the bacteroids are enclosed (Bergersen

Brigg
ﬁwe eﬁects 0[p§2u on r}\tmt%un alor] The data of Tahle 2 full a%eewlth t|105e

V-

of Burrls et a similar responses tq Increase

nodules. However, in myworktherewas considerably less variation In IN2uptake
than was the experience of these authors or of Aprison, Magee &Burris (19543 who
found 1t necessary o use sliced nodules to decrease variation. This decreased vari-
anility of nitrogen fixation in the present work is attributable once again to the use
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of nodules of 4 single aPe in any one experiment. The use of nqdules of mixed ages
and of successive riodule samplés from ageing plants will give rise to errors becaise
the shape of th? Rxatlon/FO CUrve changes with age..

The nature of the stimulation of nitrogen fixation"with increased p02up to about
50 % In any. one, nodule sample remainS obscure. The increased respiration of the
host tissues in this p02ra_n|ge may provide moye substrates to the bacteroids or more
acceptors_for the fixed nitfogen.” There 1S a significant corresponaence between the
first maximum of the q02p02 curve and thé optimum pQ2for nitrogen fixation
(Fig. 5).. If the interpretation of the respiratory data which has been offered is
correct, it would therefore seem that the penetration of 02into the vicinity of the
Eact?_rogistresults In inhibition of nitrogen fixation. This has been confirmed by the

inetic data. L o

Parker & Scutt (1960) showed that, within certain limits, 02and N2competed as
terminal hydrogen acceptors in nltrotgen fixation by Azotobacter vinelandii and thys
fixation may be'reqarded as a form of respiration, That a simifar phenomenonmlgoht
account for the inhibition of nodule nitrogen fixation at high_p02, described y
Burris et al. (1955), has been suggested by’ Bergersen (19606). The kinetic studies
reported here show that there Was in fact a Tompetitive inhibition of nitrogen
fixation by 02at h|gh external p02. The value for Kmof 0-07 atmosphere NZfor
20 % 0215 higher than the 0-025 obtained by Burris et al, (1955), probably because
they used sliced rather than intact noules. The Michaglis constant (ijalso [ose
sharply.in a range at which an internal 02diffusion barrier became permeable.. The
compétitive natlre of the inhibition is not necessarily due to a direct competition
for the active site of the nltrogen-reducm% enzymé. Any diversion of reducin
prower from any part of an electron transport chaih could have a competitive effect.

hus, diversion of the bacteroid-reducing power to aerobic respiration could have
a competitive effect even if the actual reduction of nitrogen or nitrogen conta,mmg
Intermediate compounds took place at a site remote from the bacterdids but linke
with them by an electron transport chain. The results reported in the present work
therefore _su?port_ the h%/Pothems proposed elsewhere (Bergersen 19606), that one
of the main Tunctions of the hacteroids In nodule nitrogen fixation IS that they are
a source of reducing power which is used for the ultimate reduction of N2to NH3,

The statistical analyses.of the kinetic data were done by Messrs G. A. Mcintyre
and N. L. Dudzinski (Division of Mathematical Statistics, C.S.LR.O., Canberra] to
whom thanks are due. The technical assistance of Mrs M. Stiller is gratefully
acknowlﬁdged. The Isotopic work was made possible by a generous grant from the
Rockefeller Foundation, New York.
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SUMMARY
Four wild and two. laboratory isolates of Pithomyces chartarum were
rown under 1dentcal congitions, in. submerded and. In surface culture;
lelas of organisms and utlizatioh of medium constituents are repoyied:
ondesmin was produced, in submerged cuftyre and In Surtace cuitur
L L e R
|soqate(§1 f Wur RAiCh i ot sporulla?é. d

rom cuftures' w

INTRODUCTION

The production of sPorldesmm and sporidesmolides by Pithomyces chartarum in
surface culture was studied by Dane, Mortimer, Taylor & Russell (1961%, who
showed that sgorldesmm appeared in the cultures on the third day of incubation.
They were unable to show significant differences in the amount of the metanolite
present in the cultures for 4 days thereafter. By contrast the production of spori-
desmolicles was proportional to the %rowth of the organism and particularly to the
number of conidia produced. It has been postulated that P, chartarum is implicated
In the aetiology of facial eczema and in this connexion Russell, Synge, Taylor &
White (1962) “Showed that the depsipeptides (Shemyakin, 1960} i5olated” from
pasture where the disease occurred were identical withi the sporidesmolides. These
results were obtained by using an orﬂamsm strain C) 1solated as a distinctly high-
sporm? laboratory sector. from a culture_obtained from a pasture at Claudelands,
Hamilton, New Zealand in March 1958 (Tharnton & Rass, 1959). It was therefore
of Interest fo determine whether sporidesmin and sporidesmolides were produced
%fmld 15olates and also whether such isolates differed in ability to produce these

etabolites. It is known (Morton, 1960) that many fungi produce fewer spores in
submergned culture than in'surface culture, Thus it 15 possible to compare the same
organism growing on the same medium at the same temperature under conditions
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where one culture produces many times the number of conidia produced by the other,
These contrasted experimental conditions were used with P. chartarum in‘an attem r?t
to ohtain further information on the E)_ossmle relationships of sporidesmin- and
sporidesmolide-production with sporulation.

METHODS

Organisms, Pithomyces chartarum occurs as.a common saprophyte on debris in
pastures In the north”of New Zealand. Many isolates were obtained from pasture
debris and from agar plates exposed in gastures where stock were prone o, facial
eczema, From these field isolates four((j 133, SAIOb, SAI9a and SA26a(i)) were
selected as single spores for detailed study. In addition, two isolates (C, SAZ6a(ii)
were obtained as ,sm?Ie spores from high-sporing sectors of laboratory cultures of
the fungus. The isofates differed front one another in small morpholoqlcal and
culturalcharacters. The following descriptions are based. on_21-day cuiftures on
%otato glucose agar incybated af 24°. Isolate C (= strain G Done ¢t al. 1961;

ommonwealth I\/chololglcal Institute, Kew, England, herbarium no, _744_7_32 Wag
obtained from Dr'R. H. Thornton, ‘Soil Bureali, Department of Scientifi¢ and
Industrial Research, Weilington, New Zealand. Ross (1960) stated that Isolate C
15 hlgh-sporlng Isolate which rarely sectors in culture with optimum growth at
about 27°. " Cultlires of 1solate C were'flat, zonate, dark coloured when ovér 10, days
old with some floccose superficial mycelium, plﬂmented Verrucose mycelium: intér-
calory chlam}/dospores were comman among the myceliym. Conidia were formed
scattéred in farge numbers among, the supérficial mycelium; they were typically
muriform, with 3 transverse se[ita_(_rare_ly 1and with'2 or more longitudinal septd;
these conidia were 1/-25x 9-5-13jiIn size. 1solate S73awas isolated from a sporing
colony on depris of Paspalumdllaka_tum May 1959, Mount Albert, Auckland). Like
isolate C opfimum growth was obtained between 25-28° but the cultures were light
coloured with more_superficial floccose mg/cellum. Dark chlamydospores ang
dark verrucose mycelium were commonly E)r duced. Conidia were formed in small
clusters n_among, the floccose superficial mycelium; conidia (21-29x9-5-13/:
were muriform with 2 but more usually 3, “transverse septa. " Isolates SAIQD,
SAI% and SA26aF|) were collected from agar plates exposed. af Mahuta
Dargaville, New Zealand, in late January and February 1960; unlike isolates Cand
S73a they were unstable in culture and"sectors were common. In sporing cultures
conidia viere formed superficially but scattered and in d_enselx compacted clusters.
Isolate SAIOD rarely produced”conidia urm% Incubation for 14 days. Cultures
were almost colourless as dark mycelium and thlamydospores were rdrely formed.
Maixmum, growth was observed at 20-28°. Cultures of isolate SAI9a were moger-
ately sporing, tloccose zonate; conidia were irreqular In size varying from 16 to 35/
In| n%th and. 95 to 1371 in width, and with 2-5 {commonly 3) transverse septa. Ifs
growth was limited at 26°. Sectorm% was_common in cultures.of jsolate SA26a(1)
which grew equally well at 28° as at 24°. Conidia were regzular In size varying from
1910 2/} Iong an 9—5t? 131 Wade,_wnhStransverse se? a. Like isolate’C, 1solate
SAZ6a(li) was selected from a distinct high sporing sector on a culture of isolate
SA26a(1) on potato-glucose agar, Isolate” SA26a(
COﬂIdIa hat were er&atlc in size Sl
showed sectoring and It grew equa

1), unlike its parent, produced
?-30 X 7-14-5/4) (t like its parent, it commonly
ly well at 28°as at 24°,
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Cultivation of organisms, Isolates were grown on Rotato glucose agar which was
prepared by covering potatogs échopped, 0g.) with water (300 ml.), The mixture
Was boiled for 30 min,, strained through mustin, then glucose (20 g.), agar (Davis
Bacterlo_loglcal’, Christchurch, New Zealand; 12 2 and Marmite (0-2 g.) added.
The solution (pH 5-5-5-8) was diluted to 11. with water. The isolates 5733, SAI9a,
_SA_26aS|? and” SA26a(ii) were inoculated on to potato glucose agar films on the
Inside Of 15x 1 cm. test tubes. The cultures were Incubated 21 days at 25°, were
freeze-dlried and then sealed. Freeze-dried cultures were stored at 0° Isolate SAIOb
was Inoculated on to potato glucose agar slopes that were incubated for 21 days
at 25°, then sealed and stored at —40°."A sample of each culture thus prepared was
transferred aseptically to potato carrot aqar_ PDone et al. 1961), Plates were incu-
bated_for 14 days at’ 25°, treated with Sterile 0-05% v/v% Lissapol N (Imperial
Chemical Industries Ltd., 16, The Terrace, Wellington, New Zealand; 5ml.), rubbed
with a stout platinum loop and the suspension obtained transferred as_eg
a 2o ml. blood hoftle. The suspension was diluted with 0-05% (v/v) Lissa
a final concentration.of 6-105sporesimL except in the case of isolate SAI
no spores were seen in the inoculum. The Inocula (0T ml,) were added aseptically
to the culture vessels. Inocula of isolate Cwere prepared-as described previously.

Surface cultures on Po_tato carrgt medium. Thirty-six 1 of potato carrot medium
Done et al. 1961; containing, g./I.; potato carrot solids, 20-25, sugars 10 mtro?en
5 pH _5-0)Dwere pree and 150 ml, added to each of 240 pint milk bottfes.
Forty milk Dottles we

ically to
ol N to
b where

e used for each isolate. After inoculation the 240 culture
vesséls were stacked on a glane slightly inclined from horizontal. The vessels of
g%cthgsJ(r)lfgef(\)/\r/e;edglsstrlbute at random throughout the stack which was incubated

Submerged cultur)és (i) comparative experiments, Potato carrot medium (7-2 1)
was prepared and distributed in 150 ml, amounts into each of 48 Erlenmeyer tlasks
(capac] ¥_750 ml.): 8 flasks were used for the growth of each isolate. The 48 flasks
were distributed af random on the shaker afterinoculation. They were shaken in an
horizontal plane at 110 rev./min., each flask describing a circle of radius 5in.
Cult%res were incubated at 25° + 1° for 4-7 days. _ _

Submerged cultures (11) sporidesmin production exPerlments. Forty-nine Erlen-
meyer flasks (capacity 750'ml.) each Containing potato carrot medium (150 ml.)
were inoculated with iSolate C or isolate S73a and the cultures were grown for 4 days
under thet conditions described In the previous paragraph for comparative
experiments.

Harvesting and extraction

Surface cultures. Six stsel% from each %roug 0[ 4 WeLe selefted at random; Z(g
these were used as inoculum for pofato gl cose plates. These plates were Incubate

for 21 days at 24° and then examined Yor contaminants. Cultures from 4 vessels
were filtered and sugar ’gHanes, 1929&, nitrogen (Keldjahl), pH value and dry-weight
determinations made on the separate filtrates. The résidual fungus was washed with
water. dried in a vacuum oven at 20°/0-> mm. Hg pressure and weighed. The dry
fun?al tissye was ground to a powcer, _thoroughl mixed ang sloo_re numbers and
sporidesmolide estimations done on weighed samples, The remaining 34 vessels of
each isolate were combined and the restlting 6 batches of cultureG e&tragted. con-

, . Microb. xxix
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currently in similar eqmgm_ent. The extraction and estimation of the sporidesmin
content of the extracts obtained were carried out as described by Done etal. i1901g.

Submerged cultures, In the comparative experiments 2 vesséls of each group Of
8 were used as Inocula for potato glucose agar plates. Plates were incubated and
examined for contaminants as deScribed above. The contents of the remamlng
6 vessels of each group were bulked and filtered. Nltr%%en, sugar, pH value an
drg/-welght determinations were made on the filtrates. The residual mycelium was
washed with water, dried in avacuum oven at 20°/0-5 mm. Hg pressure dnd weighed.
Weighed samples of the dry nPowdered mycelium were used for estimations of
3ﬁor|desmolld s and spore numbers. In sparidesmin production exPenm_ents 4 of
the 49 vessels were selected at random and used for estimations of medium con-
stituents, amount of organism and for checking the homogenerty of the isolate. The
remaining 45 cultures viere combined, extracted and the sporidésmin content of the
extract determined iodometrically and by the tissue-culture toxicity method (Done
etal 1961). , .

Sporidesmolides were estimated b;{ a modification (51+ggested to Us b}/_ M. E.
Carruthers) of the method of Done et dl. (1961% since It was found that the estimation
was expedited by centrifugal separation of the, material insoluble in diethyl ether,
Chlorotorm extracts of the residue after centrifugation were satistactorily filtered
by gravity through charcoal. The amino acid coriposition of s‘oorldesmohdes from
the different isolates was determined by the method of Russell et al. (1962).

RESULTS

The utilization of medium canstitugnts and yields of fungus, spores, sporidesmin
and sBorldesmolldes In a typical set of comparative surface Cultures are summarized
In Table 1. Five comparative _exPerlmenis of this sort were carried out; the results
obtained in each set were similar. The yields of sporidesmin given in Table 1were
obtained by Iodometric assay and tissue-culture toxicity tests of extracts of cultures
prepared Under similar conditions. Good agreement etween the two assaY pro-
cedures was observed except in the case of isolate SAIOh where the figure obtained
by the iodometric procedure was 5-10 times greater than that obtained by the
tissue-culture toxicity test. The biological potency of an extract of 200 L of cllture
of isolate SAIOb was therefore detérmined by ‘the corneal %pauty test (kindly
carried out for us by Mr P. H. Mortimer; Done ¢ al. 1961’2. he résult optained
a%g%dmwﬁbt ea{ obtained by the tissue-culture toxicity method. Thus this figure is
! In submerged culture growth of all isolates was more, rapid than, in surface
culture. The growth of isolate C d_urm? the 7 days after inoCulation is shown In
Fig, 1and 1s typical of the other 5 isolates. After the fourth or fifth day breakdown
of fungal tisste was noticed hy microscopical examination, decreased weight of
m;icehum on harvest and an Increase In the mtrogen concentration of the Spent
culture medium. The utilization of medium consfituents and the production of
spores and sporidesmolides are therefore given for 4-cay cultures in Table 2. Three
comloaranve exg_erlme_nts of this sort were done in Submerged culture; similar
results were ootained n all. In one of these half the cultures {1.e. 4 vessels of each
Isolate) were harvested 4 days after inoculation and the remainder at 7 days. Spores



Production of sporidesmin 131

Table 1. Utilization of medium constituents, and ¥|elds of organism, spores, spori-
dfmm and agondes&nghdes by six isolates”of Pithomyces chartarum in surface
culturefor 7 days at 25 h

mg.

mg./ml. '}

Ad Myceliumf
Isolate wtry Asugar AN rg/evlv%m m?g Snﬁ)o 0 Spr%hdeﬂ

i
o OB OB oW OE OB oMo
AIARRE

geafl |
dr Asu randAXrefertote ecrease in dry wejght, su ar ndmtr en.concentration
1{1% r¥1dﬁ %e%% nocu aton after harvest. s €)Pcultueftrath P %auon or
a un usater arvestln and r}nn t0 constant weight. eaveragf
%ﬂ ame |0 om%tnc assa \/X and tisstie-culture toxicity test exceﬁt in the case of isolate
eret atter value is gI

10+ 2 -
L / \Dry wt. mycelium |

4 Numbers of spores]

I \ o
2+ / e
™~ B Nitrogen in

culture filtrate |

bR —B—l—0 | | L
0 1 2 3 4 5 6 7 8

Time (days)

Fig. 1. Gro of pith hartarum in submerged culture. G- Mycelium dr
¥ weignt; Al—,oan;gﬁgsrecnﬁr %é‘r”& 1= m?rogen in culture flltratey Y

and sporidesmolices were present onIY in cultures of isolate C and the guantities
present were the same In the /-day-ofd culture as in the one 4 days old. In sub-
merged culture Isolate S73a often grew abnormally and formed discrete sphencal
colonies, or a pillar of growth In the centre of the’ base of the, flask. The colonies
were often 2-3 cm. in diameter on the third day of inclibation; |t |sI|ke that such
cultures were not completely *submerged’. This Would account for th eaggearance
of conidia in cultures of Isolate S73a (Morton, 1960). The occurrence of this
abnormal growth was eratic and sometimes difficuit to detect I vessels where very

9-2
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heavy growth had accurred,_Thus the figure given in Table 2f0r the number of
SPOres Iproduced btl rsoI% %873a n submerged culture is o tr)r (?

trict comparsono the amounts of sp rrdesmrnprod ced rferent rsolates
in su merged culture was pot possible because o the Irmrted c gacrt of the sha er
The average yield of sporidesmin from 6 batches of cultures of isolate Cwas (-3 mg./
whilst that Obtained from 4 batches of isolate S73a was 1-5mg./l. These results
were obtained_on extracts of 4-day cultures since Frelrmrnary expériments indicated
that cultures 7 days after inoculation contained little sporidesmin.

Table 2. Utilizatimi of medium constituents, and yields, of organism, si)ores and
‘fPorrdesmolrdes by six isolates of Pithomyces chartarum in submerged culture after
W ¢ v t- ;

Eét
BN EEN

Abbreviations have the same meaning as in Table L
Table 3. Com Frrarrson of the weight of sPorrdesmoIrdes isolated from cultures of six
Isolates of Pithomyces chartarum with the amount estimated polarimetrically

Sporidesmolides (mg./l.)

mg./ml.

Fin Mcelrum Spores. S
l’-? Awt.  Asugar AN >P ﬂ?r r
Isolate u ........... A

PRELT
9-) SD DTS

Optical By ﬂ]rgt\f]igt(etric By polarhn& ric
W W

[solate rotation*
| ér

-209° 110
g o :
Al
§A a ]Og
* Specific optical rotations were determined in chloroform solution at 20° in sodium light.

of the Isolat esr eptides (Russell, 1962). Such an assumption was not neces-
sarrl tenable for cu tures of different isolates. Thus the sporidesmolides from each
rso a e were also separated and determined gravimetrically, Some.of the properties
the,isolated sporidesmolides were deternyined. The.specific optical rotations are
grven in Table 3. All samples sublimed in a characterrstrc manner when heated anove
00° Ydrolysates of the 6 samples contained valing, leucine, isoleucine and
A-meth O|eucrhe ne reIatrve prO{)ortronsofthe4amrnoacrdsfound In eacn sample
(in the Order given) was 2
The effecrt of seriuentral subculture gn the groductron of sporidesmin b¥ rsola
S73a1n surface culture was determined. The subcultures are expressed In Fig.

The ?oliirrrge ic determinat] d(on of ?porrdesmolrdes assumes copstant comPosrtron
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terms of x +n where g is a sm?Ie small (<5) integer and n is the known number of
subcultures counting from the Treeze-dried culture described in the methods section.
Figures were only obtained for every other subculture since between each spori-
deSmin production subculture the isolate was grown on potato glucose plates to
make sure that contaminants were absent. Results obtained forisolate C grown
under analogous conditions are given for comparison in Fig. 2

I

101

Sporidesmin ug./mi
T
1>/

A \>

| ] 1 | | | 1
x x+4 x+8 x +12
Number of subcultures

Fig. 2. . Productjon of sporidesmin by Pithomyces chartarum isolates S733 and C.i
se%uentlal .sﬁdibcuhare. i\p—ﬁg, gyga; yO—g, 8; xre?ers to tﬁe parent ?reeze- neg
culture as indicated In the text.

1

DISCUSSION

The selection of the isolates reﬂoorted here was Iar%el}/ intuitive, taking info
account é;eographlcal location, year of isolation and the differing number of conidia
produced by the isolates Prown on potato glucose agar. In cultures of all the isolates
used in the"work hyphal”anastomoses were commonly seen and with four isolates
fSYBa, SAI%, SAZ6a(1), SA26a(it)) nuclear numbers within the cells were erratic.
n addition, In cultures of the three latter isolates sectoring often occurred. Suc
behaviour has been observed with several species of filaentous fungi, e.%. the
glrowth_of_ isplates of Penicillium cyclopium on apple #]ulp medium (Jinks, 9523.
ence if és ||kelg/ thaé w culture Pithomyces chartarum exhibits the ‘dufal Phem-
menum’ demonStrated by Hansen (1938) for a number of Fungi Imperfecti. The
results summarized in Fig. 2 are also consistent with this view; [l)resumably they
Indicate the adaptive behaviour of an heterokaryon (IPontecorvo, 946) transferred
from debris of Paspalum dilatatum to sequential subcutture on potato cafrot medium.
Two conclusions emerge. First, the physiological and morpnological characters
displayed by the isolates are dependent on the cultural conditions and do not justify
thelr Classification as strains, races or mutants. Thus they are referred to as isolates
In this paper with a code number to indicate their origin:” Secondly, in experiments
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designed to compare the, growth of different isolates or their ability to produce a
particular metabolite 1t is necessary to provide information about the number of
sequential subcultures the organismihas undergone In the laboratory. Thus we have
subjected field 1solates to & minimum number of subcultures before lgrefan_n%
freeze-Gried parent cultures and these have been used for inocula in all comparativ

experimepts. . .

pr%e dlpferences observed between growth in submerged and_in surface culture
resemble those described for other orgamsms (Morton, "1960). Thus in submerged
cultures growth was more rapid with & shorter lag period. Conidia were produced
by isolaté Cbut anly 0-25 % of the number produced in surface culture were found,
In submerged culture, production of 1 mg. dry weight funglus required the use of
about 0-04'mg. N. A similar value was observed in surface cultures of isolate SA|Ob.
Incultures bgaring large numbers of conidia 0-06 mg, N was, needed to produce
1mg. drgl-welght flingus. Large numbers of spores are formed in submerged and in
surface ¢ulture ﬂane etal. 19 1)‘ only when the growtn rate Is decreasing; therefore
sporulation In static surface culture whilst accompanied b _hl(%h_N utilization takes
place only at a stage when the medium becomes depleted in this constituent. The
simplest explanation of these paradoxical results seems.to be that sporulation in
static surface culture is stimulated by a local agcumulation of metabolic products.
In well mixed submerged culture bréakdown of mycelium begins before such pro-
ducts reach a sufficiently hI(IJh concentration and thus provides additional nutrient
factors that can result ir further mycelial growth. There is no experimental evidence
for this squestlon; all aspects of the physiology of spore formation remain obscure.

Except T0r isolate SAIOb the amount of Sporidesmin recovered from surface
cultures of the various isolates was of the same order. The small differences shown
In Table 1are thought to be real because they were observed inreplicate experiments.
From submerged Cultures of isolates C and S73a sporidesmin was recovered in
amounts comparahle with those obtained from surface cultures of these two isolates.
Thus whilst the submergea and surface cultures differed greatly with respect to the
number of spores produced, sporidesmin production remained about the same. .

In a previous paper (Done et al. 1961) attention was directed to the relationship
between the number of spores in culture and the amount of sporidesmolides isolated
therefrom. ‘The results here given in Tables 1 and 2 amplify and confirm thig rela-
tionship. No sporidesmolidés were isolated from non-Spofing cultures. A change
from submer%ed culture to surface culture resulted in the formation of conidia and
the 1solation of sporidesmoliges; but no examples were observed of the formation of
one without the other with the possiple exception of isolate S73a This relationship
between the numbers of spores and the amount of sporidesmoliges isolated sug-
gested that the proportion of the different dePsmeptldes (Russell, 1962) present
Might ditfer from one Isolate to_another and thus be of value in differe tlatmg
Iates. However no glﬁerepces Wwere ghserved in the composition of th

befween IS
(1 e Isolates Investigated.

sporidesmolige fractions from t

The authors are ?reatly indebted to Mr J. Allen whose mechanical expertise
P(got l(gjseedi%tgrr]gsl%eeho exceptional reliability. Details of the design will be supplied
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Some Observations on the Cultivation, Fruiting and
Germination of Fuligo septica

By PATRICIA M SCHOLES*
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SUMMARY
Conditions optimal for the laporatory culture of unpurified Fuljop septica
|aSmodiim were, examingd., The organism was qrown in the [agoratory
Or OVer 2 vears, duri Ich.time regidar sporulatton occurréd. Inyestr=
ation of factors w cted sporulat|o sted that this was, Induced
material present in older cultures; |1 not precipitate. It. Spore
rminaion ‘occurred, readily | aboratory; some. BXperiments on
ermination were made. F..septica.plasmodium’Was_purified by a migra-
on technicue combined with antibiotic treatment . TWo-member cultires
ere_estanlished with twq yeasts and. a Penicillium sp. 1solated from
asmodium, and with a baker's.yeast. Several ofher organisms (Includin
ram-positive and. Gram-negative Dacteria and yeasts) Werg nof satis-
assoclate” organisms 1p- two-memner “cultures. . Satistactor

S er%ryaease%/vweeks only bein

actory a
Ok Apension of b

INTRODUCTION

Much of the work carried out in recent years with members of the Class Myxo-
mycetes has used Physarum polyceghalum, since this organism proved able to grow
abundantly_ in unpufified laboratory cultyre (Howard, 1931, Camp, 1936), was
easily purified, and subsequently drown in’ two-member and in axenic culture
SHoward, 1931: Cohen, 1939: Hok, 1954; Daniel & Rusch, 1956, 1961). It readily
ompletes its e c;icle in the laboratory. Relatively few other myxomycetes have
been grown n the Taboratory thr,ou%hout the wholé of the life cyCle § lexapoulos,

- Gray, 19613 and fewer still have been grown In two-mémber or in axenic
culture (Sobels, 1950: Hok, 1954; Kerr & Sussman, 1958), It was therefore thouPht
desirablé to extend the range of or?anlsms studied in this group of slime moulds.
Work with the species Fuligo septica was begun since ItS spores are_known to
%erm_lnate readily and since 1t can produce large amqunts of plasmodium under

ertain conditjons, e.g. on heaps of spent tan in Tanneres. The present aim was to

produce axenic cultures and to investigate their nutritional_requirements. How-
ever, considerable difficulty was expefienced in the pursuit of this object and
observations, were made on’the fruiting habit and spore germination of unpurified
matgval whilst attempts were _belnﬂ made to produce “purified material and to
establish two-member and axenic cuftures.

L*dPresent address: Department of Microbiology, Queen Elizabeth College, University of
ondon.
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METHODS

Source of organism. Fuligo septica sclerotium was collected from heaps of spent
tan at the_ tannery. of the Kingston Tanning Co., Ltd., Kingston-upan-Thames,
Surrey. This sclerotium when placed on moistened filter paper in a humid chamber
gave a tgﬁlcal br%%ht P{/ell?w reﬂcu(]ate IasmodlurTn. _
Maintenance of Stock cultures an Pre aration of jnoculafor exP_erlments. Several
culture mediaweretried. The best method of culture for the production ofplasmodium
for maintenance of stock cultures and for experimental purposes was found to be
that of Camp 81_936) In which_pulverizeg rolled oats were fed to plasmodium
su_P]por_ted on moist filter paper. in a humid chamber. The culture vessel used was a
6 In..diameter Petri dish in which was Rlaced the inverted half of a 4n. diameter
Petri dish Wraﬁped in filter Joager. A shallow layer of tap water was rPlaced In the
larger dish, to Keep the filter paper moist and th atmosphere inside the larger dish
humid, and the whole was autoclaved. It was found that there was less frequent
overgrowth by contaminating _orgamsms and better growth of the myxomycete
when the oatmeal used was boiled in water, dried overm%ht (at 60_°,gr0u_n t0 a
fing powder and autoclaved (121° for 20 min.). Stock cultures of Fulido Septica were
maintained for more than 2 years in this' way, being subcultured at” monthly
Intervals and incubated at 25°In the dark. _
Inocula for experiments were cut with a sterile scaIPeI from the advancing e_dgie
of the plasmodial reticujum of these cultures and were Standardized as far as possible
b\{l_ta ing a measured area (0-25 cm. x 0-25 cm.; 05 cm. x 0-5 em.; or L0¢m.)
which was fransferred on the |Iter-pa_Pner support. ,
In recording results growth was estimated by measuring the area of plasmodium
formed, This Was not ap accurate measure of giowth since the plasmodial reticulum
varied in density, but 1t gave sufficient information for the_P_ esent purpose.
Experiments Were carried out to determine optimal conditions for the growth of
u_nRurlfled plasmodiym, the effects of substrate, pH value, temPeratur_e, aeration
light and humidity being considered. Methods of ?_unfymg asmodial material
by migratjon and antibigtic treatments, were investigated. “Details of procedures
are given In the next section, together with results, _ _
Testsfor purlty of plasmodiuni. Preliminary tests for pun(tjy_ of plasmodium were
carried out by foode with (r]Iucose yeast-extrac,t broth an mcubatlnq at 25° for
5 days washed agar gates across which plasmodjum had been allowed to migrate.
The ashed agar'was prepared oy the method of Cohen, 1939; 2% agar was made
up in m/75 phosphate at pH 6-0; The agar was washed before use It running, tap
water for 24 hr.”and in distilled water for 24 hr. This washed a?ar-lphosiphate
medium will be referred to as Cohen'sagar. When these preliminary fests of purifica-
tion became negative plasmodium was transferred to a nutrient ubstrate, In this
method of testmg there was no evidence of false negatives due to Inhibition of
%row_th of any cOntaminants b)( antibiotics from the plasmodla_gSobels,_ 19486).
onfirmatory “tests for pure cultures were then carried out by inoculating agar
blocks (about 1cm.?) bearing plasmodial track from fresh Cohén’s agar mlgratlon
plates to the following media: malt agar, glucose Yeast-extract agar, yeast-extract
agar I%ept_one water,“nutrient gelatin thloquco late broth, Robertson’s cooked
nieat medium, medium for detection of cellufose-decomposing organisms. ~ Aerobic
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incubation at 25° of negative tests in all of these media was continued for three
weeks, and anaerohic incubation at 25° in the first five media for 3 days. _

In all experiments unless otherwise stated plasmodium was incubated at 25° in
the dark in a humid atmosRhere, Incubation be_lng In a closed container with a
shallow layer of water in the bottom. Incubation of spores In experiments on
germination was at 25° in the dark.

RESULTS
Optimal conditionsfor growth of unpurified Fuligo septica plasmodium

Culture medium. The %rowth of Fuligo septica on a variety of media was examined:
oatmeal a%ar FpH 5 ), ground oatmeal scattered o Cohen’s agar, aqueous
extract and ethanolic extract of oatmeal (each sterilized by autoclaving), malt
agar, nutrient gelatin, yeast-extract agar, glucose yeast-éxtract agar,” glucose
veast-extract broth, . fan-extract agar, COhen's agar, living yeast™ suspension
Saccharomyces cerevisiag) spread on the surface of oatmeal “agar, malt agar or
ohen’s agar. Slow girowth was obtained on oatmeal agar (pHS, 6), on aqueous
and ethanolic extracts of oatmeal, on malt agar and on tan-extract agar. When
particulate nutrient was present on the surface of the agar, as in the case of oatmeal
scaftered on Cohen’s agar and of yeast suspension on"oatmeal agar, malt aqar or
plain aqar, the growth was much improved.” It was best on Cohen’s agar + ogtmeal
Where It was eqial to that of controls set up as described for stock cultires. Several
of the media used were toxic &nutnentg latin, %/east-extra_ct agar, glucose yeast-
extract agar and glucose yeast-extract roth?,te dplasmodlum eing dead within
2 days of inoculation in all cases. Control plasmodium on Cohen’s agar survived
for at least 14 days. _ _ _
PH value. Attempt was made to determine the OPtlm,aI pH value for plasmodial
growth by using as culture fluid in place of tap water, in cultures similar to those
used for Stock cultures, a series of buffer solutions (Sorensen) ranging from PH'3 to
10. Suitable hutfers were not found, however, those used in genéral being toxic at
m/15 and having insufficient buffermg power at lower concentratjons, Determina-
tions of PH vallle were made, however, over a 5-week period of incubation on the
culture fluid of cultures maintained by the method described for stock cultures.
The culture fluid, sterile tap water, had an initial pH value of 7-3. As growzh of the
plasmodium proceeded the pH value of the culture normally decredsed from the
Initial value of pH 7-3 to pH 4-5-6-0 in 2-3 weeks, then becomlng relatively
constant (Table 1). In such cultures growth was,good at all _sta?es and in general
the plasmodium presented a normal appearance, i.8. It was brigh (Yellow In colour
formed a characteristic reticulum over the filter &) per support-and exhibited rapid
streaming of 2p_roto lasm. When the pH value did not decrease in the usual way
(e.g. cultire Zin Table 1 where the pH value rose. to above pH 82 growth was poar
and the plasmodium abnormal in a loearance until the pH eventually decreased.
Temperature, To examine optim growth temperature cultures maintained as
described for stock cultures were incubated af 25°, 30° and 3/° (at 25° and 30° for
6 months).__ Incubation was also carried qut for a few weeks at room temperature
$18°-20° . The relatjve amounts of %rowth and l]he a%)%arance of plasmodia, werg
ecorded. Table 2 shows typical restlts. Norma %ro th occurred, and continue
for the 6-month period of the experiment, at 25° and 30°, being more rapid at 3(0°.

asm
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Table 1 Changes in pH value of developing Fuligo septica cultures grown on
ground oatmeal on afilter-paper stipport at 25°

Days
A

6 12 8§ 23 0 A
pH value ofll&ulture fluid

Culture Growth Appearance

OO B0

76 65 67 46 46 45 46  Good throughout Pale yellow becoming
n?rma at 18 days

84 85 82 76 73 03 50  Poorinitially, im- Pale yellow, plasmo-
Brovmg at‘about diurn densely massed;
3 days becoming normal at

6 78 54 52 65 49 50  Goodthroughout i éng ofexpenment

M1t 02 68 59 50 Goodirougnout NGl brightyeliow

§ 65 53 5 BT 4T GE | Eg(acpeil(}etnhtén e } rapid streaming of

. 56 48 48 54 4T 52 ( cultures 3and4 | protoplasm

* Had fruited 5 days previously.

At 87° no growth occurred and the inoculum died within 1 or 2 weeks. At room tem-
perature (18°-20°) (%_rowth wag normal but slower than at the higher temperatures,
Anaeropic cultivation. Aerobic and anaeranic (95% (_v/vg h drogen+ 5% (v/vg
carbon dioxide in a McIntosh and Fildes’ jar) icubaions of plaSmodium wer
carried out on malt agar and. on Cohen’s agar. Fuligo septica behaved as an
obligate.aerobe under the conditions used; no growth or migration occurred during
anagrobic incubation, and the plasmodium died.

Table 2. Growth of Fuligo septica at various temperatures
The cultures were grown on ground oatmeal on a filter-paper support.
Growth and appearance at

(

One week Two weeks
Plasm%dial Appearance Plagpégdial Appearance
Temp. Culture (cm.2) (cm.2)

25° Ei) 8 Normal 18 Normal

i 12 Normal 14 Normal
e [i) 2 Norma 100 Normal

il) 12 Norma 41 Normal
g Ei) Dead - - -

) Contracted mass  Dead

Light. The effect of light on the plasmodium was observed by using culture
methiogs as for temperature experiments.  Incubation was carried out in dayhgrht,
nlcludln exposyre. for ?[hr. t dll.rect ternogn sur&l.lag[h‘, a&wd IF th(? dark, . The

ﬁs odium o e!)ng aceg In |gtamos.t |mrp | eoy FveoPe ‘smllln s

hc eﬁopeare 0 be'formed by rapid streaming ot % ratoplasm. hr?u? esmi
nt asmodlfsttran s, .This phenomenon ag een observe Prewous nseyerfl

e .
myxorﬁycetes aranetzki, 1876; Gray, 1938). The plasmodium Wasynegatlvey
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ghototactlc, and aft?r incubatjon for 4-5 days in Ilght |ost 'tf] epl?ment tion, be-
oming cream In colour. Initiall growth Was reta ﬁied In { |?ht, ut after
2 WeeKs the plqsmod| Im aP(E)e re| % re,tgrn to norma apart from plgmentation.
Humidity. " Plasmogiial growth in humid (nearly saturated) and non-humid atmo-
e?there was compared. Better growth was ontained in hurhid than in non-humid

osphere. L :
d Purification of ‘plasmodium

Purification of FU|I3%0 ségtma was attempted rty several methods. The migration
method of Cohen (1939) was unsuccessful with migration of F. seI]Jt|capIasmod|um
on Cohen’s agar, even at the maximum migration rate of (-5 ¢m./hr. achieved at 30°.
(Cohen relatéd successful ?urlflcatlon to Speed of migration.). The rE_Jres,ent findings
were contrary to those of Cohen who found that One strdin of F. séptica whén
mlgratm%at only 1-5 cm./day was readily purified by his method. The difference
hetween Cohen’s'results and the rg)resent nes may have been due to differences in
the accompanying microflora, Unsuccesstul also were migration of plasmodium on
other supparts (silica gel, cellophan laid over Cohen’s agar glass,_mmstened filter
[iager), enrichment, with' Saccharomyces, cerevisiae followed rX migration (Cohen
030), treatment of plasmodium with ultraviolet radiation, and heat treatment of

SPOres.

pThe method finally adopted was a combination of 3 migration technique with
treatment by antibiotics similar to that used by Sobeis %1 48ag and Hok F1950).
Penicillin+ streptomycin incorporated in Cohen’s agar each at 2500 units/ml. were
used. These high concentrations of antibiotic were necessary since one of the con-
taminating organisms was relatively resistant; the plasmodium was unaffected by
these antibiotics. Migration over Cohen’s agar + antibiotics was carried out for
2 days, followed by 1day on Cohen’s agar and a further 2 cays on the antibiotic
agar. This freatment removed bacterial contaminants in 90.% of the tesfs, but yeast
?nd mould contaminants persisted for Ionr%er. Further migration on Cohen’s av%ar
or as Iong as 18 days was necessary to complete the purification. An attem{)t 8s
made to _ecrease_thml_rgig migration period by using antifungal agents but those
tested (griseofulvin, viridin, copper Sulphate, cycloneximide, o-chlorophenol, p-
chloropfienal, /?-phenylethg/l a’ilcohol were more foxic to the mvxomycete than to
the contaminating yeasts and moulds, . o

. An alternative “method of purification in which tubes were used for migration
In place of Petri dishes was found to be convenient. The tubes were 40 ci. Jong,
Lcm. internal diameter, with each end (about 3 cm.) hent up at an angle of 45",
and contained a shallow layer of Cohen’s agar. The direction of movement of the
plasmodium could be coritrolled when necessary by the negative phototactic
resgonse of the Rlasmodmm,when tﬁe. tube was ilfyminated at One end. By usmg
this comhinatign of migration technigue and antipiotic treatment 85%"of th

attempted purifications were successful. The method was tedious and the resultin

plasmodial fragment usually only about 1 mm.2 but no better method was found.

Tivo-member cultures

Attempts were made to establish Fuligo séntica, plasmodium in_two-member
culture with (a) organisms jsolated from thé plasmodium, (b) various Gram-positive
and Gram-negative hacteria from other sources.
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(@) Purified plasmodium was inoculated to malt agar (10 ml. slopes in 6in, x
Lin. tybes) together with one isolate from the Plasmodlu_m. Eight Gram-negative
rods, five Yeasts, and one Pénicillium sp. were tested In this“way as associate
organisms.” One of the Gram-negative rods and three of the yeasts were also ingcu-
lated with plasmodium on to “Cohen’s agar. When growth of the plasmodium
occurred transfers were made through several subcultures to confirm establishment
of true two-member culture. o

Of the fourteen organisms tested only three were successfully established in two-
member culture withi the plasmodium, These were two yeasts™ (one white- and the
other black-pigmented) and a Penicillium, sp. Of these three grganisms, the white-
plgmented yeast gave growth comparable to that of unpurified cultures of plas-
modium; the othér yeast and the Penicilliym 35). ggve_ slightly less gaod growth.,
In one experiment & small amount of ?rowth was obtained with one Of the”Gram-
negative rods and with two other yeasts, This, however, was not repeatable. Malt
agar was, more satisfactory for twa-member cultures than plain agar ; better ?rowth
was obtained and the assotiate organisms did not need to be added at intervals since
they grew on the malt agar. The wh|te-P|gmented yeast seemed to be the organism
of ¢hoice for routine two-member cultures, The nElasmodlum was maintajned on
malt agar in association with this organism for 3 months without any deterioration
of the myxomycete strain becoming apparent. _

(b) Purified plasmodium was inoculated onto washed agar onwhich were streaked
washed suspensions of various Gram-negative bacteria, Gram-positive bacteria
and yeasts, previously grown in shaken glticose yeast-extract broth cultures at 30°
for 24 hr. . Pseudomonas fluorescens, Escfierichia coli, Erwinia carotovorum, Serratia
marcescens, Corynebacterium sp., Bacillus cereus, Micrococcus aurantiacus, Micro-
cooeus flavus, Saccharomyc?s cer?vmae Torula rosea. Incub%tlon was as in (@), O
these ten orﬁamsms not 1solated from plasmodium the Cor¥ne acterium sp. permitted
poor growth of Rlasmodlum which deteriorated after a few days; Escherichia coll
gave Slow growth continuing for 2 weeks. Saccharomyces cerevisiag gave contmumg
growth of “plasmodium on“subgulture; this was slower, however,” than with th
yeast isolated from the plasmodium.

Axenic cultures

The following preparations were tested as nutrients for pure cultures of Fuligo
septica: sterile ground oatmeal: aqueous extract of oatmeal; ethanglic extract ‘of
oatmeal; oatméal agar; autoclaved baker's yeast suspension In distilled water;
yeast autol%/sates (one prepared from baker’s yeast, dried, and incubated in distilled
Water at 37° for 4'hr. and at room temperature overnight; the other from brewer’s
yeast, ground, |?_iubated in dlsglledw te[]at 50° for 24 hr, an?_sterllee?b auto-
Claving” or by filtration); sand-ground brewer’s yeast (sterilized by filtration);
ethanol + ethér-dried yeast; a%ueo_us extract of baker’s yeast: ethanolic extract of
yeast: yeast disintegrated in a Mickle disintegrator (centrifuged af high speed to

sterilize’): malt agar; Difco yeast-extract casein agar. The Sterilization of these
preparations was by autoclavmgI unless otherwise Stated.. In addition, purified
lasmodium as.gliiceg nace Irng)h(?n membrane overlying a culture of living
east (origmnally isolated from plasmodium) on malt agar. _

Only ore préparation of those tested gave any growth of plasmodium, namely,
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the autoclaved baker’s yeast su_sRensmn in distilled water. The ?rowth Was, how-
ever, very slow as compared with that of the control and the plasmodium began
to deteriorate after 3weeks. At no fimes was the plasmodium normal in appeararice
being pale yellow instead of a bright deeper yellow. A similar autoclaved yeast
prelparatmn mcorPorated in the agar did not stpport growth of the plasmodidm,
he yeast aufolysates and the Difco geast-extract casein agar were toxic to the
I?smoguim (cf. resuét% with un{)urlfle cultures; also observations on Physarum
Bo yCep 950).

alum reported by Hok,
The following 0

Sgorulanon of Fuligo septica in laboratory culture
servations were made with unpurified plasmodium on the effect
on sporylation of the age of the culture and of various environmental conditions.

Age ofculture, The sporulation of two roui)s ofFullgosePtmacuItures_ Wwas observed
over a period of 2 years. Both groups of cultures were set up as described for stock
cultures and weré fed with the oatmeal preparation at weekly intervals.. One
group was subcultured every 4 weeks and the second group was maintained without
Subculture_until sporulation occurred, sclerotium was,_formed or the plasmodium
died. Humid conajtions were majntained bz adding sterile taP \vater when necessary.

Subculture of plasmodium to fresh medium prevented s?o ulation; of 171 cultures
observed only 7 (4%) sporulated within 28 days. On the contrary the cultures
maintained  dnder exactly similar conditions but without subculture showed a
relatively high Bercentagge of sg)orulanon throughout the_ entire 2-year period; of
171 cultures™ qbserved 2%18/0 sporulated, the remaining culfures dyln? or
forming sclerotia. The length of the vegetative stage differed greatly from’culture
to culttre and tended to oe longer and more variable at thé end”of the 2-year
lahoratory cultivation than af thé begm_mnP. y

In a group of unsugcutj%ured cultyres simifar to tf*e ahove e1dd|t|?n of oaﬁmeal wag
stopped after a 8er|0,o eeding. This starvation of previously well-fed cultures di
not promofe sporulation, _ _ _

Effect of other nutrients, The following putrients were used in Place of %round
oatmeal: aqueous oatmeal extract, ethariolic oatmeal extract, malt agar, and oak
bark and valonia (the dried acorn-cups of Quercus_aegilo])s), both obtained from
the tannery from which Fuligo septica was optained. The plasmodium did not sporu-
late when these materials were tested as alternatives to oatmeal.

Physical nature of soljd substrate. This was varied, filter paper, cotton wool and
lass surfaces being used. No effect on sporulation of the plasmodium was observed.

Light. Cultures unsubculturedg maintained as in the experiments on the effect
of ade of culture were exposed 10 daylight for 16-18 hr. per day. Light did not
Incuce frumng und%r ourcondltl?ns. O _

Temperaturé, Cultures (subcultured and unsubcultured) maintained as in the
experiments on effect ofage of culture were incubated at 30° for 15months after which
Incubation of this line of Cultures was continued at 25°. Subculture to fresh medium

revented sporulation at 30° as it did at 25°. At 30° a lower frequency of sporulation
33%) n unsubcultured plasmodia occurred than at 25° althou? on transfer of
his line of cultures from 30° to 25° sporulation, was apparently stimulated (82%).
However, the number of cultures (44) used in this experiment Was too small for ary
firm conclusion to be reached about this apparent stimulation of sporulation.
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Desiccation. Cultyres maintained as in the experiments on effect of age on culture
were allowed to desiccate slowly at 25°. This did not induce sporulation.

Attempts to induce sporulation

The sporulation plasmodia used in these experiments were produced in cultures
maintained as described in the experiments on the effectof age of culture. Attempts
were made to demonstyate the existence in sporulating Lplasmod|um of a substance
mducm? sporulation: (i) sporulating plasmodium (detectable at least 24 hr. before
completion of the processg) was transferred to a wet sterile cellophan membrang
which separated the_ sporulating plasmodiym from a vegetative plasmodium; (i
sporulating glasmodl_um was transferred dlrectI?/ fo vegetative, plasmodium; (il
freshly formed aethalium was transferred to vegetative culture; (iv) vegetative plas-
modjum was transferred to a culture which had just sporulated.  All these attempts
to show. the existence of any Inducing substance or substances In sporulating
plasmodium, aethalium or cufture meditim were unsuccesstul.

Attempts to interrupt the Sporulation process

Attempts to interrupt sporulation were made by transferring sporulating Plas-
madium from cultures similar to those used in the previous section, to similar fresh
culture medium, to a vegetative Plasmodlum In similar cultyre, to Cohen’s agar
and to malt agar, and by adding to sporulating plasmodium fresh nutrient in the
form of powdgred oameal or a Suspension of & yeast Isolated from plasmodium.

Transter of sporulating plasmodium to a végetative plasmodium, to Cohen’s
agar or to malt agar interrupted the sporulation progess, the plasmodium r_eturnmg
t0'1ts normal vegetative state. Sporulating plasmodium transferred to similar fres
oatmeal medium, however, continued sporulation .to comPIetlon. It is possible
since only a few samples. of plasmodium Were used in the |atter experiment (owing
to the difficulty of detecting early staﬂes of fruiting), that this difference in observa-
tions was due to_the length™of time after onset of Sporulation at which the transfers
were made. An irreversible. s_tage In the sporulation process may have been reached
In_the latter case. The addition of fresh nutrient to sporulating plasmodia had no
effect on the sporulation process.

Spore germination

A few experiments on spore germination were carried out with unpurified spore
material produced in laboratory stock cultures of Fuligo septica as described in the
previous section, Germination n distilled water of two batches of spores, one hatch
Used Immediately after formation and the other after storage for 6 months In a dry
state at room témperature, was observed. The spores germinated by one of the
methods described by Gilbert(19286) in which the swarm cell escapes throu?h a
wedge-shaped aperture in the spore wall. This aperture was readily observable on
microscopic observation. When determination was made of % germination 300
spares were counted at random throughout the preparation and the number of these
which had g%ermmated recorded. F. Septica. spores showed no dormancy period In
distilled water; new|¥ formed spores g rminated as _vY]ell as, those 6 months old.
A high percentage germination (60-70%) occurred within a few hours.
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Newly formed sF)ores were also inoculated to stock culture medium; they germi-
nated réadily on the moist filter-paper support and in the presence of ground oat-
meal developed into_ normal plasmodium. The younq(plasmodmm mgested large
numbers of the remaining spores, which gave it a dark brown appearance,

Since Elliot (1949) showed improved germination of some myxomycete spores
after treatment with bile salts this was tésted for Fuli osetpu_ca. Sporés (4 months
old) were shaken for a few minutes in a solution (10.g./1.) of bile salts, washed three
times in sterile distilled water, resuspended in distilled water and incubated. Since
the % germination without this treatment was usually high, and plasmodium
readily Obtained, treatment with bile salts showed no advantage,

Observation on the effect, of cold and heat shock on spores™(6.months old) was
made by exposing them in distilled water suspension to the follqwmg temperatures:
—20° for 30.min., 2° for 30.min., 60° for 5;min., 60° for 10.min., 60° for 20 min.,
60° for 30 min. The su1spen3|ons were then incubated in distifled water, Exposure
to low temperatures é able 3) before (I;ermlnatlon decreased the % (I;erm| ation;
—20° had a greater effect than 2°. Treatment at 60° resulted in failure To germinate
gﬁg(;p% Wese%res exposed for only 5 min., where less than 1% germinationt occurred

Table 3. Germination at 25° of Fuligo septica spores after exposure in aqueous

suspension to Ifferent temperatures
G rmmaHon
) after 24 nr,
Exposure  Exposure time  Incubation
temperature (min.) (%)
20° 30 2
2° 30 44
60° o) 0
60° 10 0
60° 20 0
60° 30 0
None None 69

* < 1% germination after 14 days incubation.

The effect of spore concentration was mvestl?ate_d. An arbitrary, fairly concen-
trated, suspension of spores (7 months old) containing 51,000 sporés/mm.3as deter-
mined by a haemacytometer count, was prepared in distilled water and diluted
12,113,1/4, 1/5,1/6,1/8 and 1/16; 0-02 ml. samples of each dilution were set yp in
a van Tieghem cell and the % germination recorded at intervals. The more dilute
suspensions of spores showed 2arlier and higher % germination than the more
concentrated suspensions (Table 4)

DISCUSSION

Fuligo s%ptlca, a myxomycete which has not been much used in work with the
slime moulds, can be readily. 9rown In unpurified culture in the laboratory, and will
complete 1ts life cycle, friifing and germination, under such conditions. 1t is
therefore a sujtable orﬁamsm for_laboratory study. Environmental conditions
whl% favour the growth of F. septica are similar to’those found bé/ I(\)Athe{] workers

ICI0D. XXIX
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Table 4. Germination at 25° o/FuIi?o septica spores in agueous suspensions of

different concentrations
The initial suspension contained 51,000 spores/mm.3as determined by a haemacytometer count.
Dilution of Germination (%) at
original ¢
spore suspension 2hr, 35hr. 6 hr. 2,
Undiluted 0 <1 <1 14
112 0 0 <1 18
13 0 0 <1 19
1/4 0 <1 <1 !
1/5 0 0 <1 6
1 | o < 7
1/16 5 6 12 48

to be suitable for other myxomycete species, For example Hok (51950) found that
growth of h}ésarum nolycephalum was good between pH 4-0 and 7-0 and befween
8 and 25°. Badhamia Sp. similarly tolérated a wide pH range, pH 4-0-7- _&Jahn
1932). B. utricularis fSo els, 1950)"grew well at 20°-24°, was slightly inhibited at
30°and died at 35°. In the present work F. septica grew well befweén pH 4-5 and
[-5 and over a temperature range of 18°-30°, Like P, polxceghalumg oore, 1935;
Allen &Price, 1950) . septica Was found to be aerobic, In contrast to the findings
of Hofmeister (1867) and Stahl (1884) who r,egorted ositjve phototaxis of F. septiCa
In weak light, In the present work F. septica was negatively phototactic. B. utri-
cularis was shown by Sabels (1950) to be negatively E)hot_o actic, As observed b
Gray (1938) the (Yellowp! mentation of F. septica was lgst in thellqht. Growth was
initially retarded in the light but exposure to direct sunlight was not lethal (cf. Gray,

The growth of Fuligo septica was better when nutrient was available in particulate
form than when soluble nutrients only were present. A similar observation was
made by Hok (1950) for Ph¥sarum polycephalum. P. polycephalum has since,
nowever, been grown successtully in pure culture_on a ngn-particulate medium
(Daniel &Rusch 1956, 1961), thus showing that this organism'has not the specific
reguw_ement for particylate nutrient which"has from time to time been postulated
for this grouR of or?anlsms. _ _

Many"of the earfier workers who. claimed to have established two-member or
axenic cultures appear to have used insufficiently rigorous and comprehensive tests
for purity and their claims must be acce[ited Ith Some reserve (e.g. Youk, 1913
Skupienski, 1928; Howard, 1931: Cohen, 1939).” Of these workers, some found that
two-member culfurescould readily Ee achieved with several bactenal,geast r
mould species (e.g. Vouk, 1913;”Skupienski, 1928; Conen, 1041: Hok, 1950),
whilst others found such cultures more difficult to estalish (e.g. Cohen, 1039:
Sobels, 1950). In the present wark Fuligo septica grew well in two-member culture
only with two yeasts and a Penicillium’sp. which'had all been isolated from plas-
modium, and with a laboratory strain of Saccharomyces cerevisiae. The myxonéycete
showed little or no contmumq growth with a variéty of Gram-Posnwe and Gram-
negative bacteria, some isolated from plasmodium and some from other sources.

|t3s possible that particle size and the capacity of the plasmodium to ingest such
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material may have some bearing on the nature of organisms suitable for two-
member cultires. Gilbert (1928a) observed that swarm célls and small plasmogdia of
Dictydiagthalium flumbeum would ingest only smaller fungus spores, Kidder
Dewey & Fuller (1954) suggested, that size of certain food molgcules was important
for some protozoal species. Axenic culture of F. septica, as found by Sobels %1950|),
proved difficult in our work, a small amount of growth being obtained with only
one Preparatlon from autoclaved haker’s yeast. _

Although sparulation of Fuligo septica occurred regularly in the laboratory, the
Presence 0f an inducing substanice in the cultures codlld ngt be demonstrated, and
he factors causative In the sporulation process were not determined. As observed
bﬁ/ Seifriz & Russell (1936) with Ph¥sarum_ olycephalum, however, a definite
rhythm of sporulation occurred, subculture within‘a certain tperlod always averting
sporulation, Seifriz & Russell sugqested that the presence of ‘toxic’ or stimulatory
substances In old cultures Is the factor which most probably pr_emptates sporulatjon.
The present observations with F, septica are in accordance with this Interpretation.
The Interruption of the sporulation process which gccurred on subculture is explic-
able by removal of the sporulating Plasmodlu,m from the influence of such sub-
stances. The possible effect of size of plasmodium as a pre-conditioning factor is
also worthy of investigation (cf. Hok, 1950). In contrast to the findings of Gray
F_1938) with F. septica and P. polycephalum and of Hok (1950) with P. polycephalun,
ight Was not found to be necessary for sporulation of F. septica, nor was it a pre-
cipitating factor. Depletion of nufrient did not lead to sporulation as it did with
P." polycephalum (Camp, 1937). . L

Ahigh Pe_rcentage ofspore 8ermlnat|on was obtained with FU|I%0 septicain distilled
water within 24 1ir., as found by Gilbert (1929) and_Smart (1937) and contrary to
Cook & Holt’s finding f192_8]q With this species. Dilute suspensions of F. septica
spores showed a marked th er percentage of germination than more concentrated
susgensm_ns, In contrast™to the findings of Sart (1937) and Wilson & Cadman

928) with other myxomycete species. Powell (1957) folnd that the germination
of spores of Bacillus subfilis was less complete and slower in concentrated susBensmns
than In dilute suspensions. Thus the s%)ores themselves ma?/ produce substances
Inhibitory to germination, as has been found for some fungal species (Allen, 1955;
Krishnari, Bajaj & Daml, 1954).

.| wish to express my sincere thanks to Professor B. C.J. G. Knight for his con-
tinued advice and criticism during this work, and for his criticism of the manuscript.
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SUMMARY

L-Cysteine became toxic to the _growth of Neurospora_crassa ,((Wlld,
Em 52974), in the range 1-0-2-0 mu if the culture medjum. The specificity
of cysteine toxicity was shown by absence of toxicity with other sulphydry]
conpounds g/?-,mercaptoeth,anol, th|otq|,ycoll,|c acid, reduced glutatmone)
and with cysteine metabolites, L-cysteic acid and taurine, under similar
conditions.” The toxicity of L-cySteine was completely overcome b

supRI_em_ents of S-methyl-L-cysteine and to a marked’ extent by dI-
methionine apd DL-hgmocysteine; Eartlal counteraction of cySteine
toxicity was ohserved with L=serine, DL -tryptophan, DL-alanine, d1-valine,
DL-homoserine or DL-threonine. DL-Metfionine. and S-methyl-L-cysteine
counteracted the inhibitory effect of L-cysteine in two N. Crdssa mutants,
namely, methionineless mutant 38706 and cystathionineless mutant 9666.

INTRODUCTION

The existence of complex inter-relationships between amino acids in the growth
and nutrition_ of micro-organisms and animals is well known. In several inStances
such antagonisms involve amino acids which possess structural similarities or are
connected by Interlinked metabolic pathways. The toxicity of ong amino acid can
be annulled by simultaneous supplementation with anothir, as in the case of the
leucine-isoleucine anta%onls_m In rats (Harper, Benton & Elvehjem, 1955). There
are many examPIes of this kind, but 1t would appear that these interactions are due
fo various effects of amino acids on metabolism, some of which are explicable on the
basis of mechanisms other than those Involving simple structural anta%_onl,sm. In
NeurosBora crassa, a reciprocal antagonism between threonine and methionine was
Shown Doudne%&Wagner_ (1952, 1953) where the toxicity of one compound was
counteracted by the othér; it was suggested that threonine interfered with the
utilization of homocysteine for the syntfiesis of methionine, The toxicity of homo-
cysteine for N. crassa was overcome by threonine or choline but not by betaine,
g cine, serine or methionine (Daudney”& Wagner, 1955). During our edrlier work

the effects of sulphur amino acids on mo_l%b enum toxicity InN', crassa (Sivarama
Sastry, Ramaiah & Sarma, 1958), preliminary experiménts showed that high
concéntrations_of cysteine were toxic to growtti and that methionine could annul
this toxicity. Thesé findings indicated that cysteing toxicity. was quite different
from homatysteine toxicity. C¥ste|ne tomu% has been stydied In greater detail
and In the present ,a?er It'was tound that S-methyl-L-eysteine and DL-methionine
were good . antagonists of L-cysteing and that qther amino acids, including DL-
homoCysteine itself, were partially effective in this respect.
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METHODS

Orgamsms. The following Neurospora crassa cultures So,btamed through the
courtesy of Dr H. K. Mitchiell, Division of Biology, California Institute of Tech-
nology, Pasadena, California, U.S.A.) were used: N. crassa, wild strain Em 5297a;
N. crassa, methionineless mutant 38706; N. crassa, cystathionineless mutant 9666.
Media. The basal medium used routinely for growmg the wild strain was as. in
earlier studies (Sivarama Sastry, Ramaiah” & Sarma, 15;\3{) and had the followin
cor%)osmon ’Gg.  glucose, 20; KH2P04 3; NHZNO%Z; (NHAXHAD G 1: MgS04.
[HA), 0-5; NaCl,"0T; trace elements s_/tP.): Zn, 200; Mn, 200; Cu, 80; Fé, 20
Mo, 20; biotin 5p?.; all'in 11, glass-distilled water. |
The methionineless and cystathionineless mutants were grown on this basal
medium + DL-methionine 50 /tg./ml. Under the conditions of growth used, this
concentration of DL-methionine was the minimal concentration for optimal growth.
All chemicals used were of analytical grade. _ _
Amino acids and other compounds. The amino acids used in these experiments
were; S-methyl-L-cysteine (Mann Chemicals; DL-homocysteine (Hoffmann La
Roche); DL-flomoséring (California Foundation for Bioghemical esearc@; dl-
alanine, DL-glutamic acid, DL-valine (Nutritional Biochemical Corporation, US.A)
all others were Merck products. _ ,
. All the sulphydryl compounds used were added to the required concentrations
in the medium as Solutions sterilized _b% Seitz filtration. Other amino acids were
Hrbc%rﬁ]orated directly in the media which were sterilized by autoclaving at 120° for
Culture technique and estimation ofgrowth. In all experiments the orﬁanlsms were
rown on 10 ml,"basal medjum (ad[Justed to pH 4-8:5-0) containing afl the stpple-
ents as described below, in 50'mf. Pyrex conical flasks for 72 hr”at 30°+1°." At
the end of incubation the mycelia were harvested, thoroughly washed, dried over-
Plght at 60° and weighed. All experiments were run in duplicate and repeated at
edst four times.
RESULTS

o  Specificity of 1,-cysteine toxicity _ _

L-Cysteine in the medium at concentrations in the range 1-0-2-0 mi. was toxic
to the“growth of Neyrospora crassa Em 52973, 1growth being near_lry 80% Inhibited
at 2-0m1. To see whether this was a specific effect or a nori-specific one due to an
ynph SIO|? ical concentration of ,sulghydryl compaund, /?-merca?toethanol,
thioglycollie acid and reducea glutathione were tested; they were completely non-
toxIC up to 20 mi. L-CP]/S'IEIC acid and taurine were alsd non-inhibitory “under
similar conditions; thus the toxwlt)f_ of c;(stelne was not due to accumufation of
these possible products of its metabolism. 1t would appear that L-c¥ste|ne IS much

more toxic to the growth of these strains of Neurospora crassa than other sulphydryl
compoun sang |g own cataboﬁlc end products. d YTy

Sulphur amino acid antagonism in cysteine toxicity

In view of the abovF_ observed specificity of C}lsteine toxicitcy for Neurospor
crassa, the possibility of its antagonism to other sulphur amino acids was explored.
In this work, the toxicity of cySteine was studied at 0+5, 1-0, I-b and 20 m i and
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the annulment of growth inhibition by DL-homocysteine, DL-methionine and
S-me_th%/I-L-e1ysbeme Was tested at molar’ratios of 1.0-5, 1:1 and 1:2. The results
are given In Table 1

Table 1. Effect of some sulphur amino acids on cysteine toxicity in
Neurospora crassa (wild) Em 5297a

N. crassa Qrown o%lhornglt 3laa+sTL mv\?ﬁhu% ) |Iél nfnleﬁtggg slﬁov?/%.ml' conical flasks for

Concentration of cysteing (m m )t

Cysteine: 05 14 1 pal|
sy @lFEd  comoond)
None . _ 150 47- - 19
DL-Methionine ﬁé ggg 98§ 598 !
. - - 50 100
S-Methyl-L-cysteine }%8 888 8%8 8% 8 :
DL-Homocysteine 124 — 750 60-5 605

* In all cases, L-cysteine was added to give the ratios indicated. ,
t Vaﬁjesont eLbagfso growth reached gn basa?mec!?umaone (jmycehaldrywelght, 35-"0mg.).

The growth values recorded in Table 1 represent the maximal reversals obtained
with levels of the amino acids found optimal b%/ Prellmlnary trials, The data show
that the three amino acids tested counteract the. growth inhibition caused b
cysteine to a very marked extent throughout its inhibitory range. One of the noté-
worthy features”brought out by thesé, results is the _Slaperlorlty of S-methyl-L-
c¥stelne over methionine and homocg/stelne. Moreover, judged by the completéness
of reversal at the higher level of . -metrgyl-L-cysteme, and b’Y the constancy of

rowth reached at various molar ratios of -methyI-L-cystelne,l would apg_ear hat

ere IS a distinct competitive antagonism between these two aming acids. The
reversal by homocysteine reveals an mterestlngoantagonlsm among sulphur amino
acids sincé homocysteine itself at higher levels becomies toxic.

Influence of amino acids on cysteine toxicity

It was of inerest to examine whether other amino acids could also counteract
cysteine toxjcity in Neurospora crassa. Table 2 records the maximal reversals
obtained with the aming acids which were found effective In this regard, These data
show that c¥ste|_ne toxicity can be parhal% counteracted by other amino acids s
well and that serine and tryptophan are somewhat more effective than others. 1t 1S
|m)Portant to note _%!Pat th? effects of meéhlonlﬁe, serine and gnlycme on cgstelne
toxIcity are quite different from corresponding phenomena in homocysteine toxicity
in Neurospora (Doudney & Wagner, Jh955. , )

Threonine was a good antagonist.of homocysteine but not of cysteing. The reverse
agPeared to hold good with”methionine and to a lesser de%ree with glycine and
serine. The data in Tables 1 and 2 taken together suggest, thereforg,” that the
mechanisms by which homocysteine and cysteine become toxic to Neurospora are
not identical. “Further support for such a Conclusion was provided by the absence
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of any effect with choline atac;rsteine_:choline,ratio ofeven 1:3, Other compounds
tested and found unanle to anny cgstem_e toxIcity were: pyridoxine, p-aminobenzoic
acid, betaine, folic acid, vitamin B12 nicotinic 4cid.

Table 2. Effect of some amino acids on cys%ezine toxicity in Neurospora crassa

wild type Em 5297a
Experimental details as in Table X
Concentration of cysteine (mn)t

Cysteine . 10 15
Supplements to amino acid Growth (% control)

basal medium* (molar ratio) . A
None - 46-1 35-5 200
Glycine 1:8 74-3 51-3 430
i.-Serine 1:8 76-3 65-8 51-3
DI.-Trj-ptr.phan 1:2 63-2 65-0 63-2
DL-Alanine 1:2 74-4 58-1 400
DL-Valine 1:2 700 42-0 320
DL-Homoserine 1:2 740 58-4 47-7
DL-Threonine 1:2 70-0 62-5 450

i Vo e e o Sront eache oD e e (M)A cry gt 3540 ).

Sulphur amino acid antagonisms in Neurospora mutants

. Since the superiority of methioning and S-methyl-L-cysteine over other aming acids
in annulling the. toxicity of cysteine might bé indicative of a sPemﬁc effect of
crsteme on'methionine biosynghesis, the stlphur amino aci interyelationships were
also studied in two mutants of Neurospora crassa, the methionineless mutant 38706
and the cystathionineless mutant 9666 when both were grown on a basal medium
contalnlng the least concentration of methioning which gave optimal growth, as
mentioned earlier. The results are presented in Table 3. Thé results, which represent
the maximal degree of antagonism obtained, show the presence of sulphur amino
acld antagonisms of a nature similar to those seen with the wild strain, However,
cysteine toxmty may not involve onlg}/ an interference with methionine biosynthesis.

ith, the cystathionineless mytant 9666 bath S-methyl-L-cysteine and méthionine
(particularly the latter) were less efficient in counteracting’cysteing toxicity than
with the wild strain. “Nevertheless, the patterns of growth again indicate the
competitive antagonism between S-mcthyl-L-cysteine and cysteine.

DISCUSSION

The present work brings out some interesting features of amino acid inter-
relationships in Neurospora. While general amirio acid antagonisms are kngwn,
there is no recqrd of any specific amino acid inter-relationships in cysteine toxicity
In micro-organisms. The results recorded here, considered with the earlier work of
Doudney & Wagner (1955) about homocysteine toxicity in Neurospora, show that
among Several sulphg/dr compounds, only cysteine "and homogysteine exerted
toxic effects at comparable concentrations. However, the two toxIgjties appear to
be different, as indicated, by the Patterns of antagonism obtained with compounds
such as choling, methioniné and threonine. Sincé the amino acids that counteract
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cysteine toxmltY are those known to be incapable of overcoming homocysteine
toxicity, the data suggest that cysteine exerts its toxic effects ingependently and
not by _%uvmg rise 10" abnormalintracellular concentrations of homocysteine, a
ossibility that would no_rmalll_){ be suggested by the known ability of N crassa to
Ferform such a conversion (Horowitz, 1947).” Moreover, since Cysteic acid and
aurine were non-foxic at comparable concentrations, the possibility that the
cysteine toxicity was due to such catabolic products appears unlikely.

Table 3. Influence of methionine and s-methyI-L-(c]%steine on_cysteine toxicity
In Neurospora crassa mutants 38706 and 9666

Ex eBlmentaI dgée}ils asl in Table 1, except that the basal medium also contained
DL-methionine at 50/tg./ml. ) .
Concentration of cysteine (mM)f
Cysteine: 10 5
uggleme fs to anﬁ(no Iac(ai.d Growth (95/0 control)
asal medium (molar ratio) ( »
Mutant 38706
ong ... p - -
e M tl\lonmel . }% %ﬂ %ﬂg
S-Methyl-L-cysteine . 930 2-0
Mutant 9666 4 ]

3 9
one . . . ) 35-7
S v B

1
i
B
H}_]ala” Cases L-cgsteine as included to give the ratios dndicated.

Ues 'OH the Dasis 0 gorowth reached on basal medium+ methionine alone (50 /tg./ml.).
M¥ce]lﬁlwe| t 28-30 'ﬂ? In"Doth cases _ : :
e methionine value represents total amount inclusive of that present in basal medium.

The results in Tables,1 and 3 show that in the examined strains of Neurospora
crassa, S-methyl-L-cysteine was a powerful and competitive antagonist of L-cysteine.
In view of the reported, occurrence of S-methyl-L-cysteine as a normal metabolite
in the wild and methionineless strains of N. crassa and the capacity of such strains
to utilize this compound as a sole sulphur source (Ragland & Liverman, 1956), the
antagonism between cysteine and S-methyl-L-cysteirie mlgiht be important in the
metabalism of sulphur“amino_acids in Nedrospora. Several suggestions have heen
made In_recent years that S-methyl-L-cysteine may itself be “incorporated Into
proteins in Neurdspora (Ragland & Liverman, 1956) and that it might be involved
In the formation of methionine _b)é transfer of its thiomethyl group t0 a four-carbon
compound e.g. homoserine (Wigbers & Garner, 1?6,0) by an alt?rnaﬁ!ve athw%y
not Involving cystathionine. Since cystetne Itself is a powerful innibitgr of the
cystathioning-cl avmq enzyme from Tat ljver (Matsuo & Greenberg, . 1959) it is
possible that the annulment of cysteine toxicity by S-methyl-L-cysteire in N, Crassa
may Indicate such utilization of S-methyl-L-cysteine for methionine formation
under thf stress Imposed bX_ Q¥st |n% to |C|E|y. That homos%rlne |t?%|f did not
completely annul cysteme to ICI% Table 2) suggests that syntnesis of homoserine
may not e totally inhibited and that hence 1t would be avaifable for the formation
of methionine by interaction with S-methyl-L-cysteine by the alternate pathway.
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The counteractiqn of (’i}/steme toxicity by methionine would appear to be significant
and characteristic of N..crassa, since in’several pathogenic fungt it has been found
Incapable. of antagonizing the toxic effect of cystéine (Korigsbauer, 1951). In
Escherichia coli the reverse phenomenon of a specific cysteing counteraction of
methionine toxicity was_reported by Cimino (1954%._ The lack of complete counter-
action of cysteine “toxicity in Neurospora hy methionine may be due to the fact
that there m%_be some difference between IS effects as exogenous and endogenqus
methionine (Wiebers & Garner, 1960). The data about the counteraction of cysteine
toxicity by amino acids and_the taxicity picture in the mutants here examined
fTabIes 2,"3) show that cysteine toxicity is a complex phenomenon. It is difficult
{0 envisage a direct antagonism hetween these amino acids and cysteine, though
Interaction involving antagonism at the level of absorption of amina acids (O'Barr,
Levin. & Reynolds, 1958) as to be considered. However, other explanations are
also likely; In_this context, the tryptoPhan V. Cysteine interaction noted in the
present work is interesting_since an antagonism Detween cystine and tryptophan
Wwas observed in the rat by Tyner, Lewis & Eckstein 1950?]and In the larvae of the
rice motf Corcyra cephalonica St. ﬁRadhakrlsh_na urtny, Sivarama Sastr;{] &
Sarma, .1957). Another feature is that the amino acids other than tryptophan
found significantly effective in the present work are those which have béen |m%I|-
cated In"methionine formation in E. coli or N. crassa (Gibson & Woods, 1960;
Kalan & Ceithaml, 1954; Teas, Horowitz & Fling, 1943)

We record our thanks to Dr A, N, Radhakrishnan for valuable suggestions.
Thanks are also due to the Council of Scientific and Industrial Research, India,
for financial assistance.
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SUMMARY
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INTRODUCTION

Jensen & Thofern (11953) described a streptomycin-resistant strain_of Staphy-
|ococcus aureus (Var 511) which, unlike the parent Sensitive strain, rerrrurred haemin
for([rrowth Laterworkshowedthatthemutantgrewwrthout haemin in a medium
containing acetate or p)éruvate purines and. uracil increased growth under these
conditions (Lascelles, "1956). The mutant did nof form haen] compounds when
grown on acetate in rP ace of haemm since organisms ﬁrown In this way neither
resprre nor reduced nitrate; these activities were present only in organisms grown
on'haemin (Jensen & Thofern, 1953: Lascelles, 1956). In the present work the
requirement of the mutant and parent strains for acefate has peen examined more
thoroughly. In addition, analyses have been made of the end products of glucose
metabolism by suspensions of the parent and mutant strains tq see whether these
provided evidence for ditferin pathwa¥s of glucose breakdown which might
account for the requirement of the mutant for preformed acetate when grown
without haemin.

* Present address: Department of Bacteriology, University of Melbourne, Australia.

strain
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METHODS

Organisms. The two strains of Sta hglococcus aureus used were qbtained from
Dr J."Jensen. The parent or([;anlsm (SGH11A) was stregtomycm-sensmve and grew
without added haemin while the mutant strain (SGb1L Var) was streptomycin-
resistant and required haemin (Jensen & Thofern, 1953). Stock culfures ‘were
maintained on chocolate blood agar as previously described (Lascelles, 1956).

Medium. The basal medium uSed throughout contained per 1. Difco casamino
acids (wtamm-free] 3 % L-cysteine tgyrochlonde 100 mg.' diI- tryptophan,

g, NagipOd 2HD, 79. KHPO4 55q. KHP04 500 mg. NaCl, 2g..
MgS04.7THD), 100 mgb;_ fenfc’ citrate, Imdg.; nicotinic_acid, 1mg.;. thiamine
hydrochloride, 1mg.; biotin, lgg.;adjuste 10 pH 7-4. Glucose (1% final cone.)
Was added after adtoclaving. Stipplements to this medium are Indicated in the

text. . . . .

. Growth tests. . Aerobic cultures were in 18 mm. tubes containing 5ml. medium
incubated In air without shakm?._ Anagrobic cultures were grown in completely
filled glass-_stopgered_ bottles con ammq 32ml. medium. The indculum was prepared
by suSpending organisms from a chocolate blood a_?ar_ slope in water to a concentra-
tion equivalent o about 0-4 mg. drly wt./ml.; difutions of this suspension were
added to the medium fo give an initial concentration densit e%uw. about 0-001 m%.
dry wt/ml. Incubation”was at 3/°, Amounts of growth and concentrations Of
susloensmns were measured with an EEL colorimeter(Evans Electroselenium Ltd.,
H?/st?ad, Essex), an instrument reading of 10 being equivalent to (-42 mg. dry
wt./ml.

Preﬁ)arano_n of suspensions. . Cultures were grown in 250 ml. flasks containing
125 ml. medium inoculated with organisms from the chocolate blood agar slopes
to give an initial concentration equiv, about 0-0L mg. dry wt./ml. Incubation was
In &ir (without shakmg% for 16 hr, at 37°. Organisms were harvested p centnfuga-
tion and washed in oné halfthe original culture volume of 0-02 m-potassium phosphate
buffer (pH 7-42. TheX were finally susEended in 0-04 M-potassium phosphate buffer
(pH 7-4) to a Concenitration GWIV. 2- mgh dry wt/ml. _

Manometry.  Conventional Warburg tec nl(iues were used. Details of the vessel
contents and atmosphere are given in the text. Incubation was at 3/°,

Analytical methods. After™incubation, suspensigns were removed from_ the
manometer cups, the organisms removed b centrn‘u?atlon and samloles of the
supernatant fuid analysed for lactate and acétate. Lactate was determined by the
method of Barker & Summerson (1941) and acetate as described by Rose (1955).
Protein was estimated by the method of Lowry, Rosebrou?h,_ Farr & Randall
&19?(1) With c\rjystallme bovine serum albumin (Armour Laborafories Ltd., Hampden

ark, Eastbourne, Sussex) as standard.

Assags of enzymic activity, Cell-free extracts were made by shaking 10ml.
suspension (equiv. 10 mg. dr¥ wt,/ml. i 0-04 M-potassium ‘Yhosph_ate buffer,
(grade 12) beads for Smin. in a Mickle disintegrator

|
H.7-4) with 10g. hallotini (g 2 _
Mickle, 1948). Atter centrifugation at 20,000 g, for 10 min. at 0°, the clear Super-
atant fluid was assayed for lactate dehydroHenase and pyruvate oxidizing activity.
Lactate dehydrogenase was measured bx following the rate of oxidation Of reduced
nicotinamide-adénine dinucleotide (NADH2 In”the presence of pyruvate at
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340 m/i. Each cuvette (1 cm. I—iPht patha contained in a final volume of 3ml.
potassium Ehos hate buffer ﬁ 70, 300//moles; sodium pyTuvate, 20 /;moles;
extract, 0-05-0- n&g._protem; ADH20-3 /;male (except in the'blank). The réaction
was started by addition of pyruvate. Units of activity are expressed as /gmoles of

H2 oxidized/min. Pyruvate oxidizing, activity was measured by onbserving
the rate of reduction of 2:6-d|ch|0[oRhenol-|ndophenol In the presence of pyruvaté
at 600.m/t. Each cuvette (1 cm. ||9 t path) contained in a final volume af 3ml.:
potassium phosphate buffer SpH 7-0), 300 /;moles; MqCl2 10/;moles; thiamine
Berfhosphate,, 0-1/;mole; 2:6-dichlorophenol-indophenaf, Gf//mole; extract
b mﬁ. protein: _soéhum Pyruvate, 40 /;moles (except in the blank). The reaction
was started by addition of the substrate. “Units of activity are expressed as /;moles
of dye reduced/min. The spectroPhotometrlc assays were carried out with an
8gt|ca recording spectrophotometer, Model CFADR (Optica Ltd., Gateshead,

. Durham). . : : . .
. Specia éﬂ micals. Stock solutions of haemin (1 nim)were dissolved in 0-02 N-NaOH
in 50% (v/v) ethanol. |t was added to media after autoclaving. Sodium di-
mevalonate was prepared by neutralizing the lactone (British Drug Houses, Ltd.,
Poole,llgg(g)set). etails of other materials were as previously described (Lascelles,

RESULTS _
Growth of parent and mutant strains

Aerobiosis and anaerobiosis. The, parent strain grew aerobically on the un-
supplemented hasal medium containing glucose, amind acids and B-group vitamins;
but anaerobically the addition of purings and uracil or of acetate or pyruvate was

Table 1. Requirementsfor. aerobic and anaerobic growth of parent and mutant
strains of Staphylococcus dureus

é)lem nted where shown with:

e S e st BT each SH st O DU

P C

10mi.; or haemin, bs%dm etalls %%.the rocea res for afrg Ic.and anaerohiC
|ch ation Tre. iven In Methods.” Growth is exBresse as optical density readings on
the EEL colorimeter. Growth

Additions o Parent strain Mutant strain
baszﬂ medium perobic " Aaerobic  Aerobic  Anaerobic

B'U % 1&’5 R
B ]

necessary (Table 1). Of the nucleic acid derivatives tested, uracil was essential as
found previously for Staphylocaccus (Richarason, 19361; the purings merely improved
anaerobic qrowth.  Anaerobic growth of the parent strain with acetate was in-
creased by the addition of nucléic acid derivatives.
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Haemin 1promoted growth of the mutant strain only under aerobic conditions
S_Table 1). The oxygen'tension. necessary to suppart full’ growth under these condi-
lons could not have been high since”static cultures in 18 mm. diameter tubes
contalnln? 10ml. medium grew just as well as those in. vigorously shaken flasks.
Growth of the mutant in the ‘abserice of haemin occurred either aerobically or anaero-
bically when the basal medium was suPpIem_ented with acetate orpyruvate (Table 1).
The further addition of a mixture of adenine, xanthine_and urdcil improved the
yield but, unlike the parent organism, nucleic acid derivatives alone did not support
anaer(ibm r%rowth. o , .

Replacertent of acetate by mevalonic acid. The requirement of some lactobacilli for
acetate 15 replaced by mevalonic acid, a key intermediate In the_biosynthesis of
isoprenoid dérivatives such as sterols (Skegos et al. 1956: Popjak & Cornforth, 1960).
This compound also reglaced acetate forgrowth of the mutant strain of Staphy-
lococcus used here (Table 2). Mevalonate™was 10 times more active than acetate
though the lag period was longer than In cultures growing with acetate. Addition
otfm valonate to the basal medium also promoted anaerobic growth of the parent
strain.

Table 2. Activity of mevalonate for growth of the mutant strain
Staphylococeus aureus %SG b1l Var)

Fal medium w%s s%pdple ented wiAh aden(ipe xanth(!ne d uracil FOl mg\é

The ba ,
eac%gu tFresweremcH atedderonically as described im Methods and growth s reco
as EEL colorimeter readings.
Addifjons to medium Crowth
%lraj - 28hr, 52hr,

Nil 0 0-5

Sodium acetate 1& 45

Sodium mevalonate 3 % %%

Haemin 0001 2 3

Anaerobic metabolism of glucose by suspensions of organisms

The obligatory requirement of the mutant for acetate For pyruvate) for growth
without haémin, whereas the parent strain grew anaerobically without added acetate
In the presence of nucleic acid derivatives, sug ested that the end products. of
glucose fermentation by the two strains m(ljght itfer. No evidence for any major
difference was, however, found. Lactic acid"was the main end-product forme hy
incubation of suspensions of hoth parent and mutant organisms anaerobically in
phosphate buffer ETabIeB Expt. _13. Small amounts of CO2were also formed but
only ‘trace amounts of volafile acids were detected after steam distillation of the
fermentation mixtures. Acetoin was not detectable by the test of Barritt (1936).
SusPensmns of the mutant harvested from cultures containing either haemin 0r
acetate and nucleic acid derivatives behaved S|m|IarI¥ (Table3). Suspensions of
both é)arent and mutant organisms fermented pyruvaie to lactic and acetic acids
and C02in equimolar amounts, as found prew_ouslg with other straing ofStaptho-
cop%u?] aureus gKrebs, 1937). The mutant strain béhaved similarly whether grown
with haemin or acetate.
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The fermentation of glucose was also studied with organisms suspended in the
basal medium instead of phosphate buffer. In these experiments acetate was
estimated by the sensitive enzymic method of Rose (1955). With both parent and
mutant organisms, irrespectivé of the medium from whic theY were narvested,
actate waS again_the major end-product, amounting to about 1-5/;mole///mole
glucose (Table'3, Expt. 2). The amounts of acetate formed by suspensions of both
or%amsms were of the same order, 0T-0T5/;mole//tmole glucose. The amaunt of
acetate formed by the Rarent strain or Dy {ne mutant grown with haemin was
however always more than that formed By the mutant Qrown without. haemin;
hut the analyses did not provide any obviods clue to account for the ability of the
parent to grow anaerobically in the absence of added acetate.

Table 3. Fermentation of glucose by suspensions of parent and mutant
strains 0f Staphylococcus aureus

o A A o e e Teoth e R e ACRU o W
001w haemin (H). InExpt. 1 e uble side-armed manometer cup, contain

anisms (equiv. 2-5mg. dry wiml) 1-0ml.: potassium phosphate burfer (pH. /-4)

(tm%s, lucose (when present) 107;moles adted from one side arm at zero time;

n Ex

% tp bu'egouble-strength basal medium (1-25ml.) was present in place of the

phosg ate. . . . . .
InCubation was at 37° in N2for Lhr. in Expt. 1 for 3 hr. in Expt. 2. Tq estimate C(|
P_—lml. l}:n- [%%Was adde(f f? m the o%hgr s&ie arm at,tne gnd ofﬂw, reactFon(lé
hberate ound C02 L?]ctalﬁ g] acetate wegenm ted wit sHsépensmns incubated In
the same way, except that 4was not added at the end of the reaction.

w
Se

Growth ucose Produc (moks) ?elcuoc\(/)gﬁe
Strain me8|um (1& ,amoﬁes) <(@ Lactate ~ Acetate* (%)t

TR W T
y ' N : e %
f + iy 15-0 _ 94
GIC T B I
: : 14 i 89

Mutant tl\c-Pu y 5% 1052 HE 100
+ : ! - %

* Acetate was not estimated in Expt. 1
f Gfucose 3acc0unterg oratersﬂbtracnon of endogenous values.

~ Aerobic metabolism of glucose by suspensions of organisms
The oxidation of glucose was examined with suspensions of the Parent and mutant
strains incubated aerobically in the basal qrowth medium (Table 4). Acetate was
the major end-product (1-3/;mole///mole q ucose) formed hy the parent orFanls_m
when harvested from the basal medium with or without acetate. The mutant'strain

h G. Microb. xxix



162 J. F. Gardner and J. Lascelles

forme a similar am (%Jnt of acetate only when prewouslx grown on h%emln or
w en aemln was added to the manonieter cups. Mutant organisms harvested
from the acetate + nucleic acid medium formed only small amounts of acetate,
lactate heing the major end %roduct such suspensions showed onIY slight oxygen
consumptiod. The ahility of the mutant strain to 9r0w without acetate aerobically
In the presence of haemin was therefore correfated with its ability to oxidize
glucose to acetate under these conditions.

Table 4. Aerobic metabolism ofglucose by suspensions of the parent and mutant

strains of Staphylococcus aureus

Orgamsmsw re ow on the Pas%I mEduhm Iemented W\th acetate, purines.and
rac 5 xn essel. conta r}%d orgalmsms
zs(huelr\{ resen gﬁ (ei) grom ngs §%§F?ﬁ”a tQeroatsf’ime T—% 2 oml. The cue%(%?g
sc%ntaln fm? SO%A) \ncuhaﬂonwas at 37° in‘air Yor 3.
Products (/gmoles)
Growth Glucose. 0 2uptake
Strain megmm 10/I¢mo?es) (fcn%ﬁeg Acetate Lactate
P Ac-PU - - - -
SR
P V2 S
Mutant

Ac-PU - - - -
: ' Sérg L 1%;%

14-25

+
Table 5. Lactic dehydrogenase and #yruvate oxidlase activities in extracts ofparent and

Extracts W

regé\red gs de cr bed nMe&hQFﬁ from organlsms rown in the bgsal

Ee%fss@i o e

mutant straing of Staphylococcus aureus

escri able e enzym ac||vmswre assayed as

tleast 3dl erente tracts
nare the mean with the range in

Growth
meamm dehy&rogenase f xﬁ%%e

e T Eéi&i‘.g Kot deemine

Repu iy il (0-08-0-14)
* One estimation only.

Enzymic activity of cell-free extracts

the values s

The requirement of the mutant strain for acetate m|ght have been due to an

actlve lactate dehydrogenase couPIed with a low pyruv
such a situation pyruvate formed

te. oxidizing system. In
rom lucose would be rapidly reduced'to Iactate

andmlght not be avallable for acetate ormatlon Via pyruvate oxidase. However,

no e\rl ence for this was found of these enmes nc?ll -freg extracts
f Extracts of t emutan an Fvarent stralns |gh¥)act|ve
inked Iactate dehydrogenase (specific for the L(+)isomer) and hoth types of



Requirement of Staphylococcus for acetate 163

extract exhibited a pyruvate oxidase system. There was no significant difference
in the level of these enzymes in the Rar nt and. mutant strains nor did the_Presence
ﬂ}‘ tagng;(r%rggt%f acetate In the growth medium influence the enzymic activity found

DISCUSSION

Nutritional studies have_ provided abundant evidence that acetate is an essential
metabolite for micro-organisms. It Is re%uwed by some lactobacilli in media lacking
lipoic acid which is_part of the pyruvate oxidase complex (Reed, 195/). Other
lactobacilli require either acetate or mevalonate iWagner &Folkers, 1961). " In these
organisms the main function of acetate appears to be as a precursor of mevalonate,
a Key intermediate in the biosynthesis of isoprenoid derivatives (Eopjak &Cornforth,

. The precise strycture of the bacterial isoprenojds is unknown but t,he_¥ are
probably present in_the non-saPomflabIe fraction of the lipids. The activity. of
mevalonate in re Iacm% acetate for growth of the strains of Staphylococcus studied
In this work suggests that the major function of acetate In these"organisms IS also
for the formation of mevalonate.

Glucose

H;0 XH, 4H -
0 X
~2H
Acetate +CQO,~——— Pyruvate

Pyruvate

4H-
2 Lactate
Fig. 1. Scheme for glucose metabolism in Staphylococcus.

Growth experiments with the mutant strain of Staphylococcus suggest that it
can form sufficient acetate for its biosynthetic needs only when an electron transport
chain mvoIvmg haemoproteins is furictioning; either oxggen or nitrate can act as
ultimate hydrogen acceptor under. these Circumstances (Lascelles, 1956%. This
Interpretation of the rgrowth,expenments was confirmed Dy analgsm of the end
products of glucose metabolism. Acetate is the major. erid-product formed by
waemgn-qrown organisms incubated aerobically but “‘with those. grown withoyt
haemin, Tactate isthe predominant end-product under both aerobic’and anaerobic
conditions, . : : :

e apility of the parent strain to grow anaerobically without added acetate
provided uraCil and purines are_present Suggests that it can make sufficient acetate
Oﬁ anaeroic mechanisms to satisfy Its requirements for biosynthetic reactions whije
the mutant cannot. Evidence fof a gross difference in fermentation pathways in
the two organisms was not shown b% the analyses; but the amount of acetate
accumulated by the Parent, although slight, was consistently higher than that

formed by the mutant.
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Since lactate is the main end-product of glucose fermentation by both strains
reduction of pyruvate by a NAD-linked lactate deh¥drogenase Is dpparently the
main outlet for substrate h¥drogen (See Flg. 1). For Tonversion of pyruvate,
derived from glucose, to acetate an additional hydrogen acceptor system is required
(X Flg. 1) and this may be lacking in the mutant strain. Under aérobic conditions,
provided there is a complete electron transport chain including haemoproteins, the
problem afan outlet for substrate hydroqen IS solved by the use of molecular oxygen.

The ability of added pyruvate to reﬂ ace acetate for anaerohic growth of these
staphylococcl is readily ex'olalned by the Muvate dismutation syStem which cop-
vertspyruvate to acetate, lactate arid C02(Krebs, 1937). Pyruvate was previously
shown to be needed for anaerobic growth of other strains of Staphylocgecus
gRlchardson, 1936). The present experiments throw no I|8ht_0n the question of why
he E)arent strain fequires for growth either nucleic acid derivatives or acetate. The
whole problem of the requirement of Staphylococcus for nucleic acid derivatives
for anaerobic growth remains unsolved.

We are grateful to Professor D. D, Woods, F.R.S., for his interest and encourage-
ment. Ong of us (J.F.G.) held an_Overseas Research Fellowship of Lady Margaret
Hall, Oxford durlng this work. The research was supported b_){ a grant to' the
|El)eplatﬂnswnt_ from the Rockefeller Foundation and from the United States Public

ealth Service.
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SUMMARY
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INTRODUCTION

The arthropod-borne viruses are drvrded into groups on serological grounds; the
two most studied are roupsAan The group A virus, Eastern equine encephalo-

¥e||t|s Wwas purifie bg/ Taylor, Sharp, eard & Beard (1943) from extracts of
Infected chick embryos and found toc ntain é)rotern ribonucleic acid, lipid and a
small fraction of carbohydrate; the nucleic acic was & bout 44 % of the preparations
studied. There was a high lipid contentg %) of which phos?holrprd Was a major
companent (35 % of the whale virus); cholesterol and neutral fat were also present.

During a_study of methods of purification of group B arthroo 0d-borne VIruses
from infective baby mousri brains F\Ada, Anderson & Abbot, 193), 15 Rurrfred
preparations of Murray Valley encephalitis (MVE) virus became available ahd were
pooled. The results of electrdn-microscope examination of individual preparations
and of chemical analyses of the pool are reported here.

METHODS

Purification ofvirus. Infected bab?/ mouse brains were extracted Wrth hosphate
buffered_saline and the extract treated with protamne sulphate, This Sus ensron
Was clanfred by briet low-speed centrrfugatron and the virus sedrmented from the
cl ear so ut|on by hrgrh spee centrrfugatron The sedimented virus was resuspended,
adsorped onto andthen eluted from; a column of hydroxyl apatite. In the final step
the virus in the eluate was sedrmented by hi h sp eed centfifugation and resuspended
In a small portion of the overlying urd us from an original volume of 90 ml.
(60 brains), the virus was obtaingd in afinal volume ofabout (<7 ml.” Inthose batches
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where it could be estrmated the recovery of haema% lutinin was about 50%. In
confrast, the recover¥0 infectivity avefaged only 15%: the major loss occurred
during the last centritugation step {Ada etal. 1

Electron microscopy

Preparatron ofsample. The virus burrfred as above was obtained as a suspension in
u fered saline Sbotassrump osphate, 0-25 m: sodium bicarhonate, 0-025 m ; cystine,

0-85 mM; sodium chloride, 0-15 m: PH [-1). Immedrately arter preparat|0n005 ml
of the Virs preparation was agp d to a column (40cm. x 0-3 cm.) of Sephadex
G75 (a crosslrnked dextran gel, water regain 7789 dry gel: from Pharmacia,
Sweden WhICh had revrous been equrlrbrate with” ammonium - carbonate
g gl solution; sreTbarate rops of effluent were collected. The frrst6dror)s of
ffloent (about 0-35 ml.) contained 90 % of the ultraviolet (ui.v.) absorbing material
860 mii %applred to the column; of this amount drops 3 and 4 (0-13 mI)contarned
506 of the U.v. absorbing material; these were tor];ether used for spra nP Thelgl
filtration was carried out at 0-4°, took about 10 min. and yielded & sampfe of vitls
In a solution of a volatile salt

Spraying of virus. The apparatus desrgned for era%mg the mfectrve Virus re
Ea ation c?nsrsted of a desrccitor aboh 25 cm. (iameter). 3
ioe arm of the spray gun (Ba Williams 1950 assed through a stopp eran
Was connected by pressure tubing to a cylinder of me dical-grade™com ressed air,
The gau evaIve of thrs cylinder’was pre-set to give a pressure of 101./in.2 on
0 enrng e cylinder valve.” Glass tubing fitted with a stop-cock also passed through

the stopper and was connected by pressure tubing to a water pump and a mercury
manometer Several carbon-coated electron micrdsco ?rrdswere mounted on the
floor ofthe desiccator, directly beneath the spray un aBer ure. The distance between
(Trun aperture and grids was’usually 12 cm but 1S did not a%pear to be crrtrca
mmedrately before final assembly a small,beaker containing 20'ml. of a formalde-
hyde (40 g/l ) solution was taped to_the inside wall of the desiccator,

The filtered virus (0 05 ml.) Was mixed Wrth an eﬂual volume of a solutron qon-
tarnrn? Iatex artrc es (Dow po %styrene latex, run no. L.S. 0-040 A, particle
diameter 0-08 su and ovipe E)asmaa bumin (BPA Armour Labora-
tories, Comn fractron Y) so'that the final 0-1 ml. of solution contained 1-5x10 1
Iatex arltrc(ljes andPO 1t7m BPtA Atsartrrr] ple ( abr]gr#] 2iA) ofthdrsﬂs]olutron was Iloadeg

nely drawn Pasteur pipette. into of the unan e stoppers slippe
otrer tl!r sy earm of th egrﬁ)np lhrs assembl;P Was th ace In th eprr)rec Pph
desiccator and the tub mg connexions completed. Te desiccator was evacuated
to about 40 mm, Hq the Stop-cock closed and the %umprng ling disconnected. The
cylinder valve was then opened for about 2 sec. which was sufficient time for the
entire sample to be sprayed, The cylinder valve was closed after 2 sec. and a clam
tightened on the presstire line. Tle apﬁaratus was left undisturbed for 16hr., b
which time about half the formalin had evaporated. The amoaratus was then’djs-
mantled, the gun was disinfected In boili qwater and the grids, removed for
examination. Previous ex errence showed thal even after 4 sec. spra mg time there
was still a pressure of 25 %rn the desiccator. TheﬁP aratus was tésted hefore
each spraying by carrying out e procedure with an empty gun.
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Examination of droplets

Particle counts. The grids were examined in an electron microscope §S|emen_s
tY e E4) without shadq mg. Pictures of comPIete droglets were taken a m_a?m-
fications of x 7000 and Ph tograf)hlcally enlarged gx -5) for counting particles,
At least 4_0(%0 kui Parnc es/sample were’counted. The average ratio of iumbers of
virus particles to latex particles was 10:1. _ ,

Particle size. The electron mmroscoge was calibrated b usm% Dow Polystyrene
Latex, run no. 580G. The particles in this had been found (Farrant & Hodge, quoted
by Gerould, 195(2 to have a diameter of 256 + 2-5 m/i; Dow [atex, run nd. 1S040A
Was found to have particles of diameter 88 m/t, The virus particle size was estimated
\t%_u%mg él mlcroscoPe ?rchuIF (0-1 mm. divisigns) to measure particles on prints

ich ha been_pho_o? apnically enlarged (x 5). o _

Titration of virus In ecﬂwty. he standard méthod of titration was to inoculate
0-05 ml. volumes of decreasing ten-fold dilutions of virus either on the_ chorio-
allantoic membrane of 12-day-old chick embryos (I6 embryos/dilution), or into the
?erltoneal cavity of 5-8-day mice, with 12 mice/dilution. The dillient for virus was

0% (v/v? unheated Seitz-filtered normal rabbit serum diluted m,physmloglcal
saline.” Intectivity end-points were determined as 50 % lethal endpoints at 4 days
In chick embryos; the_mice were observed during 12 days.

.Chemical analysis. To the remaining purified virus was added 1/3 volume of
trichloroacetic acid (400 ?._/I. and the suspension allowed to stand at 0-4° for
5-10 min. ‘It was then centrifuged ([2000 for 10 mm,),andthe_sedlmentresus,Rended
in_a small volume of distilled” water. The suspension at this stage contained no
Infective. virus; it was stored at —20°. The frozen suspensions from 15 different
Pre arafions were pooled and freeze-dried in vacyo. The dried virys was transferred
1o2 9Welghlng bottle and dried further over PZ)61n a vacuum desiccator; itweighed

-9 mg,

Extrgctmn and estimation f I|,o|d. Dried virus, was extracted thrice at room
temperature with a mixture of chloroform + ethanol 22+1 by val.). The extract was
evaporated to dryness under nitrogen and the residue extracted with diethyl ether.
The ethereal solution was removed by decantation and the insoluble material added
tq the main virus residue. After évaporation of the samples to dr¥ness under
nitrogen, the ether-soluble material was taken UR In a known volume ot chlorgform
fromwhich samples were taken for phosphorus, cholesterol and sugar determinations,

Phosphorus was estimated as described previously (Collins, 1959).  Cholesterol
was determined by the micromethod of Caraway & Fanger (1955), (We are gratefu|
to Dr J. MacMilfan for the use of his Beckman Spinto ultramicro colorimeter.)
Samples of the lipid (45f|g.2l were digested with 0-5ml. acid (0-25 n-HCI: 16 hr.;
100°) and the dI(T; st evaporated to dryness in a desiccator contajning caustic soda,
The content of Teduycin suga_r was fhen estimated by the technidue of Park &
Johnson (1949), Galactose (3/1g.) added to a sample of virus lipid before digestion
was recovered in this test. . . :

Extra}fnon ar])d anaIeyS|s of nucleic acid. The nuclelc_%ud is |soIat? from the
defatted virus by three extractions (30 min., 100°) with NaC 5100g. |.) solution,
A sample of the extract wa kegt for phosphorus estimation; .2 vol. etfianol were
added to the remainder (0% 16 hr.). The precipitated nucleic acid was washed
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V\{Hh 66 (v.) ethanol in water, 95 (v.) ethanol in water and then with diethyl
ether,. .. : .

- The nucleic acid content of the 10 % NaCl extract was estimated in two ways;
(i) by direct determination of the phosphorus content, assuming this to be all
nucléic acid phosphorus ||) by determination of the specific absortion at 260 m/l,
The formula Ep = 30-98 E/cl, where Ep = atomic extinction coefficient at 260 m/i
with respect to phosphorus, E = optical de,nsny, ¢ = concentration of phospharus
In g./litre and |'= thickness of the absorhing layer gChargaﬁ&Zamenhof, 1948)r
was used to determine spectrophotometrically the nucleic cid content. A value o

00 for Ep was assumed (Ada & Perry, 1956). A factor of 10 was assumed for the
conversion of the phosphorus value to"nucleic acid, _ _

The viral nucleic acid was hydro]ysed ém-_HCl 100°, 60 min.) the digest chromato-
gra%hed and the purine and pyrimidine derivatives detected and estimated. Details
0f these procedures were given previously (Ada &Perry, 1956). .

The virus residue remaining after extraction with hot NaCl Solution was washed
thrice with distilled water, leested (m-HCZ, 100°, 0 min.) and the digest dialysed

Ahr.: (°) against 3 vol. distilled water. (We are indebted to Dr A, z_enbe,rr%; for
Suggesting this procedure.) The content of Rurme and pyrimidine derivatives I the
difftsate Was estimated by determining the absorption at 260, 280 and 300 mﬁ).
Thelse_ valugs were compared with those given by artificial mixtures of protein a
nucleic acid.

RESULTS

The number of?art_lcles/ infective dose._In five exgerlments the ratio virus particles/
chick embryo infective dose was 90 +50 (range 32-160). 1t may be noted that in
these experiments the concentration of virus in the Seghadex_ column effluent was
25 Y% as jud?ed by u.v. absorption (260 rap) and 51 +26 % as gudged by infectivity
titrations of the ‘concentration of Virys in' deposit 2. In a Sixth exgeriment the
Infectivity titre of the virus decreased from 6+ 100 in deposit 2 to 4x 105 in the
Sephadex sample. In this experiment the ratio particle count/chick embryo infective
dose was unduly high at 930. On one occasion the_stanility of a Sephadlex effluent
was tested. When kept at 20° for 30 min., the infectivity titre decreased from 6x 109
to 1x 109 The corresRondlng ratlos for particle count/chick emhryo infective dose
were 74 and 290. In three experiments, eghadex_ samples were titrated in eggs and
In mice, The mouse titre was equal to th eg%tnre In one experiment, was three
times higher n the second experiment and 25 times higher in the third experiment.
 Virus particle size. Counts were made of the numper of virus particles having
diameters of 25, 27-h, 30, 325 or 3B rap. Of 378 Partlcles examined: 223 had dia-
meter 25 rap 10?_ diameter 2/-5m/i," 28 diameter 30mp, 6 diameter 32-5 rap,
11 diameter 35 m/. _ _ _ _ _
Chemical analysis of the virus preparation. The virus obtained from. 15 preparations
when pooled arid dried weighed 12-9 mg. After extraction of lipid, the residual
weight was 11-H mtq. and the extracted lipid wejghed 1-4 mg. Thus the lipid content
was 10:9 % of the total weight. The extracted lipid was estimated from phospharus
analysis to contain 0-10 mg. phospholipid which corresponds to 0-8 % of the virus
reparation. Cholesterol was present to the extent of 1-0% of the virus preparation.
he content of reducing substance in an acid digest of virus lipid (45 pg.) was
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equivalent to 2 fig. galactose; if assumed to be galactose and this assumed to derive
from cerebroside, then the cerebroside content™of the virus lipid would amount to
a maximum value of 2-2% of the total virus. o _

Nucleic acid was estimated in two ways which gave similar results. As estimated
by u,v. absorption the Rre aration contained 7-8 % nucleic acid of which 92 %
(920 fig.) was present in the extract made with 10 gh/I. sodium chloride solution. The
sodiurn chloride extract_contained 2-93 /;m phosR orus; this would correspond to
about 910 fig. nycleic acid, Paper chromatograpny of an acid digest of the nucleic
acid In the sodium chloride extract showed four components, “corresponding In
R £ valyes to adenine, guaning, ¢ _t|dY,I|c acid and uridylic acid; no component tor-
responding In Rf valye to thymidylic acid was observed. Tiie components were
present In the folIowH]% PJoportlons: adenylic acid, 25-5; guanylic acid, 27-5;
cytiaylic acid, 21-5 and Urlaylic acid, 25-5.

DISCUSSION

. When the infectivitv of purified Murray Valley encephalitis virus (deposit 2) was
titrated In_chick embryos, the average infective dose contained about 100 Virus
parficles. There was some evidence fhat mouse infectivity titration would have
yielded a lower f|gure Perha s 40 virus particles/mquse Jnfective dose, Previous
Work had,indicated that there was a greater decrease in infectivity than in haemag-
glutmm titre or in u,v. absorption durln% the last stage of purification; the relative
( an?_e was apout four-fold. Thus, perhaps. there were 10 virus &a_rtlcleslmouse
Infective dose in the original brain extract. This recalls the figure of 10virus particles/
chick embryq infective dose for many strains of influenza Virus (Donald & Isaacs,
1954). The distribution curve of virys particle size was very skew. One possibility
IS that the undamaged particles had a narrow distribution”of size and were about
25 mfi diameter. Particles with a greater diameter may be damaged and flattened.

No_conficence can be placed o the results of chemical analysis of a virus pre-
paration unless the purity of the preparation has been demonstrated; this require-
ment has here been met only partially. The main evidence of gl)unty was the fact
that the electron microscope picture of deposit 2 (Ada gt al. 1963 showed little but
virus particles. Because of the inadequacy of this evidence. and the fact that the
results were from a single chemical analysis, the values obtained must be regarded
as preliminary, However,_if the results are taken at their face value, threg com-
ments are wofth making. Earlier work showed that phospholipase A destroyed viral
nfectivity gAnderson Ada, 1961); this was believed to mean that intact Rhospho-
Ipid was necessary for the viability of this virus. The present findings show that
Ne virus particles contained only &"small amount of lipid, Partlcularl of phospho-
Ipid, In an amount which might'all be carried .on the viral surface. | hosphohPld
cholesterol and cerebroside account for a maximum of 38% o: the viral [ipid. 1t it
he assumed that lipid components Fgartlcularly phOSph_0|I£)Id ghosghorus) nave not
been lost from the virus during isolation, It seéms possible that the remaining lipid
15 a triglyceride. The relative proportions, of l',?'d’ phospholipid_and cholestérol in
the virts ;Z)reEaratmn, (10:0-7:0-9) are different from those In 7-day mouse brain
E10:7-1:1- ; Folch-P1, "1955). I’ contrast the ratio of phospholipid: cholesterol:
riglyceride in influenza virus is similar to that found in the chick embryo chorio-
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allantoic membrane (Frommhagen, Freeman & Knight 1958). It would be of
Interest to know the composition of Murray Valley encephalitis virus derived from
other hosts. With this idea in mind, virus"grown on_chick embryo chorioallantoic
membrane was treated with phospholipase A and found to be’ fully Inactivated
(Anderson & Ada, unpublished), ~ _ o

The failure to fina_thymidylic acid indicated that the viral nucleic acid was
Iargely Ifnot entirely RNA. This agrees with the earlier finding (Anderson & Ada,
1959)" that pancreétic ribonucleade destroyed the infectivity of Murray Valley
encephalitis virus nucleic acid. Lack of maferial prevented an” attempt to’identify
the sugar. component of this nucleic acid. As might be expected, the base ratio found
for the viral nlcleic acid differed from that of mammalian cell RNA. 1t Is not KEt
known whether the Murray Valley encephalitis virus contains carbohydrate other
than that associated with the nucleic acid or lipid fractions.
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ACIS S SuQges

Haynes (1951) used the oxidation of gluconate to ketogluconate as a means of
characterizing Pseudomonas aeruginosa-, a test based on fhis reaction has proved
valuable within the Enterobacteriaceae. (see Cowan, 1955; Shaw & Clarke,. 1955),
Tests for amino aciq decarboxylase.activity, utilization of malonate, deamination
of phenylalanine and ability to grow in the presence of potassium cyanide are of value
In charactenzmﬁ memberS of this tamily, and 1t has been sug?ested_(Sneath &
Cowan, 1958) that genera such as_Pastéurella and Vibrio shodld be incluged. in
surveys ofthe Enterobacteriaceae, These tests have now been applied to a selection
of aerobic Gram-negative rods (other than enterobacteria); the results are reported

et METHODS

Strains. A total of 269 strains maintained in the National Collection of Type

Cuét_ureﬁ Was tljsed.t ol
lochemical tests used were as. follows.

Am|cn0 ac(ia (Secarboxy?ase acté}vity. B¥ Muller’s (1955) method, with incubation
of the cultures for 4 days. Falkow’s (1958) method was not used since, at |east
among the Enterobacteriaceae, the results do not always agree with Holler’s
metthod; Ewing (1960) regarded the latter as the standard reference method for use
In {axonomy.

(ﬂuconateyoxidation. By the method of Shaw & Clarke, (1955); cultures were
tested for the presence of reducing substances after incubation for 2 and 7 days.

Growth in the presence of KCN.” By the method described by Rogers & Taylor
gl%l),amodlfl ation of that of Holler (1954); incubation was for 2 ays at 37° or

dagf at 30° or 22°, : .y : :

Malonate_utilization and phenylalanine deamination. By the combined medium
of Shaw & Clarke (1955); cultures were examined after incbation for 1and 7 days.
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For the detection of phenylalanine deaminase in the Proteus and Providence
gr?_u?s,tEwngﬁ, Dar\]/ls élilReaws (1957) found this combined medium to be less
satjstactory than phenylalanine agar, . : :
&uﬁur_e Were |Rcu%te3 at 3_79W|th the following exceptions: Chromabacterium
amethystinum, Pasteurella pestis, Pseudomonas chlororaphis, P. diminuta, P.
Jluorescens, P, graveolens, P. mucidolens, P. synqranea, Vibrio metchnikovi,

V. percolans and V. proteus at 30°; Cliromobaderium lividum at 22°

RESULTS

The results are shown in Table 1. Because of their exacting nutritional re%uwe-
ments, strains of the genus Haemophilus were not included in this work. Huet(1959),
however, reported the presence of I?/sme decarboxylase In_some strains of I1.
Influenzae. The twa strains of Bordetelfa pertussis testéd were in phase |V (Leslie &
Gardner, 1931) and tgrew well on simple media, Media were not supplemented to
ensure the growth of the more fastidious organisms. [n a few instances a negative
result may have been due to failure of the organism to ?r_ow under the conditions
of the test; e% the three strains of Moraxelld lacunata failed to grow in the hasal
medium used tor the KCN test.

Decarboxylases

Attempt to distinguish the reactions whereby arginine is metabolized (Moller,
1955) were not made. A positive reaction is here réferred fo, for convenience, as
Indicating the presence of arginase; for our purpose it was immaterial whether an
arginase, a decarboxylase or a dihydrolase system was involved. Arginase activity
Was l};]ronounc_ed in Aeromonas spp., Chromobacterium violaceum, Loefflerella spp.
and most strains of Pseudomonas.  Strains of Brucella spﬁ. (except B. ovis) showed
arginase _actlvncy after incubation for 6-10 days but are here recorded as negatn_/e.

rithine decarboxylase activity was found in most strains of Pasteurella Septica
and in some strains of P. haemolytica var. haemolytica but not in P. haemolytica var.
ureag. Lysine decar_boxxlase_ activity was detécted in Pseydomonas maltophilia
and Inthe genus Vibrigwhere it was ustially assoctated with ornithine decarboxylase:
this 15 In agreement with the results of Ewing, Davis &Edwards (1960% and Hugh &
Ryschenkow (1961a). With strains. of Alcaligenes difficulty was encountered in
réading the reactions, due to alkalinization of the controls; this effect was not
found With other organisms which did not produce acid from gluqose Se.g. Bordetella

bronchiseptica). Ewing et al. (1960), who studied only 5 Strains of A. faecalis,
detected &/eeﬂz argmas% actﬂnt |9n ne o?them. J
Gluconate oxidation

The results of this test are liable to different mtergretatlons_b different workers.
Shaw & Clarke (1955) stated ‘a positive test showed a yellowish-brown precipitate
of cuprous oxide and there was a characteristic smell of decaying cabbage’. Haynes
(1951), after heating and rapia cooling of his reaction mixfures set them &side
?verm%ht_ and then compared the amount Q‘_precutntahe with standards R]r_er{)ared
rom calcium ketogluconate. A worker familiar with the qualitative examination
of uring for ‘sugar’ would record g green B)rempltate (Indicating about 0-5%

glucose) as +, and a yellowish one (about 1%) as ++. In the present work a
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Table L The reactions of some Gram-negative bacilli

Number of positive reactions
Glyconate

lonate PaWSHVn'é

Organism

Achromobacter anitratus
Acequuli o
Actinobacillus lignieresi
Aeromonas spp.
Alcaligenes denitrificans
A. faecalis

A. viscosas o
Bordetella bronchiseptica
B. parapertussis

B. pertussis (phase V)
Brucella abortus

B. melitensis

B. neotomae

B. oris

B. suis ) )
Chromobacterium amethystinum
C. lividum

C. typhi-flavum

C. violaceum ) )
Flavobacterium meningosepticum
Loefflerella mallei

L. pseudomallei
Lophomonas alcaligenes
Moraxella bovis

M. lacunata

M. liguefaciens

M. Iwoffii )
Pasteurella haemolytica
P. haemolytica var. ureae
P pestis .

P. pseudotuberculosis

P. séptica )
Pseudomonas aeruginosa
P. chlororaphis

P. diminuta

P. fiuorescens

P. graveolens

P. maltophilia

P. mucidolens

P. ovalis

P. polycolor

P. syncyanea )

P. spp. (achromogenic)
Vibrio alcaligenes

V. choleraeasiaticae

Vel Tor

V. metchnikovii

V. percolons

V. proteos

Vibrio spp.

strain of Klebsiella aero
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monas strains. Straing of P aeruginosa gave similar results when tested after 2
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presumably the ketogluconate had undergone further metabolism. (Since opinions
on the taxonomy of e%enus Aeromgnas are conflicting: see Eddy, 1960 Ewing
Hugh & Johnson, 1961, attempts to distinguish species Within this genus have not
been made), Occasional strains of Achromdbacter anitratus, Alcaligenes and Vibrio
spp. showed gluconate oxidation, as did the single avatlable strain ofChromobacterium
typhi-flavum” This_latter organism has_not yet been allotted to a suitable taxon;
other strains received under this designation have all been re-characterized as
Enterobacter cloacae, It is not a chromobacterium as defined by Sneath %19603
who reported the gluconate reaction of C. lividum as often positive and that of
C. violaceum as doubtful or. negative. Neither_of these Chromobacterium Species
showed gluconate oxidation in our study, nor did C. amethystinum which Speatn
(1960) regarded as a (elatinous psych_roghlhc chromobacteriim; our strain will now
grow at 37°. Three of 4 American Strains and 1 of 3 Danish strains of Brucella suis
ppeared to be _gluconate-posmve, after incubation for 7 days. All strains which
appeared to oxidlize gluconate were tested in control medium withqut gluconate
t0 show the absence 0f reducing substances from any capsular or slime”material
produced. False positives were not observed.

Growth in the presence of KCN

With the exception of Moraxella lacunata, Brucella ovis and a few other strain
of Brucella spp., all the organisms tested grew In the basal medium without added
cyanide. Strains of Pastedirella seJotlca generall;r grew in the presence of KCN but
some gave variable results in different tests, Mallaret (1961) reported the variability
of P. Septica In this test. Hugh & Ryschenkow r(19,61@1) noted Subspecies differences
with the KCN test in their study of 152strains of Vibrio comma (V. choleraeasiatica).
Our results indicated the EI Tor variety to be less sensitive to the presence of
cyanide. Four_of five strains of Alcaligenes faecalis grew in KCN broth: Doxiadis,

avlatou & Chryssostomidou  (1960) reported 33 strains of ‘Bacillus faecalis
alcaligenes’ to be KCN-negative. The KCN-sensitive strain (NCTC 1347) was
considered by Galameault & Leifson 81956; to he one of Lophomonas alcaligenes,
Fey g1959) réparted that 8 of 9 straing of A. raecalis, 3 strains of ‘B. viscosumequr’
and 9 strains of Bordetella bronchiseptica did not grow in KCN broth: in qur hands,
all strains of B, bronchiseptica and L of 7 strain$ of Achromabacter equuli (Actino-
bacillus equuli in Bergey’s Manual, 1957) grew in the presence of KCN.

Utilization of malonate

Use of malonate after incubation_for 24 hr. was shown only by some strains of
Pseudomonas. After incubation for 7 days, strong positive reactions were given by
many Pseugomonas spp., two strains Of Achromobacter anitratus and the singfe
st{ams of Chromobacterium gﬁ)hl-flavum and Lophomonas alcaligenes; a few strains
of other organisms gave weak reactions. L _

Many strains of AChromobacter anitratus caused some alkalinization of the medium
but by’ comparison with a known Fp_osmve (Klebstella aerogenes) no difficulty was
encountered in reading the results. |gment production at the surface of the médium
PR/ pigmented pseudomonads caused some difficulty in determining the use, of

alonate; this was quercome by_using an indicator-free medium an determlnlng
the alkalinity after incubation.” The Colour of Chromobacterium violaceum tende
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to interfere and this was overcome in the same way. Our results confirmed Sneath
(1960) who re&orted that chromobacteria rarel)( used malonate,

Mollaret (1 612_rep_orte 3strains of Pasteurella pseudotuberculosi ogserot pe IV
asma onate-?om ive in48 hr. at 28° or 4-7 days at 18°; 301 strains of other serotypes
were malonate-negative as were P. pestis and'P. sépfica. These Incubation tempera-
%ures Wer%not used by us for P. pseudotuberculosis and use of malonate was not
ound in this genus.

Phenylalanine deaminase

The presence of phenylalaning deaminase is no longer considered to be a specific
character of the genus Proteus although Its occurrence’in ather genera Is uncomman.
Shaw & Clarke (1955) noted that weak reactions were obtained occasionally with
strains of Klehsiella arogenes, Escherichia coli and some ‘paracalons . The occuirrence
of weak reactions for Ehen IEyr_uvm acid In a minority of strains of Aeromonas spp.
was noted by Ed_dy§ 960}, Ewing et al. (1961) and Lysenko (1961). ,

The single'strain‘of Alcaligenesfaecalis (NCTC 415) which gave 4 positive reaction
after incubation for 24 hr. was that designated as ‘type’ by Winslow, Kligler &
HothberP (191%); phenylpyruvic acid was not detected after“incubation for 48 hr,
Phenylalanine deaminase activity was not found in any other ?enus_ tested in our
work; after 1 or 7 days of incubation. The absence of Bheny alanine deaminase
activity has been reported for Chromobacterium (Sneath, 1 602(, Pasteurella éHenrlk-
Sﬁn & Jyssum, 1961; Mollaret 1961), Pseudomonas (Lysenkc, 1961) and Vibrio
choleraeasiaticae (Hugh & Ryschenkow, 1961a).

DISCUSSION

. The, Achromobacter-Pseucomonas group, at present poorly defined, is under
investigation by many workers. The Strains of Achromobacter ‘anitratus studied b
Us. were oxidaSe-negative non-motile Gram-ne?atlve rods or coccobacilli whic
oxidized glucose butdid not reduce nitrate. Buttiaux (1961) separated ‘B. anitra-
tumfrom Achromobacter;byusmg the arginine hydrolysis test of Sherris, Shoesmith
Parker & Breckon (19591) hé found that 7 of 14 straing of ‘B. anitratum’ hydrolysed
argmme but none of 1 strains, of Achromobacter. Thornley (1960) devised a test
for the anaerobic breakdown of arginine which permitted Separation of Achromo-
bacter and Pseudomonas straips. In"ouy study, argFl’nase activity was characteristic
of the genus Pseudomonas, the exceptions being P, diminuta,”P. maltophilia and
P. mucidolens. Thornley (1960) noted that . diminuta did not break down
arginine in her test and suggested that the organism should be regarded as belonging
to"some other genus thanPseudomonas-, Rhodes (1958) thought that P. diminuta
ml%ht be more”closely related to Acetobacter or Vibrio. The absence of lysine de-
car ox%/,la_se from the pseudomonads makes |t necessary to consider whether P,
maltophilia (Hugh & Ryschenkow, 1961b) should be includeg in this genus; Thibault
Al%l would exclude 1t for this reasow1 The achrom09 nic sehd monads tested
ere Were not @ homogeneous group In their reactions afthough all showed arginase
activity, but in one strain it was weak and.delayed. Buttiaux 9961 found arginine
to be metabolized by only 11 of 16 non-pigmented strains of Pseudomonas.
Disagreement exists about the taxonomy of the genus Pseudomonas. Gaby (1955)
considered P. chlororaphis and P. pulida to be indistinguishable from P. aefuginosa
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on the basis of biochemical ang growth characters, whereas P. fluorescens, P. fragi,
P.. graveolens, P. mildenbergii,” P, mucidolens, P. ovalis and P. putrefaciéns
différed primarily from Ps. “aeruginosa In their optimum growth temperature;
P. mildenbergii Was_further found to be indistinguishable” from P. ovalis and
P. fluorescens from P. putrefaciens. Sneath (1960) Considered P, S(Yncyanea toh
closely related to P. aerugingsa, whereas Haynes (1961) reported that a strain
éATC_ 9979, NCTC 9943) received as P. I\sAyncyanea corresponded to the erroneous
ESC[IJJIIOD of P. mildenbérgii in Bergey’s Mantal (1957) and was really P. convexa
The identity of the %hytopatho en"P. polycolor with P. aerugingsa Was shown by
Elrod & Braun (1942) and Hoff & Drake’ (1960). Rhodes (1959) considered that
further subdivisions of soil- and water-inhabiting fluorescent pseudomonads, were
not justified beyond P. fluorescens. She was ofthe gpinion that P, convexa, P. mjlden-
berdit and 7 other slnec_les agreed well with her definition of P. fluorescens and that
9other sEemes Including P ovalis and P. syncyanea, showed anly minor differences
from it. Lysenko (1961) considered that Rhodes” definition of P. Tluorescens was too
broad and that insuffiCient account had been taken of other species in the g,enus.
Qur results, on the basis of only four tests, cannot be expected to clarify the position
but the single strain of P. polycolor reacted in an identical manner with that of
strains of P. aerulglnosa, and some similarities between P. chlororaphis, P .fluorescens
and P. qvalis were found. o _

The finding of omithine deca,rboxg/lase activity in Pasteurella septica and the
ability of this or?anlsm to grow In the presence of KCN are two further criteria for
distinguishing 1t from PasteUrellapestis and P. pseudotuberculosis. From an analysis
of characters with the aid of an electronic computer, Talbot & Sneath (1960)
suggested that Pasteurella septica was distantly related to these two species, which
were closely related to each other. _ _

Leifson (1960) regarded_ Vibriopercolans as a L%%homonas- in our study it showed
weak arginase activity unlike the type strain (NCTC 9991) of Lophomonas alcaligenes
(Galamgault & Leifson, 1956). We have studied only the one strain_of L. alcaligenes
althoygh Galarneaulf & Leifson regbavrded our strain NCTC 1347 of, Alcall(rqe_nes
faecalis as g strain of L. alcaligenes, We did not follow these authors in regarding
Vibrio alcaligenes as synonymaus with L. alcaligenes. L _

The presence of arginase activity in Loejflerella pseudomallei is in accordance with
current opinions on; its classification—as Pseudomonas pseucdomallei in Bergey’s
Manual é957). Loejflerella mallei also showed argclnase activity: this organism'is
listed 1n Bergey's Manual as Actinobacillus maller, "Cowan & Steél (1961) noted that
L. mallel oxidized glucose whereas A. lignieresi fermented it, a fundamental dif-
ference In their opinion. The reactions given by organisms now listed in Bergey’s
Manual (1957) as species of Actingbacillus (e.g. A, eqgiuli, A. lignieresi and A. mallei)
serve to Indicate that this genus Is taking over the function qnce fulfilled by ‘Bac
terium’ as a convenient place for poorly studied Gram-negative rods.
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Note added in proof

With the exception of Pseudomonas polycolor, we did not study any Pseudomqnas
strains from Rlan_t sources. Dr B.P. Eddy ofthe LowTemﬁeratu_re Research Station,
Cambridge, has informed us that some’of the plant Rat ogenic pseudomonads he
investigated were arginine dihydrolase negative; Dr A, M. Paton of the University
of Aberdeen, in a pérsonal communication, has stated that a large proportion of
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stram| . percolans is maintained as NCTC 1937 and in our paper is called Vibrio
percolans.

Davis, G. H. G. & Park, R. W. A (1962). A taxonomic study of certain bacteria
currently classified as Vibrio species. J. gen. Microbiol. 27, 101.



J. gen. Microbiol. (1962), 20, 179-187 179
Printed in Great Britain

The Metabolism of Iron-, Zinc- and Manganese-
Deficient Nocardia opaca

By D. M. WEBLEY, R. B. DUFF and G. ANDERSON
The Macaulay Institute for Soil Research, Aberdeen

(Received 27 December 1961)
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Oan/ compare IS rown orma condr

o a
53 ecreng/ ca&rsecr #rease he |s ron
or anism facke as and en upta e

Su stra es (pyruvate, p eny acela e W-00 ec WaS Mar

INTRODUCTION

In a previous Paper §Webley, 1960) it was shown that iron-, zinc- and manganese
were required for optimum rowt of Nocardia_ opaca and that_ deficiency of
manganese caused marked morphologrcal changes in‘the organism nrespectrve of
the_Substrate on which it was grown In the present worka studr( of organisms
deficient in these trace elemeits revealed several differences in their chemical
(r:r(r)e ﬁj)r%rtron and metabolism as compared with organisms grown on complete

METHODS

Organism. Nocardia opacastrain T 16.described previously (‘Webley 1954) was used.

Production of metal-deficient orrIranrsms Details about tfie treatment of glassware,
and the composition and preparation of media for individual deficiencies Were %rven
In 2 previous Raper (Webley, 1960). After growth no special precautions in the
harvesting of the organisms Were necessa

Manometry. Carried out by the conventional Warbur? technigues at 5,

Fractionation of the cell material. The Mrckledrsmtegra or(MrckIe 1948) was used
fo break organisms, in suspensions contamrng gI dry Wt. organism/ml., with
ballotini beads (no. 12%f0r 15-20 mm The rbro en céll mill (E. Bnhler Tumeen
Germany) was used when large volumes (100 ml. ofsus ensronwere to be broken
After removal of the qla?s bead?]the broken grepar tions were oentrif uge 3 g
marefrrgerated centrituge. T edebrrswswas ed twice with distilled water

% roved on exammatron with the electron microscope, to be principally
cefl Wa materra with some amorphous material, The cell-free extracts and debris
were used direct| gorwere freeze-ried. as required.

Car thdrate eterminations. Usualréde cendmg chromatograms were run in
butan-I-of + acetic acid+water (4 atman no Raper with
aniline phthalate or benzrdme+ trrchloroacetrc acrd Bacon. & Edelma
a spray for revealing sugars. The anthrone method of Fairbairn (1953) was use for
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the estimation of total carboh drate The results were calculated in terms ofglucose
although paper chromatoPrap y showed that other su T%ars parttcularly arabinose)
were present in the hydrolysates of whole or%antsms erefore the results can only
be re arded as com arative, Estlmattons o the paper chromatograms were done
as described % &E Stwoo 8

Lipi deter |nat|on? e method of Reichert $1944A Was used the %rgantsms
were treated with bol mg methanol and then ext acted wifh disthyl ether (after
removal of methanol). Ary apparatus was adapted for extracting smafler amounts of
{natertal (equw 50 mg. dry wt.) than required in the original method; two extrac-
lons were ma

Nucleic aci determtnattons The freeze-dried cell contents were separated into
fractions contatntn RNA and. DNA as described by Elson Gustafson &Chargaﬁ
(L 54? The sedim nt containing the DNA fraction was hydrolysed. with 1
erch orlc acid (Marshak & Vogel, 1951), The solutton contatntng nucleottdes dertved
rom A was evaporated t0-dryness’ in vaco at 20 ta en 5ntn -ydrochloric
aciq and hydrolysed at 100° for Thr. (Markham & The purine and

rtmtdme baseS obtained from DNA ere chromatographed In two_dimensions on

hatman no, 1 paper. (a) upwards in isopropanol+ hydrochloric acid-{-water
([W yatt, 1951); (b) downwards in p-butanol+ammonia-{-water (MacNutt,” 1952).

he mixture of urine pases. and pyrtmtdtne nucleott es. from the RNA was
chromatographed upwards in isopropanol-{-hydrochloric acid+water. Bases and
nucleotides were detected under u.v. radiation, eluted with 0Y n-HCl and estimated
fectro N tometrtcallg using extinction coefhdents quoted by Markham & Smith
(1951) and Wyatt (1951).
RESULTS

Chemical analysis of metal-deficient organisms

From Table 1 it can be seen that, whereas the total nitrogen contents of the
complete and Mn deficient or anisms were verY similar, the Zn- and Fe-deficient
cells'had, respectively, lower and higher total nitrogen contents. The explanation of

Table 1. Chemical analysis o/Nocardia oFacagrown in complete medium
or In Fe-, Mn- or Zn-deficient medium
N 0 acagfowntnﬁwoq(ml corg(ple&e medium or in Fe-, J| gdeftm ntmedlu thh

H Ve ]d erat2 1ganisms arvested fer 7ays af
wit sl Iedd waJer an 7 : moiin volu Gl O?pl 2 was :

%gefnsmnwas Use 9 Fﬁrmdnattono total nitrogen, ca ohydrateand content.
Iqures given as % of the dry wt. of t
oltl} drate

ecer] sugpedswn
Total nitroge 8 glucose Lipid
%}] 100 m% ry Wi, organism d

Co!rgére]te 1§?§ % 1_219
2N : 3 1060
these dn‘l‘erences IS m understood on examination of the carbohydrate

re Clearl
figures. These show t?tat the %n deficient organisms had a much higher carbo-
hydrate content than the complete and Mn-deficient organisms while the Fe-
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deficient organisms were much lower in carbohydrate. Similarly, when grown on
other substrates (Sucrose, glycerol, ;r)]henylaceta e, acetate), the Zn-deficient orga-
nisms always hadthe highest carbohydrate content. Irrespective of growth condi-
tions, when organisms were hyarolysed for 4 hr, at 100°, paper chromatography
showed glucose and arabinose ‘in all organisms. The glucose spot was much more
Intense in the h%drol¥,sate of the Zn-gefiCient or?amsms than inthe others. The lipid
content of the Zn-dgficient organisms was sligh Ig_ less than that of the complete or
Mn-deficient orfgamsms. The equment used did not permit the_ﬁroductlon of
sufficient Fe-ceficient organisms for their lipid content to be determined.

Table 2. Carbohydrate content of Nocardia opaca during growth on
Zn-deficient medium

N. opaca grown in 200 gll. omplete ediuin, or n-dﬁficient medium with 20
glucosF . gn shaker at 25°. Samples 5@#0 gj ﬁero ically removed aseptica an%i
vveantterrlu ear ) rﬂamsms ashed twice with distilled water”ang suspended in 20 m

rafe analysis (anthrone reactlons on samples of suspension and super-
natant fluid o Y)rlglnaflsar?{p\e. P P d

Complete-medium organisms Zn-deficient organisms
Residual ~ Carbohydrate esidual C.arbohgd.rate

glucase In Inorganism  glucgse In N 0rganism
SR L
9-8

T T I
1§ éﬂg gg §|5 ?%:0

Effect of zinc deficiency on carbohydrate content of organisms

In view of the greater carbohydrate content of Zn-deficient organisms grown on
all substrates tested, an experinient was set up to follow the carfiohydraté content
of the or%amsms durin Lglrowth under these conditions. For this two 11, culture
flasks (Jobling Cat, no. 1410) each containing 200 ml. of medium, one complete and
the othler Zn-teficient, were'set up. At intervals 5-10 ml. samples were removed.
The organisms were centrifuged, well washed and finally suspended in 2 m|. distilled
water. A sample was removed from each sus?ensmn for'determination of dry welght
and for carbohydrate content (Table 2), In the complete-medium-grown ofganisms
the carbohydrate content decreased rapidly after reaching its maximum, whereas in
the Zn-geficient o %amsms It did not. Th? decrease nhthe carboh%/dra e contffnt of
the complete-medilim organisms took tg)ace when the f?Iucose ad been_almost
exhausted. It aﬁfears that reserve car omdrates are affected by zinc geficiency.
The polysaccharide material In the coniplete and Zn-deficient or?anlsms Was
extracted by the procedure of Palmstierna (1956). The moisture content of a sample
of wet og%amsm was estimaged and the necessary amounts of KOH and water added
to, give 300 g./I. solution of KOH. This was heated at 100° for 3 hr. After mmng
with water, the solution was poured into ethanol and the precipitated crude gl_ycoqe
dialysed in aqueous solution. The polysaccharide was recovered by poufing the
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dialysed solution, after evaporatjon. in vacuo, into ethanol. The cryde polysac
charide was purlfled by reprecipitation from water with gIaC|aI acetic acid.” T
yield was 24 % of the dry weight of Zn- def|C|ent0r anisms and 14 % ofthe drxwelght
0f complete-medium grown organisms. Both S emmens gave glucose, totget er with
small amounts of mannose and arablnose aft r hydrolysis and chromatograph

the usual way. Paper chromato raR ic analyses 0 hydrolysates of the cell ractlons
were also carried out |(Tabe 3? Il the arabinose”and ‘most of the glucose was
associated with the cell debris.

Table 3. Paper chromatograPhlc analysis of sugars in cell debris and
cell-free extractfrom complete and Zn-deficient Nocardia opaca

opaca nin Zoggpl com Iete edium rZ efment med| with 20.g.
s ‘heds akeF eins i ma.vafvest el Yéas em e
?entrl gé éxt 35, § v&l ép |s%w e%dra t\?/reez ne& 1E ze gl’l
raction ¥ rolyse hn (? I sm t 5rand ar] yse
ugars aft crmatographlc separauon as escnbed ethods. The results”are the
average of two determinations.
Qrganisms,grown on

: - e D
. Complete-medium Zn-deficient medium )
"Cell debris " Cell-free extract ~ Cell-debris  Cell-free extract

Sugar (mg./100 mg. dry wt. preparation)
lugose - (§-2) 14> 21-1 (144 >0
o m o ow

* The results ofa second experiment with a different batch of organisms arc given in parentheses.

8|UCOf?

Natyre of the carbohydrate in the cell-free extract. The crude polysaccharide from
Zn-deficient organisms was fractionated by the Cetavlon procedure of German,
Jones&Nadara*h(l%l) From the major fractions at pH'7-5 and 95, Cefavion
was removed with 2 n acetic acid and the recovered qucogen re?rem Itated from
aqueous solution with glacial acetic acid. Both samplés gave infrare absorﬁtlon

eaks at 930, 845 and’ 758 my, as obtained for %chogen y the above authors

yarolysis with n-HZ04 at 100° for 5 hr. and subsequent éJaper chromatograp V.
sriowed that glucose was the main constltuent accompame a small amount of
ribose (from nuicleic acid), and mannose, |nt e g) and 9-5f ractlons respectivel X

The fractions were combined for optical rotation determmatlon the mixture had
£]|D+ 169° (cone. 5.¢./I..of aqueous Solution). The glycogen isolated gave a brown

alour with' fodine, avmqamammumuv absorption at 360 m/1, 360 1-07 (an
appropnate value d ue t0 |%ht scatterm In these exPenments we usedaS?/I
a ueous solution of Iga/coe 1-56 ml.)+1-60 ml. saturated ammonium sulphate +

BotaSSIHmt |d|ge solution 125 /l I|n259/I KL), the conditions are
compara le to those used by Schlamoiwitz (1951).
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Effect of trace element deficiency on RNA and DNA content o/Nocardia opaca

Webley (1960) showed that Mn deficiency caused marked morphological effects
durrn the growth of Nocardia 0 aca The organrsms did not fragment in the usual
Wa% ut contrnue t0 grow In the myce |a| Phase As the cultlres became older,

ous swe lings requently appearéd on the filaments. Amino acid analysis

DeKoc & Morrison, 1958) of cell debris from com lete, Zn- and Mn-deficient

?anrsms showed the foll owrn% aspartic acid gnutamrc acid, serrne «-alaning,

afine, leucine, glucosamine, diaminopimelic acid, muramic acid. Muramic acid has
been associated only with bacterial cell walls £Stran%e 1956: Work, 1957). The acid
was present In the celldebrrﬁfrom complete, Zn- and Mn-deficient organisms in the
ratio 1-4:1-3:1-0, respectively

Table 4. RNA compositions offreeze-dried cell-free extractsfrom Nocardia opaca
grown In complete medium or Zn- or Mn-cleficient medium

Baca /%rown m 00 ml. com Iete medr m or Zn- r Mn- defrcrent m%drgm with
i

1% (i haker at anrsms ted er6da washed 3 rme
a 1 water Isus nsron [ﬁ ra/ |srn

cenirr ed ir %traot reeze-drie r as S an ’\ﬁ rmr
nucleo A fraction an estrmated as escrr ed In tods
Organisms from media

Complete Zn-eficient  Mn-deficit
Base proportions (moles %)

g OB
Hurrg ;@Eil)m'd'”es 2 ] %%9 %%%

* Values are the means of at least two chromatographic analyses of hydrolysis products.

Table 5. DNA composition offreeze-dried cell-free extractfrom Nocardia opaca
grown In complete medium or in Zn-Geficient medium

N opaca %own in 2 0ml, ggmp&ete medrunaor in %n or defrcre %drérgr with

€50 tarne omt

aerat Panrsms rvested after asan rme
jcen j erfD é& nsogsgodeze drredngPurrne a% frndsr iy %tsees
tarne rogn fractr%n as descrr d In Methods.
Organisms from media

Complete Zn-deficient ~ Mn-deficient
Base proportions (moles %)

s OB g
Eﬁ%@%@‘rrrs / 1 gge

56 5
Values the means of two chromatographic analyses of hydrolysis products.
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Hydralysis of the cell debris with perchloric acid gave onl;{)traces of purine and
Py_r|m|d|r]e bases on paper chromatograms (see Tablé 3), no ribose was contained in
his fraclllon. . : :

The relative proportions of the bases in the RNA and DNA fractions from freeze-
dried cell-free extract are shown in Tables 4 and 5. The composition of the RNA
was similar for the differently grown organisms. The DNA was similar in the com-
plete and Zn-deficient orgariisms but the recov_er¥ of I\erm;djnes appears to be
sllgihtly low In both cases. The amounts of bases in the Mn-deficient organisms were
so low that only approximate values could be obtained. To confirm the geficiency
of thymine relative to adenine, in the DNA, large-scale fractionation and isplatign
would be necessarY. The nucleic acid contents of the cell-free extracts are given in
Table 6. The absolute amounts of DNA and the ratio of DNA to RNA wefe lower
in the Mn-deficient organisms.

Table 6. Nucleic acid content of cell-free extractsfrom Nocardia opaca grown
In complete medium or Zn- or Mn-deficient medium

Xalres, calculated frgm analysis of the amounts of bases and nucleotides obtained by
hydrolysis of DNA and RNA fractions.

Organisms grown in media

"Complete In-eficient ~ Mn-Geficient
mg./100 mg. freeze-dried preparation

Mo HEE 0 B

The results for secor(}d batrhh of rani?ms %iven in parentheses. The second Mn-deficient batch
was harvested after 10 days, the others after © days.

Warburg experiments with trace element deficient organisms of Nocardia opaca

Catalase activity. Table 7 shows that Fe-deficient organisms lacked catalase
?rlrfat\hw(tlyg 4,2 similar result was reported for Aerobacter aerogenes by Waring & Werk-

Oxigation of added substrates. Table 8 shows that the oxidation of glucose by
Fe-deﬂment_orqamsms was not nearly so much affected as was that of other sub-
strates. A similar result was obtainéd by Waring & Werkman (1944) with iron-
deficient Aerobacter aerogenes, The marked effect on Pyruvu: oxidation suggested
that this acid might accumulate n iron-deficient cultdres. lIron-Geficient Growth
extperlments wereSet up with glucose, gluconate, sucrose or glycerol as substrates.
After growth for 7 days a strong reaction for pyruvic acid was gbtained with the
Rothera test wdien applied to the supernatant fluid after removal of organisms by
centrlfu_%atlon. Similar tests on, the suFernatant fluids from complete, Zn- and
Mn-deficient cultures gave negative results. Further confirmation of the presence
of pyruvic acid In Fe-deficient cultures was obtained as follows. 2:4-Dinitrophenyl-
hydrazing in 2 n-HCI was acded to a suitable sample of the supernatant fluid from
an Fe-deficient culture in which glucose was the substrate. The Preupltated hvdra-
zone, when examined by infrared analysis, was identical with the hydrazone pre-
pared from pure pyruvic acid. No similar pyruvic acid derivative was obtained
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from corresd)ondln? supernatant fluids of organisms grown on complete medium,
Zn- or Mn-deficient media, N -

The oxygen uptakes of Zn- or Mn-deficient organisms_in the presence of the
substrates Used by complete and Fe-deficient organisms (Table S) were generally
Inferjor to those of complete organisms. But the Tesults were soo Variable to draw
conclusion about effects on specific substrates. Addition. of the. resPectlve trace
elements to the Warbyrg vessels in a form and concentration simiJar to those used
fort atlbee complete medium in the growth experiments did not affect the oxygen
uptake.

Table 7. Catalase activity of trace element-deficient Nocardia opaca
Organi i lete medium or in Fe-, Mn- or Zn-ceficient medi taini
0 Tv%?{;é%?sqg.%’PJ&%SH“%&%%E” sg’é lgn(%dmo%rb f”.fﬂ%tlf'eeé‘wma?er'jé“ i fé”rh“q?
rf t/ml.).” In main cgm artment o ar Ur\g vessel 0-1 m.,ausgen 10 +P?_I%
/15 u?lf EDH 7-%) ?n Isti)led wqt%r.to Ve 2-5ml. In side arm 0-2ml. HD 2
@g./lg. tipped after 15 min. equilibrium time.

g
Medium §/ )
f 57-
%ﬂﬁﬁ&eﬂﬁt %g
Zn-geficient 24
Table 8. Oxidation of various substrates by Fe-deficient Nocardia opaca
N. ' lete medi in Fe-deficient medi taining 200,
T B L R
3 i suspension 205 Ml it %uﬁlerT;%’-l %) Lo 3l 50 substrats and-gisted
water to give 2-5ml. :
Organisms grown on

Complete Fe-deficient

medium medium
Qo2Endogenous*
e B
PHeKﬁ%cetate il 13
tiy[[}lcj)\égc%ne 2- Nil

* Endogenous (z.was 9-12 ar}d 5:3 for complete medium grown organisms and Fe-deficient
medium grown organisms, respectively.

DISCUSSION

The results recorded in Table 2 suggest that Zn-deficient Nocardia, opaca is unable
to utilize 1ts reserve polysaccharide s rapidly as organisms grown in the complete
medjum, Stein & Fischier (1960) showed that crystalline a-dmylase from Bacillus
subtilis s a zinc protein complex. Perhaps the polysaccharide splitting enzyme in
N._opaca,js also egendent on zinc. : : :

The effect of manganese deficiency on DNA synthesis by Nocardia opaca is
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interesting |n the light, of previgus work éWebIe 1960) on the morphology of this
organrsmwen rown in Mn-deficient medium trswelestablrshedthat in normal
9 wth the DNA content increases before cell division SBeIozerskg grrrn 1960).
eener & Jegner q1952§ showed that the deoxyribonucleoside-dépendent” Thermo-
bacterium acigophilis R 26, when cultured in the dbsence of DNA, produced elonqated
cells which did not divide. n the light of these observations It Is reasonable to

ggest that when N. opaca is cultured under conditions of Mn deficiency the

uction of frlamentous forms is caused. by failure of normal DNA synthesis.

The presence of pyruvic acid in Fe-deficient cultures su %ests that the Ryruvrc
oxidase of the orgariism may be iron dependent. O’Kane (1954) showed that the
pyruvate oxidase of Clostridium butyricum required ferrous on.
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