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INTRODUCTION

Or%anrsms which have been given the generic name Haemophilus are grouped
together because of their requifement for blood for growth In culture média. |
was found that two growth factors present in blood viere rnvolved and these were
termed the X and V'factors. Fildes (1921) showed that the X factor could be re-
placed by haematin, and Lwoff & Lwoff (193p, 1937% identified the V factor as
erther dr or tri- ghosphopyrrdrne nucleotide. Wrthrnt érroup strains have been
ISolated from natural sources requiring both the X and V Tfactors, and others
needing only one of them. Those requiring both factors have been termed Haemo-
philus Tnfluénzae and those requiring onl theractor have been termed |1, para-
Influenzae. The microscopic appearance of these two subgroups also tends to drtfer
/I, influenzae appears predomrnant as very small cocco-pacilli 1-1-5 by 0-3-0-1/,
Topley & Wilson's Principles, 1955 knowri as the ‘typical’ morphology, aIthouqh
the organism is pleomor hrc and longer forms ma rpocour either as a small minority
amongst the ‘typical’ Cells, or as @ majority under chanoed cultural conditions.
On the other hand, H. parainfluenzae appears predominantly as well-defined rods.
However, within the H. influenzae subgroup there.1s a continuous gradation as
regards_ the degree of requirement for iaematin since some straing reolurre less
haematin than others (Smith, Hale &O’Calla?han 1953; Biberstein & Gills, 1961).
The present paper describes some properties of a mytant of H. mfluenzae, produced
in the faboratory and exhibiting complete mdependence of haematin.

MATERIALS AND METHODS

Organrsms The toIIowrng organisms were used: Haemophilus influenzae R?? of
Alexander &Leidy (1953), arou%hmutantfrom a wild Prttman typed II. influenzae
(RdTr), a strain derived, from P. Schaeffer resrstan to streptomycin,
érythromycin and novobiocin; and II parainfluenzae (FID), isolated from a human
throat by Dr H. E. Alexander: these will be referred to in the text as strains Rd,
RdTr and FID.” All strains were maintamed on slopes of chocolate trvptone agar
in cotton-wool plugged test tubes kept at 37°.
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Tryptone agar, %) Tryptone Drfco ) was dissolved in glass-distilled water at
ether'with NaCl at 10 g./I. The’pH was brought to"about 3 with HCL and
actrvated charcoal added to give a0 2% (Wiv) suspension. The mixture was allowed
to stand with occasional shakrng for 15 min.. and then frItered The filtrate was
adjusted to pH 7-> and agar (Davis) added togrvea2/o (‘ Wiv) solution. The medrum
Was stored at thjs stage. When requrred the mo |ten tr onea arwas dis ense |n
0 ml. volumes into 25 ml. screwcaglpe bottles and ooe t0 50° In a water bath,
Halfa m||I|||tre of a 4% (wiv) solution of crystalline bovine albumin was then added
angd the mi pre poure as /p ate%

Tryptone blood agar (TB e molten tryptone agar was dispensed in 20 ml,
volumes into 25 ml. screw- capped bottles, coolad to 56° i a water bath, and oxalated
horse blood added to give a 5% (v/v) suspension. The mixture was then poured &

g Choeolate tryptone agar (CTAg To the molten tryptone agar cooled to about 80°
was added oxalated horse blood to give a 5% (vIv) suspension, and the mixture
allowed to_turn to_ a chocolate colour, with heating further in a w-ater hath if
reﬂurreed uTrerg medium was then dispensed as plates or as Slopes in cotton-wool

t?east extract solution. Yeast extract (Drfcd) was_dissolved in glass-distilled water
to make a 10% (w/v) solution, an sterrlrze by Sertz filt ra |on

Glucose-salt solution. This consisted of 50, &rucose 9 4 509,
KHP04 1056g Na3citrate SHA), 025 M SO4.THA), and (NH4)2504|n
}00 mlm%ass distilled water. The mrxture Was sterilized by autoc aving at 115°

Haematin solution. A stock solution of haematin ‘Roche Products Ltd) Was
Rrepared a5 follows: 50 mg. haematin was mixed with 12-6 ml. 0-5M-N

eated to dissolve, and 86 . glass -(istilled Water+16ml mKHP04added The
solution was sterifized by autoclaving at 115° for 10-15 min.

Coenzgme | solution. “Diphosphopyridine nucleotide (S (l rgma Chemrcal Co)fwas
dissolved in glass-distilled water at a concentration of g 06 ml. or this
s%utrdn waé Used in 22 ml. medium, 1.8, at a final DPN co centratron of 0-3mg./

medium,
Mr) This was a chemically defined medium with the com-

Synthetic mediym &S
position previously described (Butler, 1962).

Evaluatron ofgrovvth requrrements Suspensions of the organisms were made in
normal saling an a oopfu spread over a segment of a plate of megium. After
Incubation at 37 hr a visual assessment was made of the density
and homageneity ofgrowth and of colony size.

Serological reactioris, Antrsera were prepared in rabbits by giving a course of
injections ofasuspensron of organisms In physiological sal |ne at an approximate
concentration of 109cells/ml. Tio mrectros 6 da s apart, of 0-2ml, of the sus-
pension into the vein of the ear, were followed at 6-day intervals byt ree further
mrrectrons of (- é ml. The rabbits were bled 5 days after the last injection and the
serum separated and Kept at 4° until tested.

Tuhe a%glutrnatron was carried out in 6 x 1cm. glass test tubes. An initial serym
dilution in"saline of 1/10 was made, and from this Serial doubling dilutions in saline
were set up using 0-5 ml. volumes. To each tube of serum dilution was added an
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equal volume of a saling susBensmn containing about 108bacteria/ml. The range of
final serum dilutions was 1/20 to 1/5,120. Eachi titration included a negative control
con5|st|n(I; of 4 tube containing the bacterial suspension with an egual volume of
saline on y All dilutions and controls Werelncubated for 18 hr. at 56° followed b%
Lhr. at 4° The presence ofgranu ar aggfutlnatlon was then observed visually wit
the aid ofaconcave mirror.” The titre "0t a serum was recorded as the reciprocal of
the final dilution containing the least amount showing clear-cut agglutination.

Table 1, Composition of medium for the isolation of strain Rdl, the haematin-
Independent mutant of the Haemophilus influenzae strain Rd
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Except w gre mdmated canstituents were sterilized by autoclaving at 115° for 10-15 min.

* Sterilized by Seitz filtration.

RESULTS

Production and |soIat|on ofthemutant Rdl. During the early stages of development
of the chemlcall de ined medium (SM) for Haemophilus, influenzae reportedP
viously,( uter g/east -exiract- contalnlng medium (YEM) of the compasition
shown |n Table 1 wa used, Segments of plates of this medium were inoculated with
strams Rd, RdTr and FID and spread over the surface. After 4 days incubation

1°, strain Rd had n%;lven r1se t0 several colonies, densely white in the centre and
Wlt atranslucent r| undert em a white deposit appeared in the medium, The
colonigs were subcultured on to stock CTA and laterstreaked on to TA, TBA

TA+DPN, together with spot inocula of staphylococei, and also on to YEM and
13-2
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CTA. Onthe two latter media the organisms grew along the full Ien?th of the streaks
as small colonies, down_to the lowest dilution, but growth was potentiated around
the staphylococci, On TA, satellitism was shown around the staﬁhylococpl but the
colonies\iere smail, and on TA + DPN qoodgrowth oceurred over the whole inoculum.
The strains RdTr, FID and the parent organism Rd, were also_streaked on to these
media (except YEM and CTAg or comparison. All three strains grew well on the
blood medium, gﬂvmg small Colonies over the whole inocula, and satellitism. On
TA ‘strain FID showed satellitism but neither strains Rd nor RdTr grew, and with
added DPN, both strains FID and Rdy gfew but no growth was obtained with
strain Rd,_These results are summarized in'Table 2. It seemed clear that a mutant
of strain Rd had been,isolated which was less dependent on added haematin, and
It was designated strain Rdl. [t was subsequently maintained on slopes of CTA.
Table 2. Comparison of the capacity of various media to support growth of
strains Rd, RdTr, FID and the mutant Rd|

Strain y 0 T |
B B b b

2 18

0
2 IR R

* Medir% v%/ 2.and 3 were streaked with Staphylococ]c%s aurels tt% rgleer&%rg%lrgtea rsatellitism.
= 9atell|tism . =tr tope agar J
G+3= %owrwwetﬂhanced around staphylococci Sc A=c actoea}erta é/tptoen Iuarﬁar
- g NE ¥ osﬁ ine nucleotide

M= nthePicolEm}églum

Haematin reguirement. The haematin requirement was ascertained with the, use
of SMby varying the amount of haematin in that medium. The final concentrations
of haematin ysed were 0, 1-2 1-8 and 2-4 mg./I00 ml. medium. All strains grew
at._concentrations down to 1-2mg/I00 ml., but only strains FID and Ral grew
without haematin. The growth was equal to that on the haematin-cqntaining plaes.
These resylts are also included in Table 2. It was concluded, therefore, that strain
Rl was haematln-w ependent, _

Microscopic morpnology.  Smears made from 24 hr. stock slopes of strains Rd,
RdTr, FID and Rd] were Gram stained using dilute carbol fuehsin as counter-stain.
Strain Rd had the ‘typical” appearance, being predominantly cocco-bagillary with
a few long forms; strain RAT? was similar to 1ts parent strain R. Strain FID had
the ‘a%lpmal’ agpearance, thh m mlg well-defined rod? and only a few, if any,
other torms; and strain Rdl resemoled strain FID exactly, ,
Growth reguirements. Table 3 summarizes the results obtained concerning_ the
purine, dpyrl_ldlne, amino acid and_mineral salt requirements of strain Ral,
obtained during the development of SM Prewously reported. The growth require-
ments of strains Rd, RdTy, and FID were ascertained at the same’time and have
been reported elsewhere (Butler, 1962). It will be noted that strain Rdl has an
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essential requirement for uracil, p){rl_doxme, isoleucine and valine. The uracil could
be replaced by guanine + hypoxarithine. A reduction in the concentration of phos-
phates (not mentioned in Table 3) below the level normally included in SM resulted
In reduced ?rowth_of strain Rdl." Strains Rd, RdTr and FID required albumin or
polyvinyl alcohol.in the medium and exhibited a peak of maximum growth when
sutjectéd to varying concentrations of these substances. Strain Rdl behaved simi-
larly, resembling strain FID in its behaviour with albumin, and strain RdTr in
respect of polyvinyl alcohol.  Sodium oleate could replace albumin or polyvinyl
alcohol, as found for strains Rd, RdTr and FID.

Table 3. Purine and pyrimidine, vitamin, amino acid and mineral salt
reqiirements of the mutant Rd|

Type of substance Essential Stimulatory Not required
Purines dand racil Sre laceable ~ Adenine Thymine, ﬁ tosine,
pyrimidines ¥ u n|&e+ hg oxantnine,

o poxanthine) guaning
Vitamins Pyridoxine Ca lFanto_the ate, . B|ot|n,,fol|ﬁ acid,
P trescine gafneunn aneurin, glutamine
nabs%nce a
o o pantothenate)

Amino acids Isoleucine, valine Tr}/pﬁo h%ne, cysteine Lgsine, |utathione
ﬁ ﬂ &Eat lone, . rcyst?me, methio-
Istidine, tyrosine, n|ne,aan|nf.,
ar?| mF, aspartic. wcme, Ero Ine,
?c ,%utﬂ IC a?ld, eoning, serine
neltrJ]CEm , phenylala-

Mineral salts ZnS04 acetate, NaHCOs,  CaCl2 MnCI2

N&g%flfey 4 5

Repetition of isolation of the mutant

In view of the fact that the mytant dem%nated Rd| was isolated in the course
of Investigations in which the strains Rd, RUTr and FID were often inoculated on
different Segments of one plate of medium and the remarkable resemblance between
the properties of strains Rdl and FID, it was thought desirable to attempt another
isolation of a similar mutant from the parent strain Rd. On repeating the experi-
ment in the same way as in. the original isolation, colonies were obtained in the
segment inoculated with strain Rd, which, after first subculturing on to CTA, were
found to be haematin-independent. Subculture directly from the” YEM plate on to
SMwithout haematmpave no growth, and on to TAwith ‘spot” inocula of starg)h -
locacc 9ave only(bare ){ detectable satelljte growth. Colonies also appeared on the
segmen of the YEM 'p,ate inoculated with Strain RdTr, but they did not cayse a
Pr cipitation to occur in the medium below the colonies, nor wére the organisms
ound to be haematin-independent. o

Serological reactions. The titres obtained by tube agglutination of the cell sus-
pension, 0f the parent strain Rd and the mutant strainRd| with their antisera are
shown In Table 4. Satisfactory homologous reactions were. observed, strain Ral
prodycing hhgher fitres than did strain Rd. Cross-agglutination, however, was seen
In only ofie direction.  Cells of the parent strain Rd Were agglutinated by the serum
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of the mutant strain, but no a%glutmatlon was detected between cells of the mutant
strain and the antiserum to tfie parent strain. When the heterologous cells in the
cross-tests were remaved by centrifugation and the homologous cells added to the
supernatants, agglutination was obtained after further incubation, .to the same
titres as had already been found in the_conventional homologous titrations, showmg%
that the negative reaction (anti-Rd with Rdl cells) was not due to the presence o
a soluble inhibitor in the R bacillary suspension.

Table 4. Titres of agglutination of cells ofparent strain Rd and of haematin-independent
mutant Rd| bﬁ their antisera and by Supernatants from mixtures of antisera with

heterologous cells _
Antisera Supernatants

CReHs Rd Rdl Rg* Rdlf

Ral <3%8* 2&%81 A 2560

*f After recording the titres obtained, the .cells of the heterologous tests were. removed b
centgfﬁ at|?n n(a Iﬂe supernatants m|xe(§ WI'[Ch the homorogous c%?ls ana agg?utmanon fitre
noted after further incubation.

Table 5. Comparison of the erSJBerties olf strain Rd| with those of strains

and FID
Predominantly FID-like Predominant] Intermediate  Neither Rd- nor .
plroper}?es ! Rd-ﬁEe properties properﬁes FIDane properties
Haematin independent Stimulation b Purine and Stimulation b
P Nm(%s y P rfmeuﬂne Naacetate y
quirements

icroscopic morphology .
M u?atongé/ rgmo%ds on
eocarh’ treate ryeast extract
It3min requirements
mino, acid requi Ements
Behaviour with albumin

S B Mot b (L (oo o
train FID = H. parainfluenzae.

DISCUSSION

The or?anlsm Rd Lis an example of a mutant, derived by artificial selection from
a_haematin-dependent Haemophilus nfluenzag, which has become completel
haematin-independent. Stch an_organism would be_classified as a strain of H.
paraintluenzae according to the criteria commonly used in identifying members of the
enus Haemophilus, The curipus features of thé isolation of the mutant were that
s colonies apge_ared onameaium (YEM)| which contained at least (-7 m?. haematin
Eer 100ml. medjum, but which was unable to maintain normal growth of the parent
train Rd, and that these colonies ?ave rise to.a culture growing well on SMwithout
haematin, and on other media lacking haematin, but only after Subculture on a com-
plete medium (CTA). Onthe other hand, no similar mutdnt was obtained by a direct
method—i.e. by plating out large nocula of strain Rd on SM without hiaematin.
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This procedure was carried out several times, since it formed part of the routine
check for purity of the stock cultures of strain Rd. The inocula of this strain so
tested were as large as, or even larger than, those from which the mutant was
obtained on YEM. These fmdmgs_sug est that there may have been a multiple-step
process of mutation to haematin-ind gen_dence, also involving a stage of growth on
complete medium for phenotypic expression to occur; for example, the initial phase
of selection on YEM 'may Have hegn towards independence of some simpler con-
stituent (e.q. adenine, which is required by the parent but not by the mutant), and
after this change had become phenotypically expressed, haematin-independence
became conferrgd on the organism. However, since the exact composition of the
yeast extract was not determined, and in the apsence of sufficient knowledge of the
metabolic pathways Involved, 1t s not possible to decide what may be the correct
explanation of thé phenomenan. , ,
he results given In Table 2 with respect to the undefined media would suggest
that strain RATr might be haematin-independent also, since It grew on medium
containing only tryptone agar + DPN, hut it gave no growth on the"defined medium
without aematin. These facts emphasize th foIIowm% points:
1?_ The extent of haematin independence can only be determined by the use of
a defined medium, The tryptone used above obviously contained a small {and almost
certainly variable) amount of haematin or haematin-like compound. The presence
of haematin or similar substances had been suspected in such media by others
ge.% Biberstein &Gills, 1961), and Gilder & Granick 81947) also reported the presence
f*haematin In yeast extract. [t is pertinent to note, therefore, that all results
referring to the need or otherwise of haematin obtained by using an undefined
mediuntmust be viewed with some reservation. For example, the reported haematin
Independence of H. influenzae rowmg, anaerobically should be re-assessed. The
finding of Gilder & Granick that haematin is still required for anaerobic growth hut
in smaller amounts Is quite I1ke§/, but these authors used a proteose-peptone hase
which may well have ‘contained some haematin so that the actual requirement
coyld nﬁt ave been determm?d. » ,
2) The haematin content ot the tryptone was sufficient to allow growth of strain
RATr but not_of strain Rd. This stpports the view that there iS a gradient of
haematin requirement amongst the haematin-dependent strains (Smith &t al. 1953;
Biberstein & Gills, 1961%. This may account for the unsuccessful attempts to isolate
a haematin-independent mutant of strain RdTr using exactly the same conditions
as for strain Rd. [t may he that as strain RdTr appears normally to be able to
grow with lower concentrations of haematin than_strain Rd, the haematin content
0f the ‘mutation medium’ may have been.too high to have a selective influence.
However, this point was not f%rther mvestlgalfed. , , ,
It 15 Inferesting to compare the pr%pertles of strain Rd| witn those of its parent
strain Rd and those of strain FID. Smears of growth of the same age taken from
CTA slopes, show predominantly well-defined rods for strain Rdl and FID, while
strain Rd s predomlnantIP/ cdcco-pacillary. On a medium congunm Ze0-car
treated yeast extract éButer, 1962) strain”Rd would not grow, but strains Rd
and Fl ?ave_reduc,e g%owth_whl,ch was stimulated in botn or(I;amsms by the
addition of amino acjds, The vitamin and amino acid requirements were exact]
those of strain FID, both requiring pyridoxine, isoleucine, and valing as essentidl

uwufriiw HA fnknntnfrrdm
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metabolites, and hoth stimulated by, the same vitamins and amino acids, whilst
strain Rd showed no absolute reqirement for any one vitamin or amino acid.
The behaviour with albuminwas similar to that of strain FID, although the behaviour
with polyvinyl alcohol was similar to that of strain RdTr, the othermutant derived
from the sarhe parent. The purine and p)(nmld!ne requirement was Intermediate
between strains Rd and FID. Strain Rd1 required uracil and was stimulated by
adenine, although the uracil could be replaced by guanlne +_hgpoxa_nth|ne._ Strain
Rd had an esséntial requirement for both uracil and adening, whilst strain FID
required guanine and was stimulated by uracil and adenine. Most of the mineral
salt requirements were shared with both strains Rq and FID, with two exceptions,
viz. NaHCO3stimulated stram Rdl, Rd (and RdTr) but not strain FID, and Sodium
acetate stimulated strain Rd 1 onl%. These comparisons are summarized in Table 5
from which It can be seen that the properties of strain Rdl are Predommantlx
similar to those of strain FID. [t is therefore tempting to suggest that as bot
strains Rd 1 and FID require valine, it may be that thiS amino™acid is required In
the pathway leading to the synthesis of haématin or in an alternative pathway by-
Bassm% the need for haematin altogether. [t may also be of interest to note that
oth Strains Rdl and FID are independent of ddening (required by strain Rd),
although strain Rd| retained its parental requirement for. uragil. _

It_|?_ necessary to consider the possibility of contamination by Haemophilus
arainfiuenzag:

P (1) Contamination ofstock culture, As stated above, the stock culture of strain Rd
was maintained on slopes of CTA. These were subcultured twice weekly, and were
Perlodmally inoculated on to P_Iates of TA and checked for satellitism, and also on
0 SM not contamm([] haematin. No growth was obtained, in either case. Stock
cultures were never taken from plates also contammlg strain FID. 1t 1S also felt
that a Haemophilus parainfiuenzae contaminant would not require an initial sub-
culture on CTA before the expression of Its haematin-independence, since this
character would already have been expressed. _ _

(23 Contamination 0 Plate. Colonies have been obtained on YEM plates inocu-

|ated with strain Rd, but not also inoculated with strain FID, which have resembled
the strain Ral. A?am, It is felt that the comment made above conceming the lag
In the expression of the hagmatin independence is relevant. Also it may be signifi-
cant tlwat éhe pﬁlonles showmr%; aematln-lndependepce alwa%s a{)geared On segnients
Inoculated with strain Rd anid not on those Ingculated with strain RdTr. .
. No attempt was made to obtain the mytant from cultures grown from single-cell
isolates of strain Rd: as pointed out by Hilson &Elek (1959), 1t is doubtful whether
this procedure affords any significanftly greater protection’against contamination
than conventional methods of obtaining dnd ha_ndlln(ll pure clltyres.

The proPerty of haematin-dependencg is heavily refied on to distinguish between
Haemophilus Influenzae and H. parinluenzag. Thé isolation of a haemiatin-indepen-
dent mutant of H. Influenzag shows that this character Is ot stable on a medium
which although unfavourable to the general growth, of the strain used, was not
deliberately Gevised for the selection, of hagmatin-independent mufants, These
results suggest that workers who_are involved in the isolation, Identification and
maintenance of I1. influenzae strains shuld take particular care not only that the
medium used for their culture is complete, but also that the cultures Should be
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sub{_ected to the least number of subcultures through various media. Such pre-
cautions should minimize the risk of any change in characters which have hitherto
generally been considered sufficiently stable for use in taxonomy.

Grateful thanks are due to Dr G. R. F. Hilson and Professor S. D. Elek for
valuable _squest;ons. Thanks are also due to Mr S. Williams and Miss R. Redman
for technical assistance.
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SUMMARY
ﬁates of the cell walls of 26 st(ainf of roqyﬁh

eglrxpnrg(!y LP’ dpa er chroma ogcraH nakca es 1ys gtraﬁ)ltj?go%lgvﬁehr
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a?qouns 0f Severa am‘no aclds." | 36? S pro %bl tga a smal ﬂmoup
0 e remained firmly attached to the cell walls

B e o pro
INTRODUCTION

Cummins & Harris (1956) examined the amino acids, amino sugars and sugars
present in the cell walls of a_Iar?e number of bacterial strains. It appeared that the
amino acids present in relative Iarge quantities were characteristic of the genus,
while the sugars and amino sugars characterized the species within a genus. Other
iInvestigations (summarized by’ Cummins, 1956; Salton, 1956, 1960; “Work, 1957)
tended"to support this.conclusion. In most of these studies, however, only & few
strains of an?/ one species were tested. Little quantitative information is available
about the refative amounts of the principal amino acids present in the cell walls of
different organisms. The main purpose of the present work was to see whether,
Ina larger nimber of strains of a species than tested by Prewous workers, there was a
constaricy in the prmf| al amino acjds of the cell wall and_in their relative mole-
cular proportions, Salt n_(1953)rand Cummins & Harris (1956) commented on the
presence of small quantities o man¥ amino acids in hydrolysates of cell-wall
material from group A streptococcl. These workers had SubjeCted the cell walls
before hydrolysis to digestion by trypsin or by trypsin +pepsin, Schwab, Cromartie
& Raperson (1959) reported that papain was miore effective than tryé)sm, chymo-
trypsin, or pepsin, in‘that 1t removed a greater proportion of nitrogen-containing

Ca?oﬁﬁea?e ka%gf'ﬁfﬁ ’\?Oel}%ﬁrggﬁoqtmg’fUE'%gckriology, School of Medicine, University of North
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substances from such cell-wall material. A_ccordinqu, a comparison was made of
the amino acids present in small amount in samples of cell-wall preparations of
group A streptococcl which had been treated with different proteolytic enzymes.

METHODS

Organisms. Strains of %;_rou A streptococci were selected from stocks held at the
Streptococcus Reference Laboratory (Colindale, London) and at the Department of
Rheumatology, the University Hospital, Leiden, Netherlands. The designation.or
origin of the Strains were as follows (the NCTC number is given for those strains
which are included in the National Collection of Type Culturés, Colindale, England):
strains carrying an Mantigen: t esl(lNCTCS 7),2 NCTC 8322), 3 (NCTC 9994),
4 (NCTC 8326] b, 8&NCT 8302) 911, 12, 14, 17 (NCTC 8304), 23 (NCTC 8301),
24 SNCT_C 8305), 25, 27, 30. The yge strain 12 was isolated from a case of nephritis.
Strains identified by the presence of T antigen: types 2 (NCTC 8322, glossy), 3/13
5121 a strain-carrying type 12M antigen"and 3 type 10 T antlgqlen (designated
12/10?; a strain-carrying yBe 14 Mantigen alone (14/Lowe, NCTC 8199) and 3 vari-
ant of this strain carrying oot M)el and t}/?e 51 M antigens (designated 14/51,
Wiley & Wilson, 1961); Strains AED. (type L antlgserR, L 8 (type 19 M), ADA
(type 14 M) obtained rom Dr L. Dienes (Boston U'S.AY) and strains B6 {typing
pattern 11 27/443 isolated locally in Leiclen, Netherlands.” As controls, two Straing
of %roug Cstreptococct, one of hiuman ongm and carrying a T antigen demonstrated
by'type 2T antiserum (C/2T) and the othar of animal’origin (C anim) and a group E
streptococcus, were analysed., _ , _

ISolation of cell walls. “All the strains were grown for 48 hr. at 37°in 21 of Oxoid
Nutrient Broth. The cultures were checked for purity, centnfuge_d, the orgam_sms
washed twice with 100 ml. distilled water and f_|nallgresusr§)_ende in 25 ml. Qistilled
water. A 1ml. sample was removed and the weight of organisms dried over P2) Swas
determined. Volumes 86 ml.) of suspension werg then mixed with an equal volume
of hallotini beads f rade 12) in the cup of a Mickle (1948g disintegrator. Tributyl
phosphate (0-04 ml) was added to Erevent frothing. - After 30 min. d|smte(h;rat| N
a smear of the disfupted organisms was stained by the Gram method. In most
Instances a high degree of cell breakage was observed microscopically; intact
Gram;gosm_ve cocci Were rarely seen. Occasionally it was necessa[)y to “continue
the disruptive procedure for & further 15-30 min.” After completion of the dlis-
mteﬁratmn,, the cell-wall suspension was decanted from the heads; these were then
ashed twice In 6 ml. glsull?]d water. The cell Wal,s were sedimented from the com-
Ined suspensions and washings, at 10,000 rev./min, (11,730(_1 or 30 min. and
washeg twice in distilled water. A sample of insoluble cell-wall material was re-
moved and the dry weignt determined. The yields of str_eRtococu from the different
straing were in thé range of 135-687 mg./2 L culture, with a mean valug of 412 mg.
tThhee Syt}gl%og 0|é1csioluble cell-wall material represented about 26% of the dry weight of

Ina Qe arate |nvest|9at|0n strain AED was grown in 6 L of Todd-Hewitt broth
(Difco) for 24 nr. at 37°. The cell walls were ‘1solated as before, except that the
streptococci were washed mare thoroughly with distilled water (5.times) and the
sedimented walls washed 5 times with™dlistilled water, once in saling and once in
0-05M-phosphate buffer (pH 7-8). At each stage in the washing procedure the lower
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dark-coloured |ayer was discarded. The sedimented material retained at each stage
was examined by phase contrast and electron microscopy. In the final preparation
no_intact organisms were seen. _ _

Enzyme treatment of the isolated cell walls. The isolated cell-wall greparatmns
obtained from all the streptococcal strains were resuslo_ende_d in 25ml. O-lm-
phosphate buffer (pH 7-8) and after the addition of crystalline ribonuclease (L mg./
ml.).incybated for'3 hr. &t 37°. Then crgstalllne trypsin (Lm ./mI.I) was added and
the incubation continued for a further 3 hr. The nsoluble material remaining after
digestion was sedimented In a hlgh-s(Peed centrifyge 30 min. at 22,500, Washed
three times with distilled water and dried over PZ)5in vacup. Before drying, the
cell-wall. preparation obtained from the separate mvesﬂgatlon with strain"AED
was divided into three portions; one portion. was immediately dried over PA)
the other two partions were subjected t0 d|gest|on with pepsin ar papain for 17 an
5., respectively, in the apgrolprlate butter solution. After *his further digestion
the samples weré washed and dried over P2 5 _ o

Hydrolysis conditions. For. chromatographic analysis of the amino acids and
amino sugars 75 mg. dr;r weight of the wall material of each strain were heated
with 5 ml. bn-11CLin sedled tubes at 108° for 16 hr. After cooling, the contents of
the tubes were transterred to small Petri dishes, The hydrolysates were then taken
to dryness on a steam bath to remove HCL, redissolved’in a Small amount of water,
filtergd to remove humin, dried twice over NaOH in vacuo and finally dissolved in
-4 ml. distilled water and stored frozen. For the chromatographic analysis of
sugars 20 ml-?' er_welght of the wall material from each strain were heated with
2 ml. 0-5x-HX021n a Sealed tube at 100° for 2 hr, After cooling, the hydrolysates
were neutralized with a saturated solution of Ba(OH)2 centrifliged arid the sed-
ment washed twice. The original supernatant fluid and the Washm?s were mixed,
driggl over P45 n vacuo, dissolved in 0-25 ml. distilled water and stored frozen.

. Chromatography. Aming acids, amino sugars and sugars were separated by two-
dimensional” descendin chromafograqhy on Whatman no, 1 _E%)er (40x3 cm%
n-Butanol + acetic acid'+water (60+ 10+ 20 by vol.) and 2/4-25 lutiding (Britis
Drug Houses, Ltd.) +water (65 +35 by vol.) were used as solvents, each developed
for 20 fr. For the detectionof amin0 acids and amino sugars 0-01 and 0-02 mll,
[es _ectlvela/], of the ap roI[T)]nate hrxdrol_ sates were placed on the papers. After
drying of the chromatograms, amifo acids and amin sugars were developed with
ninhydrin and the sugdrs with aniline hydrogen phthalate Partrld?e, 1949). The
latter reagent also revealed the presence of amino su%ars and A-acetylamino sugars.
The 1dentify of most of the spots was established Dy using as markers pure Sub-
stances subjected to the same chromatographic conditions, separately and after
admixture with the unknown eimple. . _

Quantitative estimations of lysing, glutamic acid and alanine were performed
accordlng to the method of Kay, Harris & Entenman (1956). Duplicate chromato-
grams,w re developed from 6jA samples of hydrolysate. The percentage standard

eviation of the mean values for known guantitigs of I)fsme, glutamic acid and
alanine were +57, £59and +3%, respectively. The results are exPressed as rela-
tive molecular ratios, taking the value for glutamic acid as one unit.
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results

Amino acids and amino sugars. All the cell-wall hydrolysates of the. strains
tested contained lysine, glutamic acid, alaning, glucosaminé and muramic acid;
this finding is In keeping"with other reports (Cummins & Harris, 1956). When it
was seen fhat in addition to these amino acids a few other ninhydrin-positive
minor spots were also present on some of the paper chromatograms, several hydroly-
sates were retested with three times as much material appliedto the chromatograms.
These chromatograms, gave a pattern in which eight out of the eleven minof spots
were identified 85 ?chme, sering, aspartic acid, arginine, cysteine, threonine, valine,
leucine and/or 1sofeticine. The identity of the remaining spots was not established.
The number of additional minor spots differed with different strains.

Table 1. Relative molecular ratios of the three Princi al amino acids
present in the cell walls of some streptococcl

Relative proportion of amino acids
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During the initial isolation of the separate samples of the cell wall of strain AED
(gee metfiods) it appeared that little of the c%/toplasmlc material which contaminated
the cell wallswas remoyed. However, after treatment with ribonuclease and trypsin,
the material was Punﬁed to such a degree that further treatment with pegsin or
papain did not influence the appearance of the cell-wall preparations in the electron
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mlcroscope. The chromato?raphlc Pattern of the hydrolysates of the three different
enzyme-treated Portwnso_ the cell-wall prePa[atlons of strain AED was indistin-
gms able from that optained with other strains. Arginine was absent from all
hromatograms of strain AED in both preparations. ™

Hydrolysates (6/¢. of%roup Cand group E streptococci showed the same pattern
of major compone_nfs as that of group A streptococci except that a spot correspond-
Ing to' galactosamine was found"in both group Cstrains. No efforts were made to
Identify the additional minor amino acid components in these hydrolysates.

The Telative molecular ratio of lysine, glutamic acid and alanine in the cell-wall
hxdrolysat_es from the strains examined s given in Table 1 The mean ratjos for
thie 26.Strains of group A streptococcl examined were 1-1:1:4. The number of group
C strains examiried was too small to Permn conclusions to be drawn about the
relative lysine contents of their cell walls. _

Sugars. The chromatograms for the sugnars present in.the cell-wall hydrolysates
of the 26 strains of group' A streptococgi Showed three distinct spots cofresponding
fo rhamnose, glucosamine and -acetYIglucosamme. Glucosamine was reported t0
be present In Cell walls in its acetylated form by McCarty '(1952). The relatively
mild conditions of hydrolysis used here for the Getection of sugars would explain
why glucosamine was found partly in its original form. The group C and group E
strains showed spots corresponding to glucose, and to glucose and mannose, respec-
tively. The absence of the muramic acid spot from these chromatograms and also
of t e_?al_actosamlne spot. from hoth group C strains was probably related to the
insensitivity of their reactions with alanine hydrogen phthalate.

DISCUSSION

The results reported here about the amino acids, amino sugars and sugars in the
cell walls of 26 straing of ﬁrou[p_A st,reé)tococm suﬁ est an yniformity in'the major
components of the cell walls, Final %u rqement will e possible onl%vv_hen informa-
tion 1s availahle about the amounts, ot all'the components. The information about the
relative molecular ratios of the principal amino acids argues however in favour of
the uniformity of the cell-wall composition ofqroup Asstréptococel. Other unidenti-
fied components of the basal streptococcal céll wall probably exist. For example
polyolphosphates have been demonstrated in the cell walls of several hacterial
Species gArmstrong,et al. 1959: Ikawa, 1961). It s not yet known whether these
components occur™in_group. A streptococct. " Hayashi & Barkulis (1959) reported
the following composition of the cell wall of grou ) A streptococct: amino acids 53%,
hexosamines 24%, rhamnose 22%. On thé basis of these figures and taking Into
account the low phosphorus content of the cell wall of ?roup, A streptococei (0-7-
0-8%; McCarty, 1952), it seems that little space is left for teichoic acids as major

cell-wal) corpgonents. o .

Despite t qenera,l similarity of the cell-wall structure of the strains here ex-
amined, several strains have been recognized which have certain peculiarities.
Roberts & Stewart (19611 described one“strain of group A streptococci. which in
addition to rhamnose contained glucose and galacto3e in the cell'wall; this pattern
IS usu?lly found onAy n rc‘zroup and group E sﬁreptoioc_u. One of us ﬂwG’)1
recently nvestigated“an unusual bile-tolerant non-haemolytic streptococcus whic
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carries group A polysaccharide hapten in its cell wall. Chromatographic analysis oi
the sugar components present in enzyme-treated cell-wall _preRaranons revealed
glucose In addition to rhamngse. Quantitative variation in_the composition of
?nroup A streptococcal cell walls i kniown, McCarty & Lancefield (1955) analysed

e cell wall of a strain of this species which had Jost grouln sgecmcny aftér repeated
mouse passage. In consequence of a decrease in the glucosamine”content of the
C polysaccharide, the ratio of rhamnosg to ?Iucosamme in_the cell wall in this
variant was 4-8-6, whereas the same ratio, in the parent strain was 1-5-2. Never-
theless, even when these minor quantitative and qualitative differences are con-
sidered 1t appears that the major components of the cell walls, of Streptococcus
pyogenes straing are a reliaole guide to the taxonomic ho_mogeneltY of this group
of organisms. The original suggestion of Cumming & Harris ( 9563 hat a study of
cell-wall composition “among mlcro-qrganlsms_mlght have taxonomic SI?nIfIC nce
Is supported by the present work. It is‘interesting that the hydrolysates of cell-wall
material, purified in different ways, always contained small amounts of many amino
acigs. This sugr%;ests that a poIYpei)tlde ésistant to the action of proteolytic énzymes
15 firmly attacfied to_the basal cell wall. SuchaponPeptlde may be rélated 10 the
streptococcal T antigen narmally found on the cell wall. Trypsin digestion of
whole streftococm IS, effective |n releasm1q T_antlgen from_sorne, though not all
strains of streptococci (Lancefield, 1954). The isolated T antigen of t%)_e strepto-
cocel I resistant_to proteolytic digestion (Lancefield & Dole;1946). Differ

Oy , 2 ences In
the retention of T antigen on the Samples of cell walls studied in the

resent work
may have occurred. [Kawa %961)_r_eported the presence of rg)rotem in Phe cell walls
of three other species of Gram-positive bacteria: this protein was resistant to diges-

tion by proteolytic enzymes and represented 6-5-9% of the dry weight of cell wall

The muramic acid used was a gift received from Dr H. R. Perkins. We thank
Miss K. Suckling and Mr H. Radema for technical assistance. One of us M.F.M.%
15 Indebted to the Netherlands Organization for the Advancement of Pure Researc
(ZW.0.) for financial support during part of these studies.
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INTRODUCTION

This paper. presents information on the water content of bacteria at external
relative humidities (RHt)) from 100% to ‘zero’ as part, ofa study of humidity-
dependent Iosses of viability. . It was done p artlg to fill a need tor a means of
convertrn% measured ‘equilibrium” moisture contént values for washeq cells to the
correspon mg RH. . Further, water fransfer curves provide an overall picture which
is usefl wherl considering factors of possible significance in cell survival studies.

METHODS
Biological methods
Bacterial cell suspensions used in sorption measurements: five ml. portions of a
24Tr. broth culture of Serratia_marcescens strain § UK were, used to inoculate
tryptose agar In Roux hottles. The cells were harvested In distilled water after

* Present address—National Institutes of Health, Bethesda, Maryland.
| Present address—Department of Electrical Engineering, University of Rochester, Rochester,

N.Y.
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24hr. growth at 31°, centrifuged and resuspended in distilled water to give a
suspension having about 101 viahle cells and 67 mg. dry residue/ml. Suspensions
used for osmotic™volume determinations: these were prepared from frozen cells
stored at —20°, which had been grown in tryptose broth at 30° and harvested after
28 hr, by continuous process centrifuging: They were resuspended in an equal
Weqht of growth medium and frozen in pellets. The pellets, when thawed, had a
viable count of about, 7 x 10n/ﬂ= _

The Escherichia coli B on which osmotic measurements were made was prepared
from stock stored at —20°. The ells had been grown in nutrient broth at pH 8T
and harvested at 18 hr. by continugus process centrifu mg. After one washing
with distilled water they were sealed into small tins and” frozen. Before freezing,
the total count was 5 102 the viable count about 3x 1012 cells/g. dry solids.
A single freezing and thawing cycle had negligible effect on viability.

Equilibration of bacterial cells with water vapour

The experiments were_done with the silica spring sorption balance (McBain, &
Bakr, 1926) shown in Fig. 1. Freeze-drying and Subsequent equilibration with
Watg_rt_vapour took place within the same Sealed chamber under precisely controlled
conditions.

Procequre: (a).Freeze-drying of cells: 1-5ml. of stock suspension was placed in
an aluminium fail hucket and"frozen in a closed vessel immersed jn solid C02and
alconol for: 30 min. The cold trap In the sorption apparatus, containing water, was
Immersed in solid C02and alcohol, The spring suspension frame, s?rmg, ang frozen
sample were placed In position SFI%. 12)a_nd the apparatus evacuated.  Drying was
continued, to” constant We|%ht 6 hr. eing sufficient as a rule. () Sorption: the
vacuum line was closed and the water reservoir warmed in stages, sufficient time
bemg allowed at each reservoir temperature for constant We_|%ht to be reached.
At the lower water-vapour pressures this took about 1| hr., increasing at higher
pressures to about 6 hr. because of “collapse” of the flufty freeze-Gried material and
also hecause of the larger absolute amaunts of water to e transferred. Constancy
of weight, once reached, was maintained for at least 40 hr. (C) Reversibility:
loss of water by the rehydrated freeze-dried samples was followed by reversmg
the sequence of changes Of reservoir temperature. (d) Test of performance: th
Wwater sorPtmn curve Qf a specimen of slid e_%g albumin (not dissolved and freeze-
dried) followed very closely the course described by Bull (1944).

Measurement of water inaccessible to solutes

Total cell volume V gF_lg. 2) was determined by measurm%] the dilution of a
solution of dextran by the intercellular water. Dexfran concentrations and leakage
from the_cells were determined refractometrically (Brice & Halwer, 1951).
Qsmotic water transfer was determined b}/ measuring that portion of a cell pad
which was jnaccessinle to sucrose or phosphate agded In sufficient guantlt toh mg
about the desired water movement. [n two exgenments_ sucrose and phosphate wer
added simultaneously, and concordant values for the iaccessible cell volume were
obtained from incependent analyses for the two substances. The experimental
procedure was as follows: cell pads of volume Ve containing g gram of dry cells

Were prepared by centrifuging washed cells (10 ml. distilled Weﬂer to 1g. wet cells)
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at 10,000 g. Each pad was resuspended in volume Vaof a solution of concentration
caof one 0f the above solutes. The hacteria were removed hy centrifuging and the
supernatant of concentration cf, containing the ongimal added solution diluted b

water in the cell pad, was decanted. In absence of Teakage of intracellular sofutes,
the ratio ¢ %cf would be simply related to the amount of water in the pellet available
to dilute the added solution.” There was always a little leakage, and contrgl runs
were done by adding Vaml. of water to another cell pad. In Separate experiments

Glass hook —]
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\

11

To: vapour trap,
— vacuum line,
vacuum gauge

Spring suspension |
frame — )
Water jacket — Water inlet
Fused silica spring ™K /~Travelling
i / microscope
| L
[
——C
Aluminum foil i
ucket
Reflecting disc __}
Reference line —
..... 2cm
Water outlet— —

Thermostat ~_
Water chamber ™~
Water or ice

with water vapour. “Bacterial sample is in aluminium foil bucket. Changes in weight of
the sample are measured by observing movement of the bucket with réspect to a thin
reference wire on the spring suspension frame, using a travelling microscope indepen-
dently mounted. Changes of 003 mg could be detected. Absolute vapour pressure of
water p above sample Is determined by temperature of water or ice in cold trap at
bottom of apparatus, while relative vapour pressure or Wated activity is determined by
the ratio of P to the saturation vapour pressure of water pOat the temperature of the
jacket surrounding the sample chamber. Direct thermal exchange beéween sample and
cold trap is minimized by hayln%constant temperature water flowing downward through
jacket, and by a reflecting disk helow sample.

it was found that the leakage of substances containing phosphate from the bacteria
was a function of the ionic Strength of the environment, Thus when phosphate was
bem? used to measure inaccessible volume, the control run was done with a KCL
solution of initial concentration cainstead of Rur_e water. |t the concentration c0of
the supernatant from the sample represents the increment in ¢f caused by leakage,
the true dilution factor is cj(cf—c0) and the volume inaccessible to the solute’in

question, V' ml./g. dry cells, is given by
V' = Ve+Va(cf-c0-cal(cf-c0). 0

Fi%. 1. Silica-spring_sorption balance used to measure equilibration of bacterial cells
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For dextran, cOvaried from 0-08 to (-5 cf as the salt concentration was increased:
for sucrose, cOvaried from 0-06 to 0-3 cf as the sucrose concentration was increased;
for Bhosg)hate cOwas 001500—0%(1_ _
Slicrose analyses were made in the differential refractometer at 5461 A, Phosphate
was (etermined bY the Fiske-SubbaRow method as modified by Boltz & Mellon
1947). In converfing the analytical data for the e%umbrlum continuous phase to
xternal osmolalities, use was made of the osmotic coefficient values of Stokes (1945)
for phosphate and Scatchard, Hamer & Wood (1938) for suicrose.

THEORY
The cell model

Representing the bacterial cell by an osmotically sensitive protoplast and cell
wall, the volume subdivisions are portrayed in Fig. 2

F|ﬁ.,2. Volume subdivisions of bacterial cell (not to scale). Upper left, fully hydrated
cell immersed in solution of osmotic pressure I1(. Upper right, cell partl dehrdrated
osmotically. Lower left, fully hydrated cell free of extracellular liqui e(im ibrated
with water vapour at partial pressure p, close to saturation. Lower right, cell partially
dehydrated b¥ equilibration with water vapour at partial pressure P equivalent osmotic-
ally’to the exiernal solution used to produce osmotic dehydration in upper right. In all
diagrams horizontal dots regre_sent cytoplasmic membrane and black areas are cell
solids of total weight 1g. Solids above membrane belong to cell wall, those below
membrane to cell interior.” The correspondm? volumes of solids and aqueous subdivisions
are shown on the_left and are self-explanafory. In upper left diagram, the wide area
above the ‘organism’ represents a suspending'medium containing dextran, D, sucrose,
S, and water, W. The ‘gateway’ to the cell wall is large enough to admit molecules of S
but D is excluded. The gateway to the osmotically sensitive Part of the organisms, the
channel to the right of the cell solids, will nat,admit S or D but is freely permeable to W.
The symbols in the middle, A( —VQand A( —VT, represent the volume changes actually

measured by osmotic water distribUtion measurement and by water sorption measure-
ments, respectively.

_ _ otation . o
The following symbols will be useoHn aadition to those in Fig. 2 .
a, constants n ‘the BET, Halseg, and logarithmic isotherms; a,., water activity
or relative vapour pressure plp0; B, constant in equation (18); c, constants in the
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BET and logarithmic isotherms; d, density of water:/, a factor used in comparing
water sor8t|0n data with osmotic volune changes, equation (16); m, molality
moles/1000 g. water. Subscript e refers to external megium, 1 to"phase within céll
osmometer; m', osmolality, v<m for electrolytes, (pm for simple non-electrolytes;
Mw molecular weight of water, nit moles of asmotically active solute in osmotically
sensitive volume Vit (Fig. 2); p, pQ_vaFour pressures of water over an aqueous
solution and over Rure water, respectively: r, mole ratio; moles of a solute Iper mole
of water (equation 6), r, a constant in Hals%y’s Isotherm and jn_ equation (18):
R, gas constant, 8-3144joule deg.-1 mole-1; RH, relative humidity, 100aw; T,
absolute temperature; v, water content of washed bacteria equilibrated with a
vapour Phase, Jq. dry cells: 6, fraction of water. adsorption Sites occupied b

water; 11, osmatic pressure; p, density of dry bacterial cell solids; <y molal osmotic
Icoteffhc_lent oftsolvent, equations (2), (7\5; v, number of ions into which a strong electro-
yte dissoclates.

Osmotic water transfer

The osmotic pressure equations_ (see Dick, 1959) for the osmotically respansive
gortlon of the cell and for the ambient solution of reference substance, fespectively,

. NIWVi) = riipiRT, Q)

ne = meqedRT\1000 = m'KT/1000. (3)

Assuming osmotjc equilibrium between the interior and exterior of the osmometer
and the absence of any hydrostatic pressure difference,

me = m\, (4

log {t - vt) = log (pint- log me+ 3, ()

|deal behaviour would be represented by a straight ling of unit slope, while lines

of an;r other slgpe or of varying slope would indicate variation of " with external

0Smo ahtY, failure to achieve™osmotic equilibrium, or intrusion of a hydrostatic

pressure term. o _ _
A sorption isotherm equivalent to equation (5)

A sorption isotherm js usually a plot of water content w agalnst water activity
aw In order to describe the whole course of cell water exChange a convenierit
parameter is the osmolality m' since this can be given a formal vallie for any water
%%%I}/)Ity by way of Bjerrim’s definition of the osmotic coefficient (Guggenheim,

It follows that Inam= —qH. (©

In aw — —10~3cpmMw = —0-01806 m' and me = —127-83logaw  (7)

The description of sorption data by an equation equivalent to (5) would be the same
as using an isotherm of the form

log (V-v) = A -log (- log au, (8)
A = log <pl+0-8934 9
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A modified equation (5)for sorption data
The so-called logarithmic adsorption isotherm (De Boer, 1956)
Inaw = Q\cRT (10)

has been widely used for chemisorption, while for physical adsorption Halsey's
(1948) equation”can be written

Inaw= -ajRT0*. (11)
Using the subscript 1to mean completion of a monolayer of water (6 = 1), we can
p.“t. —a/RT = In(awx and 6= (V—v)j(V—u)x (12)
ving Inaw=r*In (aw (13)
or, from (7) ' = 04t (el (1)
and log(F—) = — logm'+r log (m"+log (F-i". (15)

The corresponding equation for osmatic volume change is (5), which can be applied
to the water volume of the whole cell by assuming

hat Vv =f(Vi-vi) (16)
08 og fv-v) = -log m'+log 4 nt-+log 1000f, ()
where fi is a function of me. Comparing (15) and (17),

log(F—v) = — log e+ log B, (18)
B = (m'eYfV-f, (29
fiui = Bme(t) 1000/, (20)

Equation (18) is applicable wherever a straight line is obtained by plotting
Iog_EF—d) against log (me). With unit slope gr = 1), ideal solution benaviour i
Indicated, otherwise,” " varies accordln? t equatlon_(zog. In the ‘osmotic’
region this can be attributed to increase of osmotic coefficient with increasing e
IfT <1, rather than to ac_han%e ofn{ Ifthe line is curved, equation (18) does not
hold, because (2) the functional dependence of  upon m’ dogs not folow equation
20), or &6) % Varies with nfe because of leakage, precipitation, or dissolution, or
dci)sc%srs]gd rlg%?tlc term is omitted. The behaviour of 1 in the sorption region i

Application of equation (18) to inaccessible volume data

The “osmotic " cell volume = is measured by a dilution technique. 1t comprises
water within the osmometer and the entire dry volume of the cell, and reference
to qu_. 2 will show that grg,—vf I not directly tomparable fo (F—. To reconcile
osmatic and sorption data, the assumption 1S made (equation 16) that the water
fraction and osmotic coefficient are the same for the osmotically responsive part
of the cell as for the whole cell. The factor/ can be obtained from dextran and
sucrose impermeable volumes for standard conditions (subscript s); by Inspection

of Fig. 2, I= (Fsp-1)/(F>-1). (21)
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RESULTS
Sorption experiments

A sorption cycle taken at 20° is illustrated in Fig. 3; the characteristic hysteresis
will be noted. Any progressivechange in the specimen duringthe IengthyexRerlment
was ruled out by checKing a few individual 9%omts with freshcell samples, The points
at the highest RH values IgOaround,O— ) are of course of Jittle Significance, for
maintenance of an RH of %9% at 20° in these experiments depended upon main-
taining a_steady temperature difference hetween the main chamber and reservoir
of only 0T5°. The results of exPenments at 36° resemble those at 20° in accurac;i
and Peneral appearance, The data refer to essentially non-viable cells; the fractiond

viable. recovery after freeze-drying was about 10-1, that at the end of a 14-da
experiment ot EOI(E g y
I T 1 T p
0.6_
04 |- ]
02} a
l 1 ] ]
0 04 08
pIP,

FiPa' 3. Water sorption and desorption curves of Serrgtiéx marcescens at 20°, AsCissa,
re t|v§a ueous, v ourRressure or water actm%. r!(nate, r? s sorbed water per
%rsasm ry Weight of organisms. Open circles, water uptake; small heavy circles, water

The data conform over the usual range (RI110 to 45%) to the BET equation
(Brunauer, Emmett & Teller, 1938)
ajw (I-aw = (1 +caw—awjac. (22)
Values of the constants a and c are given in Table 1

QOsmotic shrinkage of cells in sucrose and phosphate solutions

The diution measurements. gave values of the cell volume inaccessible to the
added solute, V ml./ .dr[y solids. The cell water of Serratia marcescens and Escheri-
chia coli B naccessible fo the solute was taken to be V —0-763, assuming the
density of the dry residue to be 131. This was converted by equation (16] into
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Table 1. BET constants* for bacteria and proteins
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total cell water, (V—v), per g. dry residue, using for Vsthe volume inaccessible to
dextran_gors. marcescenti, 3-38 and for E. coli 2-65 ml./g.) and for V' the volume
Inaccessible to sucrose (for S. marcescenti, 2-49, for E. qoli -00m|./q.). Application
of equation (21), with p equal to 1-31, gives/ = 152 for hoth cell Types.

Combined osmotic and sorption data

.The data for Serratia marcescens are given in Fig. 4. There appear fo be three
distinct regions of approximate conformity to equation (18), for which the ap-
propriate values of the ‘constants’ r and. B are assembled in Table 2. The osmotic
shrinkage data for Escherichia coli are similarly plotted in Fig. 5 while the corre-
sponding numerical data are included in Table2

Table 2. “Constants’ and limits of linear water exchange curves of bacteria
T L Bl et Ll i
0f exIernal Qsm EtleS Iri 0 angt € COrre %ﬂ ;n% ranagnes, wa(ljer volume are

Z%LF IV the ‘constant ﬁ u?e In calculau“g

ﬁpown in coqum 1& C ur?n ;t e Values 0
the.osmotic C(ﬁw | ntf%zo c0 n?)andt e apparent number of moles of osmotiea
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5, 0SMOtIC shrinkage % -
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Escherichia, colli1
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I
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N NN PP PR
Sudn
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>SS
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Sl

E. coli* BE )
', osmotic shrinkage 1-1—_%—55 30:0:3 2 . —

% B
SRS, 0722 3000 M0 24 M M0

* Calculated from data of Mitchell & Moyle (1956). See text.

DISCUSSION

Continuity ofgsmotic and sorption data. Figure 4 represents both osmatic shrinkage
and water sqrption of washed Serratja marcescens. Since there is no discontinuity,
our assumption that the water relatipnships of the osmotieally responsive portion
ar«i not greatly different from flhose of the Organism zisawhole 15 H}robabl a [eason-
anle one. The'compatibility of the two sets of data also su?gests at at the highest
humidities equilibrium wés attained, despite the difficulty of maintaining nearly
saturated ratmosphere? §Aspp0#e 199), o

Zones of water transfey. The following zones can be reco?_mzed n F|q. 4 (1) water
monolayer formation: ‘2) transition to multilayer adsorption: (3) multilayer water
uptake; (4) transition 10 osmotic swelling; (5} osmotic swelling; (6) transition to
constant cell volume; (7) limiting cell voltme.
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Zone %l)' Formation of a monolayer. This is a steep linear region. terminating
when about 0-063 g. water has been taken up per g. dry cells. Similar initial phases
have been noted in other processes, for examplé, in"the adsorption of water on
anatase (Halsey 1948I). The inflexion presumably slgnals completion of a monolayer
of water, since the valuie 0-063 agrees gune well with the BET constant a (Table’1).
Similar values of a have been obtained by Imelik (‘1951)_ for other micro-Qrganisms
(Table 1). They are fairly t_yP_lcaI 0f an average f[\)ro ein; indeed our Serratia narces-
cens curves are scarcely distinguishable from that of egg albumin. 1t is therefore
likely that all the cell Solids are acgessible to water vapour and that the sorption
curves at low RH values are essentially those of the bacterial protein and nucleic
acid which together comprise perhaps 90% of the dry cell mass, It there are sig-
nificant contributions from proteins of more extreme types, such as collagen ang
silk, these must average out._The sorbed monolayer is not readily removed (Fig. 3)
as seen in the different BET constants ¢ for sorption and desorRtlon, (Table 1),
thfe Iattter"havmg values comparable to those of Imelik (1951) for the initial drying
of wet cells.

. Zones (2) and (3), Multilayer adsorption, After a short curved transition, there
is a straight lne of reduced slope (r ~ 0-6) which extends to awabout 0-92. This
covers the range of the cases illustrated by Halsey (1948) and interpreted bly him
In terms of co-operative (multimolecular) adsorption upon a_non-uniform surface.
_Zone (4). Transition from co-o%eratlve adsorption to osmotic swellln%. With con-
tinued application of equation (18) 0 would apﬁroach oc, With gross Condensation
of water. Instead, .the slope r decreases, pernaps because ofan intermolecular
structure which limits the expansion of the cell solids. This would be equivalent to
a decrease In the effective area of adsorbent. _ _

This region of the sorption curve overlaps the curve of qsmotic dehydration,
Evidently, at RH values high enough to distend the hydrophilic cell structures to
their maximum extent, sonte or all of the small molecular ‘solutes have dissolved,
and the further course of events with increasing RH s best considered in terms of
the osmotic coefficient & As the RH increases from 80 to 99, the slope continues to
decrease somewhat, with an average r of ahout 0-21. Thus the variation of
with external osmolality follows eg_uatlon (20) roughly, increasing. apout 12-fold
as me Increases from (5 to 12-5. Since some ‘sojutes may be preCipitated at the
lowest RH values within this region, the osmotic coeffiCient must increase by a
larger factor than 12 and the incréase must be due mainly to interactions involving
the polymeric components and the non-solvent water (hydration).

Zones (5) to (7). Limited .osmotic swelling. |eading "to constant cell . volume.
When nie~ (-6 there 1s a fairly abrupt tranSition to"a third linear region with
[~ 082 This s the ,re?_ion of osmotic SW6||I,H%; The behaviour deviates appreciably
from the Boyle-Van't Hoff equation (Lucke & McCutcheon, 1932), with'r differing
from unity. _If the osmotic coefficient Is unity at the ‘dilute’ énd of this linear

gg,letgen it rises to 1-23 when the exterrial osmolality IS increased to 0-46

If equation (18) were followed. at external osmolalities below 0-1, the ling in
Fig. 4 Would be extended until lysis occurred, perhaps with a shift in slope towards
Idgal hehaviour {{i = 13._ Serratia marcescens and many other bacteria, however,
are not lysed even by distilled water. Fig. 4 shows that there Is a rather sharp
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transition from osmotic swelling to the maintenance of large internal hydrostatic
pressures at constant volume. _

The existence of the zone of canstant cell volume was. deduced by Mitchell &
Moyle (1956) from values of the volume of Escherichia coli inaccessible to inorganic
Phosphate in presence of different concentrations of NaCl, The transition appéared
0 commence when m" was about (-4, but this conclusion rested upon a single
exPenmentaI point; a recalculation shows that equation (18) is followed througholit,
with r ~ (- FI%. 6). Our own measurements on E. coli {Fig. 5), agree with the
recalculated Mitchell & Moyle results and show also that the' external osmolality
muyst be reduced to about 0T8 before the slog%e of the line begins to fall off. The
cell volume is constant when meis less than OT.

a
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3[ for the fact that the cell wall contribytesto the qr

%reain? i tgﬁ{r Olgs 4. and correcte

not participate in the_gsmotic movement of water. The correctio
actor/ (equation 1%& velas ta\?en to rlJe 1-5?, determined as gescnbeg In this paper.

-i. 7._Water volume of one gram dry Staphylococcus aureus at different relative humidi-
Fig. 7. Wat f dry Staphyl t different relative humid
ties. Data of Mitchell & Mayle (1956), given In their Fig. 1 as a plot of weight of cell

le agajnst reciprocal of the molality”qf the sucrose solufion uséd to coptrol the RH.
alues read trom tfis. curve were corrected for dry weight of cell sample, taken as 47 mg,
and for osmotic coefficient of water in sucrose solutions (Scatchard et al. 1938).

leltlng cell volyme in vai)our phase equilibration. In vapour phase equilibration
of osmotically resistan cells, the increase of internal hydrostatic_pressure must
always be such as to bring the vapour pressure of the cell into equilibrium with the
atmosphere; the water content must remain nearly constant until the atmosPhe_re
becomes fully saturated. At this point the cell is'in equilibrium with both liquid
water and water vapour and the equilibrium water content of the sYs_tem IS In-
determinate. [n the presence of a trace of external solute, however, It Is infinite
and uptake of water in a saturated or slightly undersaturated atmosphere will
proceed indefinitely. The predicted levelling-off of water content in vapour phase
equilibration has been found for Staphylococcus aureus bg Mitchell & Moyle g 950),
startmg when meis about (-6 £F|g. 7). ‘At lower RH valués there is, as with Serratia
marcescens, an ideal region succeeded by one of increasing, oSmotic coefficient,
Solute content of bacteria. The valueS of n, (Table 2)indicate the amounts of
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osmofically active solutes per g, dry cells, while the values of m, at the [imitin
maxmum% cell volume give the'internal osmolality. 1t is of interest that Mitchell

oyle’s. Escherichia coli, grown In a salt-glycose medium, contained four times as
much dissolved substance as ours, grown In nutrient broth of low salt content.
Staphylococcus aureus contains much mare dissolved material than E. coll or Serratia
marcescens—1-49 m-mole[%., and a limiting internal osmolality of 1-0. 1t is Surprisin
that 1tr(1)et a%n(e)t)rent osmotiC coefficient remains constant over a three-fold range o
m 0 30).

Relative humidity and the stability of air-porne bacteria. At several points the infer-
pretation of the water uptake curve of Serratia marcescens is speculative and at
others mcom?le_te. Nevertheless, there is relevance to the problem of stability of
air-norne bacteria; (1) The existence of inflexions in the curve invites more detailed
Interpretation and comparison with stability data él\/lonk_McCaﬁrey&Daws, 1957).
(2) The hysteresis-like retention of water during desorption sliggests that hacteril
stability may depend upon the histary of the particle, especially upon the direction
of watér transter. A more detailed Study might reveal slow irreversible changes
Inthe dehydrated organisms or the existence ofpotential energy barriers, .. super-
saturatjon; failure to dissolve, formation of crogs-linked structures which' do not
expand rever5|bIY_|on wetting, capillary effects of the tYpe discussed by Hill (1952).
R.'M. Izatt &T. Hatch (to bie published) have shown clearly the effects of relatively

[0ss amounts of hygroscopic additives In modl,fymg the water uptake curves.

) Clearly the curve ofFig. 4 does not represent a seriés oftrue E(iuﬂlbrla, formetabolic
processes continue (MonK'etal. 1957) and V|ab|I|t¥ isgradually lost. Despite the enor-
mous retardation qf these processes, however, theré must be zones of water content
within which the diffusion rates of intracellular molecules or polymeric submolecules
become sharply dependent upon RH: one such regwn presumably would be within
the overlapping zones of non-ideal solution and of fallm? co-operative multilayer
adsorption.” Here one might well seek special biological effects, arising perhaps
from ‘random translocations of specific molecules present in statistically. small
numbers. (4) Comprenensive data such as those in Fig. 4 are required”in any
theoretical ‘stydy of air-borme or%amsms since rates of ‘equilibration’ with an
atmosphere will “depend partly UP' n the amounts of water to be transferred for a
glven chan%e %fR . The différential amounts, dVIdam vary by more than 2 orders

f magnitutle between RH 0 and 100%.
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INTRODUCTION

Microbiological investigations in the Indian, Atlantic and Pacific Qceans, in the
Central Arctic, Norwegian and Greenland Seas.and In the. seas of the Antarctic,
made It possible to accumulate data on the quantitative distribution (Kriss, Abyzav
Lebedetva Mlsthustma (I% I\gltskewtch 1960) and species composition of the mlcroblal

opulation in the Wor
P Phe u?traflltratton method (Kriss, 1959) was used to obtain cultures of micro-
organlsms |nhab|t|ng the seas and oceans examined. The Prlmar treatment of the
water and mud samples was done in the microbiological laborafory on board ship
|mmed|ateI%/ after collection. Water samples weré filtered through membyane
filters whic subsequentywerepaced on nutrlenta ar (tryptlch drol sate of fish
flour, 50 ocegr]water 10000 % Mud sus enfslonsweremoc ate o tqlsa ar
In appropriate dilutions. The colonies were fransferred to agar slopes o t e same
composition; often representatives 0fd|35|m||ar colonles Were taken The test tubes
were kept in the ship’s laboratory until VISI egrowt appeared; after th |s they
were stored In a refrigerator (+2° to +42 ex edltl n came to an.end.

Thus a collection of over 4000 strains of heterotrop IC_MICro-organisms was
obtained. This collection reflected the composition of the microbial population in
various places of the World Oceans, 1.e. from the North Pole to the Antarctic coast
and at different depths, from the surface down to the bottom. The \évhlslle %ollectton

5 icrob. Xxix
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with the exception of strains which did not survive, was mvesﬂgated from the
standpoint of the capacity of strains to metabolize proteins_and carbohydrates and
to use bound oxygen an morqamc,mtro en compounds, This was of significance
not only for the species characteristics of'the microbial forms, found in the World
Ocean, and which_can grow in laboratory conditions on artificial nutrient media of
ort{;,an_lc or morgan_lc composition, hut also for obtammq some idea of the biochemical
activity ofthese micronial species in decomposing readily assimilable forms of organic
matter in seas and oceans. VETHODS

Proteolytic activity was sudied on meat-peptone ?elatme, meat-peptone broh,
and milk.” During 15'days after inoculation, gelatine fiquefaction, milk coagzulatlon
and |peptomzatlon,_and ammonia and h;f_drogen sulphide formation in broth were
recorded. Ammonia was detected by alitmus paper strip and, hydrogen. sulphide
by the blackening of a lead acetate paper. The two paper strips wefe fixed to a
cottgn-wool stopper of a test tube, . o

The redaening of peptone water + azolitmin (pegtone, 1%; azolitmin, 0-02%)
containing the following carbohydrates (1%): %Iu 0se, sucrose, maltose, lactose,
mannitol, was taken to mdicate férmentation.. Uncoloured zones around the streak
on potato a?ar, after treatment with Lugol’s iodine solution, Bomte tot eab|I|t%/
of a strain {0 decomgose starch. Czapek’s medium (. ;KZHP04 0-5; MgSQ4 0-5;
NaCl, 0-5: KN03 1-0: CaC03 2: sucrose, 20-0: agar, 20-0: FeS04 trace” dstilled
water, 1000-0ml) was used to establish whetfier' mineral sources of nitrogen
were utilized and whether nitrates were reduced to nitrites. _

When ?rowth was not observed, sea salt was added to meat-peptone gelatine,
milk, peptone water with carbohydrates, potato aqan or Czapek’s medium with an
Inorganic source of nitrogen, the content of sea salt in a medium then being 2 %.

RESULTS

Over 500 strains (17% of the_collection brought about clear hydrolysis of
Proteln (gelating, milk proteins; Table 1). Much decomposition of protein with
he_formation of hydrogen sulphide was observed in 4% of cultures. Accordlng
to ZoBell & Upham(1944) from 60 strains isolated from the Pacific Ocean water an
mud off the Californian coast, 30, hydrolysed casein and 47 liquefied.gelatine. The
reater ercenta?e of proteolytic “straips in ZoBell & Upham’s ifvestigations
ignt be due to their organisnis having been isolated from the coastal zoné of the
PaCific Ocean. The silm,e feasons mag hav? bFen responsigle for the ﬁred_omm nce of
strains liquefying gelatine (451 of thé total of 733 cultures) In the collection of micro-
organisms jsolated from the Black Sea (Kriss, Markjangvich & Ruking, 1954). The
Black Sea is an Intracontinental basin with a consicerable continental effluent.
Table 1 shows the activity. of bacterial cultures obtained in ocean areas, with
regard to carbohydrate dissimilation with the formation_ of acid. The highest
Percentage of strains (26-4 %) fermented glucose aC|d|fy|n% the medium.” The
ormation of acid n the media with sucroseor maltose was observed in about the
same proportion of cultyres (18-19%). Then followed mannitol (15%) and lactose
10%), These data indicate only the capacity of the cultures from' the qceanic
collection to ferment some carbofydrates and mannitol with the formation of acids.
The overwhelming majority of strdins (> 80 %) grew in media with glucose, sucrose,
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maltose, lactose, or mannitol. Similar results were obtained in the medium with
starch as carbon source, However, the percentage of strains hydrolysing starch was
comparatively great (63-3%). o _

Z0Bell & Upham 81 442_reported that 75 % of strains in their collection fermented
glucose_wnh acld formation. Among the Black Sea cultures. the percentage de-

omposm% glucose, maltose, sucrose, lactose or mannitol %gvmg acid was also
considera lY greater than among strains in the oceanic collection.

Of 3158 strdins of micro-organisms found in various ocean areas 2873 grew on the
medium with a mineral source of nitrogen (Table 1). However, only 40% of the
strains, reduced nltrat%. The percentage of Blac Se%s\ram? which réduced nitrate
to nitrite was about the same: about"30 % of the whole collection. _

Differences in the numbers of microbial forms from the Atlantic, Indian and
Pacific Qceans, which hydrolysed protein and dissimilated carbohydrate are note-
worthy. The percentage of straing which hydrolysed gelatine or caséin, decomposed
protein fo qlve hgdrogen_sulphlde,_and fermented” glucose, sucrose, maltose or
mannitol with acid formation, was highest in the Atlantic Ocean and lowest in the
Pacific Ocean. In this respect the Indian Qcean samples were intermediate. Table 1
shows the range of these quantitative differences. In the Pacific Ocean the per-
centage of strains which I!%uefled gelatine, formed h drogen sulphide from meat-
pei)ton_e broth, and peptonized milK coagulation was 4 to 5 times lower than In the
Atlantic Ocean. The percentatqe of stralns,formln% acid from carbohydrates and
rnannlto \Was 2 or 3times to 5 times higher in the Atlantic Ocean as compared with
the Pacific Ocean. _

. Since nearly all the water samples were collected far from land, at various, depths
in open areas of the Atlantic, Indian, and Pacific Oceans, it is su?gested that the
differences reflect not the microbiolggical specificity of these parts of the World
Ocean but are nfluenced b?{ %e,ographlc factors, , _

. The map (Fig. 1) shows that in'the Atlantic Ocean the studies were made mainly
in high latitudés including areas adjacent to the Arctic Ocean, while in the Pacific
QOcedn the stations, were onlg/ in the subtropical, tropical, and equatorial areas.
Microbiological sections crosséd all ge(%graphl zones from the north tropical region
to the Antarctic region in the Indian Qcean. o N

A mare detailed Study clearly showed geographical reqularities in the distribution
of biochemically active and inactive spécied of heterotrophs in the World Ocean.
In the Indian QOcean, the greatest percenta%e of proteolytic cultures was found In
the high latitude areas (Table 2). The Percen_ age of cultures which liquefied gelatine
and peptonized and decomposed protein with” hydrogen sulphide formation was a
few times h:%her in the Antarctic and sub-Antrctic areas than in the equatorial
zone. The same correlatjon was observed in the perce,ntage of strains which fermented
carb_oh_Ydrates among the cultures from the Antarctic séas and from tropical zones.

Simifar results were obtained with samples from the Atlantic Ocean: there was a
greater percentage of strains which hydrolysed protein and fermented carboh)fdrates
in the sub-ArctiC and arctic area samples than in the tropical samples (Tatle 3)

The hiochemical activity of the great majority of cultures in the Pacific Ocean
collection was not high. Investigations in the Pacific Ocean proved that the proteo-
Iytic and fermentative activities of the microbial Populatlon were comparatively
Vieak Inthe low latitude areas of the World Ocean. It 1snoteworthy that the scarcity

15-2
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of biochemjcally active microbial species separates the northern subtropical zone
In the section Ion%v172° E. (Table 41) from the northern subtropical zone In the
section alonq 174°W. (Table 5) and trom the southern subtropical zones in both
sections. In The northern subtropical zone, the microbjological stations were worked
Inthe area of the B_owerful Kuroshig currentwhich is a brarich of the north-equatorial
current, poor in biochemically active heterotrophs. .

Most of the microbial cultures from the equatorial-tropic zone hydrolysed starch.
The percentage of cultures which hydrolysed starch was lower in the high latitudes
of the Indjan"and Atlantic chans. . L

The difterences In the number of denltr|f¥_|n_ MiCro-organisms in various geo-

raphic_ zones of the World Ocean were negligible. The data obtained contradict
randt’s hypothesis (Brand, 19042 which suggests the activities of m!cro-or(%anlsms
which reduce nitrate and nitrite ds the reason for scarce plant life in the Tropical
areas. The percentage of denitrifiers found In the equatorial-tropical area was not
greater than In the Subarctic and subantarctic areas where the water is most rich

in phytoplankto o . ,
F Z cé)nm eraBIe percentage of strains which utilize inorganic njtrogen and which
are about equal in all the 9ageo/qraghlc zones of the World Qcean s noteworthy. Of
the cultures examined 86-99 % developed well on media with an inorganic nitrogen
Source.
Since microbiolagical sections crossed the  equatorial-tropical area four times
twice_In the Pacific Ocean, once in the Indian Ocean, and once in the Atlantic
cean), the northern subtropical zone three times (twice In the Pacific Ocean and
once in the Atlantic Oceang and the southern subtropical zone three times (twice in
the Pacific Ocean.and once In the Indian Ocean), it was of interest to compare the
biochemical activity of heterotrophs in various geographic zones of the whole World
Qcean. Table 6 shows that the eC\uator,laI-troPmaI zone of the World Qcean is
d|st|n%mshedb very few microbial species which decompose protein and ferment
carno ydrate. n the Arctic, sub-Arctic, Antarctic, ang sub-Antarctic areas the
percentage of strains which decompose protein 1 4 to 60 times greater, and the
Bercenta_ e of strains which ferment mannitol, glycose, sucrose, maltose or lactose
fo 11 times greater than in the equatorial zone. These data show that the processes
of organic matter decomposition and the liberation of b|ogen|c elements are more
vigorous In high latituaes, _Although the numper of heterotrophs there Is not as great
as near the equiator, and their biochemical act|V|t¥ Is influenced by low temperatilres
the presence of comparatlvely great numbers of microbial forms wjth many-sided
enzymic a%t]VInf de %[mmes, however, more profound traplsformatlon of rganic
matter in high Tatituaes than In tropical areas. Hence, the increased content of
biggenic substances needed for the development of marine plant life in the Arctic,
sup-Arctic, and sub-Antarctic areas of the World Ocean. In fact, considerable
phytoplankton biomasses, which are many times Ere_ater than those. In the tropical
aréas, are observed In these ge_ographlc zones. Evidently, a relative abungdance
of microbial forms in high [atitdde waters, _Rroducmg versatile reactigns. in the
decomposition of organic matter, results ' jncreased concentrations of hiogenic
substances not only”In the waters of these latitudes. These products of organic
matter decompositjon and transformation fill the depths of other areas of the World
Ocean by virtue of the deep currents which penetrate to the lower latitudes.
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So far, the reasons for the scarcity of biochemically active microbial forms in
tropical waters and their increased concentration In high latitude waters have not
been elycidated. Possibly, a relatively high.concentration of allochthonous organic
matter in the tropical waters, which’is easily assimilable by micro-organisms and
which is the reason for a considerable density of heterotrophs In the”equatorial-
tropic zone of the World Ocean, does not necessarily bring about enzymic reactions
that would quarantee a full utilization of the organic matter. The scarcity of food
resources In‘the hign latitude waters may.result‘in the adaptation of hetérotrophs
which allows a morg economic use of organic substances at the expense of their more
profound decomR03| |?n and transformation. _ _

There was a notable .connexion between the survival of marine heterotrophs
under Iaborator¥ conditions and the geographic position from which the cultures
were obtained. Table 7 shows data on the survival of heterotrophs obtained from
various qeogra hic zones of the Atlantic, Pacific and Indian Qceans. Taklnq into
account that the time of cultivation in the laboratory was not. the same for strains
from the various areas of the World Ocean, only data from the flrst¥ear scultivation
were taken for comparison, The percentage” of death among strains from high
|atitudes was a few times higher than amofig cultures obtained in the equatorial-
tropical zone, In the AtlantiC Ocean collection the percentage of dead cultures from
the sub-Arctic and Arctic areas (Norweglan and Greenland Seas) was 6 t0 15 times
greater than among cultures obtained in low latitudes, About the same correlation
was ohserved In comparing the percentatrle of deaths of strains from the equatorial-
tropical zone_of the Indian Ocean and from the Antarctic, seas. The percentage of
cultures obtained In the equatorial zone that did not survive was about half those
from subtropical areas of the Pacific Ocean. ,

Taking into_consideration that the collection of heterotrophs from varjous areas
of the World Ocean was made up, to a great extent, of micro-organisms inhabiting
depths with about the same temperature in all ?eographlc ZQnes, 11 hardly ?ossml_e
f0 suppose that a greater survival of strains Trom low latitudes was dug to their
better ada?,tatlon fo the temperature conditions of the [aoratory. It seems that
a compara |ve|fy hlgp Percentage of the deaths of the strains from hlqh latitudes
was due to the fact that in the cultures of these heterotrophs, because of hewmankl-
siced enzymic activities, there accumulated metabolic products more harmful to
microbes than those present in the less biochemically ‘active cultures of hetero-
trophs from the equatorial-tropical zone.
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INTRODUCTION

The suryival of hacteria stored in aqueous suspension and subject to no overt
stress has been studied by many warkers, mostly at the beginning of this century.
Shearer (1917) reported ‘thaf hgswl_o ical saline was more foxic than distilléd
water or 1-5% NaCl to meningococcr; Ca or K antagonized this_toxicity. Cohen
(1922).cited earlier studies and Showed that ‘Bacterium coli’ and ‘Bacterium typho-
sum "in distilled water_or dilute buffer died most rapldlxlat elevated temperatures
and_h|8h PH valyes. The two species had djfferent pH optima for survival; in
distille water their death was erratic and ‘coincided with apparently insignificant
pH variations’, Winslow & Falk (1923a) observed that “B. coli’ strvived longer
In physiological saline than in. distilled water and that the PH_optlma for survival
were differént In the two media; Winslow & Falk (19236) studied the effect of cal-
cium and sodium ions on the viability of such populations. Winslow & Donoff
%92&2 and Winslow & Haywood (1931) were concerned with survival in nutrient

edia in which certain cations prevented growth. Morrison, EI Bagoury & Fletcher
(1956) observed that certain concentrations of chloramphenicol dela¥ed the death
of Escherichia coli stored in broth.  Cook & Wills (1958) showed that washed buf-
fered populations of E. coli maintained high viabilities at room_tem?_erature, com-
Pared with unwashed or unbuffered agueous suspension; survival times were in-
|uenced ,b)( the growth. conditions of their populations. Ryan (1959) recorded
exponentigl death of histidineless E. coli in spent medium, though during this period
the organisms had an appreciable mutation rate. Harrison [1960) reported that
below a certain limit dense populations of Aerobacter aerogenestaken from Jogarithmic
phase cultures survived longer than sparse populations in a non-nutrieft buffer;
centrifuged suspensions in which organisms had died contained materjals that
prolonged the lives of fresh populations. Strange, Dark & Ness (1961) published a
study of the survival of stationary phase populations of the same strain of A. aero-
0enes in non-nutrient buffer, The}/ showed that the composition of the growth
Mmedium, the phase of growth and the period during which the organisms had been
In the stationary phasé influenced the survival characteristics of their populations.
Death of the p _?ulatlons was preceded and accompanied by degradation of poly-
meric cell constituents (protein,_ribonucleic acid, polysacchdride) and excretion of
fragments of these polymers. The mean contents, of these polymers within the
organisms were influenced by the composition of the mediunt from which the
Populatlons were harvested; so,were the rates at which dymlg populations degraded
hese polymers, the orger inwhich theay -vverede(I;raded,andt e death rafes. Strange
(1961 reported that these reactions decreased the ability of the organisms to form
adaptive enzymes without affecting their viability or ATP content. Ryan (1959)
snowed that glucose accelerated the death of his histidineless mutants; Strange
et al. (1961) observed that addition of glucose to moribund populations acceleratéd
fgﬁ”é eath_ral]e. Harrison (1960) in contrast, reported that traces of glucose pro-

survival,

udies on survival at ordinary temperatures in nop-nutrient aquegus solutions
are complicated by three factors, " (1) Buffers prepared from h|%hly purified reagents
contain Impuritie$ which permit limited growth of bacteria. Gavie (1955E)shovv,ed
that this phenomenon could account for dpparent ‘re-activation’ of killed bacteria;
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Strange et al. (1961) encountered a similar effect during their studies. (2) As soon
as a portion of the population dies,_nutrients may be released Into the medium
enabling.the survivors to multiply. This phenomenon is well known in the ageln%
ofbacterial cultures (e.g. see Topléy <&Wilson’s Principles 1955}5and was apparent |

the work of Winslow & Falk (1923a, see Table 1). Ryan (1955) termed it ‘cryptic
growth” and concluded that jt did ot occur to ary significant extent in non-
multiplying populations of histidineless Escherichia coli“(Ryan, 1959). Strange
etal. E)l 61? called 1t ‘regrowth’and showed that it could be prevented by dlal)fsm
the suspension or renewing the suspending, fluid after filtration, Harrison 960%
Invoked the Phenomenon ermed “cannibalism’) to account for the_increased sur-
vival time of dense bacterial suspensions as_compared with more dilute ones, but
he Included within the term maintenance of viability %Wlth(_)ut qrowth) at the ex-
pense of materials, released bg degd o_r%anlsms._ (3) The third Tactor was briefl

alluded to by Harrison (19602 out dismissed by him: laboratory glassware, reagents
and distilled water may contain materials acfively toxic to hdcteria, :

The aim of the work reported here has been t0 study the influence of environ-
mental and historical factors on the survival of bactera In starvation conditions,
taking into account these complications as far as_practicable. Misleading results
due t0 c&y jtic growth were avojded by: (a) choosing conditions which provided a

Ing . population caﬁable of’ su Bortmg onIY limited cryR/ltlc growth;
Stif concentrating on the death of the first 90 % of that population.” Multiplication
the stored populations at the expense of nutrient Impurities. in the sto_raﬁe
media was rendered unimportant by: @ choosing a simple medium gessentla
hysiological . saline with "a minimal . concentration of a non-nutrient buffegﬁ
b using initial cell populations sufficiently dense that such residual growth as did
oceyr would contribute negligibly to the” apparent viability of the” population.
Toxicity due to Impurities Was avoided by: aFdemonstratln that one such toxic
agent was metallic in nature and that IfS action could be elmlnated_b?]/ addlng
traces of a chelating agent; ib) choosm[q to work with as dense poPulatlo s as th
earlier considerations permitted so that'the proportionate effect of traces of toxic
material should be as smalf as gosslble.

Variations In survival characteristics due to the phase of growth and cultural
conditions were reduced to a minimum by studying' steadily growing populations
from a continuous culture_apparatus in, which t e?rowth rate was limifed by the
suppl¥ of energ¥ source. These populations resembled those harvested just at the
end of the logafithmic phase of growth of a batch culture. The culture wag permitted
to grow for many generations at a constant growth rate; variations consequent on
transfer from hatch culture to continuous culture might thus be exE_ected_ to have
taken place before the work recorded here was done; the mean physiological state
of the populations studied should thus have been reasonably constant. “Evidence
that changes of this character did take place s presented later.

METHODS

Organism. Aerobacter aerogenes (NCTC 418) from Professor Sir Cyril Hinshel-
wood’s |aboratory was maintained in_a continyous culture a garatus designed by
Dr D. Herbert 0f this laboratory. This strain of A. aerog nes was incorrectly
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designated No. 417b Postgate, Crumpton!ft ntergl9gF}owrn tg a confusjon of
[aboratory records, I was tsed by Strange efal_ (1961 0st e&Huntertl%la
and is probably that used by Harrrson 1960, 961 The culture vessel containe
100 ml. culture and an air space of roughly equal volume. A defined medium of the

followin com srtron Was ume in at an appropriate rate a
NaH204.2H2)
(5msi), i 45m 504 510 mil), I]n_ erol (2 trace element
mrxture 0 |veM 125mvr) CaCO Olma eCI3 ( 1m| 0 (51 xn(a:)
MnCI2 (25 /xm Cull CoCl (5 1

3(_|_/xm Na 00’\f /xm
g29rmr sodrum ethy enedramrnetetra acetate 9 him); NaQ Sabou
him) 10 pH (-8 when prepared; the Hvaluefel t074afterautoc aving in batches
of lOlfr30 min, at 121°. The tem erature during growth was marntarned at
40° byathermostatrcally controlled 150 watt infra-re a E the usual dilution rate
Jnroportrono culture volume replaced hr.) used was 0 L/hrL inthese con-
tions the culture was at pH 7-0+ (-1 and the bacterraI 2populatron ‘equivalent to
about L mg. dry wt./ml . bactenaI numbers were 2 09 organisms/ml. as
determined by the method of Norris & Powel| (1961{) A%ratron was provided b
flowing arrat 10 L hr. over a vortex produced by stir ? e culture magnetically:
other Work here had shown thﬁt In these conditions aeratlon was adequate and that
tebactena Populatron of the culture depended on the glycerol concentration
of ternf uent medium. Al data reRorted here refer to the strain between 4 and
24 months In confinuous culture, In these condifigns. Brief interruptions occurred
during the period owrn? to_ holidays or trivial failures of the culture device; a
reserve of orqanisms frozen in 10% (viv) %cherol and stored at —20° (Postoate &
Hunter 1961), renewed monthly so that the viability. did not fall below 90 %, was

ept to reinoglate the contin érous culture in case of interruption. After such epi-

es cuItrvatron Was continued until the survival curve of the population was normal
e ore sample po&u lations were used for further experiment.

Before the work reported here the strain underwent spontaneous alteration of at
least three characters:

) The mean length of the organism ingreased from ahout 25 to about 5ix
and the scatter of individual lengths became wider than that of the parent culture.
On transfer tg tryptic meat broth the populatron regarned Its orginal size.

ili) The minjmum mean generation time of the Opopu latjon. on transfer to_batch
culture in the egceroI medium was 55+ 3 min. as compared with 44 + 2 min. for the

orl tock.
_ ﬁl $ he organisms developed a Ion% lag when eét on trz dt eat a ar:
e(tarn Clre stancesu to 70% of'th anrs not dr eorrg naI
stoc marntarn on this megium grew rar
The colopial form was uniform: Renodrc chiecks on the fermentation Progertres
of the strain showed that It retaineq the dragnostrc reactions characteristic of
Aerobacter aerorgenes Tests on Its antigenicity Showed that it remained Immuno-
logically similar'to.the parent stock.

torae Bacterra were Jrregared for survival studies as foIIovv?] A sample
(usually 5 ml.), was remove the continuous culture vessel and the_org anrsms
Wwashe wrce in NaCl (fO -85 M}b{n centrr‘ ugation, re-suspended in di (ftrlleg Water
to avor carry-over 0 en specia nvrronments were teste
added to 50 nl. saline- tns buffer (See be ow) in nominally 8 in. x 15 in. hard glass
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tubes plugged with cotton wool. These were incubated in a water bath at 40°
and gently”aerated with 25 to 50 ml. damp air/min. through a Pasteur Ejpette
pushéd through the_cotton-wool plug. For protracted survival curves (e.g. Fig. 1),
when condensate might leach nutrients from the cotton wool, a rubber seal E uba-
seal’ regz)laced_ the cotton-wool plug. The _evaporatlon rate from such, suspensions
was 1-5-2 ml. in 24 hr.: n experiments lasting onge_rthan this approFrlate volumes
of sterile distilled water were added to the suspensions.  Occasionally 25 or 30 ml.
volumes of suspension in 8in. xIjin. tubes were studied. The saline-tris buffer
consisted of 9 vol, 0-137M-NaCl + 1 vol._0-048m 2-amino-2-hydroxymethylpropane

3 diol (‘tris’)+EDTA to 0-316 mat. This amount of buffér maintained the RH
value unchanged during aeration for 24 hr. at 40°. Populations stored In this
manner contained about4 x 107organisms/ml. (equiv. about 20 fig. dry wt. bacteria/
ml.:_some logs of organisms occuirred durln? Wwashing) haylngf_an Initial viability
0£95-99 %, S_am_%l_es Were taken at intervals fo determiine viability; where the effect
of a growth inhipitor was being examined Popu_lanons were céntrifuged and re-
_susBended in saline hefore the” viability determination. This proceddre had no
Influence on_ the viahility of the population_though there was a further loss of
bacteria dutlngi centrifugation. In an experiment on this topic a population of
[-17x 107 viable organism/ml. had only 6-27 x 107ml. after one centrifugation;
3-3x 106.0rganisms/ml. were accounted for in the supernatant fluid.

Filtration, During the work reported in the next section it became clear that
Millipore filter diskS (Oxoid Ltd.) contajned materials that could act as energy
sources, for growth and which in certain circumstances could accelerate the death of
starved populations. Such filters were therefore set up, autoclaved and then washed
with 400 ml. distilled water followed by 50 ml. saline-tris, _

Measurement of viability; The Berce tage viable organisms in stored poFulanons
was measured bz slide culture (Postgate™et al. 1961). The medium, was that Pre-
scribed abgve supplemented with Ditco veast extract (1 %‘”2; Difco casamino-
aclos (Lg./l.); Do 5glas’s dlqest broth (10%, v/v, Medical Research Council, 1931),
Difco agar-agar (1 g.ll.%., It was filtered hot,throuqh a Millipore filter.. In experi-
ments Wh’[h smallpopulation densities conventional plate counts on a similar medium
WETE USE. . . : . .

C%emlcal_ analyses, Protein was_ determined by the biuret reaction (SStlckIand,
1951), hoiling thie alkaline suspension:_bovine sefum albumin, fraction 5 (Armour
Laboratories) was used as standard. Free amino acids were determined by treat-
ment of equiv. about 20 m?. dry wt. bacteria with acefic acid 900 ?.II.; Wattick,
Cheeseman, Berridge & Bottazzi, 1956), neutralization of the supernatant fluid with

K-NaOH_and analysis for primary amino %roups with //-raphthaquinonesul-
Bho ate gFra e, Russell & Wilhelmi, 1943); Ditco *Casamin -auds_’sol%tmns Weye
sed. as standard amino acid myxtures. . Polysaccharide was determined %amo -
fication of the anthrone reaction devised by Mr P, J. Phipps (this la oratorg/'
Bersonal communication) with glucose s staridard. Ribonucleic acid was measuréd

y the orcinol reaction (Morse & Carter, 1949) with ribonucleic acid (Boehrlnqer and

Son) .as standard. - Deoxyribonuclelc acid was measured by the dépheny aming

reaction with calf thymus nycleic acid (Gulland, Jordan & Threlfall, 1947) & stand-

ard, Polymeric cefl constituents were measured on whole organisms without

preliminary treatment and thus include ditfusible derivatives of the materials
i9 G. Microb. xxix
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sought. Phosphate was determined by a version of the phosphomolyhdate reaction
(King, 1946). Colorimetric measurements were made with a Spekker absorptio-
meter ég\ Hilger Ltd., London) or a Unicam spectrophotometer (Cambridge Instru-
ment Co. Ltd., Cambridge). Fluorimetric measurements were made with the Locarte
fluorimeter using excmn_? light of 340-380 m/i and recording wavelengths Io_n%er
than 470 mix (maker’s filters LF2 and LF6 respectively). Bacterial dry weights
were deduced from the optical densities of bacterial suspensions measured, in"the
Sgek_ker with a filter transmﬂtmg maximally at 540 my. and calibrated with sus-
pensions of known dry wt./ml. from our continuous Culture. Determinations of
enzyme activity were performed with conventional Warburg manometers at 40°.
{lt\;llg/cerol dehydrogenase’ activity was determined b?/ the procedure of Fahmy &
Ish (1952) with:the modification that the suspensions were incubated in Thup-
berg tubes under nitrogen at 40° for 20 min. Fahmy & Walsh used tubes open to air;
In OUr tests incubation under N2was found to b necessary with enzy(me_ ﬁrepara-
gon(sj from IHF bacteria, and was therefore considered preferable for testing mori-
und populations.
Ma[%rﬁals. Reagents of analytical grade were used when available. Water was dis-

tilled and then de-ionized by passage through a mixed bed ion-exchange resin.

RESULTS

Standard survival curves, Populations (equiv. 20 pg. dry wt. Aerobacter aerogenes/
|.). harvesteq from steadg growth at a dilution rate of 0-25 hr.-L ana alloweq to
e in aerated buffer at 40°"and pH 7 showed a linear survjval_curve in which a
constant % of the initial P]opulatlon died per hr. over the first 7-10 hr. A statis-
tically analysed curve with such populations was quoted by _PostPate etal. ?_1961);
this, Showed a mean death rate of ahout 8 %/hr. with empirical” % % confidence
limits of +9% for the technique of viahility determination used. Most of the sur-
vival curves obtained during this work resembled this; the death rate, over the
gerlod when the first 70% ofthe population died (about 5 hr.), was usually between

% and 12%/hr., though extremes as low as 4-6%/hr. and as high as 17 %/hr.

m
di

were encountered. The reasons for these fluctuations are_not known, The survival
curve of the population showed considerable reproguctbility. from day to dax for
several weeks; sometimes it changed over 2 or 3 days; during the 20 months In
which the culture was studied the Eopulatl_on showed " trend towards faster death
rates. ccaslonallﬁ survival curves of a sllghtlg sigmoid character were ob&erv_ed,
In which an Initia Iy descend|r(1]g £ortlon was followed by a steeper I_me%r
In all cases the curve tlattened off, when after 7-10 hy’, the viability had fallen
below 30 %; by 24 hr. the wable_po'oulatlon had fallen below 2 %. Because of the
occasiong| variability of Ahe survival curves all experiments reported here included
as control a population dying In aerated buffer, _

CTYp'[_IC growth. This phenomenon leads to an increase in the total count of a
opulation”during its dleath. However, the systematic and operational errors in

aking a convenitional total count are suchthat small percentage Increases in
bacterial numbers mignht be missed (Norris & Powell, 1961). 1t may e detected by
comparing survival curves with and without a non-bactericidal growth inhibitgr
such'as penicillin (see Ryan, 1959): if these are identical it follows that cryptic

ecline.
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growth has not occurred in the ahsence of bacteriostatic agg_nt. Ordinary cultural
experiments showed that penicillin G (100 ynits/ml.) inhibited growthof equiv,
20 u%./ml. Inocula In the glycerol medium for 17 ht. and that chloramphenicol
(1007xg./ml) inhibited muliplication for 2 days. The latter observation was
confirmed by slide culture on arqar contalnlng chforamphenicol; none of 600 organ-
Isms watched divided over 24 hr. Table 2 recArds experiments showing that cryptic

rowth did not occur in the conditions we used routinely: the survival curves over

e first few hours with and without Chloromycetin or genicillin were identical,

On prolonged; incubation crﬁpnc growth Was readily detected (FI%. 1). The
maximum cryptic_growth of which olir populations were capable was Oetermined
by experiments of which the foIIowmg is typical. A suspension of about twice the
clsto ar¥, population density (6-75x 107 viable bacteria/ml.) was left to die at 40°
with aeration for 24 hr. in the presence of 100 u. Eemcnlm /ml. to prevent cryptic
%owth. By then the viability was 1-3%. The Suspension was filtered through a

|I_I|Roremembraneandthefll rate assayed with apopulation from continuous cufture
which has been made resistant to penicillin by two batch subcultures (about
1_1generat_|on32 with 200 and 100 u./ml. successively, For assay, 5vol, filtrate were
dilted with 4 vol. Millipore-filtered saline-tris butfer plus 1Vvol. cufture medium
made up without glycerol o as to bring substrates leached from aying organisms
to concentratigns comparable with thoSe to be expected in the Suspensions we
routinely studied; the _?ortlon of basal mediym sbjﬁ)plled_an excess of mineral
nutrients. The diluted filtrate was inoculated with 1 gemmll_m-resmtant bacteria/
ml. Growth was followed by plate counts and compared with that in a control
buffer supplemented with_baSal medium. The filtrate supported a maximum excess
growth of 7-2x 10s or%amsms/ml. over the control: these grew as a result of the

eath of about 3-3x 107 organisms/ml. Hence the maximum cryptic growth of
which our populations were Capable was one new organism at the éxpensé of about
foﬁGy-seven dead ones. , _

Srowth on Impurities. Direct assays of the extent of %rowth,permltt_ed by im-
Furltles In our_reagéents and on our glassware were made by moculatlngl_ 0ml.
ots of buffer with about 4 x 103organiSms from the continuous culture, Saline-tris
butfer supported from 2x 102to 8 X"104viable organisms/m|., as the maximum viaole
population. Addition of 0-L vol. of the basal medium Swnhout lycerol) to su%EI
mineral nutrients au%mented growth to 2-8-3-S x 105 organisms/mi. Garvie (1
and Strange et al, (1961) obtained values of about 108°0rganisms/ml. for residua
growth. o impurities in‘phosphate buffers, _ , _

_ Manipulation of organisms. The populations studied were subject to cent_rlfu?a-

tion and changes of témperature and chemical environment during preparation for
storﬁge. Orgdnisms was fid once, twice or three times in sal*ne ave essentiall
simifar survival curves of slope /-8 %/nr. and initial viabilities ot 90-95 %. A repeti-
tion of Gossling’s (1958) experiments using burfers prepared according to his pre-
SCTIRIIOHS In the manner represented schermatically below showed negligible effects
of chemical environment on viahility. . . :

Atemperature decrease to 18-20°was unavoidable and this ‘cold shock ’ (Hegarty
& Weeks, 1940) may have caused the 1-8 % of dead organlsms usually found after
preparation for survival curves, A decrease to 4° did not alter thé viability; a
decrease to 0° obtained by squirting the suspension on to ice caused a small"but

16-2
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significant kill. Viabilities in an exBerlment_ on this topic were 9% at room tem-
Berature 98 % at 4° and 94-5% at 0°; freezing in solid C02reduced the viability to
elow 1% (see Postgate & Hunter, 1961) Viily
%)

im/15 phosphate ~ 95-3
b km/15 phosphate-

-Ringer 92-7
Culture-
“Ringer- - s15 phosphate  95-5
-Ringer 26-7
Centrifugations:  1st 2Nd

Prior to storage the bacteria spent 3-5 min. in distilled water, This treatment
affected the subsequent death rate though it did not measurably influence the initial
viability of the population.In a typical experiment organisms suspended in dis-
tilled water before storage in buffer died at  10-1 %/hr. Compared with 5%fhr. for
those suspended in saline-tris buffer. Exposure to M-NaCl before storage led to a
survival curve similar to that obtained after exposure to distilled water. _

Needfor buffer, The viabilities of populations suspended in unbuftered physio-
logical saline declined to 15% in 2 hr. and 5% in 3 hr. Death was accomi)anled t%y
a Change from pH 6-0to 4-9. In distilled de-ionized water the viability fell to 13%

ter 21, - - .
Needfor ethylenediaminetetra-acetate. Earl){ in this work the slopes of the survival
curves were erratic; they showed an ab_ruB change on one occasion when a new
batch of saline-tris buffer was used: In this batch the organisms all died within 2 hr.
and the death rate returned to about 8 %/hr. when EDTA was added. This suggested
the buffer might contain a toxic metal. Extraction of 200 ml. of buffér with
8-hydroxyquinoline in CHCI3 gave a cnloroform solution which by sPark spectro-
scofy snowed an unysual amount of copper (Dr L. C. Thomas, Bersona communica-
tion). Laboratory-aistilled and de-ionized water contained about 2 x 10~7m-Cu2+;
Its effect was neuitralized by EDTA. The routine practice was adopted of addln?_ 0
the buffer 0-316 mM-EDT. Sthree times the concentration necessary to neutralize
the most toxic batches encountered). _ o
Effect of recovery medium. The medium used for slide culture contained nitro-
enous supplements gcasem hydrolysate, yeast extract, tryptic meat broth%to recluce
e scatter of division lags among the organisms counted. A medium without these
supplements ghave less dccurate weibllmes dhe t0 overé;rowth of late starters by
organisms of short lag gPost ate et al. 1961). The yich medium gave greater surviyals
WIth qying. populations: tests with conventional plate counts on the rich medium
and the minimal medium gave comparable counts on the two media when, the
populations tested were more than about 50 % viable; below this value the minimal
medium gave consmtent%y lower counts. For example, a 40% viable pogulatlon
ave a count of 58 x 106 organisms/ml. on_the rich medium and 3-7x 10oml. on
Inimal_medium; a 27%_Viable oP_ulatlon gave counts of 52x 106ml, and
2-9x 10aml. respectively. Replica plating fromTich to minimal agar showed that
these differences were not due to the appearance of nutritjonal mutants in the
Po ukatlon counted, and we con((:jl_ude that m%r_e of the population died during the
ag pnase on minimal agar than died during this period on rich agar.
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Effect of light. To determine survival curves the bacterial suspensions were stored
in a thermostat illuminated by indirect daylight. The illumination at the surface
of the water ranged from 4t "14 ft.-. according tq the weather; appropriate tests
showed that this degree. of iljumination had ng killing effect on our populations.
For example a population died at 92 %/hr. in our ordinary fubes, ang in tuhes
screene by wrapping in aluminium foil. By intensifying the illumination k||||nq

V|3|ble ht waso served: a population held at 40° in‘ transparent thermosta
wasa |n4 (. when illuminated with 100 ft.c. froma /5 W, tungsten flla
ment bulbat pH 69+ 0-05; the survival curve showeda3|gm0|dform The control
\s/clg%egegﬂg\{lthhelumlnlum foil, died Tinearly at 9-3%Mhr. and was about 60%
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Effect of po Pulanon density on survival curve. Harrison (1960) showed that
between populations of 105 and 108 organisms/ml. the death rate of Aerobacter
aerogenes was slower the denser the population; at 109organisms/ml. the survival
curve became steeper again. Our experiments confirmed Harrison’s: denser popula-
tions survived longer than sparser ones (Flg 2); the most dense Eo ulation we
have tested contairied about 4 x 10sorganisms/ml., probably yet too Sparse to show
a erateﬁj death,

ect 0 temPerature The effect of temgerature on the death rate is illustrated
in I(I] h was slower at 30° a faster at 10, 45 and 50°. A small cop-
tribution to the shallower death curves at 20 and 30° may have been due to cryptic
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growth. The organisms did not grow at 45° or. above; at 60° more than 99 % of the
orqamsms were dead by the tinie (about 3 min.) the environment had warmed up

t0 |sterg erature

T cultures prepared from populations dying at 10° and 20° showed many
mor hol ogltca ga herrant torms once death had starfed. Small bacteria sometimes
ecame relatively large re ractlespheresw ich burst, leaving convoluted :orms or

“ghosts”. Slides watched for 7 fr. at 37° showed that most of these bodies did not
form micro-colonies; they were recorded as dead,

Effect of deep reezm Freezing . the gopulatlon in diethylene %chol solution
(100 ./1.), which caused no change in viability, accelerated the death of the organ

This experlment was described by Postgate & Hunter (1
heir Fig. 1

ISms after thawmq
and illustrated in
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Effect of osmotic environment. The concentratlon of the buffered sodium.chloride
was that usually descrtbed EN ph){sm oqrca , though such an environment is in fact
aﬁeotontc to ttie hacterial cto asm. "The effects of adding materials that would

r this condltlon were stu |e
Sodium ¢ orlde Okgganlsms made sensitive to osmotlc shock by Nakamﬁras

e (Incubation w me_ followed ex osdre 10
F\/seg IH%SUP Water ant} In bu#ere saﬁy lysis was mt}ehdcreased m% ttler)
containing |-ISM-NaCl. However, the death rate oft e ordinary hacteria In buffer
containing 1-loM-NaCl (41-0 %/r. Was reater than that In the control 852%/hr)
An enV|ronment ofmarine salinity (0-05 MNaCl buftered with tris) caused accelerated
death( 0% died/hr, compared with 175 A)/hr macontrol? sea water filtered and
buffered t-‘q?thh the usua\g entration of tris was [ess toxic and the death

rate was t|n the control buffer.

||% Polyeth yene yco or c{extran High molecular Welght substa Ces eﬁ oteﬁ‘

oralsm In reee rm ecause ther osmotic effect occurs at the ¢
gsee Record &Taylor, 1960). Dextran (Glaxo Laboratories L td., mean m w. 125,000)
0./l and polyethyleneg yeol (mean m.w. 10000) SOg/I provided by DrB R.
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Record, were tested in saline-tris buffer, Both slightly accelerated death and
alter]ed the shape of the survival curve: their effects were small and were not studied

urther.
g ? ritol, Lh, com und like |cero| penetrates the osmotic harriers
of bacteria freely (Mitc &Mo e, 1956 |n drng our strain (Postgate & Hunter
191). Cultural tests showed that the organisms did not use Jt for growth. Survival
curves |n buffer supplemented with 300 {. | ery thrrtol/ which may be expected to
hélve iluted the %t 4asm|c Water cQ sr era] g/ Were virtua Iy mdrst nguishable
eath rate: 5-2 %/r.) from controls without this supplement (5

Eﬁect of pH value, ?ure 4 ||Iustrates that a pH value below70 at hich they

a Igrown Wwas oRtrma or surviva

Effect of atmgspnere. Removal of C02from the influent air with NaOH did_not
significantly influence the death rate QZS %/hr. without CO2, 124/ohr Wlth()
Re Ehcate suspensions aerated with 02 N2m|xtures rangrng from pure 0
V. died at similar rates. Rep acemento arr bg/ ommercra ‘XY ?en free
nitrogen (British OX rien Compan Ltd., 02 below p[p Iqave errafic death
rates hut usuallg erated Oeat (I 5%lhr, |n control; 2 5%Ihr. with N2.
The_ increased death rate was Lsually associated with a decline in pH value
eg. in N2 buffered suspensions fell from pH 7-0 to about 6- |n5to7hr reaching
about pH 5-3by 24 hr: n air the pH vauesoarcelychanged( 6-9) over 24 hr’
On one occasion the usual pH change did not occur in N2but death Was nevertheless

ra

FI)Etfect of reducing agents. The death rate in an atmosphere of N2was influenced
b Porsrng the Eh Valdle of the environment Wrth chemicals known to |nteract with
biological systems, Wrth sodium ascarbate (2 x 10~2m) the death rate was 10-8 %/hr.,
compared with 21-5%/hr. with sodium thioglycollate (2 x 10 2m) and - 5°/ hr,
with N2in an un po dbuffer The control sispension in air died at 5 %lhr. Acrd
was formed in all the instances in which the environment was anaerobic.

Effects of nutrients

Effect, of trace elements. The culture medium used contained trace elements held
in solution by a slight molar excess of EDTA. We are not certain that all these
supplements Were necessary for growth, The trace element mrxture when added
to saline-tris buffer in the propoition used in pr r%arrngt e%rowt ‘medium, had
a Preservatrve effect gdeath rate 57dhr compared with contro| 13 %/hr).
This phenomenon was analysed by testing the component elements singly at the
concentrations used in the culture mediunt (Table 1). Ca, Mg, or to a sligfit extent
Fe, protected the organisms; all the other elements Were without effect wien EDTA
Was Present at 316 pM Tt]e prohectrv effect of calciu Wasogrrttlex the death
rate Increased in a parabolic fashion for about 5., ten settled to_a linear rate
equal to that of the control. A test Wrtha non-toxic” hatch of buffer (see ‘need
forEDTAgwrthoutEDTAshowedthat Mn, Cu and, Zn were then toxic.

Effect ofnitrogen. Addition of NHACL(10 g/Izdrd notsrgnrfrcantlyalterthe death
rate (control: 5- /o/hr ,+NHACI5-6 %/hr.).” Vitamin- freecasernh rolysate 20 %1
sulnlported growth when the experiment Was extended fo r Over the first

howeVer, the survival curve paralleled that of the control suggesting that

amino acids exerted no protective effect,
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Effect of potassium and Phos hate. Addition of KC1 ﬁm/lSO accelerated death
slightly (control: 6-4% /hr,,+KCL. 10%/hr.% NaHZ0 61-2 him) added to the
buffer’had no significant effect g:ontrolg 5%Ihr., +NaHZ 04 6%l/hr.).

Death In the growth medium. Populations survived longer when incubated in the
spent culture medium from which organisms had been rémoved (death rate 2- %/
hr.). This was not due to protective materials excreted by the organisms because the
same death rate was obtained in the basal medium prepared without a carbon
source. The whole of the ?rotectwe effect of spent or basal medium was attributanle
to its trace element content: the death rate In the basal medium ,55-3 %/hr.) was
somewnhat greater than that in saline-tris buffer supplemented with Ca, Mg and
Fe (3-7%/Hr.); 10-4% of a control in ordinary saling-tris buffer died/hr.

Table 1. Effect of trace elements on death of starved Aerobacter aerogenes

rvival curves at the growth pH value (7) and temperature (40°) in saline-tris
bu%erwn tesuppﬂement [)e ow Were o%taemgd) as d%scrmggﬁ et?godg.
Concgntsation Degth rate

Supplement pa (%/hr.)
eCl . 1 -4
éﬂr%sgi %% 7
09Ua
Ca I0304 10 : 3-8*
Nfﬂ?fz 8 :

-4

one lg

* Cyrve with Ca non-linear; see text .

f Mulxture contains Enq\/lan éu and Co as chlorides.

Effect of vitamins.  Several compounds were tested at concentrations recorded in
the literature as having %rowth factor effects for appropriately exigent organisms.
None significantly Influenced the death rate of our populatioris over the first 7 hr,
The subStances viere (cone./ml.); adenine (10 p%.), adenosine (4 pg.?, adenylic acid
(4 pg.),. p-aminobenzoic acid (C1 pg,), bigtin m/xg.), cyanocobalamin (1 mpg.),
glut_amme (2 pﬂg aemin (c. 1R ), D-inositol (10pg.); nicotinamide (}rlnPg.,
0d|gm ?a tothenate élp ), phiniocol 1#)(9.),, rPteroyl utamic, acid (1 m/xg,),
P_rl 0Xa pﬂa)’rﬁY” oxamin Zp%p idoxine (2 [I oflavine (0-1 pg.),
inose (2 pg.), thiamine HCL (0+1 pg.), “Tween-80 (10 pg.), uracil (10 pg.).

Effect of carbon source. G_;ice_ro <|0~2m? accelerated death. ThiS phenomenon
was not due to toxic materidls in the analytical grade lycerol used, since inter-
mediates such as sodium pyruvate, oxaloacetate, a-ketoglutarate, succinate,
citrate or DL-malate also accelerated death. Selected data ilftstrating this pheno-
Menon are given In FIR. 5 _ , _
_In this context we should record an experimental hazard. In certain experiments
It was necessary to filter batches of saline-tris buffer through a Millipore membrane
and the survival curves in filtered buffer were ste_eRer EG- %Ihr.) than the conrol
(4-7%/hr.). By extracting Millipore membranes with substrate-frée growth medium

~——
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and testing the extracts microbiologically we showed that this phenomenon, was
not due, to toxic materials in the fdter but to carbon substrates which permitted
%rowth in the basal medium and accelerated death in the buffer. Adequate washing
f the membranes removed these materials. o

. Effect of metabolic inhibitors. Death in agueous Suspension is preceded by con-
siderable endogenous metabohsm_&Strange etal. 1961) and it js reasonable to stippose
that metabolic inhibitors, provided tAey are not” bactericidal, might influence
survival dlrectlg. Several known metabolic inhibitors were tested by incorprating
them into the routing saline-tris buffer and comparing the death rate$ of population

in their presence with those in controls. Samples of the dying populations were

100

o @
o o

S
o

% viable total

20

Hours
Fig. 4

Fig. 4. Effect of pH valug on deat ra_te 0f Aesobacter aerogenes. A aerogenes SUSpeNsion
e R R A PR
Fig. 5. Effect of jarblgns

values + 6 et of

urces on death of Aergbagt ., Suspensjon of A aero-
%en%f, repared as for |9 %; age t0 saine-1ris bu eerraat%gfeig.esdr V\R./m|. ané Fllg\?vreod
8"%) at 403 an PH -0.+91. Tn er Jorce _aerat|0ﬂ. Q: controls; «: plus glycerol;
> plus sodium pyruvate; (J : plus sodium citrate (all supplements 1oz ».

centrifuged and re-suspended in saline to removethe inhibitor before determining the
wabﬂ,ﬂz_b,Y slide culture; as mentioned in *Methods " this procedure had no effect on
the viability of the control Fopulatlons_. The compounds were tested at concentra-
tions judged from the literature to be likely to have a marked effect provided that
the material reached its site_of action, Compounds which showed an immediate
hactericidal effect were examined b¥ slide culture to find the maximum concentra-
tion that exerted no such effect (see Postgate et al. 1961 Table 3} and were tested at
one half that concentration. The results dre given in Table 2. Yttrium or lanthanum
nitrates showed modesw,reservatlve effects; controls showed :hat these were not
due to the nitrate 1on. With lanthanum these effects were observed i four experi-
ments; lanthanum at 5 x 10+5m had no effect; 2x 10 4m-lanthanum behaved like
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the concentration quoted in Table 2; 10-3M-lanthanum had bactericidal effect
leaving only 25% viable or%anlsms at the start of the survival curve. The death
rate with pyridine sulphonate (10« Was not influenced by adding its metabolite

analo?ue ﬁOtInIC acid 10, 106y . . . L
State of the osmotic harrier. Stored suspensions of some micro-organisms liberate

purings into the external medium (Holden, 1958; Higuchi & Uemura, 1959).

Table 2. Effect of metabolic inhibitors on the death rates of starved
Aerobacter aerogenes

eath rates measured at growth temperature (40°) and pH value (7) in a saline-tris
bu%er; QOr details see text. y P ) and p Death (ra)tes

Copcentrati
Inhibitor ongelr]nqﬁslon Control Test

4éé\|g1inopteroylglutamic 50 11 T4,
Aureomycin 20% . -
Aza-adenine 100 b4 -
Aza—guan\ne 100 - 10-
Aza-Uraell. 100
Aza-xanthine, 100 -4
Cﬁﬂ@%%ﬂ%'ﬁ'vcf'l nine 100 7
EoNchtini Acid hydrazide 100, Lijge or
em%l In | 100 %

rithiamine 200 - 1

ol de% etate 100 22 Z?

o g Lo -
... =07

sullpn_onlg a_mg i 15t 9-6 0%+

er Il\um n\trate (cryst) 100 80 4

e Xenebue Sf

roflavine - Deatk] rate
ogium araenate - accelerated
odium 1o [Jacet fe -

0glum ma onate%‘ 1 -

od mrP ridine-3- 16+ 110 -5)

SUphO ; itrate (cryst 5), Death rat
anthanum nitrate (cryst. -5) Death rate
%ttrtmm nrptrate?cryw ) LS% 105 g-/ reauceg

* Units/ml,

fSOmAmoI/mI.;se fig, 9. — . :

t %ordjae%rﬁt?ons dou%legthose quoted showed an immediate bactericidal effect on a portion of
%%ga organisms mainly spherical.

Strange etal, (1961) showed that these bases were products of endocellular metabolic
processes which preceded death. Since breakdown of the osmotic barrier of cells
also releases such materials from the cytoglasm It was of interest to discover the
state of the osmotic barriers in moribund usi)ensmns.

Maqer, Kuczynski, Schatzberg.& Avi-dor (1956) showed that, at low solute con-
centrations, theoptical density ofliving bacterial suspensions depended on the tonicity
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of the sus enqu medium, With Pasteurella tularense the optical density (OD) in
0-4M-MoCI2 was Ywice that in distilled water. They nterpreted this phénomenon
as due {0 a change in refractive index of the cells Consequent upon an adjustment
of the water content of the internal environment to Some sort of equilibrium
with the exterjor; it did not occur with heat-killed or disinfectant-killed organisms,
they termed this phenomenon the “optical effect’. It Xrowdes a test of Whether
the“osmotic barrier Is.functioning, With the culture of Aerobacter aerogenes used in
this work, live organisms showed about 25% greater OD in 0-4M-NaCl compared
with suspensions In distilled water Flg 6), equimolar Nas04 I\/I%C|20r glucose
showed smaller mcrements Heat-killed organisms ﬂlOmm 60°) showed 4 slight
ne?atlve effect $OD M-NaCl about 90% of that In WateR mixtures of heat-
killed + live bacteria showed an optlcal effect In proportion to the % live organisms
over the range + 25% to —10% of OD n water.
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03 80 \ —20
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Fig. 6. The optical effect with logarithmic phase Aerobacter aero trong was ed
sug e6n3|on O?F/)A aerogenes rorp élln ouspcuﬁ re Was ac?det? og(?{laéil sof tPo h
%mg r)f Wt orﬁ rbsm m )i 8 8% ensmes were measurea at 540
withalcm |ghtf)at omtstakenat 10and 30 min aterpreparatlonosuspensmns

nd A[Erobacte%a ene

F*g 7?F%rﬂgsabl t)ellraendaglobrly§Of m(%i %Sf ne-t ng fa rtgr Svlﬁpgrrmon
|smsrp (fl ed 10 %lee ;'1 WI rce ae t| %
cent ELSUSp nded In gist andm E)ro tcal ¢ Fct e
ai g orV|a Ils% dptlc:keatenct ressed etw en yllve Qe
A

in
ect uspension aer 0? n] +0-05 arto
iapili jetermme r ab }

mi f0 3 on%) ? uT oma
am termm uonmetnc ter a d|t|on 0 E F éqb mole gesse
ane een untreate suspenswn and one y exposure f0 60° for's min.

O V|a Ity; »: fluorescence.

The o%ncal effect was examined with suspensions dxln in buffer as usual
except that a_ninefold greater concentration of organisms was  Used (initial
OD = 0-22-0-25 in water in 1cm. cuvette): the extent™of the optical effect as %
of maximum Was com ared with the viability, The results of on such exPerlment
are shown In |g hough the figures for the optical effect show a fair scatter
there 1s no doubt that the optical effect persisted near its maximum extent when
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nearly 80 % of the organisms had died. This curve includes a point observed after
4., when over 98% of the population was dead and the viability was outside
the ranqe of the slide-culture technique; nevertheless, over 50% of the organisms
showedthe optical effect, It seems that the osmatic barrier was intact after "death
Independent support .of this finding was provided by the demonstration of an
unchanged ‘amino acid pool’ (see below) and by expériments with anilino-naph-
thalene-8-sulphonic aci 83|m|lar to the toluidine dye used by Newton, 1954)
which forms a fluorescent complex with these bacteria only when the osmatic barrier
Is destroyed. This dye was non-toxic at the concentration used (Table Zr?; FI%. [
Illustrates an experiment showing that organisms in moribund suspensions became
permeable to the dye more slowly than the rate at which theg died.

Ma?er (1959) showed that certain aliphatic diamines (notably sgermlne) delayed
osmotic breakdown of sensitive hacteria and of spheroplasts. Since breakdown ofthe
osmotic barrier did not normally accompany ceath of the organisms studied here
one may predict that Sé)ermme ought nof to Influence the death curve. This was so:
a population died at 6-0 %/hr. alone, 7-2%/hr. with 10_4M-3Perm|ne.

Biochemical changes accom(;)anylng death. . Strange” et al. (19612 showed that
Aergbacter aerogenes harvested from'the stationary phase of growth in a defined
medium based on manpitol degraded endacellulaf ribonucleic acid before death;
the. catabolism of protein and polysaccharide, was less extensive. O_ur_i)opulatlons,
which differed in being harvested while steadily growing, behaved similarly in con-
ditions resembling those used br Strange f &l. Suspensions. of equiv. 10 mg.
dry wt. bacteria/ml. aerated in saling-tris at 40° and pH 7-0+0-2 for 17 hr., durin
which period 98 % of the population died, lost about 50 % of their pentose and 15 %
of their polysaccharide. About twice as much morganlc phosphate and about three
times as mauch material which absorbed at about 260 mp appeared in the medium
as was released by heat-killing or treating with a quaternary detergent. About
20% of the pentoSe lost by the organisms was detectable i the medium after
death. Hence the phosphate and 260'mp materials were generated by a metabolism
which involved pentose fermentation and were not forméd by osmotic Ieakaqe such
as that observed by Mager (1959) from Neisseria perflava and Pasteurella tularense
In media of Jow toficity. The materials which absorbed about 260 mp had a com-
plex absorption spectrim: the supernatant fluid showed a main maximum at 254 m
with subsidliary peaks at 247-5, 260 and 265 mp. Chro,matQ?_raphy_by_ MrH. E.
\Wade indicated hypoxanthine, uracil, guaning and an unidentified anionic material.
Cytosine, cytiding, uracil and_inosine Wwere absent, , , _

This gopulatlon was some 500-times those used for our routine survival studies.
Measurements on the rates of breakdown of bacterial constituents were therefore
made with shorfer term tests on ,P_oi)ulatlons_ concentrated by centrifugation for
analysis. Typical figures for the initial, compgsition of the orgariisms usedare given
In Table 4" RNA breakdown started immediately and was most rapid in the earl
stages of death of the population (Hg. 8«); In conitrast, Rrotem catabolism (Fig, 8
was not detectable during the first few hours, though it ultimately took place.
Figure 8b includes data in'which the “amino acid pool"was estimated durlng eath;
It Temained unchangned for several hours. The polysaccharide congent showed an
Initial decrease of about 20 %, then remained constant. Curves for DNA meta-
bolism during death were not obtained because pilot experiments had shown virtu-
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ally no_change: in two experiments the viabilities of 30 /xg/ml. suspensions fell
frgm 96-97 % to 10 and 29%; the UNA contents of the organisms declined during
this period bX 12-5 and 35 % respectively.

Enzymic, changes during death. A few experiments were performed on the state
of the respiratory system of our population during death, Figure 9a shows that the
endogenousQ(hdecImed rapidly during the first hour of storaﬁ;e,and setfled to a
low lavel durm% the main part of the survival curve. _HI([]h popufation densities were
necessary for the measurement of the Q0 ; for practical reasons a much more cqn-
centrated suspension was used than would ordlnar||¥ have heen compatible with
the customary death rate. By coincidence the, slope of the survival curve was much
as usual, possibly because the high population density. was in the range where
the death Tate accelerated with increasing density (Hafrison, 1960). The upwards
{Pgla)r(é(\)Ar}t rc])fthe Q0"value towards the end of the clrve may be attributable to cryp-

Hours

Fig. 8. Polymer content and viability of moribund Aerobacter aerogenes. Part a. Sus-
pensions of'A. aero enes_prePared as for Fig. 1; added to saline-tris buffer at 36 fig. dry
wt./ml. and allowed to die at 40° and pH 7-2+ 0 05 with forced aeraticn. 10 ml, samples
removed at Intervals for viability determination and for pentose after centrlfugatlon.
Curves Incorporate data from three experiments, O: \_/Iablllt){); 3 EPentosef ntent,
Part b. Suspensions prepared_as for Fig, 1: added to saline-tris uffer at 45 fig./ml. and
%Ilowed to die at 40°and pH 70+ 0-5 With forced aeration. YSPI. portions concentrated
y centrifugation for protein analyses. Data also Included for “free aming-nitrogen
contents of"a similar Suspension y!ng,at 50/lg./ml. and pH 7-2. Curves incorporate
data from three_experiments. Q: viability; i) : protejn contept; «: amino-N content,
Part . Suspension prepared as for Fllgl. 1:added to saline-tris buffer at 60 /tg, dry wt./
ml. and allowed o die at 40° and pH 7.0+ 005 with forced aeration. 50 mi. samples
removed for duplicate pol¥saccharlde determinations after concentration by centrifuga-
tion. O: viability; m - polysaccharide content.

Populations of the culture of Aerobacter aero%enes used in this work metabolized
ﬂ!ycero_l mcomgletelgl in_the Warburg manométer, takmg up ahoyt 30% of the
eoretical amount of 0 2for complete oxidation of the substrate hefore the rate of
oxygen uptake declined to about the endogenous value. No Increase In the poly-
saccharide content of the organisms was found at the point at which the Q0 de-
clined: the fate of the substrate. was not studied further. Initial QB>values with

glycerol are compared with viability of a stored suspension in Fig. gb. The decling



250 J. R. Postgate and J. R Hunter

in QUi with the growth substrate paralleled the decline in viabilitY. Fiqure 10 records
the dehydrogenase acfivities of moribund. Popula_nons with glycerol as hyd,roqen
donar, The “glycerol dehgdrogenase’acﬂwzdecllned,rou hiy. in parallel with the
V|ab|l|tythrou%hqutthe xperiment: hence the decline in Q0 \yith ?che_rol observed
earlier Can be dttributed at'least partly to the enzyme system involved in the initial
attack of glycerol. Our strain is known to have ot a Simple deh drogenase but 3
glycerol kinase and a glycerophosphate dehydrogenase (Mr D. Tempest, personal

communication).
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eriodically 20 es were centrifuged, the prganisms transferred to Warburg mano-
\r}]lghemtc}?n ufter, and the Qo= with glycerol determiried. O:
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Survival curves of organisms grown in other conditions

Effect of growth rate on death rate, After over 18 months in continuous culture
samples ofour,PopuIatlon \were transferred to a second continuous culture apparatus
In which the dilution rate was altered, causmlg ,correspondmg changes in the imposed
doubling time. Figure 11a illustrates the survival curves obtained after the popula-
tions had sRent af least seven %eneratwns_ at a new dilution rate; it appears that
the faster the population ?rew he slower it died. This generalization has been con-
firmed twice with carbop-fimited populations of this organ,lsm: once in experiments
not reported here in which survival curves were obtainéd in phosphate buffer, once
|n the seéles of exp%rlments involving unusually slow growth rates (see helow)
Ilustrated In Fig. 116, _ _

The populations obtained at the slowest %rovvth_ rates containgd a proportion of
organisms dead at the start, about 15 and 30% at dilution rates of 0-L2:and 0-06 hr*1
respectively (Table 4). This phenomenon occurred in several instances of slow
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continuous culture (see Tables 3, 4); the survival curves, in Fig. 11 are corrected
for the organisms |n|t|allg_de_ad and refer only to the initially viable proportion of
the populations tested, |m|IarI%/, the doubling times of thé populations given in
Tables 3 and 4 are corrected to fake the dead Organisms into account, since when
a_proportion_ of a_steady state population is dead the doubling time of the multi-
pI)Eng organisms is no fonger log 2/dilution rate, _

fiéct of cultural history.” We Tecorded in Methods how our population of Aero-
bacter aerotgenes underwent changes before the work reported in this paper was
carried out” An experiment with’ Dr D. Herbert and Mr D. Tempest provided us
with the opportunity to repeat and extend the experiment described in the previous
paragraph with the unaltered parent strain of A. aerogenes. A continuous culture

Table 3. Viability of populations of Aerobacter aerogenes in slow
continuous culture

arent stock (see Methods) of A. aerogenes was grown in continuous culture
Th { st Method A t {
at 3/° wnrh Hl cer? miting growth (see teﬁ%) and at Int rvaHste tlution Eate E)ro-
Eortlo.n of the culture vessel reflace per hour) was halved. Some data from this
xperiment are included in fig. 116. )
Mean oubweg
i : NEn time of via
Dil Ron ate Perio viability No, of organisms
r-1 (days (%) determinations r
0-232 3 899 4 gg%
X 91-3 é 11-8

W I B

was set up differing essentially in that the volume was 21, the glycerol concentra-
tion istl_ll limitin ? Was 10_?./ . and the temperature was 37°. The viabilities of the
Eopu ations at ditferent dilution rates were determined, and in each new stead
tate duplicate survival curves of populatjons (e(ﬂuw. 20 Fg. dry wt,/ml. at 4
and pH 7-00 +0-05) were obtained using a single batch of safine-tris buffer through-
out. Some of the data obtained are collected in Table 3 and Fig. 116. Though the
death rate was |nversel¥ related to the growth_rate, In all instancs the forms 0f the
survival curves were dirferent from thoSe obtained with our customar é)opulatlon'
Instead of being arlthmetlcally/_llnea[ they gave an_almost linear plot of probit
a%lamst time. The steady-state Viabilities far a'given dilution rate of this population
able 3{) were higher;_where they overlapBed, than those optained with our
ustomary population (Table 4%grown In carpon-limiting conditions. Towards the
end of the experiment, when thé steady-state viability “had been low for several
divisions, the dilution rate was abruptly Testored to the’starting valug of 0-25 hr.-1,
The steady-state viability rose rapidlyto over 90 %, yet in spite of the powerful
natural selection In favour of longevity that might be expected to have ogerated
durmg the months, of slow contintous’ culture, the survival curves then obtained
did nGt differ significantly from those observed at the outset (Fig, 1

16).
Effect of enriching the” growth medium. The medium was enriche(? with yeast
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extract and casein hydrolysate; glycerol was still the main component supportin
ﬂgOWth. Since these supplements increased the yield (wt. organisms/wt. substrate

e glycerol concentration was lowered to maintain the population in the continuous
cultire at about equiv. 1_mg. dry wt. organism/ml. The Composition of the growth
medium was that described in Methods but with 10 q. glycerol and 0:6¢. each
Difco casamino acids and Difco Yeast extract/L  Organisms (I;rown In these con-
ditions died somewnhat faster 51 %/hr.) than the parent culture (16 %hr.) after
a similar number of divisions from the time of inoculation.

Effect of changing limiting nutrient. All the experiments so far recorded refer to
populations derived from "a continuous culture in which the cqncentration of
glycerol controlled the population density. To study the effect of limitation by other

Table 4. Influence of growth conditions on various properties of Aerobacter
aerogenes populatlons In continuous culture

A. aerogenes was grown in continuoys cultyre at different rates and with variqu

nutne(qts ﬁmmn .gro%vth. For eﬁalls o¥ Brocegures see te 6; aneﬂgses re(%ert?| %aéw?WE

washed, freeze-ari dﬂr%iglsms;t elr accuracy was limited by relatively small amount

4
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nugrients, portions of our population were transferred to the second continyous
culture aPparatus and allowed to_grow with different components of the medium
I|m|t|n(I;_ he gogulanon_ densﬂY. e ordinary carbon-limiting COﬂ?_I'[IQnS, ave a
poPu_Ia lon density equiv. 1-1-1 mg. dry wt. organism/ml, OXygen limitation was
obtained by altering the air flowto (-6 [ /hr. and mmultaneouslz decreasing the
f_tlrnn? rate; the Po_ﬁulatlon densn% declined to about half gla le 4%. Nitrogen
imitafion was obtained by using KHPO041n place of (NHAHPO4n the recipe
quoted in Methods and adding NH4CLto 5 mM. aqnesmm_llmnatlon was qhtained
by altering the magnesium ‘content to 20 /im; su Bhur Ilmltatlon_b¥_ using KCL
I place of KXS04and addlnglNa2SO4to (-3Lmwm. Phosphorus limitation was ob-
tamedl()jyusm NaHC03+ NHAHCO3in place of the hos'p_hate(fﬂuoted Inthe recipe
and_ adding NaH2 04 to (-4 mM; the medium was sterilized by filtration under
ositive pressure; the culture was buffered to pH 7-0+(-1 by incorporating 30 %
v/vz of CO, in the gas ghase. The or%amsms were allowed to grow at three dilution

ate eg)i)_roxlmatm%t (012, 0-25 and (45 hr.-1. Data are collected in Table 4.
With C-limitation the yield Increased with dilution rate until it passed a maximum
where ‘wash-out’ pegan; with N- and S-limitation the yield was little influenced
b%/ flow rate over the'range tested; with P-limitation the Yield decreased somewhat
al faster flow rates: with %-Ilmltatlon the yield decreased markedly with jncreasin
flow rate icf. Herbert 1958).. The steady-state viabilities obtained wjth the S-
limited culture probably signify a trend” in the direction of the partially dead
continuous cultures obtdined with very slowly growing C-limited populations. The
P- and N-limited culture did not show this phienomenon in the range tested; in
other experiments we nave gbserved it with N-limited organisms grown very slowly.
The Mg-limited organisms showed the phenomenon to a markegextent,

. Stroig illumination with visible light accelerated the death of our stored suspen-
sions (sée above). The continuous cultures were illuminated with diffuse daylight
In day-time and"were subject to intermittent illumination by the infra-red heaters
which, de;faend,mq_on the _tX e of bulb used, sometimes ‘included considerable
amounts ofwhite Tight, K,|II|_g§) by visible radiation might therefore have contributed
to the low steady-state viabilities found in these expBriments. A fresh continuous
culture ofMg-I_lmlt_e? organisms was settbofrom ourc_?tomar Pogulatlon and run
with strong visible llumination gabout 15001t.-¢.) atadilutionrate of -1 + 0-0Lhr.-1
When the Viability had settled ata stead)évalue forafewdays the infra-red heater was
chan?ed for one with a red filter &abo_ut 0 1t.-c.) for a few days; finally, the culture
vessel was wrapped in blackened foil and the ‘temperature maintairied at 40° by
a water jacket. ' Throughout this experiment the steady-state vianiljty. remained
at 15+5%; we c_?nclu e that gllémc]z by visible Jight contributed negligibly to the
steady-state viabilities obtained dur n% this work.”. _

The survival_curves obtained with these populations showed marked differences,
In Fig. 12 survival curves at about 0-25 hr.-L are collected: each curve is typical of
at ledst four examples for a glven nutrient limitation. In all instances the organ-
Isms had spent over 100 gererations in their new ﬁrovvth condition_because the
experiments with M(Ij-hm_ltatlon jJave some sugg%,esno that the form of the survival
curve changed over the first forty or so generations. P- and O-limitation, like the
ordinary C-limitation, glave virtually linear survival curves; those of O_—|Iml'[(id
bacteria were the least Steep. S-limifation gave a nearly linear curve, particularly
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when corrected for the 10% of hacteria dead at its start. N-limitation gave a sig-
moid curve: a period of slow death was followed by one of rapid decline. The
N-I|m|t|ng medium had a twofold excess of glycerol over that required to account
for the population density at D = 0-25 hr.-L(Table 4); Increasing this excess to
fourfold did not significantly alter the survival curves obtained. Mg-limitation gave
concave survival turves, All the survival curves flattened after”80-90 % of the
population had died: a Mg+ Ca mixture (concentrations as in Table 1) prolonged
%gsrtvel al of N-, P-, S and Mg-limited organisms; O-limited organisms were ot
. The influence of gro_vvth rate on death rate in the various conditions of nutrient
limitation tested are illustrated in Figs. 13 and 14, which are comparable with
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Fig. 12. Effect of nutritional state on death of Aerobacter aerogenes. A. aerogenes was
ﬂ{g&“{ﬁn contlnuo%s culture at g?iutlon rate of%—éAS Er. 1 With o“?
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Flg. 11a, The generalization that the faster the organlsms had grown the slower
they died appliéd to N-, P- and S-limited bacteria, though at the slower growth rates
the"differences were small compared with those obtairied with C-limitation. With
N- and P-limitation the survival Pattern depended on the length of an initially
flatter portion of a sigmoid survival curve; the slopes of the steeper portion did nat
change markedly aniong the three qrowth rates tested, The curves for P-limited
organisms Illustrate a case in which the flatter portion became undetectably small
and the survival curY_e ShlJt%d from sigmoid to ||near.,Thf_ SUVi aLofM -‘lmlted
organisms was complicated by the low steady-state viabilities of the populations
tested. The actual curves obtdined are shown’in Fig. 14a, the corrected curves in
146. The generalization previously observed was réversed in these conditions: the
faster these_or?anlsms had growrf the faster they died (See Dlscus_swng= The form
of the survival curve shifted with increasing growth rate from sigmoid through
lingar to concave, :

. Comparison with stationary phase populations. A well aerated batch culture was
inoculated from the continuously growing population and survival curves taken

17-2
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() between the 8th and 9th generation of Iogiarlthmlc growth, and (o) 100 min,
after the population had become stationary dueto exhaustion of glycerol.” Contrary
to expectation, the survival curves were Closely similar (Fflrg' 15}. _ _

_ Some experiments were undertaken to determine the effect of different nutrient
limitations” on the survival Batterns of stationary Phase bacteria. Inocula were
taken from the continuous culture and allowed to" grow as batch cultures (usually
under forced geration) in conditions in which the C. N, Mg or O content of the

environment Jimited growth. After the populations had been at their maximum
optical densities for 4-5 hr. the death rates of washed samples were determined in
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Fig. 13. Effect of%rowth rate on death rates ofAerotiactcr aeroHenedﬁin different nutrd'tiona(!
stdtes.. A. aerogenes was grown in co.tmu?.us.cu tu%e at the dilution rates.in |cat%

with. different cgo nenis of the medium w;ngggrts% Lﬂfe)\r’vg% olﬂ rgs. 1
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the usual way. The experiments described in this and the next paragraph used
organisms grown at 37°; the temperature of the control continuous cultire was 37°
for their duration. The C-limjted population died more rapidly than did a N-limited
P’O ulation, hut the survival curve in the latter condition Temained linear. Mg-
limitation led to an L-shaped survival curve. Owgen limitation, obtained b# Qrow-
|g%t IeV(e)r a(r)usu gtilgna sealed flask containing a magnetic stirrer, provided the most

eath o&yﬁchronlzed populations. A modified cylture apé)arat_us was constructed
to Rrowdeacontmuouss Bply of synchronously dividing organisms, Its construc-
tion (to be described) was based ora principle Used by amﬁbell (1957) to induce
P_artlal synchrony in Yeasts by subjecting them to rePe_ateds ort periods of starva-
lon petween generations, Fl?ure 6 Indicates that this trfatme t|[<wduc?d %arnal
sYnc rony with our strain of Aerobacter aerogenes._ Populations taken from four
stages In‘the cycle showed. small differences I1n their death, rates; death was most

E?B'r% itr? ards the end of division (70 min.) and at the beginning of the new cycle

-
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DISCUSSION

Biological |nte r|t of daét m|cr organlsms We have used the term ‘dead’
to describe bacte I hat fal 0 mut| |n the arbltrary favourable environment
Prowded by our slide-culture medium. This is a legitimate, usage, since micrghio-
ogists are Usually concerned with the ability of the organisms’to initiate a fresh
population rather than its survival as an individual. Otr organisms retained their
osmotic barriers after death and may thus have been in some sense *alive’: Razu-
movskaya &OdPova (19582 noticed Acetobacter melanogenum organisms which were
Impermeable to h? vital stain acridine orange yet which did rjot form colonies In
plate counts, It follows that the assumption commonly mage that dead or?antsms
are permeable to the medium and live organisms are not is not universally true
Since this. assumption Is the basis of several procedures for the rapid assay. of
viability (immersion refractometry, vital staining, optical effect, leakage.of purlne
bases) results obtained Wlth these rocedures should be interp reted cautlousY
Analysis of stresses. S éhes on mtcro bial survival necessart y Involve apP Ftng
some |ntent|onal stress tj r chllhn disinfection, etc,) o the populatio
Subsi |ar)(_|stresses may eapp |e unlntentlonally We studled starvatton at their
?rowt value and temperature s the stress like gg a) 0 cause least infer-
erence with the physiolog |caI organization of the organisms and (b) to entail a
minimym of subS|d|ary stresses et ouyr procedure for submlttlng organlsms 0
starvation proved to engender three subsidiary stresses The overt stress was limita-
t|on ofth supglyo enérgy source during growth: subsidiary stresses were: (i 1trace
element aeficiency during death %temonstrated by the prot cttve eﬁecto calcjum
magnesium oy |ron) (||)astress ue t0 the Hvaueo %owt not heing op tlmal
for’survival, (iif) a stréss. (presumabl [yosmottc caused by Trief exposure to dtstt led
water before sorage WhICh commtt ed our populations to a faster death rate than
they would otheanse have, shown.
ryptic growth. About fifty of our organlsms needed to die to support division
of one. Since we have concemed ourselves primari hl with the survjval of the
flrst 80 % or s of our populations we ¢an be confident that the individual orgamsms
at the beginning and end of the survival curves were the same. This consigeration
only eliminates cryPtlc growth as a factor in the survival of population of our C-
limited organisms” In_our routine conditions: equiv. 20 Fg t. organisms/ml.
sahne tris buffer at 40°. Cryptic growth may have influenCed the survival Patterns
of orPanlsms studied at otfier temperafures, In other media or even at higher
P%E ation densities. It undoubtedly nfliienced the survival gattern of the organ-
smswhen the survival curve was examined over several orders of magnitude (Fig._1).
oxmltz of buffer, Though we Identified coPPer and neutralized”it with EDT
we were (nable rigidly, to exclude the possibility that a subsidiary stress due 0
another toxic material’in the buffer influenced the survwal curves. Three considera-
tions ma gthls pOSSIbllltg/ nhkely First, crypti %rowt mfactoccurred;rowded
onewatte on([]enoqu econ %/onewould need t0 attribute rath ersped proper-
ties to the postulated toxic matérial to account for the variefy of survival patterns
which were obtained depending on the nutritional status of ‘the populati nbelng
tested: thirdly, the survival pgatterns obtained In our routine conditions wer
unchanged when a saline-phosphate buffer was used instead of saline-tris.
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.Physical conditions affecting survival. Illumination, though a potential hazard,
did riot influence our findings. Temperatures below the 40° impoged for ?rowth
prolonged survival, but therg was a limit below which further coolln? accelerated
deatn. This finding is relevant to the custom of storing viable bacteria a refnrqerator
temperatyres: it IS possible that at room temperatures survival would he profonged.
The population effect, the dependence of death rate on the concentration of organ-
isms, IS a curious. phenomenon earlier observed by Harrison (1960) which “qur
experiments entirely confirm. We can add nothing to_ Harrison's discussion of it
beyond the demonstration already mentioned that cr;rpnc growth plays no partinit.

nemical conditions aff_ectlng survival. /A pH value lowerthan 7'tavoured survival
of our populanons, consistent with earlier reports (Cohen, 1922 Winslow & Falk,
1923a; Strange ¢t al. 1961). Anaerobic conditions accelerated death despite the
change fo more favourable RH values that usually occurred in these conditions.
Inorganic components of the growth medium such as phosphate, potassium,
ammionium, sulphate, etc., had no influence on survival though Some of these, ions
have been implicated in the salt balance of microbes. Cnlg certain trace cations,
Mg, Ca and to some extent Fe, were protective. Mr R. Strange (personal com-
munication) has observed protection of stationary phase Aerobacter aeroq,enes
starved in phosphate buffer by Mg or Ca. The vitamiris were unecuivocally inactive,
but the conclusion that amino acids were inactive must be regarded as tentative
since the tests were complicated by growth.

Substrate-accelerated death. Glycerol, the energy source for growth, accelerated

death, This observation Is consistent with statements in the plblications of Ryan
(1959) and Strange et al. (1961). The phenomenon was not due to toxic |mPur|t|es
Hw tme qu_cegol sifice known Intermediates in glycerol metabolism also accelerated
eath; 1t'is being studied further, _ _ _
Biochemical changes during death. Qur populations metabolized their endocellular
polymers thus resembllngi_ e grganisms studied b){ Strange et al. (1961). Endo-
celfular RNA was metabolized first, the ribose [argely oxidized, adenine and c¥to-
sine (but not guanine) de-aminated and excreted, inorganic phosphate excreted.
Ribose oxidation might well account for the rapid drod in endogenous QCa that
preceded death. Protein was metabolized later, at such a rate that'the “amino-acid
pool’ of the bacteria remained unchanged for several hours. Pclysaccharide, of
which the organisms contained little, was catabolized slightly at the start of the
survival curve and then not at all: DNA was scarcely metdbolized. Bacteria (Iqrown
In_conditions other than C-limitation may have shown different catabolic Ra terns
(cf. Stran(I;e et al. 1961), buf it seems that with our organisms RXA was the most
expendable_‘reserve’ material. N

ahn & Schroeger (1941), froma study of the catalase and succinic dehydro%enase
activities of Bacillus cereus near the threshold of thermal death, concluded that
enzyme decay did nof accompany.death. In ourexperiments “glycerol dehydrogen-
ase” and ‘?Iy,cerol oxidase "activities declined in P,ar_a,llel with viability, THis paral-
{ﬁllsm coufd impl thﬁt theh rel%vant enzyn;,lc_glc |V|t|e|s| re([)na_l{]ed unchapg%d_ tuntll

e organism died, when they became negligibly small. Or | e fortujtous,
In"eithier case both \%JS Fhenyomenon andgsﬁnst?/ate-acceI_erate(_{n c?glat?w F)see al)ove)
have an obvious practical relevance to the state of bacteria which are shaken with
substrates + buffer for long periods in Warburg manometers.
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Effect of metabolic_ inhibitors. Despite the metabolism that accompanies death
none of the. metabolic inhibitors tested prolonged survival to any great extent.
The protective effect such substances have on derosols FWebb, 19594, t()} must be
connected with supplementary stresses nvolved In aerial suspensions and recovery
therefrom. Our failure to obsrve protection bY chloramphenicol contrasts with the
report of Marrison, EI Bagoury & Fletcher (1956), but Professor R. B. Morrison
has informed ys that theii” phénomenon, which occurred in meat-extract broths
was due to_ inhibition by chloramphenicol of a decarboxylase system which cauged
the pH value to change to toxic values; our storape conditions did not provide
supstrates for such an“enzyme. Lanthanum and yttrium showed slight protective
effects which a% have beeR connected with Hwelr antl-phosphatase activit ACIa -
ton, 1959); alternatively, they may have had a sparing action on the organisms
reserves of active |?ns such as I\/I? or _

Shapes of-survival curves, Despite doubts dating back many_gears (e.0. Buchanan
& Fulmer, 1925?, survival curves of dying bacteria are Wi elg exPected to be
exponential in form. The majority of thé C-limited populations of Agrobacter aero-
?enes gave linear survival curves, though after about 80% had died the curve
lattened and could be held to approachan exponential form. For a given growth
rate the sha&e of the survival curve depended on the nutritional status of the popy-
lation: C-, 0-, or S-limifation gave near linear curves, N-limitation qave sigmoid
curves and only Mq-llmltatlon ave concave Curves approximating to the exponen-
tial from the outset, _ . _

Effect of biological history. Our strain had under(I;one the variations reported in
Methods. The e,xRerlment recorded in Fig. 116 involved growmg the original labora-
tory stock which had not changed: tiie survival curves obtained were smoothly
sigmojd and gave linear plots of [f)roblta ainst time, We conclude that the hio-
logical history of the population influencea”its survival characters, and expectation
of this result'was ane of our reasons for choosing to study organisms that had spent
man)r %eneratlons in steadg continuous culture.” However, olr attem lot deliberately
to select for long-ljved grganisms was not successful; in contrast Harrison (1961) has
briefly noted the isolation of ‘starvation_resistant” mutanfs. _

Refation of death rate to growth rate. The faster. C-limited orgamsms qrew, the
slower they died. Aerobacter aerogenes rowmg ra8|dly with glycerol contdins more
RNA thar s_IowI}/ growing organisms (Herbert, 1958, his FI?. 11), so this observa-
tion 15 consistent with the suRgestlon that the longevity of these bacteria was In
part determined by their RNA content. , _ ,

The generalization that the faster the bacteria grew the slower they died applied
alsp to”N-, P-, and S-limited populations, Harfison (1961) briefly mentioned a
converse relation which Spersonal communication) apﬁlled to N-limited organisms,
The _onIK_m_stance of a converse relation occurred with our Mg-limited populations
and in this Instance the position was complicated by proportions of dead organisms
present at the start of the survival curve determination. 1t could be argued that the
most_mortal Individuals were dead before their survival charactérs could be
exa med_exPe imentally, and that the generalization was true in principle even
with Mg-limited organisis. , _ _

antlnuous cultgre of moribund gopulatgms. By decreasing the 8r0wth_ rate unéll
the death rate made an appreciable contribution to the population tynamics, steady
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states in which constant proportions of the population were dead were obtained
with G-, S or Mg-limited organisms; Mr D. Tempest has obtained comparable
steady states with N-limited ‘Aerobacter agrogenes. It seems that these bacteria
were obliged either to multiply or die; we were unable to provide them with just
sufficient “nutrient to maintain themselves indefinitely without dividing. These
observations have two consequences of importance. Fifst, a further proportion. of
the orgamsms from a moribund poPu_Iatlon would die durln%the |ag phase of slide
culturé or P_Iatm?; hence the viapilities recorded by the technigues were_those of
the population at the end of its lag phase, not at the time of sampling. This fact
probably accounts for the lower vidbilities obtained when largely. dead populations
were plated on a minimal medium compared with those found with the customary
‘rich” medium. - Secondly, if it i enerallg true that slow continuous culture of
bacteria leads to steady States in which substantial proportions of the populations
are dead, then practical installations based on analogous principles (e.g, activated
sludge plants: anaerobic digestion of sewage) and matural systems of a similar
gha&ggherm (lec'rgdbre%mma of animals, sulphur springs) may well be largely populated
yEffect ofgrowth é)hase. Populations harvested from the stationary phase of growth
are often régarded as less fragile than those from the exponential phase (see review
t&meslow & Walker, 1939)'since they are more resistant to cold shock (Sherman

Albus, 1923; Hegarlgy & Weeks, 1940; M%nellh 1958: Gorrill & McNeil, 1960),
heat shack (Ellicker & Frazier, 1938; Lemcke &White, 1959), decompression éFraser
1951), desiccation (Lemcke, 1959), freeze-trying (Fry & Greaves, 1951) and other
stresses. .Qur experiments with partly synchironized organisms, which died slightly
more rapidly when harvested just before or after division, led us to expect that a
proportion of the logarithmic phase organisms from batch cultures of our bacteria
would be hypersensitive to death by starvation. In fact this was not so; we could
detect no sqmﬁcant differences between the survival patterns of logarithmic phase
and early stationary phase populations from batch cultures.of qur strain. This
ohservation is not necessarily in conflict with the q_eneral fragility of ther logarith-
mic phase hacteria,  because the examples menitioned above “involved different
stresses from starvation. But there is a discrepancy between our finding and the
report of Strange et al, (1961) that stationary phiase Aerobacter aerogenes from
batch culture died considerably less_rapidly of Starvation in phosphate Buffer than
did logarithmic phase organisms. Thougsh there are_ differences In experimental
detail Detween our studies and those of “Strange et al, F19_61), we are inclined fo
attribute difference in behaviour to differences in the biological histories of the sub-
strains studied. Our organisms had spent many months in continuous culture
before testing as batch cUltures and may have remained physmlogmallY homogen-
eous on transfer to batch culture compared with orPam_sms subgect 0 repeated
batch culture, We su?gest that, provided Inheritable differences among the in-
dividuals in the inocufum are reduced to a minimum, the Bhase of growth of a
populatign has only a small effect on its susceptibility to death gst_arvanon. (>ener-
ally speaking, the nutritional status of the population is the most important factor.

We are indebted to Mrs Janet Crur_nPton, Miss Anne Paterson and Miss Christine
Wiatts for considerable technical assistance with the work reported here. We are
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also indebted to many of our colleaﬁ/tljes for discussions on these topics, and particu-
Itarly to MrR. E. Strange and Dr M. Shon for making unpublished data available
0 us.
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Serological Tests of a Relationship between Rumen
Selenomonads in vitro and in vivo

By P. N. HOBSON, S. O. MANN and W. SMITH
Rowett Research Institute, Bucksburn, Aberdeen

SUMMARY

Flfl rescent antisera to strains,of small Selenomonas ruminantium var

lact] Yﬁc?ls fown In Vitr Xgoni Shee fumen o tents aiorPeared. {0 react

specinclly ith some 0 fe alye Selenomanacs seen It Vo In fulgn

contents It?eenls [Rr?ﬁa e, thererore, tha eselenom?na S Isolated by

e usual cultural”methods are those een In rumen contents.
INTRODUCTION

In a previous paper (Hobson & Mann, 1961) the isolation from the sheep rumen
ofglyc_erol-fermentm Selenomonads, identified as Selenomonas ruminantium var,
lactilyticas %Bryant, I\ _563, was described. These bacteria were isolated by culturing
dilutions of rumen fluid tfrom a number of sheep. in suitable media.. However, thé
cells which grew In these cultures, although definitely selenomonads in morphology,
never exceéded 3/t in length, and were generally smaller. Direct microscopic
observation of rumen contents, however, shows that although there is some varia-
tion in size of bacteria morphologically resembling selenomonads, there are usually
a number of selenomonads, which afe very large, being 5-8/t in length.. These
obviously visible arge organisms are usually thosé referred’to when mention is made
of selenmonads in descriptions of rumen contents (see, for instance, Moir & Masson,
_19522. Althou% Bryant (1956) reported that some of his strains of S. ruminantium
isolated from the bovine rumen were U'E to 7/i In length in vitro, none of our sheeP
rumen strains ever attained anYthmgh e this size. 1t'1s known that cultural condl-
tions can influence the morphology Of bacteria, and Herbert (1953) showed that the
rate of growth can influence thésize of cells of rod-like bacteria (e.gf. Aerobacter
8erogends) in continuous culture. 1t was thought, therefore, that the Targe seleno-
monads seen in the rymen, which are growing under presumabI%opnmu_m conditions
In medium In what 15, In effect, a continuous culture might be identical with the
smallfr selenomonads grown In'vitro in “batch* cultures under what might not he
comP_ etely optimum conditions, and which_certainly differ from those obtaining In
the living' rumen, A possible method of |dent|fy|n’_g| the organisms in vitro and
In vdvo seemed t% be the use of fluorescent antiserd. Fluorescent antisera have been
used In these laboratories in the study of rumen bacteria for a number of years
ge. . Hobson & Mann, 1957: Hobson,” Mann & Oxford, 19582J and the necessary

pparatus was readily available. This paper describes some results obtained during
the experiments.
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METHODS

Organisms, The isolation and properties of the Selenomonas sfrains 6.and 17 (from
sheep on different diets) were described by Hobson & Mann (1961), and they had
been kept as subcultures on slopes, as described in. that paper, since isofation.
Strains 6 and 17 were representatives of groups differing slightly in fermentations,
The other bacteria used were from stock Cultures or formolized Suspensions kept in
this laboratory, and the properties of many of them have been described in previous
?apers. We arg indebted to Dr M. P. Bryant, US.D.A., Beltsville, Maryland, US.A,,
or cultures of bovine rumen strains of Ruminococcus albus, Selenomonas ruminan-
tium (strain GA 192).and S. ruminantium var, Jactilyticas Sstram PC18). .

Preparation of antisera to sheep rumen Strains of Selenomonas ruminantium.
‘H"and ‘0 antisera were prepared_as follows. For ‘O_’_antlgens cultures were
grown for 17hr, In.a casﬂone-ﬁa_st liquid medium_containing C-5% (wiv) glucose
Similar in constitytion to the media described grevmusl 6H0 son & Mann 1961[).
Awashed suspension of the cells in saline was heated at 100° for 2 hr., the cells were
centrifuged off, washed twice in saline and finally resuspended in saling with 0-25 %
formaliny added as preservative. Rabbits were given two courses of six daily intra-
venous injections of this suspension starting with three mAectlons_ of 0-2 ml. Suspen-
sion of gpacity 1 (opacity tubes, Burrou?hs ellcome, Ltd.) and increasing the dose
from (5t I'ml. of suspension of opacity 6 during the second week. . One week rest
was given between the courses, and ong week after the final injection the rabbits
were Dled for preparation of antisera. Starting the injections with a dilute suspen-
sion, was foynd necessary since more_concentrated suspensions proved fatal in
earlier experiments. For testing for ‘O’ agglutination alcohol-treated suspensions
were_prepared by suspending the washed bacteria in 50 % (v/v) ethanol/saline and
keeping at 37° for 20 hr. The acteria were then centrifuged off and finally suspended
In formol-saline as above, For *H’ antigens cultures were grown for 17hr. In a
casitone-yeast medium with the glucose reduced to -1 % (w/v). Formalin, 0-25%
v/vg was added to the culture and it was Incubated overnlqht at 31°. The bacteria

ere centrifuged oft and resuspended in 0-25 % (v/v) formol-saline. Antisera were
P_roduced by giving rabbits 4 course of inoculations similar to those used for prepara-
lon of ‘O’ antisera. All antigens and antisera were kert at 4, the latter with a few
crystf%ls of Thiomersal B.P."(British Drug Houses, Poole, Dorset) added as pre-
servative.

Conjugation of antisera with fluorescein |soth|oc3{anate. n a previous work
gHSobs_on &Mann, 1957) conjugation of antisera with fluorescein isocyanate was used.

this procedure Is somewhat long, involving the preparation of the Isocyanate

from flugrescein amine, in these studies conjugation with fluorescein isothiocvanate
was used as this compound Is commercially available. Usm% rymen contents, which
contain fluorescing material of a number of colours, and Under our conditions. of
viewing, we find that the green flyorescence of fluorescein is easier to distinguish
than the red-orange fluorestence, of dyes such as RB200 (Chawick, McEntegart &
Nairn, 1958). The fluorescein_ isothiocyanate was. obtained from British Dr_ug
Houses. The' material as obtained appéars to be impure and probably contain
fluorescein amine, as it 1s a brownish yellow colour and not completely”soluble in
acetone. No attempt was made to pUrify the material, but, in'so far as it was
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possible, an excess amount of  thiocyanate dissolved in acetone was used, for
conjugation. Some preliminary conjugafions established that, under the conditions
desCribed below, this resulted in a conju?ate of sufficient fluorescence. The procedure
Is & modified form of that of Marshall, Eveland & Smith (1958). Whole serum,
2-5ml., was stired with 4-2ml. 0T5 M-NaCl, and_ -7 ml. (-5 M-carbonate/hi-
carbonate buffer, pH 9-2, at 2° in a cold room. One millilitre of an acetone solution
containing 20 mg. flugrescein wothiogyanate was added dropwise to the stirred
serum splUtion from a h IEodermu: syringe fitted with a fing needle. After addition
of the fluorescein solution, the wholé was left to stir at 2Cfor 18 hr. The resultant
fluorescent solution was dialysed at 2° against 11. volumes of 0T3 M-NaCl byffered
to pH 7-0 with 0-01 M-Phosphate_chan%ed daily until the saline showed no further
fluorescence in ultraviolet (UV) light.

centrifuging at 22000 at 0° for 85 min, and the su'oern_atants stored at 4° after the
additiori of'a small amount of thiomersal. In the following descriptions ‘conjugated
antiserum’ refers to the solution of antiserum in saline produced in this way. The
conjugated antisera were then absorbed by shaking with liver powder as previously
described (Hobson & Mann 19571). For ahsorption of 17H conju?ated antiserum
with Veillonella gazogenes about 15 ml. qf the ‘antiserum was treated twice at 38°
for 30 min. with & few drops of a thick saline suspension of the bacteria, and centri-
fuged at 220009 between each treatment and twice afterwards. Testing with a slide
of'V. gazogenes after this showed no reaction, but the reaction with the” homologous
organism Temained. _ »

Preparation of specimens. The slides used were of UV-transmitting glass gShandon
Scientific Co,, Cromwell Place, London, SW, 7) with Chance no. lcversll?s.
Immersion oil was Reichert non-fluorescing oil (Shandon Scientific Ca.). Photo-
graphs were made on Ilford FP3 film with exposures of about 2-3 min. for UV and
about 20 sec. for white light. (This light was of low mtensny.l) The microscope used
was that described grewously (Hobson & Mann, 1957)." In the previous work
(Hobson & Mann, 1957) wet preparations, were used, as the methods of flxm? tried
all seemed to lead to Increased non-specific fluorescence. However, the fol ow_m_%
method was finally used and this gives preparations which shew no non-specifi
fluorescence of feedstuffs or protozal contents when liver-absorbed sera are used
and which remain stable for many months and can be examined many times. A thin
smear of the, bacteria or rumen contents was spread on a slide, any “large” P_leces of
grass, etc., in the rumen contents be|_r}% removed with a wire, and the film was
allowed to dry af room temPerature. e smear was then fixed by immersion in
acetone for 20 min., the acetone allowed to evaporate and the slide immersed in
buffered saline (as used for dialysis) for 1-2 min. The excess saline was removed by
blottlng %ently ?,nd a small drop of the conju?ated antiserum spread over the,damé)
smear dnd the'slide Incubated at 38° for 0'min. in a Petri dish containing a piece of
damp cotton wool to fprevent evaporation. After this the slide was immersed in
buffereq saline for a few moments to_remove excess antiserum, and washed b
immersion In three lots of buffered saline for 3-5 min. each. The slide was gently
blotted and a drop of redistilled T%I,ycerol containing about 10 % (v/vA buffered'saline
spotted on to the damp smear. This was,covered by a cover glass and blotted as thin
as possible. After examinatjon, if the slide were to'be keﬁt, ne excess immersion il
was removed by gentle wiping with a piece of tissue as the oil tends to become fluo-

he dialysed solutions were then cleared b
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rescent on exposure to air. Although the gIYcero,I provides a non-fluorescent
mountant a drawback is that it reducés the contrast in white light and so does not

glv%sharg Bhoto rarEhs.

Sheep and sampling procedures, Sheep 30 was fed on 900 g. hay and 450 g. grass
cubes per day given'In two feeds. This is the same diet as the Sheep fron} which
Selenomonas Tuminantium strain 17 was obtained. Sheep 43 was fed on 900 g. hay
and 450 g. concentrates (ground maize, crushed oats, bran) which is a simildr diét
to the sheep from which'strain 6 was isolated. Samples were taken via a rumen
cannula about 3 hr. after feeding.

RESULTS

Non-conjugated antisera. The antisera to Selenomonas ruminantium var, lactilyticas
strains 6 and 17 were tested against the antigen suspensions prepared for *H” and
0’ agglutinations. ‘0"a %Iutmatlon_ was recorded after 24 hr, at 50°, ‘H aﬁglutl-
nation ‘after 4 hr. at 50°. The “O” antisera reacted to a titre of 1/2560 with the ‘0’
susBensmns of the homolog_ous organisms and the ‘H " antisera reacted to a titre of
1/10240 in the case of strain 6 and to 1/5120 in the case of strain 17. It proved
impossible, even by utilizing such techniques as the ‘Craigie’ tube, to obfain an
inoculum which gave rise f0 a culture containing an thmg near 100% motile
flagellated, bacterla and so the ‘H” antisera always contained a high proportion of
antibodies, The “O” reactjon could be decreased by absorptionof the antisera,
but never eliminated, and so there was cross-reaction between “H *and ‘O’ antisera
and _sus?ensmns. However, there was some indication that the ‘H " antigens were
specific to the strains, and that the O antigen might be specific for S. ruminantium
var. lactilyticas, as an _agglutlnatlo_n reaction was Obtained with ‘O’ suspensions, of
the boving rumen strain”0f S. ruminantium var. lactilyticas but not withthe bovine
strain of S, ruminantium, , _ o
Con _ug]ated antisera. The con U(I;ated antisera were tested against organisms in
dried filims prepared as under ‘Methods’, The results with the non-conjugated anti-
sera mentigned above althou%h not partlcularl¥rcl_ear cut with respect fo *H’ and
‘0’ agnglutlna_tlon, did show that antisera of sutficiently hl?h titre for conjugation
could'0e obtainedand that these might be used for testing Tor the selenomonads in
rumen contents. The 60, 6H, 170 and 17H antisera were conjugated and liver
absorbed as described above. Each of these antisera when tested against the
corresponding antigen qave a qood reaction, the *H’ antisera seeming to give a
%omewhat br,lghter reaction with the cell walls th?n the ‘O a]ntlsera, With man
lagella reacting in the “H* suspensions. The tlagella could eastly be seen on visudl
examination hit were too small to be photogrrag ed successfully. Some flagellated
cells were also seen in the ‘O’ suspensions. The *H*sera also reacted wher tested
with the ‘O’ suspensions of the cor,resPondmg bacteria and vice versa. All four
conjugated antisera were tested against suspensions of Gram-negative coccus LC
EP\ejJtostreptococcus eIs%enn) Hobson, Mann & Oxford, 1958): a rumen Streptocaccys
ovis, (strain 18C6, Hobson' & Mann, 1955): Sarcina balceri (Wann, Masson & Oxfore:
1954): a boving rumen strain of Ruminococcus albus; a sheep rumen Butyrivibrio
straif; Bacteroides amylo enes (Doetsch, Howard, Mann &Oxford, 1957) and a sheep
rumen strain of Verllonella gazogenes (Hobson, Mann & Oxford, 1958). Some
reaction was seen with a proportion (perhaps 60 %) of the cells of Sarcina bakert and
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a very faint reaction with a small proportion (perhaps 10%) of the cells of the
Butyrivibrio, but the onl¥ bright reaction, involving all cells, was with V. gazogenes.
At the same time slides of rumen contents from sheép 30 and 43 were tested with all
the antisera. These slides showed no non-specific reaction with food ‘oartlcl,es or
protozoa, but some of the large selenomonads in the fields reacted well. In addition,
In all cases a reaction with some small cocci and very occasionally some larger coccl
was observed. No other bacteria reacted with the aritisera. Since the reactions with
rumen contents and Individual hacteria both showed an aPparently similar cross-
reaction and all the conjugated antisera behaved similarly, 17H “antiserum was
absorbed with V. aonene,s until no fluorescent reaction was obtained. This anti-
serum still reacted well with the corre5ﬁond|n 17 cells. When tested with rumen
contents no reaction was observed other than with some selenomonad-like or?amsms.
This absorbed antiserum was also tested against some other cultures of rumen
bacteria which were available, including a_lipolytic bacterium EH,obson_ & Mann,
191) and no cross-reactions were found. Some photographs of this antiserum and
170 antiserum reacting with selenomonads in rumen Contents are shown in PI. 1
A conjugated normal rabbit serum absorbed with liver powder did not react with
anything in rumen confents. The 17H serum absorbed with V. (I;_azogenes \Was
further absorbed with thick suspensions of 17H and 170 antigens until n0 reaction
was obtained with 17 cells., No reacting selenomonads were seen in films of sheep 43
rumen contents treated with this serum.

DISCUSSION

In some of the fields examined a few reacting organisms were seen which appeared
to be more coccqid, or st_raaghte_r, than the_normal crescentic selenomona shag)e.
A comparison of these fieldS with man_Y fields of pure cultures of selenomonads
reacting with fluorescent antisera made it seem most likely that these were actyally
selenomonads turned ‘end on” or ‘sideways " to the viewer, The tests of the antisera
with pure cultures and rumen contents show that the antisera seem to be sgecn‘lc
for certain selenomonads (not all selenomonads in the rumen contents reacted with
the antisera), possle those of the variety lactilyticas. Although the large seleno-
monads Eui) t0 about 8| Ion?) were the most obvious cells réacting some of the
reacting cells were considerably smaller, but not as small as the pure”cultures. The
evidence would thus sugr%est that the small selenomonads %rown n Pure culture are
actually the large selenomonads seen in the rumen, and that even in the rumen there
IS Somé variation in size amongst serologically similar grouBs_ of selenomonads, No
reaction in rumen contents was noted with anything resemoling *Quin’s or?anlsm !
a large bacterium which has occasionally been suggested to bé a form of
nomonads. This organism has not yet béen culturéd.
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EXPLANATION OF PLATE
Plate 1
All photographs were of dry film preparations. Magnification in all cases x 880.

Fig. 1. Selenomonad in rumen contents of sheep 43 reacting with 17 ‘H’ antiserum.

Fig. 2. Same field as fig. 1in white light.

Fig. 3. Larger selenomonad in rumen contents of sheep 30 reacting with 17 ‘O’ antiserum.
Flg 4 Same field as fig. 3 in white light.

arge selenomonad in rum contents shee 30r acting with 17 ‘O’ antiserum. The
tvv% large gjects are p?ant matena Iuorescmg I’I{S]W %Iuew Ite. ’

Fig. 6 Same field as fig. 5 in white light.

% Large %Fnomﬂnad N rumen contents o[)shee a t| W|th o antlserum General
akegrround i vﬁlte uoreﬁcmg r)aﬁt debris, an |gt lue autofluorescence from some
aCtefia, e.g. the oscillospira in t pp

Fig. 8. Same field as fig. 7 in white light.
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INTRODUCTION

Investlgat|0ns by several groups of workers in the United States have shown
convmcm %/ that ‘one of the varieties of human primary atypical pneumonia,
namely that in which some patients develop serum agglutinins against the Strepto-
00CCUS MG or against human erythrocytes and active in the cold, Is caused by a
filterable organism $Eaton S a?ent or orgamsm the PAP organism) which can be
grown In chick embryo Iung In certain tissue cultures, and proguces small areas
f pneumonia when inoculated intranasally Into cotton rats and hamsters (Eaton,

182
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Merklefohn& an Herrck 1944 Eaton 1950a Liu, Eaton & lleyl, 1956; Chanock
et al. 1060: Clyde, Denny Drngle Cook et al. 1960 Gordone al. 1960
Chanock ef al. 11961), The handling of thrs organism 1 the |aborator wasgreatly
eased by finding that its presence m sections O infected chrck embryo’lung could be
demonstrated by the Indirect fluorescent antibody tech nrﬂue wrth antisera ejther
rom c|onvatlesce1nt atrents or from rabbits immuriized with infected chick embryo
lung (Liu et al
nature an |dent|ty oft e PAP or%anrsm has until recently been uncertain.
Despite 1ts large particle size (between 180 and 250 m/i as meastred by filfration
through Gradogcol' membranes Eaton 1950a)). it was not seen In Smears or sections
fromrnfected tissues examined by |ghtm|croscop36 (Eaton &Liy, 1957), Its growth
IS not inhibjted b%/ sulp honamrdes and penicillin, hut some strarns are |nh|b e bly
streptomycrn tefracyclines, Carbo gcrn erythromycrn and aldehyde _semica
bazones inhibit all strains so far tested (Eator, 19508; Eaton & Liu, '1957; Eaton,
19506; Eaton, 1954-55: Eaton, Perry &Gocke 1957) AIthouPh the Size, antl-
biotic ‘sensifivities_and other properties of the organism resemble to some extent
those of a rickettsia orapsrtacosrs roup vrrus ere_are substantral reasons for
supposing thay it IS neither. Thus 82 sera from patjents with antibody to the
organism, or from hy errmmunrzed rabbits, do not fix comp Iement either with
pSIttacosis group antrrgen or with q_roup antigens from murine an epidemic typhus
and rickettSialpox, orwith phase 1 and 2 antigens from Rickettsia burned: (0) sera
containing antrbody against the psrttacosrs gkoup of viruses and R, burneti donot
stain by immunofluorescence sections of chick embryo lung infected with the PAP
organism; (c) examination of infected tissues from cotton fats, hamsters and chick
enbryos, including impression smears from yolk sacs nfected. with the PAP
orgarfiism In Leeds, haS_not shown rickettsia$ or the characteristic elementary
narticles of the psittacosis 8roup In preparations stained with ordinary Giemsa or
rickettsial stains ((anton 1950a; Liu, 1957; Goodburn & Marmion, uppublished).
In 1961 we produced |nd|rect evrdence that the organrsm 1S 110t a VIFUS but Was
related to thegleuropneumonra ike or p pasma groupo organisms (Marmion &
Goodburn 1961; Goodburn & Marmign, This View of the organis srdentrty
Was aso consrdered as.one of several possr ||t|es by Eaton & Liu, (1957). It
recentl 3/ heen substantiated by the cultivation, on cell-free media inoculated Wrth
tissue ulture flujd infected with one of the standard strains of Eaton’s organism, of
a Mycoplasma which reacts specifically |mmunof|uorescence with seraknown o
contarn antrbod 0 Eatonsor anis (/g anock, Hayilick & larile 19623
Acomparrson of the proper S of E tonsor anrsm and those of certain Myco-
plasma 15 set out in_Table 1 There Is, of course aw evarratron 0 Lpropertres
WI'[ |n Mycoplasma. Thedata given are ‘derived from Ed War (19 47 1954); Morton
F Pollock, Kenny & Syverton (1960) and Fogh & acker( 60): those on the
AP or%anrsm ‘mainly from Eaton & al. (‘1944) aton, Merklejohn, Van Herick &
Corey (1945), Eaton (1950a, b), and the other papers already mentroned here. The
evrpl nce establishing the Er%pertres In brackets in Table L described In outling in

earlier r%portsﬂ Fr jon & Goodburn, 1961 Goodburn & Marmion, 1962), s now
presented In detal



Eaton’s atypical pneumonia organism 213

METHODS

r ins of Eaton's PAP qrganjsm. Three strains isolated in the U.S.A. were useq:
1) The ‘Hetter’ FH strain, kingly 8|ven fo us by Protessar C. H, Stuart-Harris
ﬁleld Was |so|atd|n Boston |n154gL|u 1957). It was in the form of infected
|kem ryo (CE) Tung suspension and had had at least seven serial passages in

Table 1. A comparison of various properties of Eaton's PAP organism
with those of certain members fthe Mycoplasma group

PAE orgamsm Mycoplasma
Sie 180-250 mfi 125-250 mit
Light microscopy Elemenlenl bodies’) Coccobacth rm_.or
pleomorphic bodies
Sens nan to.ch mlcalf
m| epen|e| lin: -
1+ + +
r th om cm + +0r -
freptomycin +0r — +0r —
anamycin (

an| ic compound ¥ ++0Fr —
§ gahmf gjg?sa ( &f +++

Tye{]e of neumonia in Conso||dat|on rare y Conso |dat|on rarer

nimals comlp e and ve comgeean V n
NS ne\%ar cul I(nmseenI
o él? Isetﬂ y tran)s/mlssmnaJ
Veblty 2 Al - BRR AR
t0 12 days)] i
khfeflﬁss "Berdy'c? and tissue FBW%% vé?YaV%We growth

—= Growth n t inhibited; ++, + £ = varying degrees of inhibition of growth; + or
— = straing (fv ese sitive or resistant,

g (.
% p(Izstab Pshe ywor escnbe(? in th|s DAper.

I\%gs either in America or in England. (2) The classical ‘Mac’ strain {subculture

2W&S obtained directly from Boston through the kindness of Dr M. D

aton. 1T was isolated from Iung ISSUg in c?% éEaton et aL 19452 rld Was In the

rm of infected CE lung suspension; it ha a seventy-three serial passages in

The * ehcsdaPI 08" strain._recently 1solated from a case of at gmal

neum ia, was kind ggwen to us b Dr . Chanock éNatlonaI Institutes of
ealth, Bethesda, M It ad been maintained In primar monke
kidney tissue culture and had not been pagsed through, chick embryos before it

arrived n our laboratory. Infected material representing all thre¢’ strains Was

stored in. ampoules on solid carbon dioxide at —60 to —/0"and was passaged from

time to time in chick embryos or tissue culture.
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Chick embryo techniques. Thirteen-day chick embryos were inoculated into the
amnion under direct vision via the air sac (Taylor & Chialvo, 1942). After inocu-
lation the eggs were incubated at 35° for 6 or 7°days. Without chilling, the embryos
were then removed and the lungs harvested by Opening the thoraX from behind.
A portiqn of each pair of lungs Was cultured for bacteri, placed In a bgou bottle
and rapidly frozen'in a mixiure of ethanol + solid carbon dioxide. The frozen lungs
were then placed at —40° for 24 or 48 hr. until the results of culture were known.
Those proved sterile were pooled, ground with washed, sterile carborundum
Powder and mixed with a diluent in'the proportion of 155 ml. for each pair of lungs

rom one embryo (= a “10%’ suspension). The diluent (EO diluent) consisted of
tryptose + phosphate broth. (Difco) containing 1% (v/v) bovine serum albumin
fraction V, Armouq, Inactivated at 56° for 60 min., 0-3% (wiv) Pelatln (‘Oxoia’
igh ,?rade_ bacteriological _gelatin) and. penicillin (1000 units/mk). ~ After Tight
centrifugation (2000 rév./mif., for” 10 min.) the supernatant fluid"was placed”in
ampoules, sealed, quick-frozen in a bath “of ethanol +solid carbon-dioxide and
stored at —/0°. Lungs from three to Six embryos in each batch were examined
Bor mkl;egtlon by a fluorescent antibody techiique (immunoiluorescence) now
escribed.

Fluorescent antibody technigue with infected chick embgo, lung. Frozen sections of
Iung were cut on a Leitz base-sledge microtome held in —=20° storagle cabinet
(Pr stcoldz. The specimen-holder of the microtome was modified b;{ replacing the
t||t|ng platform with a h_eavF split hrass block into which could be clamped remov-
able brass pegs on to which the CE lungs were frozen. Further cooling was provided
by linking the brass pegs, by a.copper stné)_ 10 a cylindrical brass container filled
with chips of solid carbon-cioxide. ' In addition a perforated container filled with
chips of solid carban-dioxide was placed in the freezing cabinet below the microtome
and In the path of a stream of cold air from an electric hair dryer; this cooled the
air further and circulated it aroun the microtome knife and thé modified specimen
nolder. Conditions were adjusted bY switching the dryer on or off so as to maintain
the required temperature of —17° to —20° afound the knife. _

. Tissue blocks were prepared by harvestmg one lung from a chick e_mbrgofplacmg
it hilum-side upwards in'a drop of 15% (wlv) aguequs gelatin (Oxoid), butfered {0
PH 1-4, on the surface of a brass peg, protecting it with & collar of tin foil and quick-
reezing by Immersing the whole ot the shaft of the peg in acetone + solid caron-
dioxide mixture. Sometimes, to save labour in infectivity titrations, uR to three
Iun%s Lrom different e Pr 0S Were orientated in the gelatm__solu(smn ar[] t er\ frqzen
to make a composite block. Sections were cut at about 5ji and rapialy melted on
fo_microscope slides, previously d||o ed in 1% (wiv) aqueous gelatin (Oxoid
buffered to pH 7-4}?, exg)_osed to formalgehyde overm?ht, and then placed ina current
of cold air from the hair dryer for at least 2 hr. to femove traces of formaldehyde.

Some sections of CE lung were used unfixed, but most were fixed for 10 min. in
Analar-grace acetone (previously held over annydrous calcium sulphate) then driec
on to the slides for 60 min. in a Stream of cold dir from the hair dryer and stored at
4> or —20° until stained. In general the best results were obtained when Iunqs were
harvested and cut on the same day. Slngle, sera, Qr Rools of human convalescen
sera from local cases of atypical pneumonia which had a high or rising titre of
Streptococcus MG agglutinins, or serum from a rabbit immunized by repeatec
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intraperitoneal injections of CE lung, suspension infected with the Hetter strain,
were used as the middle layer in the"indirect fluorescent-antibody technique. For
the detection of antigen In sections the sera were diluted, just before use, fo a
concentration 10 or 20 times greater than that just reacting in previous tifrations
on infected chick embryo lungs by immunofluorescence, then absorbed twice with
liver and lung powder” from micé and chick embryos, About twg drops of this
diluted serum” were mixed with one drop of a 1/10 dilution of quinea-pig Serum
(fresh or preserved by Richardson’s (1941) method) in saline ﬁto provide the neces-
sary co-factors for stammgg and placed on the chick embryo lung sections, so as to
cover them completely and uniformly. Dilutions of serum for antibody titrations
were made in saline_Containing 10% ?v/v) Quinea-pig serum and 0-2 ml. of each
serum dilution transferred to a series of sections. The Slides were placed in a moist
chamber at 37° for 60 min. and then washed with three changes. of Phosloh_ate-
buffered saline (pH 7-4). The, sections were then covered with g suitable dilution
previously determined” by titration on_positive, sections, of fluorescein-|abelled
antihuman or antirabbit globulin; obtained initially from Sylvana Chemical Co.
N.J., USA, or Microbiological Associates, Bethesda, Md, US.A., and later
pregar_ed here with fluorescem isothiocyanate from G. T. Gurr (London) and antj-
lobuling from Dr W, Goldie &Leeds) or from Burroughs Wellcome and Co. Ltd.
Londo_n?q. The diluted conjugates were absorbed twice with the liver powders and
once with activated charcoal (about5mé;./m.. ,

After further incubation at 37° for 30 min.’ and three washes with phosphate-
buffered saling the sections, were mounted in glycerol (Analar) buffered'to pH 7-4,
and the coverslips sealed with colourless nail varnish. On examination in the ultra-
violet microscope the characteristic intense fluorescence described by Liu et al.
1956) was seen In association with epithelial cells of the mesobronchi and, more
arely, In small patches In the parabronchl. _

Ultraviolet microscope. The optical system was constructed here and consisted of
a h|gh-p_ressure mercury vapour lamp (Mazda ME/D, 250 W., 20,000 stilbs), a glass
con ensm% lens, a 3¢, thick Perspex box containing 5% (wiv)_aqueous copper
sulphate (CuS04.5H2) and a 2mm. thick Change glass filter no, OX'1 %F?llklng on
Bros. Ltd,, Wales), The |I9ht coming through this system was focused directly on
to the substage of a Bactil microscope (Watson, Ltd., London) with a reflecting
dark-ground Condenser. Non-fluorescent-immersion oil (‘Fluor-free”; G. T. Gur,
.onddn) was used between the condenser and the slide. Either a pale xellow gelatin
filter, Aviol 102 (Ilford, Ltd., London) or a Chance glass OY 13 (Pilkingtor Bros.
Ltd., Wales) was Zg)laced Ina x 8 ocular held in g Bactil mongcular tube;

Hamster ingculations. Infected chick embryo lung suspensions were also tested
bﬁ Intra-nasal Inoculation of hamsters, Harmsters %160- ,Oq.) were lightly anaes-
thetized with ether and 0-6 ml. of inoculym was jnstilled in‘two stages; fifst 0-2 or
0-4 ml., then fresh anaesthesia and the instillatjon of the residue.” The hamsters
Were not very suscegnble to Eaton sor%amsm and the macroscooic lung lesjons were
relatively slight an showedgre_at animal-to-animal variation by coniparison with
those, for example, produced By influenza virus. More impressive changes were seen
on mlcrosccziucal examination; for thig purpose the Iunr?s were fixed in 10% (v/vg
gggmaldehy e saling, sectioned in paraffin wax and staified with haematoxylin*an
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Mouse inoculations. White mice (Schofield 12/1A; 18-22 g.) were Iightly anaes-
thetized with ether + chloroform and given (-1 ml. of inocufum intrandsally in the
experiments with influenza, grey lungand Nigg’s pneumonitis viruses.

RESULTS

Organic gold preparations are known to have an inhibitory effect on infections
with Some pleuropneumonia-like organisms; for example on pheumonia or arthritis
in mice caused, respectively, by Mycoplasma pulmonis and Mycoplasma, arthritidis
Fdward, 1947: Findlay, Mackenzie & MacCallum, 1940; Sabin & Waren, 1040).

helr actjon on virus Infections does not seem o have been investigated very
extensively, but Jungeblut 31930-31) Kolmer & Rule _g1933-34) and “Andrewes
King & van den Ende (1943) found that poliomyelitiS virus In_monkeys and
influenza A and Iym#ho ranuloma JLGV) viruses.in mice were not inhibited,” Bauer
£1958‘) found that an indrganic gold salt dig not inhibit neurovaccinja in mice. The
frect of sodium aurothiomalate on nfections with fwo strains of Eaton’s PAP
organism, and with certain large viruses of a similar size was investigated In
hamsters, mice and chick embryds.

Effect of sodium aurothiomalate on Eaton's PAP organism

Experiments with the PAP organism in hamsters, G_rouPs of hamsters were inocu-
|ated mtra-_nasallk with “10% CE lung infected with the Hetter (FH2 strain, of
PAP organism. Ahout half the animals were lg/iven adaﬂx/lmtrapentone | Injection
of 30 or >0 mg. of sodium aurothiomalate (Myacrysin; May and Baker) for 12 or
13 days. This was a dose of 4-8 mg., average of 5mg.n00 o, hamster body weight.
The remaml_ng animals were ejthér not |rHected, or were nH_ected with the same
volume of distilled water containing 1/5000 phenylmercuric itrate (a R,reservatlve
present in the preparation of sodiurh aurothjomalate used). Twelve or thirteen days
after inoculation the animals were killed with coal-gas and thelr Iungs assessed for
the extent of macroscopic and microscopic lesions. The range of macfoscopic scores
was (-5 = a few small (about 1-2 mm. diam.) grey pneumaonic_areas in on or other
lung; 1-0 = moderate numbers of grey areas in both lungs; 20 = numerous grey
?reas in hoth Iun%f(; 30 = numeraus grey areas in both Tungs together with one
arcer area of frank red consolidation In either Iun?; 40 = nymerous grey areas
both lungs, together with two or more larger areas of red consolidation, The micro-
sco&m Iesmrl scoref degended on; a? RroRgrtlon of broréchl nd vessels with cuffs
of mononucleay cells seen In the sectlon and was assessed In five units rePresentmq
10-100% ‘cuﬁm(];_’ of the bronchi and vessels; () a 3-unit assessment of the exten
of alveolar consalidatign. The sum of these two scores ?ave the total for the section
the mgmmum belgg 80, Average Ie3|ﬂn scores were cafculated by dividing the total
score Dy the number of hamsters In the group. _

Atotal of 56 hamsters g27 ?old-tre tfd' 2 controls? were useg_ln four separate
experiments with the Hetter strain. Table 2 shows the frequency distribution of the
Individual macroscopic and microscopic lesion scores in the total group of 56 ham-
sters and also the average lesion scores obtained In each of the four experiments,
Despite the small extent of the visible lesions there was a clear-cut and significant
ditference between the overall results for the gold-treated and control grotips, and
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the suppression of lesions was consistent in each of the four experiments. Analysis
showed that the differences between treated and untreated groups were unlikely to
have arisen by chance alone; for macroscopic lesions % = 31-5,a.¢. = 5,P < 0001
for microscopiic lesions %2 = 533, 4. =8 P < (-00L

Table 2. Intensity of lung lesions in gold-treated and untreated hamsters
Infected with Eaton’s PAP organism

Number of hamsters with lung lesion score cf
?macroscopmg " Lol
4 3 2 0-5 &

1
et T O A

Number of hamsters with lupg lesion score of
(mmroscopm?

7 6 5 4 3 <1

8 7 1
e 3 8 0 % 5 8 VA2 0B
oo ve]0e macrascpplc (MCLand,migtpscopi () lsion sores {1 oul exgerimpnts vt
Ne 05 0 0 0 g 007 e =15 18 boang T 9

Table 3. Frequency distribytion of the fluorescent intensities of specific antigen of
Eaton’s PAP organism in chick embryos treated with sodium aurothiomalate and their

controls . . .
Number of chick embrg/os with a specific fluorescence of
N Intensity

Material given via
ttheyo%mac —or + + +4+  +++ ++++  Total

g?edr= Yemdﬁltjjre(}w Ic?r%lea r%%l 3'% 12 1% é 8 i;
mercuric nitrate

ome chick.empryos were inoculated via the yolk sac with a single dose of sodium aurothipmalate
ang olther with hn rt (Ylvluent rﬁheneg mercuﬁcmtrate. IHweH?tter ?tram o?IyAP

organism was
b oo s st

uman convalescent serumPoo afl
meso []OHCH WEre gresent n the hqu sections and a mean value Tor the Intensity was derive
€

from them for the embryo as a wi

A similar experiment with the Bethesda PI. 898 strain in hamsters also showed
that sodium aurothiomalate inhibited the lung lesions. The average lesion scores,
Macroscopic WC) and microscopic (me) were; untreated MC ="2-1, me = 3:3;
%old-trea ed MC= 0-39, me = (-8 and for animals given inoculum mixed with

umap antiserum to the PAP organlsm; MC = 046, me = 0-5. _

Sodium aurothiomalate appeared mainly to decrease the perivascular and peri-
bronchial infiltration with mononuclear cefls; small focal eellections of Folymorpho-
nuclear leucocytes were still present in the treated animals. As the %o d salt might
have limited tfie tissue reaction, rather than the multiplication ofthe PAP orrgam_sm,
attempts were made to find out whether gold salts would also act, on the organism
In the chick embryo, in which it grows without much tissue reaction.
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Experiments with PAP organism in chick embryos. In these experiments 12- or
13-day chick embryos were inoculated in the yofk sac with a single dose of 25 or
30 mg. sodium aurothiomalate, On the same of next day, the eg%s were inoculated
amniotically with a /10 to 1/500 dilution of 10% Hetter-infectgdl CE Jung suspen-
slon as approPnate. Control eggs received the same volume of sterile diluent or
1/5000 phenylmercuric nitrate “into the yolk sac and then the infected CE lung
suspension into the amnign. The treated and control eg 5 were then incubated for
6 or 7 days, the lungs harvested, Sectioned and examined. for antigen by the
fluorescen antlbod(y technigue, and also stained by an intensified Glemsa staining
technique described below. = _ _ _

There was a fairly high mortality among the chick embryos which had been ?IVGH
sodium aurothiomalate; and this made if riecessary fo inocllate large batches of eggs
to ensure _enouR_h survivors for examination. Eight separate experiments were
performed In which 85 embryos were examined, 38'in the group given qold and 47
In the controls. Six (15-8%] of the 38 treated embryos and 42 (89-4%) of the 47
controls had, ant|?en detected by immunofluorescence in one or more mesobronchi
at an intensity. of + or %[eat,er (y2= 431 4+ =1, P <0-001), Table 3 shows a
further analysis of the distribution of the intensities of the antigen b)i immuno-
fluorescence In the 85 treated and control em,br¥os. Unstained or feelily staining
mesobronchi were suﬂnlﬁcantly_more frequent In the lungs of gold-treated embryos.
In two experiments the unsectioned embryo lungs werg pooléd in two approP_nate
?roups and inoculated into hamsters intra-nasally to obtain independent confirma-
lon of a difference in the coptent of PAP or?anlsm intreated and untreated embryos.
The average macroscopic lung lesion scores were, respectively, 0-04 and C-1 for
gg%r%ﬁglsg?]sb fr%rg\ gold-treated embryos, and 1-2and 2-0tor thosé from the untreated

In vitro efrf)éct of sodium aurothiomalate on the PAP organisms, Portions of 10%
CE lung suspension infected with the Hetter strain were mixed either with sodium
aurothiomalate to a final concentration of 1-0mg./ml. suspension, or with EQO
diluent. The mixtures were held at room temPerature for 60 min. then subjected to
two c¥cles of centrifugation at 10,000 rev./min. in the angle head of a refrigerated
centrityge. The deposits from the last centrifugation were suspended in half the
original volume of EO diluent and tested in chick embryos by the standard method.
Tréatment with the gold salt diminished but did not’ abolish the capacity of the
suspension to produce speuﬂc,antlgen In the chick embryo lung. 1t was concluded
that the grold salt has.orHy as |Sght irect effect on the organism'or that contact over
a long period I required for ItS action.

Effect of sodium aurothiomalate on other viruses

The sg]gnlflcance of the effect of organic gold on the PAP organism would be
enhanceq If accepted viruses of a similar size'were not inhibited wnen tested under
our conditions. The organisms chosen were a virus, of the [f)sntacosLs group causing
pneumonia in mice (NIGg & Eaton, 1944), three strains of jnfluenza virus A, vaccinia
and variola (alastrim) Viruses.. Grey lung virus of mice (Andrewes & Glover, 1945
was also examined because 1t is 4 large organism of uncertain identity and because
It resembles the PAP organism in 1S sensitivity to tetracyclines. Also grey lung
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virus has been shown to be inhibited by organic tri- and Pentavalent arsenicals
Andrewes & Niven, 1953), a property shared with certain pathogenic bovine, ovine
and caprine Myc%olasma organisms’ (Bridre, Donatien & Hilbert, 1928; Mornet,
Orue & Marty, "1951). The results obtained were as follows.

Table 4. Mortalities, mean day, of death and mean lung lesion scores in groups of mice
B r}o%%!aatlgdcgvnl%poﬂouse pneumonitis virus (Nigg) and treated with sodium urothiomalate

.

Gold-treated Untri\ated
Extent.o — Extent of
.. Mean day lung lesion. . Mean day . lun Ps'on
Inoculum*  Mortality-)- o?dqeat?y in's V?VOfSJ Mortality) oFcﬂaat?]y musu%vﬁ/(IJrs;

B Bk 8 z % i sz

* Dose igtg;dmiples of that producing a lesion involving 50 % or more of the lung in half the

mige Inoc .

NumH?r. gad/ otfl mice inoculated. :

Sum gt individua Iung, €100 SCores, assessed z%s Hercentaqe of lung consolidated at autopsy
12°days after inoculation, divided by the number of sUrvivors in the group.

Table 5. The effect of sodium ayrothiomalate on the lung lesions
produced by grey-lung virus of mice

Gold-treated Controls

_ Mean ~ Mean _ Mea ean
Inoculum* ~ Lesion scores) scoreS we|g?1t§ Lesion scores) scorer} w'\e4g?1t§

Wik B B Bl B OB

R R
, = . D= g thie experiment,
%um o? Igsmn Scores alvz eg i‘

otal numper examined.
orrected mean weignt mg.)3/f\

ungs mrﬂ]e group: see text.

_Nigg’s mousepneumonitis virus, Groups of mice were inoculated intra-nasally with
dilutions of a fung suspension from mice infected with a strain of ngg’s VIrus.
Some groups were Iqlven, daily for 12 days, intraperitoneal injections 0f 20 mg.
sodjunt aurothiomalate; others were left as confrols. The dose of sodiym aurothio-
malate was proportionately greater than that given to the hamsters (about 10 mg./
100 ¢. body we|9ht of mouse) hut it did not cause death or lung lesions in uninocy-
lated mice” The fesults (Tahle @ show that treatment with ?old did not significangly
prolong the survival time, decrease the mortalities or alter the mean Values for
pneumonic consolidation in the mice which survived to the twelfth day after
Ingculatjop. . . . . I

Grey lung virus, Groups of mice were inoculated ingra-nasally with dilutions of
lung Suspension from mice Infected with a strain of grey lung virus from the
Naflonal Institute for Medical Research, Mill Hill. Some"groups were glven a dally
Intraperitoneal dose of 2mg. sodium aurothiomalate, others a dosé of phenyl-
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mercuric nitrate equivalent to that in the solution of sodium aurothiomalate used.
After 14 days treatment the mice were killed and their lungs, examined. In the
treated mice there was a striking decrease in the degree of consolidation, in the mean
wel%hts and the size of the Iun%s and also in the dmount of fluid exyding from the
trachea (Table 5). The pneumonia caused b_¥ the virus 1s diffuse and It Is Sometimes
difficult to %udge by eye minor degrees, of ditference between lungs. For this reason
each pair of lungs was weighed to Obtain an estimate of consolidation and contained
fluid. The treatéd and untreated grou s of mice had increased in total body weight
at aifferent rates during the 14 days after inoculation so the weights of thé excised
lungs were corrected to"a standard body weight (20%. mouseg and the mean values
cachIated for each group (Table 5). A'repetition of the experiment gave the same
resulfs.

Influenza viruses, Experiments with mice were done with the mouse-adapted line
of the Barratt strain of influenza virus A. Mice were inoculated intra-nasally with
allantoic fluid infected with virus and some were given 2mg. sodium aurothio-
malate daily for 10 days. There were no strlka effects on moftality or Iung lesion
score, or In‘prolon mg survival time in the treated mice as compared with controls,
Experiments in chick embryos were done with the WSE strain of influenza A
(Burnet, 1936) and with a strain of influenza A2 (Asian) virus. Ten- or eleven-day
chick emb_r[;(]os were given a single dose of 25 mg. sodjum aurothiomalate into the
yolk sac either 2 day3 before or-at the same time as allantoic inoculation with the
influenza virys. Three days later the allantoic fluids were harvested and the haem-
agolutinins titrated. When very small doses of influenza virus (about 4EID50
dodes) were used there was some decrease of mean haemagglutinin titre in the
allantoic fluids from the gold-treated embryos as comBared With the controls, but
this effect was not qhserved with larger ingcula (.. 400 EID50 doses).

Vaccinia, and variola viruses. Ten-day chick embryos received a smgle dose of
25 mg. sodium aurothiomalate, or of ghengflmercunc nitrate, equivalentto that in
the sodium aurothiomalate used into thé yolk sac. One or two days later the
embryos were ingculated on the. chorioallantoic membrane with a dosé of vaccinia
or variola (alastrim) virus sufficient to produce 15 to 20 packs. After further incu-
bation (2 days for vaccinia, 3 days for variola) the chorioallantoic membranes were
harvested and the pocks counted. There was no squlpant difference in pock counts
between the gold-treated and control embryos with either virus.

Effect of miscellaneous substances on Eaton's PAP organism

Andrewes & Niven (19531 found that neoarsphenamine and tlr\)(_parsamlde
suppressed the lesions of grey Jung virus in mice but had no action on Nigg’s virus,
In'view of our results with sodium aurothiomalate and grey lung virus, the action of
neoarsphenamine (Novarsenobillon, May and Bakeg_on the PAP orgamsm Was
ascertained. Three groups of hamsters wére inoculated intra-nasally with the Hetter
strain of PAP organism: one group was given eight daily intraperitoneal doses of
neoarsphenamine” (5-5 m/?./lo 0. body Weight):” the sécond was given sodium
aurothiomalate (6T mgf00 g. “hody. Weight): “the third was left as a control.
Eleven days after inoculation"the animals were killed and the lesion scores were:
neoarsphenamine mean macroscopic (MC) score = (-6, mean microscopic score
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me) = 30; aurothiomalate, MC = 05, me = 0-7; controls, MC = 2-0, me = 4-7,
here was, therefore, some nhibitory effect on the fung lesions with the neoarsphen-
amine, but It was not as striking as'with the sodjum aurathiomalate. _

A “10% suspension of CE Iun% suspension infected with the Hetter strain was
mixed with anaesthetic grade diethyl ether in a final concentration of 20% (viv)
ether. The mixture and an untreated portion of suspension were held at room
temperature for Lhr. and then at reduced pressure to remove the ether. The sus-
pensions were then inoculated into chick embryos in the usual way. Ether-treat-
ment abolished the capacity of the suspensior of PAP organism o form specific
antigen as detected by immunofluorescence. _

A'single dose of kanamycin sulphate (‘Kannasyn’, Bayer), eguwalent to 50.mg.
kanamytcin base, Rlaced in the yolk sac of chick embryas one day before amniotic
inoculation with the Hetter strain, completely inhibited specific antigen formation,

The elementary particle of Eaton's PAP organism

Despite the large size of the PAP organism, Eaton and colleagues were ynable to
demonstrate elenientary bodies in smedrs or sections from various infected tissues b
using a varjety of stains and the Ilght mlcroscope (Eaton, 1950a: Eaton &Liu, 1957).
Later Liu (1957) with a knowledge of the exact position of the antigen demonstraple
by immunofluorescence found that in histological sections the Cells of the chick
embryo mesobronchial ePlthellum appeared to e normal with intact cilia. Donald &
Liu (1959) examined ultra-thin sections of infected CE trachea in the electron
microscope and found particles of a diameter of 150-250 m/i with thin envelopes of
300t rr]nlll ||n dllflimeter, and some larger structures inside about 10% of the non-ciliated
epithelial cells.

pIn the early stages of our work with the PAP organisms we stained, by the
standard _overmght, Giesma method, frozen sections of CE lung prepared for fluore-
scent antiody Staining, There was some faintly stained red particulate material
close to the surface of'the mesobronchial epithélial cells in these sections. To see
more clearly we used an Intensified Giemsa staining method, based on the obser-
vation of Henneguy 81891) that treatment of sectionis with a solution of permanga-
nate greatly increased, the’absorption of any stain used subse_quentlé,; according'to
ProfeSsor A. W. Downie this technique was probably first applied to Giemsa staining
by P. Bruce White. Frozen sections (about 5/i) of infected CE Iun% were fixed in
dehydrated acetone for 10 min., removed and allowed to drY. They were then
covéred with freshly pre'oared potassium permanganate solution (10 gh/I.)_for
2 min., washed with distilled water and é)_laced face downwards for 18r."in a
solution of 1/25 Glemsa stain (Improved Giemsa stain, B.66, G. . Gurr, London)
In phosphate buffer pH 6-4. The heavily stained sections were differentiated with a
dilute acetic acid (5 g./1. water) unti| there was a clear distinction under the micrg-
scoge befween the nticlei and cytog_las_m of the epithelial cells n the mesobronchi.
The sections were then washed In distilled water and mounted as wet preparations
in a mixture qf glycerol + phosphate buffer (pH 6-4); the coverslips were sealed with
colourless nail “arnish. "Such preparations were best examined quickly; more
Permanent ones could be made by taking the sections through acetone, xylene, and
hen mounting In polystyrene (DePeX), but there was & greater proportion of
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failures due to decolorization and distortion. This, staining procedure revealed
numerous minute pink and purple bodies in association with”epithelial cells of the
mesobronchi. The hodies were coccoid, or coccobacillary and resembled. the cocco-
bacilliform bodlies found in"exudates from avian infectious coryza, This morpho-
logical similarity is not enough, of course, to prove that they are the same sort of
orggntlsrr&; att thtlhs stage the non-committal term elementary bodies (EB) will be
used fo denote them. ™ _ ,

A few EB were seen lying freg in the lumena of the mesobronchi and some were
unequwocallgwnhm the basophilic cytoplasm of the epithelial cells, butthe majarity
appeared to be extracellular and arranged In a_comﬁ)_a_ct layer on the surface of the
epithelial cells and largely within a lay8r of eosinophilic mucus which overlies these
cells. This mucous layer was identified by its gro ertY of staining blue with Alcian
blue at pH 30.and red by the periodic acid Shiff cefestin-blue_aemalum method
(Pearse,1960; it was necéssary to prolong the staining t|mes_?<. The bacillary shaRe
of the EB often gave_ a striking and diStinctive palisade-like appearance to, the
surface of the epithelial cells. The mesobronchial ‘epithelial cells were sometimes
fragmented and the cell cytoplasm more contracted and basophilic than that of
uninfected controls, but there was no visual evidence either of nuclear inclusions or
of organized intracytoplasmic microcolonies of EB. The EB appeared to occupy the
same general position in the CE lung as did the specific antigen—that Is, they were
nresent in the greatest numbers at the surface of the epithelial cells of the meso-
pronchi and were usua||_¥_ absent from the parabronchi. PI. 1, flgs. 1and 2, show the
ocation of EB and specific antigen in an invagination of a mesobronchug in adtj)acent
section from a CE lung infected with the Hetter strain. The angle enclosed by the
cell-lined inlet is nat guite the same in the two sections hecause the two staining
processes produce different ghysmal effects. Nevertheless it will be seen that the
positions of antigen and EB correspond very closely. Examination of adjacent
serial sections by the two methods rather than staining the same section, first by
mmunofluorescénce then with, Glemsa, was necessary because the EB seemed t
he very fragile, Variations jn fixing and Glemsa-Staining techniques were nof investi-
gated ‘exnaustively, but the following points seem important; sections should be
mounted on gelatinized slides not directly on glass; acetone, absolute ethanol and
possibly Boutn’s solution are satisfactory fixatives, but formol saline and Palade’s
osmjum tetroxide cause great distortion” and loss of EB; unfixed sections may pe
used, and treatment with stronger permanganate solution (20 g/l water) may be
g{ja\{%néageous. Different prepafations of Giemsa stain varied™in their ability to

Typical palisades of EB on the mesobronchial epithelial cells were not seen in any
of nimerous sections of lung of uninoculated chick embryos (PL 1, fig. 3) or in those
from_an experiment in_which nine serial blind Iunq-to-lun passafjes were made
starting from embr¥os inoculated with sterile EO difuent. On'the other hand, EB
and antigen were Tound in many Sections from eggs inoculated during routine
passage Of the Hetter strain of PAP organism. The results of some examinations of
embryos, uninoculated_or jnoculated With negative material, and of infected em-
bryos are combined In Table 6, section (a), which shows that there was a good but
not absolute correlation between the presence or absence of the two entities.” Sodium
aurothiomalate, which decreased the amount of specific antigen in CE lung (Table 3)
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also, decreased the number of EB seen in lung sections. Table 6, section (b) sum-
marizes the results from 67 gold-treated and untreated embryos examined by hoth
methods; once again there Was a good correlation between the values for antigen
and EB. Mesobronchi in the, lungs of %old-treate,d embryos sometimes contained
cI_umPs of organ_lsm,s resembllng B but swollen into Iar(t;er spheres or long rods,
Similarly, examination of sections from embryos inoculated with the Hettér seed
and treated with kanamycin, or inoculated with Hetger seed Erewously treated with
d|_eth¥| ether (see abovex, showed that formation of EB was suppressed in parallel
with that of specific antigen.

Table 6. Correlations observed between the presence and intensity of specific antigen,
iamd presence and numbers of EBfound by intensified Glemsa staining in chick embryo
ungs
un?ﬁéé'u"@té n%%%?s,‘?ﬁé%es?fovr“ﬁ SRt o HEo et mard
ISsue culture e¥ nmeptE nd 1solatjon s% cinens 1n from routmrs lal 6o]assagtee 8 thg

etter strain of Eaton’s PAP organism. " Section ‘b giv stg.e results for l]re aH
contral epﬁrey%s ‘51 the 8 experiments on the effeCt”of Sodium aurothiomalate on the
gr(fwﬁwot AP or an\sm meq{s.

n all experiments, Teplicate sections of CE Jung were stained with a pool .of huma
cqnva?escer?t saera and fluorescein labelled anhﬂu?man gfo%lﬂm, or%y ?he intensi |eH
Glemsa method.

Section (@), Embryos inoculated with variqus positive and negative materials
e&glugmg %ose In experiments on t?we ect o? gold treatment.

S é*l?mgﬂt?-f@fiﬁ; bonehi

Intensity of ..
fluorescence gvfs eﬁlflc + 10
antigen in bronchi -~ —to + ++++  Totals

T
Totals 103 4 150

Section (6). Embryos inoculated in experiments on the effect of gold treatment in eggs.
Intensitg of

antjty of Giemsa- .
S a%net] EE? in hroncT
fluorescence sze%i.fic + 10
antigen inbrohchi ~ —to + ++++  Totals

e 44

The time of formation of antigen and EB was determined by inoculating embryos
with the Hetter strain and harvesting Jungs at intervals. Neither antigén nor EB
were present In lungs harvested 3 hr. after'inoculation. At 3 days after inoculation
afinelayer ofantigen was present but EB were not identified with certainty although
a few spherical particles larger than EB were seen. At 4 days antuI]en had increased
and EB were gefinitely preSent: both increased in parallel UP to The sixth da¥.

Direct proof that specific antigen and EB are two attributes of the same (PAP)
organism would be afforded by neutralizing their formation in chick embryos by
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mixing antiserum with the inoculum. However the results of attempts to do this
were ‘equivocal: antiserum did not_substantially decrease antigen formation,
Eaton efal. (1945) noted that it was difficult to neutfalize the PAP orqam_sm In chick
embr)(o lung In contrast to the ease with which lesions were neutralized in the
hamster or cotton rat lung. However, in the present experiments EB in the lungs of

embryos which had received the Hetter strain mixed with antiserum appeared to

be swollen _elo?lgated and more variable in size than those in the Iun?s of the
{:onttroés; tfg)lse ect was similar to, but not as striking as, that seen in the gold-
reated embryos,

The conditions under which strains. of PAP organism have to be propagated
(serial egg passage in high concentrations of penicillin) are ideal for permitting
contamination with the™ less pathogenic  avian mycoplasma, organisms or for
Inducing L forms of contaminating Dacteria. Indeed Van Herick & Eaton (1945)
describé one _eﬁlsode In which their chick embryo line of PAP. organism was con-
taminated with a pathogenic avian Mycoplasma. The possibility”was considered
therefore that EB mjghfbe units of a contaminating Mycoplasma organism or of
a bacterial L form which were heing passaﬁsed along with the PAP organism. In a
test of the, RosmbllltY two portions of a 15 dilution of 10% CE lung suspension
infected with the Hetter sfrain were mixed with ,(aR a_1/5 dilution of pooled conva-
lescent sera from cases of pneumonia with a high titre of antibody to the PAP
orgamsm,_and %) 15 dilution of human serum whnich did not contain antibody to
the organism. Both sera were diluted In saline cont,ammg 10% (viv) gumea—mg
serumto provide complement. The mixtures were incubated at 37°"for 30 min,
and then noculated into sloppy agar medium containing 20% (v/v) inactivated
human serum, yeast extract, thymus nucleic acid and ofner growth"supplements
for Mycoplasmd organisms, This medium would be adeqluate for most Mycoplasma
butnt the or%anlsm recently isolated by Chanock et al. (1962). The tubes of medium
were incubaged at 37° for 2 days before Samples were inoculated info chick embr)éos,
the lungs of which were subsequently examined for specific antigen and for £B.
If the Moculum had heen a mixture of the PAP organism and an EB-producing
Mycoplasm organism then a dissociation of the two Properties, and an increase in
concentration of EB, might have been expected by passage th,rough the sloppy
agar medium. Instead the material from the tube inoculatéd with PAP organisr
and convalescent serum provoked fewer EB and less anfigen than that inoCulated
with the organism and the serum without antibody to th& PAP organism.

Additiondl evidence that formation of EB is a property of the PAP organism was
obtained b examlnlng two other strains—the classical’Mac strain and"the recent
Isolate Bethesda P1. 898. These strains were inoculated into eg(rzs and lung sections
examined by immunofluorescence and by Giemsa stalnm(I]. Atthe same time serial
passa?e of uninfecteq CE Iung was started In eggs taken at random from the batches
used for the two strains of P Porgamsm ang passaged in parallel with them. Lung
sections from this uninfected sefies of embryos Consistently failed to react by
Immunofluorescence with human convalescent serum and did not show EB up to
the ninth blind passage, On the other hand, both strains of PAP organism showed
EB closely resembling those seen with the, Hetter strain. The Mac Strain required
one passade in the chick embrgo before typical specific antigen and EB were clearly
present. The Bethesda PI. 893 strain (tissue and fluid phase from third passage in
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infected monkey kidney cell culture) gave typical specific antigen in mesobronchi on
first inoculation into the chick embryo and small numbers of EB were seen in
association with %pl'[hehéﬂ cells. In subsequent egq passages fpecmc anhge_n Was
seen dlistributed through the Iunﬁ_sectlons_, with & stained”cellular exudate In the
lumena of the mesobronchi. In this material very large numbers of EB were seen,
not on_Ig on the surfaces of mesobronchial cells,”but™also in association with the
collections of inflammatory cells ying free in the mesobronchial lumen_and In the
Bvarabronchl. On other occasions numerous EB were present but specific antigen

as only poorly revealed by immunotluorescence If at all. As this picture diftered
somewHat froni that observed with the Hetter and Mac strains attempts were made
fo_explain it in terms of contamination with_bacteria or viruses (influenza, para-
Influenza, Sabin B and other simian viruses). These attempts were all ne%atlv and
In fact the generalized, atypical jmmunofivorescent staining seemed to esgecmc
as it occurred only with thé convalescent and not with acute-ghase sera from cases of
pneumonia Rrevmusly_ shown to have nsmg antibody titres against the Hetter
strain. Furtner analysis of the behaviour of the Betheda PI. 893 strain suggested
that it ?rew faster and to a hlgher titre In the CE lung as comg_a_red with the Mac
and Hetter strains.. Antlgien and EB started off in the Usual position at the surface
of the, mes?br_oncm%I epi h?hal cells. 4 days after inoculation, but by 6 or 7 days
after inoculgtion 1(t e usual harvesting tlmer) there was deterioration of antigen,
?eneral staining of the sections and a widespread distribution of EB and intlamima-
fory cells. Plafe 2, fI%S. 110 3, shows various aspects, of lung sections from embryos
infécted with Bethesda PI. 898 stramn of PAP organism.

Experiments with Eaton's PAP organism in tissue culture
and in cell-free (lifeless) media

Tissue culture, ?everal types of tissue or cell gultur% were tested for their ability
to support survival or growth of the PAP. or?anlsm.T ey were inoculated with the
chick embryo _Iung susPensmn Infected with the Hetter strain, incubated at 35° for
{-12 days. "Mixtures of the fluid and cellular Bhase,s of the cultures were inoculated
into_ chick embryos and tested for antigen. Promising results were obtained with
Ma|tland-t3/ e cUltures of chick embryo Iunrq and with fragments of jnfected chick
embryo |urig on nutrient agar slopes, ‘Monolayer cultures ot chic.v embryo lung and
of thé FL line of human amnion cells gave poor results, but monolayer cultures of
chick entoderm and primary monkey kldne%_ cells were better. No cytopathic effects
were observed in these ?(repﬁratlons of chick entoderm or monkey kidney cells.
Similar results with monkey kidney and chick entoderm tissue cultires have been
repor\ep by Cganock etal 219(?0) e\nd Gordon et al. (196%). .

Cell-free” media. Eaton and Collea ues_(liaton, 1950a; Eaton & Liu, 9573
reported failure to. ﬁrow ppleurop,neu onia-like organisms from chick em rr
material infected with PAP organism, using, Presumabl , nutrient broth or sofjd
medium with ahlgi_h serum cortent. Having found the PAP organjsm to contain
EB and to be sensitive to aurothiomalate we also tried to grow It In SlOPpX ag%_ar ang
on solid media. The media were sug&leme_nted with 20% (v/v) heal-Inactivated
horse, rabbif or human serum free from antibody to the PAP or?anlsm; with ﬁea_st

extract, sodium deoxyribonucleate, staphylococcal extract; bovine serum albimin
10 G. Microb. xxix
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and potassium phosphate (see Klieneberger-Nobel, 1962, for details). Some hatches
of basal media were obtained_from Dr D7 G. IT, Edward and, were known to supR_ort
the growth of Mycoplasma. The media were inoculated with suspensions of chick
embivo lung infected with the Hetter, Mac or P1. 898 strains, incubated at 37° and

at various fntervals, portions were titrated in chick embryos for their content of
PAP or(hJanlsm. The results suggested that the organl_sm WS surviving much better
at 37° than previously reported (Eaton et al. 194_3—|t was recovered from cultures
neld at 37° for 12 dayS—hut unequivocal evidence of multiplication was not
obtained. The media used were very similar to those successtully employed b

Chanock et al. (1962) except that the Sera were inactivated before use. The variables

are being investigated further.

DISCUSSION

The similarities which were already known to exist between Eaton's PAP
_or(I}anlsm and the Mycoplasma (pleuropneumonla-l|ke)0(e;rou of organisms are noted
inthe Introduction and'in Table 1 To these may now he added sensitivity to diethyl
ether, kanamycin sulphate and sodium aurothiomalate. The last property was not
shared_ by certain viruses (Nigg’s pneumonitis virus of mice, influenza A viruses,
vaccinia, variola) which are sligntly larger or smaller than the PAP organism. On
the other hand, grey [ung virus of mice Was sensitive to sodium aurothiomalate and
smears from molsé Iung infected with this virus when stained_ by the intensified
Glemsamethod showed bodies similar to EB. Various serological investigations have
not revealed so far any antigenic relationship betweenEaton’s organism and
Mycoplasma mycoides. var. mycoides, M. mycoides var. capri, M. gallinarum,
M: iners, M._gallisepticum, M" hominis T%i)_e 1, 1. fermentans, or M. salvariym
(Newnham, Goodburn & Marmion, unpublished). Preliminary, experiments in
collaboration with Dr P. Whittlestone. (Department of Veterinary Pathology
Cambridge) do not suggest an antigenic refationship between' the” organism” of
enzootic. pneumonia of Siwine and the"PAP organism. _ o

The fmdmg In infected chick embryo lung sections stained P%/ the intensified
Giemsa method, of small badies (EB) ot coccobacillarv shape resembling that of the
bodies seen in the inflammatory exudate associated with Certain pathogemc myco-
plasmas or their cultures requires discussion. The evidence suggests that EB “and
specific antigen_detected b%/ Immunofluorescence are two attributes of the same

AP organism. They have been found in the same position In association with the
mesobronchial epithelial cells in CE lungs infected with three different strains of the
PAP or%anlsm ac, Hett r(FH?ad e%hesd PI. 8?8_|sol%te \n 1944, 1(?54 anﬁ
1960, reSpective % g hey have also been found recently in a freshly-Isolated Dutc
strain sent to us by Dr J; F. Ph. Hers, Leiden, Holland:) They havé not been found
In lung sections from uninfected chmk_emtwos or from embr}/os, In a series of lung-
to-Iung passages of uninfected material. With the Hetter strain EB ang antlgen
ar%)ea in the” CE mesobronchus at about the same time namelx 3-4 days after
noculation. Both are suppressed by treatment of the jnoculum of the chick mbr¥os
with diethy| ether, kanamycin and aurothiomalate. However, a dissociation of the
fwo properties was observed in two sjtuations. When the Hetter strain was titrated
In chick embryos It was found that the end-point at which EB were seen in the CE
lung sections Was 10- or 100-fold lower than that determined by immunofluorescence.
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This might be sim Ig_ a matter of the sensﬂwﬂY of the two technl(ﬂues—small
numbers”of EB are difficult to identify with certainty. On the other hand, the
reverse was found with the Bethesda PI. 898 strain : EB were sometimes seen when
antigen was absent. Probably this was because the antigen of the Bethesda PI. 898
strain deteriorated rapidly during the last 2 days of incubation of the embryos. The
size of the EB appeared to be larger than that estimated from filtration of the PAP
organism. It 1S Possmle therefore that EB are a swollen (perhaps degenerate)
fraction of the total population of particles of the PAP organism, all of which are
demonstrable by Immunofluorescence. _

There are several possible interpretations of the nature of EB. They might, for
example, be protrusions of cytopl sm from cells damaged bE VIrus growth.”This Is
improbable because the cells show slight damage only. EB. have the staming
qualities of nuclear rather than C)Atoplasmlc matérial, and similar structures weré
not seen in mesobronchial cells in the Jungs of chick embryos infected with influenza
virus, Now that a pleuropneumonia-like”organism has been jsolated from material
infected with the PAP organism (Chanock &t al. 192) the simplest explanation IS
that EB are the small reproductive cells of the organism growing mainly in the
[ayer of mucus on the surface of the CE mesobronchial cells; a location which offers
the advantathes_of physical support, hlg%h external colloid psmotic pressure and a
high concentration of diffusible growth actors from the cells, _

There IS a dlscrePancy betwegn our_findings with CE Iunq Sections stained by

Giemsa and those of Donald & Liu (1959) witf thin. sections of infected CE trachea
in.the ele_ctron-mlcroscoge. These workers saw particles of 150-250.m/1, sometimes
with 4 thin envelope 350-500 m/t, inside about 10% of the epithelial cells, mostly
non-ciliated. Particles on the surface of cells were not noted. In comparable
materia| examined in the fluorescence mlc,rosc,oge they saw antigen associated with
both ciliated and non-ciliated cells, This dis regan%y m_|Pht e resolved If the
flugrescent material was mainly on the cell surface and easily removed or distorted
during fixation ang embedding; and if phagocytosis of material is mainly a function
of non-ciliated cells. Clyde {1961) provides support for the view that the PAP
orgﬂ]ms%n grows on, rathér than in'cells.
_ The finding that the PAP organism is related to the Mycoplasma has other
implications which might be investigated with advantage. “For example, apart
from the grey lung virus of mice, already mentioned, there"are otner Iarq_e filterable
organlsms of uncertain nature that cause pneumonia In animals, infectious pneu-
monia of pigs (Gulrajani_ & Bevendsge, 1951 ; Betts, 1952), virus pneumonia of
rats (Vrolijk"Verlinde & Braams, 1957) which have features in common with the
PAP organism. Tests for sensitivity to gold salts and the demonstration of EB and
an,tl_%en by intensified Glesma staining” and immunofluorescence might be useful
Initial methods fqrdlsthmshlng from the true viruses a rouF ofor%amsms with
biofogical properties simifar to those of Eato_n’s_organlsm._ lin call& the behaviour
of known Mycoplasma In producing chronic inféction in the rodent lung might
stimulate a search for persistent infection and chronic damage in the human ling
infected with Eaton’s PAP organism,
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INTRODUCTION

In g study of the S-R variation in Lactobacillys casel (de Klerk & Coetzee, 1962)
strains were plated on a carbohydrate-free medium. In’addition to the R variants
observed, secondary. colonies in‘the form of smooth Bapnlae often appeared on the
surfaces of the coloies. A cursory exam|nat|on of suncultures ofthe papillae on the
same medium  revealed col omes similar In apleearance to the primary colony.
Subsequently it was found that on crowd e tes most of the ‘smooth papillde
which Wwere ituated perlpherall¥ continued to devel OR to form fap-shaped out-
growths which extended beyond the mar%ms of the motner colony. The appearance
fthese outgrowths was remarkable (PI. I, fig. 1) and was encountered so frequently
in tsubsequent work with the R varlants that it was decided to investigate their
nature
METHODS

The media and the methods useq for platlng, testmg blochem|cal reactions,
makmg total% ounts of colony go pulations, and thé f age and seroo ical techniques
were a5 described previously’(de Klerk & Coetzee, 196 Incubatlo was always at
37° unless otherwise stated:
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Or?antsms Three strains of Lactobacillus casei var. casei %09 300, 316 used by
de Kierk & Coetzee, 1962) were examined in detail, and 15 other strains of L. casé
var, casei, 10 strains of L. casei var. rhamnosus, 5 of L. plantarum, 8 of L. acido-
philus, 60fL saliyarius, 10 of L. fermenti and 10 of [ brevis were examined for
secondar colony formation. These strains had been isolated from human saliva
an identi |edlf the methods of Rogosa et al. (1953) and Wheater 19553
econ ar co ny ormatlon Theeff ot crowdtn on the develo ent of papillae
and anf rpe outgrawtns was stu led yerea |n f dilutions oF over-
night cultures grown In tomato_glucose broth on to medtum 1agar de Klerk &
Coetzee 1962). After 8 days of incubation the distribution of secondary colonies in
the form of 3da pillae an ans aped outgrowths on parent colonies was determined
in areas of cm 2 The effect of the depth of medium on the incidence of the two
types of smooth outgT rowth was Investigated by using different volumes of agar in
3|m|Iar Petri dishes he effect of amirio acids and V|tam|ns on secondary colon
formation was tested y Incorporatin V|tam|n ree pancreattc casetn dtget
Nufritional Biochemicals Corporation, Cleveland, Ohio, U % into

edium |, Ascorbic acid, ntcotlntc acig, thiaming hy droch on e cadum Bdanto
thenate nboflavm Pamlno enzoic add DL- b|0t|n folic acid and vitamin
obtained from Nutritjonal Biochemicals Cor orattong were incorporated in me |umI
|nthe ﬁuanttttes and by the methods as used by Rogosa, Franklin & Perry (1961).
The effect of addition’ of fermentable and non-fermentable carbohydrates was
investigated as previously described (de Klerk & Coetzee, 1962). The carbohydrates
used were glucase, cellobiose, rhamnose and melibiose.

Colony diameters. Suspensions were made of samples of organisms from fan-shaped
outgrowths and from areas of the mother colonies which were devoid of secondary
colonies. Suitable dilutions, to yield about 50 colonies/plate were seeded on to
medium | agar. Colonies derived from these two sources will subse?uently be
referred to a5 F variants and wild-tvpes, respectively. The diameters of fifty well-
separated colonies were measured after incubation for 48 hr. This was done With a
micrometer eyepiece at x 41-25 magnification.

Generation times. Overnight cultlres of sm%Ie F vanant and wild- type c?]lonles
in 5ml. liquid medium | Were transferred imto 100 ml. quantities o fres pre
warmed liquid medium 1. These cultures were malntalned at 37° and at suitable
Intervals samples removed. The optical densities of these samples were read with a
Zeiss spectrophotometer at 660 mii. Total counts on the samples, suitably diluted
In cold distilled water, were done iith a Petrofi-Hauser counting chamber and a
g(t)tlars]escontrast microscope. Dilutions of the samples were also plated for viable

Changes in PH valug of cultures in medlum . Cultures of F variants and wild
strains Were grown in 250 ml. liquid medium | for 170 hr, sampled at intervals, and
readings of pH values of the samples made with a Beckman pH meter.

RESULTS

golonles of all strains of Lactobacillus casei var. casei and L. casel var. rhamposus
and one strain each of L. erm?ntt and L. brevis ga % Ve secondary colonies on medium |
agar which appeared as papillae anywhere on their surfaces or margins. These out-
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growths generally appeared between the fifth and seventh da%/s of ingubation, X0
Secondary colony formation was ever seen on colonies of the other species examined.
The numiber of Secondary colonies formed by the single strains of L. fernienti and
L. brevis mentioned was negllglble in comparison with their numpers on colonies of
the strains of L. casel, Secondary colony formation on this medium thus, agp_ear,ed
to he a feature of strains of the latter sPeues. The secondary colonies varied in size
and were smogth and gl|sten|n% (P1. 1, Tigs, 2, 3). When situdted centrally they soon
stopped growing; but those & the_PenRhery often srr]nlt over the margin of the
mother colony. “Once in contact with the mediym, they grew rapidly ‘Into large
fan-she%ped ou%\;rowths, retalmnﬂ]thejr smooth gllstenlngi surfaces and entire edges
(P1. 1, fig. 4). dgcentoutgrow s did not coalésce (PI. 1, fig. 5) as R variants tend
10 do (o Klerk & Coetzee, 1962). Forty-eight hr. colonies of organisms from the
mother colony (wﬂd-tgtp? and the fan-shaped outgrowths SF vanant% on medium |
were smooth, but différed n that the latter were farger and_slightly more raised and
opaque (PL L, fig. ). This morﬁhologlcal difference persisted through numerous
subcultures. Subcultures from the fan-shapeq outgrowths were homageneous and
yielded onl¥ F variants. Subcultures from papillae situated centrally ustially yielded
mixtures of two types of colony, corresponding to the descriptions of F varint and
wild t%/pe é;l_vena ove. On other occasions only one or other of the colony types was
recognized in subcultures from papillae, 1t was not possible to tel] the composition
of a papilla from its appearance. Microscopically, organisms from the ‘mother
colony and fan-shaped outgrowths or from subcultures of these on agar or in fluid
medid possessed identical mor holo%|es._ The or?amsms were arranged singly and in
chains of 2 to 6 bacilli, The differenCes in size of the two colony types on medium |
agar was verified by direct measurement: the mean diameter of colonies of the wild-
B/Ee strain 300 wa 0-46 mm.; the mean diameter of the F variant of this strain was

-5 mm. Wild-type and F variant colonies of the other two strains showed similar
differences. This Tifference in diameter was paralleled by results of total and viable
counts. These results are presented in Table 1.~~~ ,

The tendency, of these organisms to grow in chains of different lengths is one of the
factors respansible for_the" viable codints being lower than the total counts. On
further incubation of F variant and wild-type “colonies on medium | agar, R out-
growths often appeared on both %fpe_s of colony, but secondary colony formation
Was %etected onp on wild-type_calonies. R ou %r?wths \yere occasmnallg Seen on
fan-snaped outgrowths (Pl. 1, fq. and frequently a wild-type colony Bore both
fan-shaped outgrowths and R outgrowths (P1. 1, fig: 8). No change in the incidence
of secondary Colony formation Was detected on” medium | stpplemented with
amino acids and/or vitamins. Aswith the R variants of L. casei (de Klerk & Coetzee,
1962) neither form of secondary colony appeared on medium 1 agar supplemented
with %Iucose or cellobiose In excess of 0-5 % (w/v). Addition of rhamnose or melibjose
(not ormaIIK fermented by L. casei) did not prevent secondary colony formation.

The morphological différences bétween the two types of” coloniés noted on
medium | agar disappeared when these were subcultured on tomato %I_ucose agar.
Forty-eight hr. colonies ofwﬂd-tgﬁes and F variants were circular, white, opadue,
about 2 mm. in diameter, dome-Shaped with an entlre_ed%e with the surface ver|¥
finely ?ranu_lar and glistening. The'F variant of strain 300 differed from the
variant of this strain in that colonies ofthe R variant retained their rough appearance
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e
on tomato glucose agar (de Klerk & Coetzee, 1962). The effect of inoculum-size on
tTf1eb|f05mat|on of papillae and fan-shaped outgrowths by strain C9'is shown in
able 2

Table 1 Total and viable counts of organisms in 48 hr.-colonies
of wild strains and F variants of Lactobacillus casel

S|i<_\{ghgle colonies of each st[am ere cuto twrh the underIKm agar and thorouth%
emulsified In seBara 0-25ml. ¥§) mes of IS% ed water. The ordanisms present |
gam es were colinte mFPe rort-Hauser chamber with a phase-contrast_ microscope.
uitable di ut}ons_wer%gt_ate on tomato glucose agar for vianle counts. Colonies were

enumerated after incubation for 48 hr. at 3/°.
Mean populatjons of six
4&% co'onles
. Viable.count ~ Total coupt
Strain m|I?|ons szﬁlhonsg]

%VJA‘H tF f ]
| M%nriant § '
ﬁg M\griam §:4 85

Table 2. The effect of crowdin? on the development of papillae and
fan-shaped outgrowths of Lactobacillus caser strain C9

Sam Les 0T ml.) of 4 differenA.diIutions.ot overnipht.growth of cultures in tomdato
lucose broth were’s r?ad n medium 1 In §|81|Iar Petr dishes. These w%re Incub §e a&
%or égc n&m(l)gﬁher of carbon dioxide for 8 aays. Counts were done on 8 areas or 3 cm.

Mean no. of secondary colonies

- No.of , Fan-shaped out-
Dilution coIomes/fZ cm.2 growrthg/colony Papillae/colony

T

ox 10~

The incidence of fan-shaped_outgrowths/colony bore a direct relationship to the
number of colonies/unit arga. The number of papillag/colony on the other hand had
an Inverse relationship. Experiments with strains 300 and 316 yielded similar
results, Distribytion of colonies bearing different numbers of fan-shaped out%_rowths
or papillae, or the sum of the latter two did not approach Poisson distributigns at
any of the de%rees of crowding used in the above experiments. Differences in the
thickness of the layer of medium had no effect on secondary colony formation.
tFuP/eas”amS and wild-types had the same biochemical reactions and growth tempera-

The results of agglutination and agglu_tlmn absqrption tests with sera loregpared
against W|Id-ty£es and F variants of Strains Cand 316 are shown in Table 3.

Unlike the R mutants of Lactobaillus casei grewousl¥ described (de Klerk &
Coetzee, 1962) F variants of strains C9 316 and 300 were Tound to be antl%emc,ally
identical to the corresponding wild-types. L. casel strains 300 and 316 are suSceptible
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to lytic phages 300 and 316 respectively F(Coet,zee, de Klerk & Sacks, ,19602. These
pha%es had efficiencies of plating on thé F variants of their hosts identical to those
on the wild strains. R variants of strain 316 did not adsorb phage 316 (de Klerk &
Coetzee, 1962). No phage active on strain Cwas available. The ¢ anqes in pH valug
in medium | liquid cultures of wild-types and F variants were identical and minimal;
during incubation for 170 hr. theré was a gradual change from pH 6-35 to 6-/.
Meastirement of the optical density of cultires growing™in liquid medium | are

Table 3. Results of agglutination and a%glutinin absorption tests on antisera prepared
against the wild-types and the F variants of Lactobacillus casei strains C9and 316

tigens werg suspended in distilled water and serum dilutions made in 0-85 % NaCl
! Sa(thP e I led vt e T oot

solutiqn. q[u N 0 nlgen an antlseer werﬁ mIxe were egt |rl)a
wdaéer athat 50° fo % an '[’LHEHM oyernignt. Agg Hﬁmma sprptions were d ng.
a H] an excess 0 |% t(l%é)ac ed heated anti entﬁ llution g %rum orrev?)oon mﬁ
t0.{ }fg/tv‘? tlmesth concentration of Its titee. The contents of these tubes were we
mixed and kept at 37° for 4 fr.
An;iserum Serum absorbed with A_ntigen Titre
e | i
8EE varlant} F_Yéman <118
_ variant ild-type <18
Cs (F variant) cg (F.varian }/%?34
c9 (wild-type Es Wll/ga%gg < 1;1
416 rildype) Cg EWl MBe} Ci Fv_?é n < i%gjg
wild-type gégv; 4 peé
. 16 (F varfan /
N i % Eivc?.?y%‘e :%ﬁ%
variant rian
: ] irga-t e 1/é 4
g MB? 3

Controls with 0-8 % (w/v) NaCl solution were satisfactory.

presented in Fl%. 1. The slopes, of these lines show that the F variants of L, casel
%rew more rapidly than the wild strains, under the conditions of the experiment.

eneration times of wild-types and F variants calculated from viable counts during
the expanential period of growth always showed those of the F variant to be thé
shorter. The actual times obtained with. any pair of strains were, however, so non-
reproducible_that this method of obtaining the absolute generation times was sogn
abandoned. This wregular behaviour was gttributed to the fact that L. casei grew in
chains of different | n?ths. Generation times of the wild-type and F variant of
strain 300, calculated from total counts in six different experiments, varied_from
17310 185 min. for the wild-type and from 147 to 154 min. for the F variant. These
results are considered to be réliaple since or?amsms in chains could be enumerated
Individually and deaths dur_mg the period of the experiment (usually about 10 hr,
would be minimal. Experiménts with W|Id-tyP_es and F varjants” of straing C9
and 316 yielded similar results. These results confirm the indications obtained above
that F variants have shorter generation times than wild-types.
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Subcultures were made from centrall srtuated paprllae of colonies of the three
strains examined. A limited number of F variant-like colonies and wild-type-like
colonies so obtained were examined by all the above methods. Or ?anrsms comprising

the two types of colony were found to possess properties ideritical with those in
F variant and wild-typg colonies, respectively.

014
013
012

011

Optical density
o <@ @
o =
8 O (=4

ot
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% Phat metrr determrnatons of ro of erdt es andFv riants of strarn
300 1 verni tcu ureso tyeand varant coonresr 0
meqium
maintaine

ro%g \gvetre tr serre into 1 volumes of fres arme F)r th an

or 10hr. At mtervassamp Were mov op(grc ensrg
rea o a ersg sgecgé) %Lometer at trarn W% v strain
F vari n% ir wild-tvpe, A, strarn Fvarrant A, Stral 16 wild-type, T ;
strain 316 F variant, 1 .

DISCUSSION

It is reasonable to suppose that organisms able to grow out above their relations
in a colony must possess some selective advantage, This has been proved In many
Instances, ‘see_ for examgle the paper by Ryan; Schwartz & Fried (1955). These
workers described the development of papillde arising on colonres of & histidineless
strain.of Escherichia coll, qrowrn% inthe presence of subminimal quantities of histi-
dine, The selective advantage e ]0¥d y the mutant orrt;anrsms comprising these
paprllaewas found to be due'to the fact that they were histiding independent; Shah

lyer %1960) snowed that organisms in seconddry colonres of Bacrllus subtrlrs were
fav ured by their greater ability to neutralize” the acids initiall X roduced
fermentation in colonies on a medium containing glucose and peptone. The Lact
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bacillus casei F variants encountered in the present work differed from the wild-
types.in that colonies of the former were larger, more opraque and contained more
bacilli than the latter when %rowmg on medium I, These differences may be
associated with the observationthat the F varianis had relatively shorter %_eneranon
times than the wild-types under the conditions of stud%/. Absoldte generation times
coidd only be determined by means of total counts. The times obtained were much
longer than those of L. casel and other lactobacilli determined under optimal
conditions by a variety of methods (Mason, 1935). This was probably due to the
Roor growth-supportlng qualities of medium 1. It is interesting to.note'that L. casel
as the shortest %eneranon time. of all the species of lactobdcilli listed by Mason
(19351. It might have been anticipated that fast-growing mutants of other species
of lactobacilli'which have longer generation times would possess a greater selective
advantaﬂe and be encountered mare frequently, yet secondary colony formation was
Eracnca y. confined to strains of L. casel var. casei and L." caei var. rhamnosus,
ast-growing variants of E. coli detected in continuous cultures have been reported
by Novick & Szilard £19502 and bfy Moser g1955). In the g_resent_work the fan-shaCP_ed
outgrowtns were pure cultures of F variants bt uncertainty stifl remains regardin
thenature of many papillae.  Most papillae apparently Consisted of mixtures 0
F variant and wild-type or%amsms. ome consisted, of pure cultures of F variant-
producing organisms, but Subculture of many papillag produced only wild-type
colonies. "1t nay be a[?ued that a papilla s a dynamic structure and that'it might, at
a particular stage of its development, still be Contaminated with parent organisms.
Despite the limited means of |de_nt|f|?_at|on avajlable this could hardly exq ain the
many Instances where no F variant-like colonies were detected in subcultures of
well-developed paPnIae. Loss of viability of F variants in papillae with survival of
contaminating wi d-tyPe organisms was_considered as an explanation of the latter
finding. This apgears 0. be'nlikely, First, because there were no indications that
F varant organisms tended to die off more raﬁ|dly than the wild-type, and secondly
because F variants were often present in otner papillag on the same colony. The
facA that all secondary colonies failed %) appear on media cont?mmg some carbo-
nyarate is no ar?um nt for the basic o oPen_elty of these colonies. R mutants
(de Klerk & Coetzee, 1962) also lose their selective advantage, under these circum-
stances. Another argument in favour of the hasic heterogeneity of secondary out-
growths js the fact that the distributions of colonies bearing omogeneous outgrowths
and papillae often follow a Poisson distribution %R an & al. 1955; Coefzeg, 1959;
Coetzee & Sacks, 1960«, b; de Klerk & Coetzee, 19 ZX The fact that the distribution
of colonies of L. ,case|_bear|n% varying numbers of secondary colonies did not follow
such a distribution is another factor against the inherent identity of all these
structures. However, an inverse relatlonshlé) existed between numbers of papillae
and fan-shaped outPr_owths/colon on crowded and on sparsely inoculated plates.
This m|ght be explained on the 'basis that on crowded plates the colonies were
smaller and secondary colonies which arose in the form of ‘oa illag thus stood a
%reater chance of spilling over the margms of colonies and developing into fan-shaped
utgrowths. This could” suggest tha man}/ papillae and fan-shaped outgrowths
were of the same composition. Because other Undetected phenotypic differences
(and possible selective advanta%es) might be jnvolved it was decidgd not to couple
the single manifestation of fast growth with secondary colony formation. For
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reaspns mentioned above it has not been passible to obtain proof of the_random
origin of the F variants and to determine the mytation rates involved. The fan-
shaped outgrowths, however, may be regarded as fast-growing variants of L, c,asei
which possess a. selective advantage under the austere conditions. prevailing in
growth  on medium |, These variants maintained their characteristics throu?h
numerous platings and were stable in the environment tested. Like the R mutants,
however (0 Klérk & Coetzee, 1962), they lost their selective advantage and were
not observed in the presence of small amounts of fermentable carbohydrates. This
15 a possible explanation why the wild-type maintains itself as the modal form,

_This wark is submitted with permission of Professor C. L. de Jager, honorary
director of the Nutrition and Dental Health Research Group of the South African
Council for Scientific and Industrial Research. Acknowledgement is made to Miss
|. R. Leemann and Mrs C. S. Steyn for technical assistance rendered.
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EXPLANATION OF PLATE
Colonial morphology of .« ccovacins coses strains on medium | agar.
Fig. L - lonies of strain C9 showing, foyr fan-sh wth
it AT, A LNt S o O O Al ST ] rumercs
EI% 2. 7-dﬁy C I?nies of sérain 300 sﬁowinaq nUmerous sm28th papillae of different sizes. An
utgrO\évt anI an-s?ape outgrowth are also rp])resenltl, X e I
Falﬂ-s%ape daa/uct% %lvlvet%g asttrtﬁlen %%Or apnos\{vmgzsgpoot papillae on their surfaces and at least two early
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Fig. 4. 6-day colony of strain 316 showing numerous smooth papillae and one early and one fully
developed fan-shaped outgrowth, x 40.

Figi. 5. 6-day colony of strain C9 showing sharp demarcation between adjacent fan-shaped
outgrowths, x 25.

Fig. 6. 2-dag colonies of the wild-type and F variant of strain 316. F variant colonies are clearly
distinguishable by their larger diameter and greater density, x 25

Fi%. 7. A fan-shaped outgrowth on a 6-day colony of strain C9showing the development of an R
outgrowth from its margin, x40

Fig. 8. 8-day colony of strain 300 with a tan-shaped and R outgrowth on its margin. Numerous
papillae are present on the surface, x40,



J. gen. Microbiol. (1962), 29, 301-310 301
Printed in Great Britain

Studies on the Utilization of Nitrate by
Micrococcus denitrificans
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SUMMARY

Micracoccus . ertnfr an |s abeo ryrn Pt assimilatory and
drs I aHr At reduction. 1 eas %nr(% 855 0CCUIS
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num | artraII the fransform tron of nitrate [nto
acﬁrﬁlﬁ)} ecnrug P Ve noy ?a le e ect on t e nitrate reéuc{ase

e X qracts of |s organism

INTRODUCTION

Several attempts have been made to categorize the various routes whereb%
nitrate ions may be reduced by micro- organrsms Some have been concerned wit
the nature of the actual compdnents of the reactron s uences e.q. the criterion of
Elartrcrpatron of cytochromes sug?ested by Taniguchi, Sato Egamr (1956).

owever, until thé actual metabofic routes have been more fully Characterized
it would' appear to be advisable o use a classrfrcatron based on physroIoFrcaI
function. Verhoeven 519563 thus disting urshed three types of nitrate teduction:
(1) Assimilatory; where th nrtrate 1S utr lized by the growing organism solely as a
source of nrtrogen (2) True, dissimilatorv; where the nitfate”acts as termipal
hydrogen acceptor in anaerobic growth of the organism. (3) Incidental dissimila-
tory; n which nitrate is used as'a non-essential hydrogen acceptor with nitrite as
the’ psual rodue

That any real distinction may be drawn between ‘true’ and mcrdental dis-
similation is queried by some, who would group ot t%pesunder the one heading
of “nitrate dissimilation or respiration” &ewson cholas, 1 2

Oxygen is known to prevent the development of the true nitrafe dissimilator
pathway with its attendant nrtrogen production, In several bacteria, e Pseud
monas Qenitrificans ESacks & Barker, 1949), P. stutzeri (Allen & van 2
Micrococcus denitrificans (Kluyver & Verhoeven, 1954), and P. aerugrnosa (Collrn

* Present address: Department of Biochemistry, University of Leicester.
20 G. Micrab. xxix
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1955). An inhibitory effect of oxygen on nitrate reduction by washed suspensions
of organisms previously adapted "to nitrate utilization has also been observed
gSacks&Barker 1949:"Skerman & MacRae, 19573, b). On the other hand, there
ave been reports of loss of nitrate in the form of gaseous nitragenous products
from aerobically growing cultures (Meiklejohn, 1940; Marshall, Dishburger, Mac-
Vicar & Hallmark, 1953, Verhoeven,_l95£$. This seeming contradiction of results
has been largely resolved by the studies of Skerman and“his colleagues SSkerman,
Lack & Millls, 1951, Skerman & MacRae, 19574, b; 1961) which relate
vention of nitrate dissimilation to the actual oxygen tension in solution. |
With nitrate as_sole source of nitrogen for growth, Verhoeven (1956). obtained
evidence for assimilatory reduction of nitrate dunng_aeroblc gr_ov_vth of Micrococcus
denitrificans, though in"angerobic growth on a medium confaining an alternative
source of nitrogen all the nitrate consumed was accounted for as nifrogen or nitrous

the pre-

Xide.

We found that assimilatory reduction of nitrate could be effected by Micrococcus
denitrificans durm_g anaerohic, s readily. as durlng aerohic growth, 1. for this
oFPamsm nitrate 1S a sufficient It not optimal source of nitrogen for tgrowth. The
effect of oxygen on the energy-yielding d|35|m|lat05y pathway and of'ammonium
lons on the ssimilatory pathiway has een examined.

METHODS
Orgamsm._ The strain of Micrococcus denitrificans obtained from Dr June Lascelles
had eeq kmdlg SUﬂJhed by Dr W. VerI)Pev n. It was malntameg_oq ge t?ne
nitrate slopes containing the foIIowmg (g Itre): Opeptone (Evans Medical Supplies
Ltd., Liverpool), 10: KHPO4 1: MgS04.7THA), (-5, qucerol, 10; agar, 20; the FH
Was adbusted t0 7-0, Inocula for liguid media were ter

20to J0hr. incubation af 30°. _ _ _ _
Medium. The defined liquid medium consisted of the following 8g.llltreé sodium
' ; KHP04 4 MgS04.7HA, 0-2; CaCl2 0-04

succinate, 6HA, 13-5: KHP04 6; JA TH? _

sodium molybdate, 0-15: MnSO4.4HZ), 0-001: and an iron citrate, solution: 5m|.
gcontamm In %.()Iltre, FeS04.7THA), 1-1: citric acid.HD, 1-05) with NHACL 1-6;
nd KNO3 10:1 being added as required. _ _ _

Growth conditions and preparation of sus'oen_smns. _Anaerobic cultures were in-
cubated in glass—s_to pered bottles completely filled with medium. Aerobic cultures
were incubated either in 100 ml. volumes per 11 Erlenmeyer flask or in 200 ml.
volumes per 21 Erlenmeyer flask, shaken at 160 to 200 rev./min. in a Pyrotar
shaker (New Brunswick Scientific.Co,, New Brunswick, N.J., US.A).” AlFincuba-
tion was at 30°. After harvestm% in the exponential lﬁhase of growth, all cells were
washed ina -1 M-phosphate salts buffer, EH 68 (g-l -phosphate pH 6-8 contalnm%
the same concentrations of MgS04, CaCl2 MnS04, sodium molyhdate and iro
Citrate as the growth medium). _ _

In those growth e_xgenmen s where a comparatively large inoculum of adapted
organisms Was required, cultures were harvested dunng exPonenUaI rowth and
stored.overnight at 2° as a thick suspension in (-1 M-Pho phate salts buffer. On the
following day these organisms were used to inoculate large guantities of fresh
medium™previously warmed to 30°; %rowth then began almast immediately.

Assessment of growth. The extent of growth was Measured with an EEL photo-

aken from such slopes a

B33
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electric colorimeter (Evans Electroselenium Ltd., Halstead, Essex) with a neutral
density filter and 1 8mm sample tubes; the unmoculated me ium was used to
%ve zero settmg The relation between E L reaq rn “and dry weight was eter-

ined and found linear up t0 a read rndo 35 40 with aEro ressrve eparture from
Irnearrt% therea\f\tlglr For the linear part of the curve 10 ‘EEL units’ Was equivalent

Preparatron ofce(ﬂ -free extracts. Exponentially growing organisms were harvested,
washed, suspended in 0-04 M-Tris (tris-nydroxyméth Iamrnomethane} buffer pH 74,

and disrupted by Ultrasonic vibration for 5min. at 25 ke Jsec, In a Mulllard ultrasonic
generator type E 7590B (Mullard Ltd., London, W.C. 1). Unbroken cells and
ebris were emoved by centrifug oing at 17400 g for 10 min, at 0°.

Enzgme assays. Nitrate dissimifator actrvrty referred t0 as nrtratase) Was
estimated by manometric measurement of N2evo utron from nitrate, The’ main
compartment of each manometer vessel contarne was ed organrsms (2-7-3-6 m%
dry wt, mlg3 mole phosp hate salts buffer 2b le sodium succinat
water to 2 fhe centre we contained 0-2 ml. 200 wv The reaction
was started b addrtronoflOO smole KNO3 from the side arm, ncubatronwasat30
in an atmosphere of oxygen- frée nitrogen, (British Oxy?en Gages Ltd.).

Nitrat reductase a?trvrty was assayed in cell- free extracts, The reaction mixture
consisted of 100/¢moe Tris buffer Bf 100/zmole_sodium succinate; (-1 m
crude extract (a out 1mg ’\Protern water 10 1-9 . The reaction was started by
the addition of 20/;mole’NaNOa.” After 15 min. incubation at 30° protein was

recipitated with 0-1'mI. of 2m_zinc acetate followed by 19 ml. 95% (V/v) ethanol

Fewson & Nicholas, 19615). The precipitate was removed by centrifuging and
samples of the supernatant assayed for nitrite,

Succinic dehy rogenase activity of crude extracts was determined spectro-
th(tﬁgtaet]nca Xt(r)snrnq_z :0-dichlorophenol-indophenol and phenazine methosulphate

Protein estimation. Thrs was performed by the method of Lowry, Rosebrough,
Farr &Randall (1951)iusrng crystalling bovine Hlasma albumin (Armolr Laboratories
Hampden Park, Eastbourhe, "Sussex) as standard

Chemical estimations. . Nitrite was determined colorimetrically by a method
modified from that of Rider. & Mellon (1946) as described by Lascelles (19562

Nitrate was assayed as nitrite after chenfical reduction By a method devéloped
by Dr D. J. D. Nicholas (personal communication to Dr Jurie Lascelles). Samples
contarnrn up to 2-5/;mole of nitrate, were diluted to -5 ml. with distilled water,
25l of 2N-NaOH Vizs adged to bring the pH to between 11 ang 11-6, and the
mrxtures shaken vigorously for 5 min, with a outOOSd 7In¢ powder in, stoppered
test tubes held in a microjd shaker. After |mmedrate centrifuging the nitrite content
of the supernatant was getermined colorimefrica 5{1

Ammonia was estimated by the phenate-hypochlorite method (Conwa 1950#
and cell nitrogen similarly after conversion to ammonium sulphate ythe jeldafl
method (Conway, 1950).

20-2
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results

Existence of both assimilatory and dissimilatory routes of nitrate utilization

Micrococcus denitrificans grew well with nitrate as sole source of nitrogen under
both aerohjc and anaerabic conditions (Fig. 162. The Ia% Ren_od Wwas shorter in the
presence of ammonium ions. In a medium"containing both nitrate and ammonium
lons the lag period was longer and the rate of growih slower in anaerobic than in
aerobic conditions (Fig. la.).

404

30

(mg. dry wt./ml.)

2:0

Growth

Growth (mg. dry wt. ml.)

40

[v9)
)

2
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24 28 32 3¢
Time (hr.)

24 28 32
Time (hr.)

Fig. 1a
Fig. 1a. Growth of Micrococcus denitrificans on nitrate as sole source of nitrogen.
—, aerobic and-——-—-anaerobic.

Fig. 16. Growth of Micrococcus denitrificans on media containing ammonium ions.
—, aerobic;---- , anaerobic; x, ammonium chloride only, o, nitrate plus ammonium
ions.

The effect of aeration on theformation of enzymes concerned with nitrate utilization

Two enzyme systems were studied. (tlr) Nitratase—the sequence of enzymes
effecting the redction of nitrate to nitrogen gas. (2) Nitrate reductase—the
enzyme system redu_cmgmtrate to nitrite, _
Itratase. Organism$ grown aerobically in the presence of nitrate could not
reduce nitrate to"nitrogenin contrast to those grown anaerobically with nitrate as
nydrogen accePtor, which showed considerable nitratase actwﬂa/ Table 1),
The"effect of aeration on nitratase synthesis was examined in.growing culures,
Part of a culture _growmg anaerobically on pitrate Rlus ammonid was fransferred
early n exponential growth to aerobic conditions, the remainder being allowed to
continue anaerobically. Nitratase activity and growth were measured at intervals.
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80

Increase in nitratase activity per ml. culture

iy ha [N i ba [
004082204
Increase in growth of organism (mg. dry wt./ml. culture)

Fi,?,. 2. The effect of aeration on the synthesis of nitratase in cultures of Micrococcus deni-
trificans grovvm(_} on nitrate plus ammonium ions. Nitratase activity was measured as
fil. N2produced/mg./hr. —, aerobic;-—--, anaerobic.

Table 1. Nitratase activity of washed suspensions of Micrococcus denitrificans

Nitratase activity was calculated from nitrogen evolution during the first 30 min. of
assay.

Nitratase
actmt;

ld. N

, , , N formed/mg.

Nitrogen source in medium Growth conditions  dry wt./hr.
Ammonia ] Aerobic 0
Ammonia plus nitrate Aerobic | 0
Ammonia plus nitrate Anaerobic 54

The results show that there, was partial repression of nitratase synthesis after
about 1-5 hr, exposure to air introduced at \ 'in Fig, 2. . N
Nitrate reductase. Crude sonic extracts were tested for nitrate reductase activity
under conditions where theg_showed no detectable nitrite reductase activit
(Methods). Prellmmar?]/ experiments showed that at the pH optimum of 7-9,
activity was linear with both protein concentration ‘over the range 015-1-5 mg.
protejrt per ml.g1 and with time (up to 2 m|n.g. Using the standard assay procedure
described, nitrate reductase levels were meaSured I extracts of organisms %rown
under conditions in which the supply of oxygen and of nitrate was varied (Table 2).
Extracts %faeroblc_ally fown or?anlsms Ehowed no nitrate re?uctase activity If
nitrate had been omitted Trom thelr growth medium and only low activity after
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growth in its presence. High activity was found only in extracts of anaerobically
grown organisms. These results could not be attributed to destruction or irreversible
inhibition of the enzryﬂme by oxy(gen since organisms h_arvested_durlnﬁ exponential
growth on ammonium plus nitrate ions under anaerobic conditions shiowed no loss
of activity after 60 min. aeration. It was concluded therefore that oxygen at
atmospheric pressure greatlg diminishes the synthesis of nitrate reductase.

Since succinate waS usedl as hydrogen donar In the nitrate_reductase assay,
succinic dehydrogenase activity was mieasured in each extract. Though there was
some variation in the activity of this enzyme under the variqus conditions of
growth, these differences were not of the same order of magnitude as those found
In nitrate reductase activity, and in all cases the rate of succinate oxidationwas
considerably greater than the rate of nitrate reduction (Table 2).

Table 2. Nitrate reductase and succinic dehyarogenase levels in cell-free extracts
of Micrococcus denitrificans

Nitrate reductase activity expressed as /imole nitrite formed/mg. protein/15 min.
?gccmlc dehydrogenase acfivity expressed as /;mole succinate reduced/mg. protein/
min.
. , Nitrate Succinic
Nitrogen source in Growth reductase  dehydro-

growth medium conditions activity genase

activity
Ammonia Agrobic 0 9-§
Ammonia plus nitrate Aerobic 003 8-6
Nitrate Aerobic 001 61
Ammonia plus nitrate Anagrobic 121 21-6
Nitrate Anaerobic 1-9% 22-4

Table 3. The effect of aeration on nitrate utilization by growing cultures of
Micrococcus denitrificans

A culture growing anaerobically on nitrate as sole N-source was divided into two
portions. One was allowed to continue anaerobically, the other was transferred to
aerobic conditions and incubation of both was continued for 9-25 hr. The values listed
represent changes occurring from the point of transfer, (—) indicating disappearance
and (+) increase in medium component or in organisms.  The concentration of all
nitrogenous compounds is expressed as /jmole N per ml.

Growth conditions

Anagrobic Aerobic
Growth (mP. dry wt./ml)) +1-38 + 2-14
Nitrate utifized -410 -19-3
Nitrite formed +266 +6'9
Ammonia formed 0 0
Cell nitrogen formed + 30 +12-8
Nitrogen balance -11-4 +0-4

The effect of aeration on nitrate utilization by growing cultures

Aeration aruallry r_e[Presses further nitratase s;hnthesm in_cultures that had
previously been growing anaerobwa_l(ljy %Hg. 2). However, it was not known
Wwhether the residdal enzyme (of considerahlé activity if assayed under favourable
anaerobic conditions), Waf at all functional under the acverse aerobic conditions.
This was examined in balance experiments with growing cultures when the con-
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centrations of nitrate, nitrite and ammania in the medium, together with cell
nitrogen content, were measured, |mbalance between supply and recovery of
nitrogenous compounds was ascribed to oss of gaseous products, particularly of
mtrog&en. In these studies Micrococcus denitrificans was incubated anaerohically
on nitrate as sole nitrogen source and earlx In the exponential Iphase of growth a
portion was transferred'to aerobic conditions.. Both cultures were then sampled at
Intervals, the final balance only being ?lven in Table 3. Anaerobically, as was to
be expected, there was considerahlé foss of mtrogen. A_erob|call¥ the nitrate
utilized was completely accounted for as nitrite and cell nitrogen, Thus nitratase
IS com IeteI;i Inactive under aerobic conditions, of ?rowth, which in turn sug%_ests
that one at least of the enzymes, reducing nitrite o nitrogen is more susceptible
to inhibition and possibly repression thanis nitrate reductase itself.

The effect of ammonium ions on the aerobic utilization of nitrate by growing cultures

|t was thought that ammonium ions which are at the same oxidation level as
cell nitrogen and are a better source than nitrate or nitrogen for growth, m|9ht
repress of Inhipit gor bothz_ nitrate assimilation. Ammoniim chloride _(‘0-65_?. I.g
was added durlng xponential, aerobic growth ofor_?a_nlsms rovided with pifrat
?%a%)llee L%ltrogen ource. Both nitrate uptake and nitrite formation were inhibited

Table 4. The effect of ammonium jons on the aerobic utilization of nitrate
by growing cultures of Micrococcus denitrificans

A culture growing aerobicallkl on nitrate as sole N-source was divided into two portions.
NH4CL (650 mg./l.) was added to one, no addition was made to the other and incubation
of both was continued for 4 hr. The values listed represent changes occurring from the
point of addition of NHACL the concentration of all nitrogenous compounds being
expressed as /tniole N per ml. .

Nitrogen source
during growth

. Nitrate
Nitrate  plus NH4CL

Growth (mlg. dry wt./ml.) +10 +12
Nitrate utilized -7-8 -4-4
Ammonia utilized -6-9
Nitrite formed + 14 0
Cell nitrogen formed +50 +70
Nitrogen balance -1-4 -4-3

_The overall nitrogen impalance in this experiment could not be due to loss of
nitr %en 13 as since similarl %own or?amsms possessed no nitratase activity,

> early Stages of aerobic drowth on nitrate as sole nitrogen source only part of
the nitrate” removed from the medium could be recovered while at the end of the
exponential phase recovery was complete (Taple 5). Nitrate present in the cells
but not converted to, cell nitrogen would not be quantitatively converted to am-
monia by Kjeldahl digestion due to Joss as nitric acid vapour _ogael, 1951). (f(on-
sequently thie early apparent loss of nitrogen may be due to nitrate being taken
Into the organisms durln% exponential g{rowth at § rate greater than that at which
It 15 reduced, 1.e. being accumulated within the cells.

In the ear
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The effect of ammonium ions on nitrate reductase activity

Since nitrite formation was abolished by the addifion of ammonia (Table 4), it
was thought possible that ammonium igns might inhibit pitrate reductase activity.
However,"ammonium chloride (30 mu) had nd adverse effect on nitrate reductase
acttrvrty in extracts of organisms grown aerobically on nitrate as sole source of
nitrogen.

Table 5. Recovery of nitrogen during aerobic growth of Micrococcus denitrificans
on nitrafe as sole Source of fitrogen

Nitrogen recovered as nitrite,
ammonia and cell nitrogen

Growth x 100
(mg. drywt./ml) Decrease in nitrate nitrogen
in medium
0-66 17
116 62
2-26 82
3-53* 97

* End of exponential growth.

DISCUSSION

Cultures of Migrococcus denitrificans grew more raprdlg aerobjcally than anaero
bically In a medium containing both nitrate and ammonjum ions (Fig. [b). This
could be due.to electron trans er to oxygen berng more efficient than comparable
transfer to nitrate asasourceo |gD energy phosphate. PhosphorYIatron linkeg
to incidental nitrate reduction has een réported in Escherichia col ((jTakahashr
Taniguchi & Egami, 1956) and to true dissimilation in Pseudomonas denitrificans
EOhnrshr &Mon 1960). However, a comparative study of the energetic yields of all
hese processes In the_same organism has yet to be carried out.

In the control of nitrate dissimilation By oxygen in this organism inhibition of
nrtratase actrvrtp 15 of primary importance in the'short term (Table 3). The function
of repression of the development of nrtratase b%/ oxy%en in the long term |? difficult
t0 assess srnce th e rate of synt esIS OF nitratase ‘i _qrganisms_previously grown
anaerobrca rs ony artrag/reducedb aeration (Fg 2), While_cultures grown
wholly aerobica % er appéarently the same oxygen tension contain no deteCtable
nrtratase even when th eassa for |ts activity isperformed anaerobically (Table 1),

Ammonium ions apparent g inibit nitraté reduction and its conversion into cél
nitrogen.  From the results dbtained (Table 4), it IS evident that the figures for
agrobic nitrate drsapgearance agree. weII with thosg for concurrent increade in cell
nrtro en. In the presence of ammonium ions, even if all the nitrate utilized agrobjc-
ally were converted into cell nitrogen, |t would be msuffrcrent to account for the
totaI increase In cell nitrogen. srnq TH4 and N0s, Marshall et al. (193
have shown that ammonrum lons Jargély, if not complete V, prevent the incorpora-
tron of nitrate into cell protein in Pséudomonas quorescen and P. denitrificans,
This would seem also to e the srtuatron In Microcaccus denitrificans.

An attempt was made to demonstrate a correlation between hydroxylamine
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metabolism_ by washed suspensions of Micrococcus denitrificans, and, the ability of
these organisis to assimilate nitrate, with the Brospect that ammonium ions might
act in an aerobically growing culture by feed-back inhibition either of an enzyme
producing hydroxylanine or of a specific hydroxylamine reductase. In fact, there
Was no significant difference between organisms grown aerobically on nitrate and
those gron on ammonium, ions as sole source of nitrogen with respect to hydroxyl-
aming utilization. 1t is, of course, passible that a basal hydroxylamine reductdse
activity associated with some other function, such as was reported in the case of
sulphite reduction by Mager (1960), could mask a specific ‘assimilatory " hydroxyl-
amine reductase activity.

We should like to thank Professor D. D. Woods, F.R.S..and Dr June Lascelles
for their advice ang encouragement. One of us (J.,C.) is indebted to the Medical
Research Council for Training in, Research; one of us (J.G.M.) was a Guinness
Research Fellow at the time of this work.
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INTRODUCTION

De Krut(ff Van der Walt & Schwariz (n1957) claimed, as a result of growth
experiments, that under anaerobic conditions i’ thiosulphate + nitrate. or in thio-
ruanate +nitrate medja_Thiobacillus denitrificans reduced mtrate to nitrogen but
that T. thioparus and T thiocyanoxidans reduced nitrate on%to nitritg. Th ey
suggested moreover that the two latter organisms were metd oIrcaIIy Identica
Happold, Jones & Pratt (1958t) agreed that™T. thioparus and T. thioCyanoxidans
3rew sim| arlyrat the expense of thiocyanate under aerqbic conditions. Pratt 31958)t
owe that T. thioparus cuItures accumulated polythionates at an earlier st ?eo
rowth than was the case with T throc anoxr ans cultures, grown_aropically in
losu J) hate medium. 1}ones dprP ()) in_ confirming Pratt’s resilts,
showed that oxidation of the polythionates was tassium ion.dependent. We have
consequently attempted to de Ing further the srmrlarrtres and dissimilarities between
these organisms. Vishniac & Santer (1957) stated that T. denitrificans ‘differed
from T. thioparus onIy in ability to grow under anaerobic. conditions with nitrate as
termina| respiratory €lectron acceptor, and that T. denitrificans could grow aerobic-
ally inabsence of nitrate in thiosufphate medrum but raprdlu lost demtrrfyrng abrlrty
on”aerobic subculture, thus becoming in |st|n%urs able from T. thigparus’
experiments reported in the present paper werg designed to resolve the apparent
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difference in the views of the above authors, namely, that de Kryyff et al. (1957)
could grow T. thioparus anaerobically but that Vishniac & Santer & 9572 could not,
and fo"obtain information which might be used in differentiating between the three
species of Thiobacillus used here.

METHODS

Organisms. The initial culture of Thiobacillus denitrificans was obtained from
Dr K S, Baalsrud, and was subcultured weekly. in screw-capped bottles completel
filled with the I|qu|d thiosulphate + nitrate medium of Baalsrud &Baalsrud (1954).

The culture of Thiobacillus th|oczanoxm_ans used was developed from a single
cell isolated from a crude culture which oxidized thiocyanate. _

The initial culture of Thiobacillys thioparus was dbtained from the National
Collection of Industrial Bacteria (NCIB8370) described as ‘Starkey’s original
non-motile strain’. From this culture a single Colony on a thiosulphaté agar plate
was picked, grown and used for subculture.

The T. thiocyanoxidans and” T. thioparus cultures were subcultured weekly on
thiosulphate agar slopes. . . :

Media. For anaeranic cultures the thiosulphate + nitrate medium of Baalsrud &
Baalsrud (1954E)_and thiocyanate + nitrate medium of de Kruyff et al. (1957) were
used. For aerobic cultures the thiosulphate medium desgribed %Jones&HappoId
1961) was useq; th|osulﬁhate agar was prepared accrding to these authors..

Estimations. Thiosulphate was. estimated by titration With todine according to
Vogel (1951); Polytmonate by titration withi iodine after treatment with KOI!
according to” Starkey (19346); thiocyanate ectro_E)hotometrlcaIIy by a modifica-
tion of h e method described by Boiwler 819 4): nitrite spec_trophotometncaI,IY by
the method of Rider & Mellon'(1946). To estimate nitrate in presence of nitrate
agvantage was taken of the observation of Skerman, Lack & Millis 519512_ that
nitrate and nitrite Melded the same colour when determined spectrophotometrically
by the brucine method of Nol| (1945), and that with mixtures of nitrate and nitrite
the colour densities were additive. Thus it was passible to estimate the nitrate
concentration In a mixture of nirate + nitrite when the concentration of nitrite had
been determined by the method of Rider & Mellon (1946). None of the other ions
of the concentrations found in the media used affected a gof these estimations.

Chromatography. The methods of Jones & Happold (1961) for detecting Ro_ly—
thionates were used. Potassium pentathionate prepared by thé method of Goe

rin
& Feldmann (1948) was used as an additional marker. .

RESULTS
Anagrobic cultures

Thiohacillus denitrificans and T. th|ogarus rew anaerobically in both nitrate-
containing media; T. thiocyanoxidans did not. These results contrast with those of
e Kru,Y etal E195_7r? who reported growth of T. thiocyanoxidans anaeroblcallg In
both nitrate-containing media, and with the statement of Vishniac & Santer (1957
that “T. thioparus was a strictly aerobic bacterium’, Figures 1« and 16 show th
thiocyanate, nifrate and nitrjte concentrations meastired durmcf; l%rowt_h fT
denitrificans and T. thioparus in screw-capped bottles completely Tilled with thio-
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cyanate + nitrate medium. With T. thloparus nitrite accumulated and thloc¥anate
was not completely used up. These facts may be associated, for the rate of thio-
cyanate utilization decreased when the nitrite concentration reached 150 /ig./ml.
and ceased when the nitrite concentration was 200 /ig./ml. The decrease in raté and
subsequent cessation of thiocyanate utilization by Thiobagillus thigparus in thio-
cyanate + nitrate medium may have been related to nitrite concentration; inhibitory
concentrations of nitrite for’ growth of thiobacilli have been shown as follows.
1x10-2mN02and 1-4x 10 Zm-NO2 for anaerobic growth of T. denitrificans in
thiosulphate + nitrate and thiocyanate + nitrate media respectively (Baalsrud &
Baalsrud, 1954; Woolley, 1961); 2T x 10~2m-N0 2for aerobic growthof T. thioparus

Thiobacillus denitrificans v Thiobacillus thioparus

5l ol o |l & & & & a a
2 4 6 8 10
Time (days)

Ta 1b
Fig. In. Utjlization of thiocyanate O, and nitrate V and production of nitrite « by a
cu?ture ofU ﬂnogael U Aenltr}flcans. P y

Fiq. 1b. Utiliz tiori of hhioc anate O, and nitrate V and production of nitrite « by a
cufture of Thiobaeillus thioparus.

in thiosulphate medium (Starkey, 1934c/); 1-4x 10-3 m-N()2 for aerobic ?,rowth of
T. thiocyanoxidans in thiocyanate medium (Youatt, 1953). No quantitative com-
Pa_nsons were made of the anaerobic growt_h of T. denitrificans and T. thioparus in
hiosu Ighate +nitrate medium becaus® of dilliculties associated with the estimations
of thiosulphate and nitrite in the presence of each other.

Aerobic cultures

After aerobic, serial subculture in the thlosulghate medium, of Jones & Happold
51961), T. denitrificans no longer g_rew anaero |caIIey when inoculated into thio-
ulphate + nitrate or thiocyanate + itrate media, whéreas T. thioparus which before
such subculture has been maintained aerobically, grew immediately under anaerobic
conditions in nitrate-contajning media, _
_Wh?r a Th|oba?|llus thwgarus needed 24-48 . t R_ro_duce copious, growth ?n
thiosulpnate agar slopes under aerobic conditions, T. denitrificans proved extremely
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difficult to, grow on thiosulphate agar under aerobic or anaerobic conditions;
minute wh|te colonies took between nine and seventeen days to appear under these
conditions. T. denitrificans did not produce the mucoid Slime, associated with T.
thioparus cultures; cultures of the fatter organism took appreciably longer to filter
because they were mucoid.

Figures ?an? 2b show EH values and th|osulphate an? polythignate concentra-
tionsin 50 ml. cultures gf the two organisms rownln mi. corilcal tlasks containing
thiosulphate medium (Jones & Happold, 1961). Differences between the organisms
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Table 1. Utilization of thiosulphate and production of polythionate by
Thiobacillus thioparus and T. denitrificans

Medium a Medium b
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can be seen (Fig. 2) in respect of polvthionate Producnon and rate of acid productjon.
Table 1 shows' differences in the amounts of titratable {Jolvtmonate produced by
the two organisms during growth of 500 ml. cultures in 1. flasks. The media used
were: a that described by Jones &Hap%old_ (1961); bthat described by Baalsrud &
Baalsrud %19542 but without nitrate. During the latter experiment concentrates
of culture Tiltrafes were chromatographed on gaper to detect polythionates: Table 2
shows some differences between the two organisms with respect to the polythionates

which accumulated.

Table 2. Chromatographic detection of golglhiqnates in culture filtrate concentrates
from cultures of Thiobacillus denitrificans and T. thioparus

: : : Polythionates
Tim Medium Organism PN Lo o
(days ! PO s S,
14 a. SO 3(Jones T thi -
H %noff] }\? J§ T elr?ﬁﬁwgans i - i
h, § 3n 1. thioparus + +
# [?als&z%& aals- T. denitrificans — — —
ud, 1
A a T. thioparus + + ?
: i
T. enﬁrlflcans — 5 A

DISCUSSION

The strains of Thiobacillus denitrificans and T. thioparus used here were capable
of anaerobic qrowth In the presence of nitrate at the expense of thiosulphate or
thiocyanate. In contrast to the report of de Kruyff et al. (1957), our T. thiocyan-
oxidans did not grow anaerobically in thigsulphate  nitrate or thiocyanate + nitrate
media.. I, contrast to the statements of Vishniac & Santer (1957) our cultures of
T. denitrificans and T. thioparus were easily distinguished when grown aerobically
as Ingicated above). Of the differences dgscribed, we attach most we|ght to the
0ss qf capacity for anaerobic growth by T. denitrificans In thiosulphate + nitrate
o thiocyanate + nitrate media after aerobic subculture, and to the production of
slime b)( the nop-motile strain of T, thloParus. The “differences observed with
respect 1o rate of acid production and gnoly hionate Rroductlon may have been of
degree only far, as Jones & Happold (1961)showed, the type of polythignate which
actumulated in cultures of T, thioparus was altered by ctianging thé sodium :potas-
sium ion ratio of the growth medium. Furthermore, we folnd manometrically
oolley, 1961g that thie oxidation of potassium tetrathionate by washed whole
ell suspension$ of T. denitrificans proceeded at different rates dccording to the
sodium:” potassium ion ratio of the buffers used to suspend the organisms.
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INTRODUCTION

Mutant yeast cells with |m%a|red respiration, enhanced glycolysis, a distorted
cytochromeé system, and which formed "small_ colonies™ (Epfirussi, Hottinguer &

imenes, 1940), have attracted the attention of numerous investigators (e.g. Linde-
gren 1950). The search for mutants with impaired respiration in_other micro-
r?amsms s Jed. to detection of characteristic mutant staphylococci, with “small
colonies resp|rat|on deﬂmenc and altered ¢ tochromesf ause, Kochetkova &
Vladimirova, 195/: Gause, 1 ) Mutant staphylocgccl W|h|mpa|red respiration
are select|vely Inhibited b)é substances that ;[)]nman affect the, synthesis of cell
nucleic acids.” Some new dbservations along these lings are describéd here,

METHODS

Orgamsms Staghglococcus aureus strain 209 (Nat|onal Collection of Industnal
Bactéria, N Pwas used. Mutants with |mpa|red resgwatmn uv-2 (NCIB
9309) and uv3 (NCIB 9310) were Induced in this strain by ultraviolet (u.v.)
ira alon a%descrlbed rgrewous (Gause et al, 1957).
ediym. The organis swere fown in nutrient broth, containing (per litre of

med|um) tryptic digest of meat, 30ml.; peptone, 5¢.: sodium chloride, 5
%Iucose 10 Ig Tryptic d|gest of meat was a commerual)( availaple Hottm?uer
oullion; for"its preparatidn meat was d|?estedb ancreamum Siccum 48 hr. at
3r° filtered, and"adjusted to a concentration of 700 mg % N G oo

21 icrob. Xxix
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Estimation of bacteriostatic concentrations, Bacteriostatic_action of varigus in-
hibitors, was estimated in test tubes contarnrn9 2ml. of nutritive broth, at 37°,
serial dilution method. For inoculation, cultures, of bacteria were grown overnight
In nutritive broth at 37°, drr]usted furidimetrically to a population densrt¥ of

x 108ml., and added to each tube in the amount of 0-05 ml.” After 18 h, of in-
cubatron at 37° the maximal dilutions of preparations were recorded in which the
growth of bacteria was absent and the liquid remained transparent. Each experi-
Mment was repeated ten times, and the average data are presented in the Tables.

Ultraviolet rradiation. Organisms were treated, with u.v. radiation at 2540 A
with a radiation intensity of 11-53 erg/sec. transmitted to each mm.2

~ RESULTS _
Effects of inhibitors of protein synthesis

Gale & Folkes (1953) observed that Chlortetracycline and Oxytetracycline
stopped the growth of staphylococci in nutrient broth by selective inhibition of
Brotein synthesis; nucleic acid synthesis, however, continued in the presence of

acteriostatic concentrations of these antibiotics. Our results showed that tetra-
cycline and Chlortetracycline inhibited the growth of the parent and mutant
staphylococci to the same degree (Table 1).

Table 1. Bacteriostatic action of varigus inhibitors upon the growth of parent
and mutant cultures of Staphylococcus aureus

( )glnhrbrtrirs of protein synthesis Parents Mutants (w2, uv-3)

ﬁorte/tracyclrne paBR 8 e 8_88‘?‘1f/i9-/m|-

) Inhrt” or%o f cell-wall synthesis

Pﬁenoxymeth Ipenicillin 888? HH#E/FHI 888 l(J)n(I)IYS rrqlltS/mI
S)Mnhrbrtors 8 nucleic acid synthesis

ctingmycin 80 k?mTl 15/rg /r‘rl
Ariﬁusf;rége I(J:egranol) gg‘?g Wnl § Bﬁm ?

4) Other inhibitor
( )Chloramphenrcoi 6-8 fig./ml. 2-3 lig./ml.

* Minimum inhibitory concentration estimated as described in Methods.

Effects of inhibitors of cell-wall synthesis

Bacteriostatic concentratrons of penrcrIIrn Wwhich selectrvely rnhrbrt brosynthesrs
of cell wall do not rstur the synth esrso roternsand nucleic acids in staph g/ococcr
Strominger, Park & Thompson, o%ers& Perkins, 1959). It is cléar from
able 1 that the mutant st Ph Iococcr as compared with the parents were about
gight times more resrstant 0 the inhibitory actron of the penrcrllrns i nutrient
broth. Itma¥ therefore eSﬁrPgestedt atmutant?1 liffer from the parent organism
in the biosynthesis of the cel-wall material, whic rs selectively affected by peni-
cillin. CelFwall material jn the mutants appeared to be more resistant "to the
disruptive action of penicillin. This is in accord with chemical studies which have
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shown, that the amino acid comPosmon of the cell-wall material in parent staphy-
Iogcgﬁd Is dlifferent from that of their mutants (Cause, Kochetkova & Vladimirova,

Effects of inhibitors of nucleic acidformation

Mitomycin C. Sh|ba Terawaki, Taguchi & Kawamata (1959) observed that
mlto cm C|n dilute solut|on selectively mhibited the formatjon of deoxyribo-
nucleic acid (DNA) 1n bacteria, while synthesis of protein and ribonuclei¢ acid
gRNA remamed unaffected our results showed that mutant staghylococu were
|f% times more vulnerable than. the ﬁarent culture to the action of mitomycin C

ctmom cin C. Reich Frankm S atkm &Tatum (1961) reported the select|ve
action of actlnom cin Con RN P/nt esis In bacteria. We observed that the
gldtregr%s \(/:v%reC flfty times more vuIne ble than parents to the inhibitory action of
| |
[PaYIavme Tr){paﬂavme (3:6-diamino-10- meth’%lacndme chloride) is a mitotic
[imso which selectively inhibits DNA synthesis (Morthland, De Bru N & Smith,

954). We observed that with this compound the mutants were 300 times more

vulnerahle than the parents.

Table 2. Concentrations of 5-fluorouracil_ required to cause inhibition of growth of
parent staphylococci and of their mutants, in the presence of various concentrations of

iy r%lll) 5- Fldorodracd

Micro-organism (fg./ml.)

Parent staphylococci ﬁ
i

. 1000 % 2
Mutant strain uv-3 18 26
13588 78

* See footnote to Table 1

Nltrogen mustards. The nitrogen mustards as a group are potent inhibitors of
NA synthe5|s ycarefuII gradm the doses a Value can be chosen where
synthesis of DNA is blacked Com ee?/ While se/ntheds of protein and RNA
continue (Shepherd, 195 Deg ranolu[ 6-Dis-(/2-Chloroethylamino)-|6-deoxy-D-
mannitol, manufacturedb Chinoin Ltd, Budap est ] was used as a representatjve
of this groug of com ounds it 1S a combination of nitrogen mustilrd with mannitol
and s Soluble in water. The mutants were ten times more vulnerable than the
Earents to the actjon of degranol The selective Inhibition of growth of mutant
% Iococil has been recor ed for other nitrogen mustards (Gause, 1960) T11-
et |ene melamine, which's ed |ci1 Cyaﬁects %yr|m|d|nes in the synthesis of bacterial
| DNA (8z basklt 19603), also selectively mhibits the growth of mutant staphy-
ococ ause ef al.
fg nate gynml me)s This group of compounds is of partlcular mterest for
the studly of th vuInerab|I|r¥ofnucIe| acids in mutant sta Cyococm with impaired
resplratlon It Is known that 5-fluorouracil acts as a specific inhibitor of RNA

21-2
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synthesrs it can be mcorporated into bacterral RNA where it may re%Iace in part,
the uracll norma Ygresent The synthesis of DNA, however, is nota ecte Horo-
witz & Ch ar? 99). We 0 served that 5-fluorouracil at 125 /lg./ml. mhrbrted
the%rowtho the parentstaph lococeus in broth. Addition of thymine (100 //g./ml.)
{0 the nutrient medium produceq no effect, but addrtion of Uracil annullgd the
inhibitory action of 5-fluorouracil, The annulment of the inhibitory action of
5-fluorouracil in the presenceofuracrlwasco etrtrve seedatapresented in Table 2.
For the mutant staphylococci uv the inhibitory ‘concetration of, 5
fluorouracil was 2/;./ml.;”this inhibit or action was not”affected by thymine
100 ug./ml), but with uracil it was competrtrveIY annulled (Table 2). "It may be
concluded that in the parent and mutant sta[gt Ny ococci S-flugrouractl specifically
inhibited RNA synthesrs but did not affect DNA synthesis. 1t appears thereforg
that the synthesis of RNA in mutants was about srxty times more vulnerable to
the action’of 5-fluorouracil than it was in the parents.
It 1S of interest that 5-fluorodeoxyuridine ( UDR?1 in experiments with various
bacterra sBecrfrcaIIY Inhibited synthésis of DNA (Conen et al. 1958). We observed
|8 mt. Inhibited_ the growth of the staphylocaceus in broth.
Addrtron of uracil ].dflglml) roduced o effect, but addrtron of thymine com-
etitively annulled. the | hrbrtoyactron of FUDR on the parent staphylococcus
Table 3), By inhibiting the synthesis of th tt/mrne FUDR ar[r#arent y interfered
with the formiation of DNA in the p arentstarr)] ylococel. It is re arkanlg, therefore
that FUDR did not inhibit the growth of the mutant staphylogocci with |mPa|red
respiration guvz uy-3, and all other avarlable mutants of this type), up 1o the
maximal_concentration tested (10007 Cgo If FUDR s a specific thymine syn-
thetase inhibitor, the absence of infiibitory action on the mutant staﬂhylocoocr
ﬁornts tot sotme deficiency In the enzymic mechanism of synthesis of thymine in
ese mutants

Table 3. Concentrations of FUDR required to cause inhibition of growth of
parent staphylococci in the presence of various concentrations of thymine*

RIS gk

:

* See footnote to Table 1.

We also observed that ce rtar brominated gyrrmrdrnes ed. 5-bromouracil, 5
bromodeoxyuriding, BUDR) did not inhibit the.growth of either parent or mutant
staphylococcr In nutrient broth, u totemaxrmal concentration tested %SOOfrg
Lorkiewicz & Szy balskr é 1960 observedthatrnthepresenceofFU thymine
synthetase Was mhrbrted an asate oft me ercrencywas [0d uce In the
célls, and the incorporation of BUDR, the }rmr line analogue, into the acterral
DNA can be obsgrved. The subst tutron of le ingin the DNA hy its bromi-
nated analogue gBUDR renders the cells highly sensitive to the killing action of
V. radiation (Szyhalski, 19006).
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We were_able to reproduce this phenomenon with the parent staphylococcus
used here. The cocci were grown for 18 hr. in nutrient broth containing FUDR
(?/g/ .), BUDR (I /g Ig or a mixture of FUDR +BUDR, SeParater
Well 3 in admixture, these sudstances did not inhibit the growth of the staphy-
lococer In the. concentrations tested. Then the suspensions of staphylococc were
adjusted turbidimetrically to a population density of 108ml. of orgamsms 0-05 ml.
of djlution_poured on to”the surface of nutrien agar lates, and the L{)latesuv
|rrad|atedt r different times. The results obtained are shown'in Table

|t is clear that with the parent staphylococcus grown in the presence of FUDR +

DR the sensitivity to u.v. radiatjon was markedly increased. According to
Szybalski (19606I) this sensitization directly follows thie incorporation of B
into the bacterial DNA as a result of susitution of the halogenated analogue in
place of thymidine. It is remarkable, therefore, that this phenomenon was not
observed iri the mutant staphylococc.

Table 4. Ultraviolet Itght sensmw]\/ %arent and mutant staphylococm
grown in the presence of F

Mean number of colomes per pIate*

[rradiation FUDR +
t(ljme Control FUDR BUDR BUDR

Parent culture

tt I

Mutants uv-3)

N

* Counted after 72 hr. at 37°.

The data pr %sent?d in Table 4 show that the mutants were more resistant than
the parent t0 the killing action of u.v. radiation. The interesting point, however, s
that In mutants rown In the_presence of FUDR +BUDR np sensitization was
observed. This sug%ests that in the mutants the mcorgoranon of halogenated
thymidine analogues into DNA did not take place, It can be supposed that the
mutant staphylococci lacked the. enzymic mechanism necessary for effective in-
corporation of halogenated pyrimidines into the DNA precursor ool.

Effects of other inhibitors

Chloramphenicol, ChIoramphenlcoI is an inhibitor of protein synthesis; more
recent stu hass ownt at this com ound mterferes with the synthesis of both
protein an nucleic aC|s It s, [ﬁ)osa et at chl oramRhenlcoI blocks some stage
In the mechanism of nucl eogrotet synthesis, and that the sensitive sta%e lies some-

where between the activation of amino acids, their fixation by small “Rucleic acid”
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components, and the polymerization of these components into macromolecular
structures (Gale, 1958). We observed that the mutants_were about twg to three
times more sensitive than the parent to this compound (Table 1). These figures are
similar to those for the tetracyclines, whicli inhibited the growth of the parent
staphylococcus and of the mutants to_the same degree. |t might be su E)osed that
the mechanism of the inhibitory action of chloramphenicol is similar to but not
identical with that of the tetracyclines.

Tabic 5. Sensitivity to heat of normal staphylococci and mutants with
Impaired respiration

Mean number of colonies per plate*

Hea&m Ime

]

ormal .
sta%ylococm Mutant uv-3

.

4
1

}

VVVVvV

* Counted after 72 hr. at 37°.

. Effect of heating. Suspensions of staphylocacci (L08ml. of organisms) were heated
in a water bath at 55° for different periods of time, and then poured on to nutrient
agar_ (0-05 ml./ plate). Table 5 shows that the mytant staphylococci were much more
sénsitive to heat than was the parent, 1t is qifficult to ascribe a reason for this
phenomenon, but Jt is mterestmq tg note that defects in nucleic acids make bacteria
rlngogg)sensmve to the lethal effect of elevated temperatures (Lorkiewicz & Szyhalski,

REFERENCES

Cohen,S., Flaks, |., Barner, IT, Loeb,M.& Lichtenstein, |. (19582. The mode of action
of 5-iluorouracif and its derivatives. Proc. nat, Acad. Sci., Wash. 44, 1004. _
Ephrussi, B.. ITottinquer, H. & Chimenes, A. (1949). La mutation ‘petite colonie’.
Ann. Inst. Pasteur, 6, 351. _ _ _ _
Gale, E. F. (1958). The mode of action of chloramphenicol. In the Ciba Foundation
%%nr%mum: Amino Acids and Peptides zuth Antimetabolic Activity, p. 19. London:
Gale, E. F. & Folkes, J. P. (1953). Actjons of antibiotics on nucleic acid and protein

synthesis in Staghylococcus aureus. Biochem. J. 53, 493 o
Gause, G. F. (1960). The Searchfor New Antibiotics. New Haven: Yale University Press.
Gause, G. F., Kochetkova, G. V. & Vladimirova, G. B. (1957). Biochemical mutants of
staphylococci with impaired respiration. Dokl. Acad, Sci. USSR, 117, 720.,
Gause, G. F., Kochetkova, G. V. & Vladimirova, G, B. (1961). Biochemical chan%e
g%ompanymg impaired respiration in staphvlococci. Dokl. Acad. Sci. USSR, 139,
Horowitz,J. & Chargaff,E. (1959%. Massive incorporation of 5-fluorouracil into abacterial
ribonucleic acid. Nature, Bond. 184, 1213.
Lindegren, C. (1959). Cancer and the respiratory grana. Nature, Bond. 184, 397.



Vulnerability of nucleic acids in staphylococci 323

Lorkiewicz, Z. & Szybalski, W. (1960). Genetic effects of halogenated tthldlneanangs
|ncor300rated during thymidylate synthetase inhibition. Biochem. biophys. Res. Comm

Morthiand, F. W., De Bruyn, P. P. & Smith N. H. (1954% SpectroFE)hotometnc studies
on the interaction of nuclelc acids with aminoacridines, Ex

Reich, E., Franklin, R., Shatkin, A & Tatum, E. L. (1961). Effect of actlnomycm D
on cellular nycleic acid sllnthesw and virus production.” Sciénce, 134, 556.

Rogers, H. I. & Perkins, . Cell-wall mucopeptides of Staphylococcus aureus.
ature, Bond 184, 520.

Shepherd, C. I. (1958). Inhibjtors of protein and nucleic acid synthesis in Aspergillus
nidulans._J. gen, M|crob|ol 18, iv

Shiba, S, Terawaki, A, Tag uchl T. & Kawamata, |. (1959). Selectlve inhibition of
formation ofdeox¥r|bonucle|c acid INE. cmbymﬂomgcmC Nature, Bond, 183, 1056,

Stromixge ark,J, T. & Thompson, R 959). Composition ofthe cell wall
of Sta Xlococcus aureus-, its relation to the mechamsm of act|on of penicillin. J. biol.

sz balskl W. (1960a), The mechanism of chemical mutagenesis with special reference
%/ tnethylene melamine action. Developments in Industrial Microbiology, p. 231.

Szybalskl W. (19606). Ultraviolet I%t sensitivity and other biological and physico-
chemical propérties of halogenated DNA. Progress in Photobiology. Copenhagen.



J. gen. Microbiol. (1962), 29, 325-334 395
Printed in Great Britain

Comparative Nutritional Studies of Pythium spp.
By P. G. FOTHERGILL
Botany Department, King’s College, Newcastle upon Tyne

AND D. HIDE

Bacteriology Department, Division of Chemotherapy, May and Baker Limited,
Dagenham, Essex

{Received 29 January 1962)

SUMMARY

u]tronalexperre recarred aIr with:; gt utrI ron
of su oun ehc ro erer@ a s an

resu §s ed ¢ phesecreso i rewwe

wrt rFeenssaJ gn spFro ndrncu

ar% b S i andarrea“rr

v ere no era]te rhe %ees cR(abgn ﬁn% R%HF

a Eu I-?%J %S% U met 10 ne

hIr ea@hm eemcearsrg G m'w% eTua ere aeda

%° or >1p3 ag |s ca rha] SIS o eresu owe agundeé

ne rve co nso w sur ?f g0 ovaarare

|E” gr(gF asabawge t e'eé ec?

num n there were siqni cantrn er ron betwgn ts a ove?aﬁ?n

nr o varra Ie re asrn eraction between. aﬂ
rwoo Fr % ryanum |smoreexact|ng
In |tsn requrremen a teother Specles

Some specres of Pythrum are purely saProphytrc others are normally parasitic hut
may he saPro hytic. Thus Pythium Wwould seem to be a good genus for comparative
nufritional studies. Previous work at Newcastle upon “Tyne"(see Fothergill et al.)
indicated that for some parasitic fungi the balance of thé meHor mor?anrc salts in
a culture medium was m rermPortan for the good growth of the mycefium than the
concentration of individyal salts, but in the Case 0f some saprophytic species, the
balance_of salts was much less important. Results, however, over a range of fung
varied. The present experiments are a continuation of work designed to nvestigate
these Pornts Excludrnﬁ; work done on Pythium as 3 é) lant patho%en a few physio-
logical investigations fiave been reportéd mainly dealing with the presence” and
function of ectrnase in these fungi (Chona, 1932, Menon, 1934; ernando 1937;

Ashour, 1954 1952 Gupta, 1956: Wood & Gupta, 1958 Q The carbon,
nitrogen, sulphur and vitamin requirements were investi ated by Saksena 19425)
Sakséna & Mefrota (1949), and Saksena, Jain & Jaffri (1952), but Cantino (1955)
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strongly criticized these works because of the |ack ofti] contr%l during th g experi-
ment3.” No comprehensive nutritional investigation has yet been carried out on

Pythium.

METHODS

The following organisms were used. Pythium debaryanum Hesse originally iso-
lated from Lepidium sp., P ultimum Trow from Pisu?n sativum L.,"P. alertile
Kanguse & Humphrey 'and P, torulosum Coker & Patterson. Al organisms were
obtained from the Céntraal Bureau voor Schimmelculture, Baarn, The first two
Specles are parasnes causmﬁ damptn? off disease of seedlings, while the last two
species are normal Oy sapro tic soil unﬁt but they have begn reported as growing
on Gramlneae dleton, 93 ThrougRout this paper the following abbreviations
are use P. debaryanum is de3|gnated ;P. ultimum, U; P. afertile, A and P. toru-

Imhally single tip |solates were used s inocula for each species on Difco potato-
extract g ucose agar medium. Stock cultures were kept on slopes of this medium in
6in. x f'In, test tubes and the cultures were stored at room temperature because
Church &Scandiifio (1928) showed that cultures of Pythium Jive longer at room than
at lower temperatures. “Subcultures were made as required. No alteration. of
morphological and cultural charagteristics of these fungi occurred during the period
of the experiments. In all ex eriments cultures, werg grown in 30 ml,” aliquots in
150 ml. Erlenmeyer flasks. After the 8rowth period the mycelia were filtered on to
tared Whatman no. 5 filter-papers.and washed with distilfed water. The mycelium
With the filter- {Ja Ders was then dried for 24 hr. at 85°, cooled In a desiccdtor and
wet hed; results are exPresse as mg. dry wt. mycelium/lask average, of 4 or 5
refp |cates It was not found practicable to separate mycelium fron filter- Raper
after f||trat|on and as the filter-papers used Iose 5% their ongtnal weignt on
dry |n .under the ghove condtttons appropriate gl owance was made for this. For
pre| mag eleenments the foI oWl Z([qbasal defined | |qu| medium A was used:
ucose g gf (? water to 1 1 This
edium was buffered W|th Sorensens hos hate bu er FtKHZD 4+ NaHP04 to qlve
an initjal pH 0f 6-5. Experiments showed hat all the Pythium sp. ([qrewwe at This
PH value. The ﬁarasmc spedes toIerated acid condttlons even af pH 50, better
han the saprophytic Species which gi_alve very low mycelial yields at'this pH level
None of the SP cies would grow at
Ex enmen s were carried out to determtne the best method of |noculat|on and it
was ound th aha ar dtsksg ve the most consistent mgf eta dry weights provjded
the disks were Detiveen 3 and 8 mm. In diameter. Disks of 4 mm: dianieter cut from
the edge of 48 hr. old cultures were used in all later experiments. Experiments also
showedl that 4 mm. disks did not significantly affect t enutnttonal esults, that Is,
the nutritional effect of the Difco agar could be discounted and this was true also for
the V|tam|ns which ma have heen present in thea ar. This latter J)omt was tested
for t e Presence of thiamin in the agar PYt |um Vexans needs an exogenous
supPyo thiamin for growth (see Leonidn &L lY 1945). This fungus was tested in
a) the hasal medium -alone, and in (bg the basal mediym plus th| min u?mﬁ agar
mocula The averadewelphtofSrephc tes showed that In (a) growtn was slight, but
in () 71 mg. mycefium/ffask were obtaimed. Further, the stccessful use of the agar
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disk method in the determination of vitamin requirements of other Pythium spp.
was shown by Leonian & Lilly (1939)_and Saksena $1942) Addition or‘omissign of
the usual trace elements, Fe, Mn and"Zn made no difference to mycelial dry weights
and these may be present in sufficient quantities In the Analar reagénts used
throughout.. Tests also showed that none of the fungr needed an exogenous Supply
of bigtin, nicotinic acid, folic acid, sodium pantothenate, 8yndoxrne riboflavin
para-aminobenzoic acid or ascorbic acid, Neither thiamin nor its moieties affected
%rovvth which su norts the findings of Verma (1944) Robbrns&Kavanagh (1939),
owever, showed that P. butleri needed an external supg of thig vitamin. The
optimum temperature for mycelial growth was 28° but ranrsm T had a rather
slower growth rate than the other Species. Optimum growth was reached after
13 days Incubation for organism A and after 10 days fororganisms D, U and T on
basal medrum A and it"was noted that in these preliminary expenments th e
myce ial yields of the parasites D and U were ahout twice those of the saprop dytes
Aand T.” Experiments on thee ect on mycelral growth ofautoclavrn the medl
were carried out In which the composition of basal medium A was varied
substrtutrn%\ (NHAS04and asparagrne resr[))ectrvely for NHANO3using U as the test
organism utoclavrnd these medi at 10 Ib. pressire for5mrn had no effect on the
dry weight yields of this fungus but for enosaove 5min. % Wweight was

sgrrour%l% reduced. Hence all media were subsequently autoclaved at 10 Ib. pressure
RESULTS
Sulphur rerrurrements
Preliminary expenments showed that all four isolates grew only sIrghtIy without

sulphur |n medium A. The su cP ur requrrement was then |nvest|gate %/vargrrhg
the sulphur source In this medium to give 0 8 sup ur and in whic
THD was omitted and KCL was re aced Dy 5% rTrCIZ The final pH after
autoclavrng wag hetween 6-5 and 6-6, The media werg inoculated and then incubated
t 28°. Dry weights of 4 replicate cultures were determined in all cases after 6, 9 and
15 days incuation, The final gH of th emedra were also determined. The results are
showq in Table 1wh |c recor sthe i 09 hest percentage yrelds expressed in terms of
the yield from Na204.10HZ) as 100 % for the inorganic sulphur sources and from
DL-methionine as 100% for the or anic sulphur_sodirces, With NaZS04.10H2D the
actual hrghest yrelds were 88 mg. for organism D, 92 mg for U, 78 mg. for A and
mg after 9 days_incubation, while’ with DL methronrne the corre-
sponding |ghs t yields were 78 (after 6 days), 87, 73 and 49 mg. The last three
were all‘after 9 da ys mcubatron In all cases; except two, with indrganic, sources of
sulphur the hrgh hy s were ogtaned aft r9da%s incubation bt with organic
sul hdursource Ighest dry weights varied with the organism and the Incubation
erio
pFor the inorganic sulphur sources all the compounds used, except sodrum
dithionate and &mmanium sulrfhamate gave good or, Satisf a%to n¥ Pro hwrt a
the fungi, but organrsonnygaveamo rate yield with molecular sulp
These ythrumsecres are, tere ore, euthiotropic (Volkonsky, 1933). Increasrng
the oxidation level of the sulphur atom had nos nrfrcanteffec on mycelial growth;
Thus molecular sulphur (S), a thiosulphate (S0'2-). a metabisulphite (SD%-),
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a sulphite (S03-) and a sulphate (S042-) were all good sulphur sources for most of
the species. Results usin% molecular sulﬁhur, however, should he treated with
caution. The results for the organic sulphur sources were more variable but, in
general, the highest yields were obtained with DL-methionine, thioacetamide,
L-cysteine exc[j)t for_organism U), DL-cystine, sodium thioglycolate (except for
organisms A an The remalmng compounds used gave only moderate or poor
growth responses. Sulphamllc acid, DL-ethionine, thiocyanide, thioacetanilide and
thiohydantoin were only utilized to a small extent.

Table 1. The utilization of inorganic and organic sulphur compounds
by Pythium spp.

ighest yield d f yjeld AN 0, and B, m
memfoﬁ%eytlgLesnea{( r1e e ?ﬁazenf-? éage% yg‘e SJrr?/mwt my%ﬁlumﬂlaskagverage of
4 replicates. 6 and 15 days Incu atlon in bracke 9

Spemes

Sulphur source T
A. NaZ04.10HD as 100% 9days mcubatlon

odjum sulpha 1 1
8 iﬂ% m?ﬁpb(lisulphlte é 1 %

8 Iﬁm %H|8su\phate 1

oagssm Rersul hate*
1um tloqp[:é

mmonium sulphamate
LMt B. «: -Methionine as 100% 9dayf mcubatlon1 W
-Mcthion
Th oace.tamm 185 tla
%(3 Steine. 1 113 (1
0 Iumt_thloglycolate 5 g

jodrea
lami

4
en oPc i 1 er
flﬂjpg%mhc agd 2 {1 %
ﬂfﬁ"’%@%‘nﬁa&e oo

*_Pﬁrosugl%%lﬁlbreaks down easily to sulphate.

F—=Oo I~

I
1
g
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The amino acids DL-methionine, DL-cystine, L-cysteine were very good sources for
the species and in most cases these compounds were utilized more rapidly than any
of the remaining compounds used. It may be that these compounds are absorbed
and assimilated as intact molecules (see Steinberg, 1941). Djenkolic acid, also an
amino acid, gave fair yields, but only after 15 days’incubation and it is worth noting
thatthis compound ismade up of two cysteine residues linked to a CH2group through
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the sulphur atoms. Possibly djenkolic acid may, have to be converted to cysteine
before It s utilized. The poor utilization of thioacetanilide and sulphanilic acid
supports Steinperg’s conclusion (1941) that compounds containing sulphur attached
to,a henzene ring are unsuitable for use in assimilation by Aspergillus niger. Like-
wise_thiohydantoin gave poor yields and it consists of a five-membgred ring.
DL-Ethionine was an extremelg/ poor sulphur source for P¥Ih|um._ Margolis & Bloc|
g1957) also showed that five Species of yeast could not witilize this compound, while

chlenk & Tillotsen {1959) and Harris & Cohn (1959) showed that ethionine is an
antimetabolite of methionine.

Factorial experiments

The object of these experiments was to determine the effect of var ”219 the con-
centration of the mineral salts in the basal medium. The factorid e3|%n and
statistical analysis of the results should indicate whether or not a balance between
the salts is necessary for high mycelial gnelds under the gjven experimental condi-
tions. The direct effect of the individual salts in the medium and the interaction
between them s also determined. Previous experiments showed that basal
medium A was a satistactory medium for the four Pythium spp., but as it contained
NHAN03as the nitrogen sodrce it required bufferln(h; with Sorensen’s salt. Haskins
& Weston (1950% using Karlingia rosea, showed that when KN03 was used as a
nitrogen source the pH of the culture medium remained approximately constant at
pH 65t 740 In the following experiments KNOswas substituted for NHAN 03and
after prehmmarg experiments basal medium B was evolved containing glucose
10?.; KNOSTZ- q_l KHPO4 059, MgS04.7HA), 05 g.. KCL, (}5?.' istilled
water to 11 The pH of this solution was adjusted to 66 with 0T n-HCE. With this
medium_the pH valug in the case of organisms D, U and T never fell helow 535,
while with At never fell below 6-25. Thé cultures were incubated at 28° for 14 days
with organisms D and T and for 13 days with organisms A and U. The concentra-
tions of the salts were fixed on the basis of halving and doubling those in basal
medium B. Thus KNO3 MgS04.7HD and KHPOZwere each usd at three con-
centrations and all possible” combinations of them were set up giving a total of
27 variatigns. Each combination was done in quadruplicate; thus with any one
species of funqus 108 culture flasks were incubated. Each 150 ml. Erlenmeyer flask
contained 30'ml. medium. The results are the average mg. dry wt./mycelium of
4 replicates and the final pH values were determined in dach Case. THe grouped
results are shown in Table 2 and the grouped analyses of variance are given in
Table 3 For abbreviations of the salt"concentrations used in the text below see

able 2

From the single salt anaIYS|s it is evident that there was no consistent result for
all the organisms. This analysis showed that the differences between mycelial dry
we|%hts with KNO3were significant for all concentrations of the salt for or%ams,ms
Aand D. The highest mean Weight for organism A occurred at the X3concentration
and for organisni D at the Nélevel of KNO3 For or amsmegmflcance between
the N, and"N3levels occurred with the h|?hest mean dry weight at the N4concentra-
tion of salt. For organism U a significant difference ocgurred between the Ndand N2
levels with the highest dry weight at the N2concentration. At the N3level of KNOa
with this organism there” was a large decrease in mycelial dry wt. With KHP04
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a mgmﬂcant difference was found between the P4and P2levels for or?amsm A with

|3] hestdry weight at the P 2level and between the Pxand P 3levels for organism T
Wlt e hig hestdr weight at the P2level. For or%amsmsUanano significant
|fferences mdr welghtswerefound between any of the concentrations of KHP(4
used, but for both Iganlsmst he highest, dry weights occurred at the P3level of this
salt. With MgS04.7H2) the only 3|gn|f|cant difference in mycelial dry weight was

Table 2. Growth respanses offour species of Pylhium to varying
conditions o/K HP04 MgS04.7HD and KNOs

Cocenrtlo fK 4PP 3= 0-25, 0- 10g 47HD: Mgl
yj%genf(%e&r%rg‘fg a-l%c]zé\]n %ra’%céﬁé fgs)é:lg2 ﬁ 5N03 Klg-?QAO dl\e/lrge; %e4§ j
A. P. debaryanum (= D) and P. uUimurn (= U)
b
M M2 My M& M& Mg M M& Mg
D uDUDUDUTDWU UubDuDUTDWU
u

1§7 1 (Mean dryrwt. mycelium g fiask) )

LA 7 i
1

0 ; o

TR ITTLEELEL
B. P. afertile (= ) and P. torulosum (=T)

‘ A
P, Pz P,
r A Al {4 A » s
Mg, Mg, Mg, Mg, Mg, Mg, Mg, Mg, Mg,
—r A = A A A A A A
A T A T A T A T A T A T A T A T A T

" 1161 1 9 (Mean drywt4m1ylc4elllur121 nIg/ﬁask) % 51
FATEENITEI TR

Table 3. Analysis of variance (grouped) for Pythium spp. A, T, U, D

Required ‘P’ and*<’v3 ¥es tak%n from Snedecor’s tables (1934). Sums of squares and
mean squares are omitted from tabl
F required odds

Found organism
Variance DF. A T u D 991 191

———
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found for organism T between the Mo2and Mg3levels with the highest dry weight at
the Mg2contentration of the salt. For organisms A, U and D thare weré no signifi-
cant differences between any of the levels of the salt. But for A the highest mean
?r weight of m fellum wag obtained at 1(he M82Ievel for U at the Mgixlevel, and
of D at'the Mg3 level of concentration of MgS04.7HA).

Balance hetween KHP04and MgS04.7HD

The grouped analyses of variance showed that there was a significant interaction
between KHPO4and MgS04.7HA only.for the parasitic organism D. This result
also Indicateg that there Was a ph smlo(élcal balance hetween these salts under the
conditions of the experiments. Talley & Blank (1941) and Fothergill & Ashcroft
(1955) _have also shown that a physiological balance exists between these two salts
and 1S important for the good %rowth of Phymatotrichum omnivorum and Venturia
Inaequalis. To confirm this reSult another“experiment was designed to test the
change in the amount of growth which might result when the concentrations of the
salts were varied while still maintaining the balance between them. Thus the basic
concentration of KHP04and Mg804. A was 05 ¢./1. and 0-25 %./I. resp_ectlvelg/'
these concentrations were decredsed to half in one Set of solutions and increaséd
twice and then 4 times in other solutions, This gave four treatments, each one
having the same balance between the salts but the Tatjo of their concentrations was
-5:102:4, Each of these treatments was tested singly with 0-5, 10, 2-0 and
40 q./l. of KNO3 The remaining ingredients of basal medium B remained constant.
The'initial pH of the media was adjusted to 6-5 prigr to autoclavmg and the cultures
were incubated In 5 replicates at 28° for 14 days. The results expréssed as m?. mean
ggc\l/(vettémycellum are shown in Table 4, where treatments are numbered 110 16 in

Table 4, Mean dry weights and growth responses of Pythium debaryanum after
14 days incubation at 28°"on media with the same balance but with different concentra-

tions 0f certain components
fions KHPO4P4= 2041
e sixteen dl serent solutions

SRR TR e

bered In parentheses arereférred to in the text 3 treatments 1to 16).
Mean dry wt. mycelium (mg./flask)
VR R N P
N, 122(1 Hg @ }Eg ﬂ 105% %55
Ny J4 14
b R O R

General mean = 147 mg. dry wt. mycelium/flask.

. The results showed that the mycehal lelds for KNO3at NOand N2 levels were
significantly different from each other and from the P2and N3levels but these latter
two levels were not different. To show the jnteraction of KHP04and MgS04. 7THA

tests were performed. There were no significant differences between: (a) treat-
ments 2, 3and 4 at the NOlevel of KNO3; (0) treatments 5, 6, 7and 8at the ~ level
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of KNO3; (c) treatments 10,11 and 12 at the N2level: and (d) treatments 13, 14, 15
and 16 at the N3level. While there were significant diferences between treatments
1and 2 at the NOlevel of KNO3and treatments 9 and 10 at the N2level, this lack of
S|qn|f|cant differences at the respective levels of N confirms the conclusion that a
balance exists between KHPO04and MgS04.7HZ) and that the concentration of
either of these salts can be varied over a wide range without affecting mycelial
lelds, ro\_ndm% that the concentrations of the other Salts are varied in propartion.
he significance obtained with treatments 1 and 9 at the lowest concentration of
salts may Indicate that the balance necessary for good growth only comes into
operation_above g certain minimum concentration Of salts, A similar effect with
enturia inaequalis was noticed by Fothergill & Ashcroft (1955).

CONCLUSION

The analyses of variance also showed the first- and second-order interactions
between thé salts in the medium, and indicateq some of the nutritional differences
between the fungi investigated. For the fungi D and U all the first-order inter-
actions (i.e, the interaction’s of all the salts taken two at a time) were significant at
either the 99:1 or 19:1 level of odds. For the fungi A and T the results were more
varied. For organism A the interaction of KN03xK HP04and KN03xM%SO4.
THA were significant but not that between IVHP04x MgSOMHZO while for
organism T the interactions KNO3xKHPO4 and KZHP04x MgS04. 7D were
s;gn|f|ce1nt Eut n?tthat between KNO3x MgSQ4. THA). In the second-order interac-
tions only those for organisms D and T were significant.
In %eneral the results of the factorial experiments showed that there was a con-
siderable difference between the nutritional re(iuwements of Pythium debaryanum
ED) and P. ultimum (U). With the individual salts the greatest effect was produced
\_/ar¥|ng the concentration of KNO3_An absolute balance between all the
nutrients was reguwed by P, debaryanum (D) for %ood mycelial growth, but was not
S0 necessary for .uIUmum_SU). With the sRec_|es_ . afe |Ie($A) and P. torulosun (T)
variation 11 the concentration’of most of the individual salts produced large effects
on mycelial growth and at the hlghest level of probability the_interaction with
NO3was significant. Kitchell §19 A), Fother?JII & Yeoman (1957), and Fothen{;lll
& Jones (1959) also found that the concentration of the nitrogen sources and the
|r}t0eratﬁt|ooanbe(t:\évregn the}%e]_agd tshﬁopihos horusdsgurce#ad ﬁl 3|gn|f|caﬂt effect %n the
W u ., Khizopys stolonitera and Zygorhynchus Spp., all saprophytes.
%hese results also_ﬁpt%port thg fmqus o? Fotherqﬁ?&J%ne_s (619% w%o st?om}?ad%at
there was a variation of balance in salt concentratigns for different X{qorhynchus Spp.
Although each Pythium spp. has its own_ nutritional requirements D and U In
eneral needed a more exact balance of mineral salts and showed less variation in
eir response to_individual salts than did Aand T here investigated. Differences in

nutritional re%uwements between these fungi are statistically significant but they
are not very large.
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INTRODUCTION

Numerous investigators have been concerned with the problem of isolation and
purification of Iargie molecular werdht substances derived from bacteria. These
materials, constituted of protein, polysaccharide and lipid often are shown to pe
homogeneous macromolecules upon application of P hysical and chemical, criteria,
Little’is known, however concerning the specific naure of the chemical binding. o
Protern to carbohydrate in these Ir 0 rotern carbo drate” complexes, rth

edrscover%/ In recent Years of the presence of the acidic amino sugars, muramic
acld (3-0-a-Carboxyethylglucosamine) (Strange. & Powell, 1954) and neuraminic
acid (Barry, 195? n roducts of hacterial origin, the possrbrlrt IS presented that
these monosaccharices which are hybrids betieen si gesu ars and amino acids
may play an essential role In the linking of proteins to carbohydrates. Evidence
Indicates that muriamrc aord Is linked to Other monosaccharides and {0 amino acids
In bacterral cell walls of a ar(%e variety of Gram- oosrtrve micro-organisms (Cummins
& Harris, 1956). However, the demonstration that neuraminic acid also plays an

22-2
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important role in the compasition of bacterial cell walls or of other components of
bacteria has yet to be established,

Up to the present time few micro-organisms have been shown fo contain deriva-
tives of neuraminic acid.  Colominic acid, a unique Polymer constituted primarily, if
not solely, of units of AFacetylneuraminic acid s, the first polysagcharide obtaimed
from bacterial origin shown 10 contain a neuraminic acid derlvattve FBarr Y. 1957,
1958), This polysaccharide was isolated from an Eschertchla coli cutture ilirate.
The |soIat|on f a. second polysacchart e, aIso prlmar|¥ constituted of untts
N\ acetX neurammtc acid, was subsequentl reporte rom strains of Group
CNelssen meningitidis (Watson, Maringtti, & Schierp, 19 2 It was first, noted
In this aboratorﬁBarny 1959: Barry, Tsa| & Chen, 1960? hat neuraminic acid
ormsacon5|derb tion of the_clemical composition of a strain of Citrobacter
freundii, The d etecttono neuraminic acid in two related strains, Salmonella danhlem
and S. djkarta, has also been reported (Westphal, Kauffmann, Luderitz & Stierlin,

As the distribution, of the neurammtc amds amon% the variqus species of bacteria
IS ar?e Oy unknown, it was the purpase of the dpres nt Investigation to extend our
knowleoge concernmg the presence of these acids in oth er mtcro organisms. Detec-
tion of Neuraminic dcid or Its derivatives in several species of bacteria would
materially aid in the establishment of these substances as essentjal structural
components of cells and aid in the determination of their function in micro-
organism.

METHODS

Organlsms In the following expenments several strains of micro- organlsms were

A variant strain”of Escherichia coli designated as K235L+OC+ was
de Ived from an_E. coli known as K235 obtained from) Dr Pierre Fredericg of the
Un|ver3|Ry ty of Lige, Belgium. A strain known as E, coli 5396/38 obtained from the
Walter Reed Army Medical School, Washington, D.C. was kindly provided by Dr
Maurice bandy and Dr Marion Webster. The latter also.provided transfers of
Salmonella typhi Ty 2 and Ballerup strain 7851/39 A strain of . enteritidis and
two strains of S. paratyphi were provided by Dr Frank Holtman, University of
Tennessee, Knoxville, Tennessee. Most of the 0ther strains ofF coliand Salmoriella
were kindly sent us_by Dr W. H, Ewing, United States Public Health Service
Chamblee, Georgta Tvjo strains of Group C Neisseria meningitidis known as 1908
and 1935 were o tamed from DrH Scher% Nat|onal Instttutes ofHeaIth Bethesda,
Maryland, and from D Watson, Bowman Gray Medical School, Winston-
Salem, North Carolina. The strams of Phase | and Phas Il Sh| eIIasonne| or| mated
from the laboratory of Dr Sarah Branham, Walter Reed Army Medical School,
Washington, D.C. and the Bacillus me?atenum strains KM and 899 from the labora-
tory of Dr Jofn 11, NorthruP in California, Several miscellaneous strains of Sal-
monella, Bacillus cereys, Proteus vulgaris, Aerobacter aerogenes, Serratia marcescen
Rhodopseudormonas palustris, Escherichia, coli and Haemaphilus influenzae Type B
and D were sent to this Iaborator b{y different |nvest|t1;ators for determinall on of
neuraminjc acid content, These are, for the most part, incompletely characterized
strains of unknown origin.

Antisera. Antisera were obtained from rabbits which had received multiple
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mtravenous |ngectrons of formalized bacteria followed by inoculations with viable
cells in accordance with the procedures described by Edwards (1951) and Edwards

Ewrn 1955) for enteric micro-organisms, Antrseraa ainst Grop C Neisseria
menrnr IS were prepared by the procedure of Rae 8

Media and cultivation of organrsms Strains o Group Nersserra meningitidis
Wwere marntarned on blood a ar slopes, while la qge numbers of organisms” were
harve%te from blood agdar pla es, Both slo es and”plates were incubated for 6 hr.
or 181r. at 37° In'a canale jar at low g ntensro

Strains of enteric bactena Were main arned on nutrient afqar sIopes Incubated
for 1ohr. at 37° larger numbers of cells were cultivated at 37° at pH 70 In a
1% (W %/8 dialysed casamrno agrd medium gDrfco enriched with dral seo east
extra 5/0{ ? rfco) an glucose 1-7% (wiv) contained in 2 litre flasks or
in 5-gallon r%yrexgass nottles (B o

Strains o Haemo ilus in Iuenzae were cultivated with aeration at 37° for
6hr.ina3 gN/VE brain heart infusiop broth (Bacto? enriched by addition of
Su RementB est xtract (Bacto, 1ml/I00 mlg( 9.

o o seudomonas palustris was, cultivated without aeration at 22° for 48 hr.
inadial sedl/o(w/vrcasamrno acid medium, A200Wtunosten lamp placed 6 in,
away from the flask illuminated the culture during the growth period.

Brologrca preparatrons The Group C Neisserid meningitidis hapten employed,
gen rous0 A ﬁ“grds by Dr Glen Watson, contained 70% of A-acetylneu amrnrc

Chemrcal analyses Protein analyses were_made by a modified procedure of
Folin and Ciocalteu (Kunkel & Tiselius, 1951) and carbohydrate by a modified
anthrone method (Goebel & Barry, 1958) Hexosamine was determined by the pro-
cedure of Sorensen 1938) hexuronic acids and pentoses were determined by the
methods of Dische (1947) and Dische, Shettles & Osnos (1949).

A maodified Ehrlich procedure em'oloyed for the detection and estimation, of
neuraminic acid was, carned out as follovis. To a ml. sample of an aqueous solution
of substance containi 2(9 0-50 mg, of neuraminic acid were added 2 ml, of 30%

ALAS043.18H solution and 1ml. of Ehrlich reagent (50, p-dlimethyl-
amrnobenzald hyde/50 m. concentrated hydrochloric acid +50.ml.” water (wiv)).
A control tubet;l ml. of water+reagents was also prepared. The covered tubes
were heated at 100° for 30min, in 3 boiling-water bath. The tubes were rapidly
cooled and optical densrtY readings taken_in a Beckman spectrophotomet?r al
530 rap a%arnst the contro tubec ntents. The % neuraminic acid was calculated
using a re erence curve in which iV-acetylneuraminic acid (ovine sialic acid) served
as a standard. The advantage of this modified Ehrlich proceduie overthat originall
reported by Werner & Odin 1952) 1S that a more stablﬁ colouy comg ex Is forme
rnte resence of Al3+ cation, an tesensrtrvrtjyo temethod Increased by

roxrmate twofold, 1t should also be poted that the absorption maximur

hrfted from 565 to 530 m/t by this change in procedure. In adgition to the above
rocedure a modrfred orcinol method (Barty, 1958) was used for the detection of the
neuramrnrc acr s

ro ogrca ana Xses Bactena were tested for their ability to produce bacteriocines
as follows. A stab culture of the organism grown on an"agar plate for 48 hr. was
killed by the addition of 0-5ml. of Chloroform to the cover of the Petri dish. The
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dish was incubated for 1hr. at 37° to evaporate the chloroform. An qverlay of
3ml. of nutrient soft agar seeded with one drop of a 3 ml. slant wash of the indj-
cator strain (Escherichia coli strain B, Phase | hl?ella sonnel or Salmonella enteri-
tidlis) was Roured_ over the stab culture and the plates incubated overnight at 37°
after which readings were made. A clear area around the killed stab culture was
taken ?s agosmve test, _ _ _

A?g utination tests of enteric org}amsms were conducted in the ordinary manner
employing cells obtained from 18™r. nutrient broth cultures, The bacteria were
centrifuged, washed in isotonic saling, and resuspended in isotonic saline o a
concentration of 2x 108ml. The titres were read after incubation at 37° for 2 hr.
and_after standing overnight at 4°. In all instances, cantrol experiments utilizing
similar dilutions of the corre%)ondm normal sera were included'in the tests.

Agalutmaﬂon_tests using Group C Neisseria meningitidis were conducted by the
procegure described bx_ atson & Scherp (195§).  ° o
Univalent anti K antisera was prepared by Incubation of whole Escherichia coli
antisera at 37° with heat-killed cells. This procedure was repeated until no aﬂglutma-
tion of heated E, coli cells was detectable by agglutination tests. Usually three
cycles of absorption were sufficient to remove O agglutinins.

Precipitin tests were conducted as follows. "To a series of small tuhes
(5 mm. x 50 mm.). was added 0T5 ml. of undiluted serum followed by an overlay
of 015 ml. of serial 10 fold dilutions of test substance dissolved in isotonic saline.
After standing for 2-4 hr. at room temperature (22°-25°), the tubes wereread for the
Presence ofa precipitate ring at the interface of the two solutions. In all tests, control
ubes were included in each series employing normal serum with isotonic Cfahne
and normal serum with an 1stonic saline solution of the material to be tested.

Haemaggilut_manon tests were conducted b%/ the procedure of Landy & Lamb
1 53‘) emp oyln% human 0 _er?/throcytes obtained from the blood bank of the Uni-
versity of TenneSsee Memorial Hospital. _

Haémagglutination blocking tests were conducted as follows. To each of a series
of tubes contammg 0-5ml. of an jsotonic solytion of test substance of 20, 4 0-5 and
0-2 mg. concentration was added 0-5ml. antiserum. The tubes were incubated at
37° for 2hr. A control tube containing 0-5 ml. of antiserum and 0-5 ml. isqtonic
saline wag (f_lso incubated. After incubafjon, the contents of gach tv]be were diluted
1/5 by adaition of 4 ml, of isotonic saline. The antiserum In eacn tube was now
equivalent to a 1/10 dilution. Serial two fold dilutions were made. in isotonic
saline from the contr(?I tupe and from each of the four t%Jb%s contam_m_% the test
substance and diluted antiserum mixture. To five series of tubes containing 0-2 ml.
of each dilution of antiserum was added 0-2 ml. of sensitized human type O'erythro-
cytes. All tubes were incubated at 37° for 2hr. after which readings Were taken.

Bacterial counts were made by the foured plate assay technique on nufrient aqar
using.0Y ml, aliquots.of a 10~5and 106 broth dilution of the culture. The gla es
were'incubated overnight at 37° after which readings were made (Adams, 1950).

Haemolysins were detected by streaking the or%amsm_on nutrient blood agar
plates which contained fresh stieep cells in a concentration of 1-0%_(wiv). The
plates were incubated for 16 hr, at 37° after which readings were made. The appear-
anfe of 3 co|ear area or g greenish zone along the streak or surrounding individual
colonies Indicated a positive test,
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Techniquefor detection and estimation of neuraminic acid in bacteria

Detection in K anti ens of Escherichia coli, To a litre of nutrient medium con-
ta|n|ng 1% (wiv o |a%sed casamino acids, (0. d|aIysed yeast extract in
10 ml.” water "an 0%, whv, dextrose dusted top -0 with 01 p-
phosphate buffer was seeded 0-2ml_ofa 3ml. so ewas of mtcro orgamsm The
culture was Prownwnh aeration for 5hr. or 18hr. at 37°. Five ml. of chioroform was
added to kill'the culture and aeration continued for an additional 15 min. Bacteria
were collected by centrifygation, washed in 10 ml. distilled water, collected as
bef ore and resuspended in 10 ml. distilled water. The wash was set aside for
ana d/SIS Two m o the bacterial suspension was heated in a sealed tube for 2| hr. at
100 nawater ath, and 2ml. was maintained at room temperature (22°-25°) to serve
as a control. Both the heated and unheated samples were centrifuged at* 10,000
for 30 min. and the clear supernatants removed bprette Analyses for neur-
minic acid were performed on 1 ml. samples of the”heated suPerna ant emplo mti
the modified procedure of Ehrlich. The Unheated sugernatan served as a contro
In the analysis. If the solutions were turbid after heating with the analytical re-
agents, they were raptdlx filtered through Whatman no."1 paper before readm?s
were made at 530 myzn the Beckman spéctrophotometer. [’ cases where a quanti-
tative evaluation of the amount of neuraminic acid was made, the analytical values
obtaingd for content of neuraminic acid of the wash and supernatant from the heated
bacteria were combined and recorded as a single value.

Estimation of neuraminic acid in gried bacteria When whole bacteria were
analysed for content of neuram|n|c acid, the cells obtained from a litre of cultyre
were Iyophlllzedater washtng Yields of 300-400 mt]; of dried cells were usually
obtained. The ana Vttca values obtained for content of neuraminic acid of the dried

cells and of the celf wash were combined and recorded as a single value.

o ~ RESULTS
Agglutination properties of Escherichia coli K2S5L+OC+

As the bacteriocinic strain of Escherichia coli K235L+0C+ was the first micro-

rganism. descne which,prodyces a substance containing adenvattveo neur-

|n|c acid, namely colominic acid, It was of interest tg learn'more about th egroper-
t|es of this bacterium. It was soon apparent that viable E. coli K235L+0C+ was
not readil gﬁluttnated inhomologous antiserum,  According fo_Kauffmann
(1943), such non-agglutinable straing tE coli contain a capsule which surrounds
the micro-org amsm and prevents. O agglutination. Heating such arganisms re-
moves, the so called alntt gdlutlnan?n Inhibitor: and foIIowlng thls treahnbent
O agglutination readily occurs in homologous antiséra. The agglutination inhibitor
Is tarmed a K antigen”(Kauffmann, 1943

Agglutlnatlon experiments. of Escherichia coli K235L+0C+ in whole E. coli
K235L+0C+ antibacterial antisera and in antisera absorbed with heat killed cells
were used to establish the presence of a K antigen.,

The results of all a%ﬂlutlnanon tests are_shown in Table 1Where it is seen that
the unheated viable cfls of Escherichia coli K235L+0C+ are strongw aﬁ glutinated
to a titre of 1/64 In unabsorbed antibacterial antiserum: whereas, e héated cells
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show an agglut.nation titre greater than 1/4096. It is to be noted that viable cells
show stron%agglutmatlon to.a titre of 1/32 in antiserum from which the Oa r%;Iutln-
Ins were refmoVed by absorption with heated cells. These results_clear_ly demonistrate
that E. coll K235+0C+ contains @ heat labile agglutination inhibitor commonly
termed_aKantlgen gKauffmann, 1943, . o

Confirmation Of the presence ofaK_anthen in Escherichia coli K235L+0G+ was
obtained after submission of the organism for classification of serotype which was
found to be E. coli Ol:KI:HNM, in“accordance with the Kauffmann-White classi-

fication scheme for identification of enterobacteriaceae.

Table L Agglutination of Escherichia coli K235L+OC+in homologous antiserum
and in antiserum absorbed with heated E. coli K235L40C+

, , Dilution of antiserum
, Antibacterial
Bacteria antiserum — 1/8 1/16 1/32 1,64 1/1281/2561/512 11024 1/2048 1/4096

Viable | Absorbed 4 4 4 3 2 0 0 0 0 0
Heat killed Ahsorbed 0 0 0 0 0 0 0 0 0 0
Viable Unabsorbed 4 4 4 4 3 0 0 0 0 0
Heat killed Unabsorbed 4 4 4 4 4 4 4 4 4 1

4, Complete agglutination; 0, no agglutination.

Detection of neuraminic acid, bacteriocine and, haemolgsm in Escherichia coli of
known serotype. As nothing was known cqncerning the biological function of neur-
aminic acid 0r of its polymér, colominic acid, In E. coli K235L+OC+, attempts, were
made to correlate the presence of neuraminic acid with other known properties of
the bacterium, The presence of a K antigen in E. coli K235L+OC+ surqgested that
Other _magglutm_able strains of E. coli which have a K antigen _mlght also elaborate
colominic acia-like substances. Accordingly, a series of E.”coli strains of known O
gﬂg h}ée?necgl()t _%es was analysed for the presence of neuraminic acid, bacteriocine
in.
. Heat trea}{m_ent of ina glutmable strains of Escherichia coli permits O aﬂ]glutma-
tion to occur In homologous antibacterial antisera. It js apparent that frie anti-
O agglutination factor, ‘presumably, the K antigen, which' surrounds the micro-
organism, is removed from the bacterial surface by'the h_eatmg procedure. Therefore,
chemical analysis of supernatants obtained after centrifygafion of heated cells can
be used. to ascertain if neuraminic acid forms an appreciable part of the chemical
composition of the K antigen of the organism. o o
The results of the analyses for neuraminjc acid, bacteriocine and haemolysin in
various strains of Escherichia coli are recorded in Table 2. Detection of neuraminic
acid was made in_only two of the nineteen strains analysed, E. coli Ol:KI:HNM
and E. coli Ol0:K5;HNM. Haemolysins were produced by three strains and bacterio-
cings were elaborated by seven strains, oL
|t must be concluded, therefore, that neuraminic acid does not form an appre-
ciable %oru_on_ of the chemical composition of K antigens of Escherichia coli. How-
ever, the limitations of the_ chemical procedure do”not exclude the presence of
trace amounts of the neuraminic acids in K antqens of E. coli where they may Rlay
an important role in the linkage of carbohydrates to proteins or pepticies in these
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materials. In additjon, it may be noted that no correlation exists between the
presence of neuraminic acid and the haemolytic or bacteriocinic properties of the

micro- organtsn]ts The bacteriocinic and haemolytic properties are similarly un-
related to each other.

Table 2. Escherichia coli analysedfor neuraminic acid haemolysin and bacteriocine
Test organism for bacteriocine

Neuraminic o ; PRI .
m tested acl Haemolysin E. coli “TV S. enteritidis Phi. Sh.sonnei
E. coli ‘HNM . _ .
E. CO ‘HNM _ . .
E. CO K1/:HNM
E. CO ‘K5:HNM . . )
pama, - -
E. C0 0:'HNM _
E. CO ‘HNM _ .
E. CO ‘HNM .
E. CO ‘HNM
E. CO ‘HNM
E. CO ‘HNM
= o ek
E. o 3HNM ’
& sy
E.‘ € ; % ‘HNM ’
E. co ‘HNM

Detection of n euramtntc acid, hacteriocine and haemolysin in vanous Escherichia
coli which have a K 1 and various 0 serotypes. As shown Prewousxl the serot%/pe of
Eschenchta coI| K235L+0C+ was determined as E. coli
serot pe of the or I_:gantsm IS related to the presence of neuramtntc aC|d then dlf
ere stratns of E. coli which possess In common a K| combined with dttferent

0 serotypes should contatn neuramtntc acid. Accordtn(ily, five strains of E. coI|
all contatntng a K1 and different 0 serotypes, were_ang se for neuraminic acid
bacteriocine and haemol ysin. The results ar ven In Table'3 ;itmay be noted that all
five strains tested contatn neuraminic acid, Three of the strains tested show haemo-
Iytic properties, and four elaborate hacteriocing,

It is concluded that all Eschenchta co|| WhICh gossess a K serotype contain a
derivative of neuraminic acid and that the haemolytic or bacteriocinic proBertles
V\% t|ch mag tge associated with the hacteria are unrelated to the presence Or ansence
of this substance.

eur minic acig content of vanous Escherichja coli as gercentage of d eqht
Atoug neuraminic acid was shown bly qualitative tests to form ga
chemical composition of strains of Escherichia coli with a K serot It was of
interest to ascertain whether these different strains contain equiva ent amounts of
neuraminic acid. Bacteria harvested from cultures dunng the quanthmtc phase
and the final phase of growth were dned and anaI ysed for conten of neyraminic
acid. The data recorded in Table 4 show typical ana¥t|cal values obtatnedf
content of neuraminic acid determined as ercentaeo ry weight. ttseV|dent
that all strains of E. coli analysed contain apprommately equwalent amounts of
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neuraminic acid if cultivated and harvested under similar conditions. However,
bacteria obtained during the logarithmic Phase_ contain a higher percentage of
neuraminic acid than do mature biacteria isolated in the final phase of growth, Thus

It s apBarent that neuraminic acid itself or substances contamm? neuraminic acid
are elaborated into the culture medium during growth of these strains.

Table 3. Escherichia coli with @ K1 and various 0 serotypes analysedfor
neuraminic acid, haemolysin and hacteriocine

Test organism Z\or bacteriocine

Neuraminic : . o .

Organism tested acl Haemolysin % coli ‘B* S. enteritidis Phi. Sh.somiei
E. coli OL:K]:HNM + + + - -
E. cofl 02:KT:HNM + + + — —
E. colt Q7. KT-HNM + ¥ + - -
E. coli %@:Kl;HNM 1 — — — —
E. coli 025:K1:HNM + — — +

Table 4. Neuraminic acid content of Escherichia coli with aK | and various
0 serotypes grown at 37° and harvested after Shr. or 18 hr.

Neuramini¢ acid Jn percentage
(fry wefghP J

Organism tested 5hr. 18hr.
E. coli 01:K1:HNM 097 -)
E. 88% %:KI1’:HI{I\1|M % 123 121
E. cofl Q7:K1:HNM - -
E. cofl %E;KlgHNM 1-% L
E. coli 025:K1:HNM - [

Neuraminic acid content per bacterium of various Escherichia_coli. Experiments
were next performed to determine the content of neuraminic acid per bacterium in
each of the different E. coli of K| serotyf)e isolated during the logarithmic phase of
8rowth. In Taple 5 are recorded t_ygnca valyes for content of néuraminic acid IJoer

acterium for five different E. coli’strains. The results clearly reveal that no gross
dlﬁ?renaes exist in content of neuraminic acid per bacterium’in the various strains
analysed. L o

Isglatlon of colominic a?_ldfrom Escherichia coli O:KI:HNM and 02:KI:HNM.
AIthou?h strains of E. coli which have a K| serotype contain neuraminic acid, it
was 1ot known_ if the same derivative of this acia’ls present or whether the neﬁjr-
aminic acid derivative 1s n a chemical combination similar to that ,fgund In colo-
minic acid obtained from E. coli Ol:KI:HNM. Thus, a polysacchari e_contammP
neuraminic acid was isolated from culture supernatants seeded with E. coll
02:KI:HNM, The phgfl%al and chemical pro?ertles of this pol sac%hande were
compared with those _tepollysaccharlde, colominic acid, obtaihed from culture
suE_ernatan_ts seeced with E. cofi OLKIHNM, _

ifteen litres of culture medium (Barr%, 1958) were seeded with 5x 104 cells of
Escherichia coli OL:KI:HNM or E. “coli 02:K|:HNM growing in the Io?arlthmlc
phase, The culture was maintained at 3/° and aerated”at thé rafe of 4 Tifres per
min. for 18 hr. The pll of the culture was held at 7-0 by an electronic device (Goebel,
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Barry & Shedlqusky, 1956). The culture was killed by addition of 100 ml. of chlgro-
form and aeration continued for an additional 30 min. The suspension was clarified
rnaSharpres Super centrifuge, refrrgerated at 0°-4° byacoolrno coil located within
the bowl of the ap garatus e clear supernatant was concentrated at 20° In vacuo to
lSlrnagass crr ulati C(‘ggevaporator marntarned at 1-2 mm. by means of a Kinney
vacuum The fluid was fed into the evaporatorwrth an electronic
device ( arr &Prerce l959%whrch maintained thequurdrnthe bow ofthe evapor
ator af a constant level. The concentrated. medium was dia X y employ mg
ft. lengths of Nojax sausa%e casrng (Viskin %Cor gsrze 18[32 agarnst istille
water for 16 hr. at’4°. The bag con ents wer conc ntrated in vacuo to 500 ml,
dialysed, concentrated in vacuo o 100m and re lal )Ase The solution was further
concentrated to 100 ml. in vacuo, filtered and lIyophilized.. Yields of 5-5-5,g. of
non-dialysable polysaccharide containing 20-30 % neuramrnrc acid were obtained.

Table 5. Neuraminic acid content of various Escherichia coli grownfor 5hr. at 37°

Calculated
Total amount,
amount. neurarﬁrnrc
Total neurararnrc
Titre, Volume Pum er
ba teria re 0 ba%terra recovered ac err
Organism tested perm X 10s (mg-) ch
E. coli Ot:KI:HNM 42 gﬂ 1-94
E. coll 02:K1:HNM 4 - -6§ -
E ol 7|§ HNMM Z‘ % ; i
E. coli 025:K1:HNM Z? 5 - g% 12-

A 3% (wiv) solution of the substance in 0-02M-sodium acetate buffer was ad-
{usted to pH 4-5 and chilled to 4°. Absolute ethanol at —10°was added to a concen-
ration of 75% (VIv) and the solution stored for 2. in the deep freeze at —25"
The solution was centnfu%ed at 10,0009 at —10° in a Lourdes centrrfurTre and the
supernatant decanted. The precipitate”was dissolved in 100 ml, distifled water
and the solution dialysed. against 15 1 of water at 4° for 16 hr. The_solution was
concentrated to 150, ml. in"vacuo and filtered. The solution was_stirred at room
temperature and solid ammonium sulphate (77-7¢.) was added to 75% saturation.
After standing for 1hr., the precipitate was removed b centrrfu ation and {0
the clear supernatant was added” with stirring ammonium sulphate to 90%
saturation (21-2¢.). One hr. later the solutron was centrrfuged T0 the super-
natant was added’ with strrrrng concentrate Iy rochloric &cid untrI mcrr%rent
turoidity (approx 0-15ml.) an dteso ution filt dthrou%hasrntere Pass I[ter
of medium porosity. To thestrrre filtrate was added addrtro al concentra ed h
chloric acid until"no more precipitate formed (aRprox 9ml.) and the so utron
kept at £ for 2 hr, The solution was filtered throu rntered gléss frIter of medjum
rltorosr Gy and the sticky precipitate dissolved in 50 m|. distilléd water. Two ml. of

och oric acrd was added and the solution dialysed ontrl free of chloride
and sup hate fons. The solution was concentrated to 50 ml. and traces of salt
emovg bgeectro Ia dysrs After concentrating the solution to 40ml. in vacug, it was
filtered and Iyophilized. Yields of 0-5-1-7 g. of purified polysaccharide were obtained

I~
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Comparison of the jiroperties of colominic aC|d obtainedfrom Escherichia coli
OFKI:HNM with those of the po gsacchart econtammg neuraminic acid
obtained from E. coli 02-.KI-.R

Purified colommtc acid |soIated from the E. col OI KI:HNM culture super-
natant and the Igurn‘ted po ysacchartde which contains neuraminic acid obtained
from E. coli 02:KI:HNM, are white amorphous powders soluble in water. Aqueous
solutions are markedly acidic, (pH 372 and not viscous, Humin is formed upon
heating either substarice In dilute minéral acid or hy boiling in aqueous solution.
Only féeble anthrone and Folin-Ciocalteu tests are given by either material. Hexos-
amines, pentoses and hexurontc acids are absent.” Both" substances give reddish
Burple ‘colours when heate W|t Bial’s orcinol or W|th Ehrllchsreagent On the
asls of the modified Ehrlich rocedure a typical anal 5|s of col ommlc acid from

E. coli Ol:KI:HNM shows 99% N-acetyl neurammtc aC| )éotca anay5|so te
Eolysacchande containing neuraminic aC|d obtained from E. coli 0
hows 98-5% A-acetyhéuraminic acid. Neither substance precmttates m ant|
serum of rabbits immunized with the micro-organisms from which they are derived.

Table 6. Chemical analysis of polysaccharides containing neyraminic acid
obtainedfrom Escherichia coli OI:KI:HNM and 02-.KI- HNM

Substance analysed

C H N  CHXO irical
Source Material analysed %) %) (%) (%) Efm|p

E. coll %KIHNM ol minic, acid ;2; g%g 47§ 144§ {guh % 3
K1:HNM I harjd - - 4- 13 h
Eheet! s8a Ivary mucin J\?Iéget))(/)lh/est?rcacm?hfce ﬂ - - 45 1%8 Hh

Chemical analyses, Analyses for carbon fydre gen nitrogen and acetyl were
erformed on several Rreparatlons of.colomini¢ acid obtained from Escherichia col
M and on the polysaccharide containing neuraminic acid obtained from

E 00|02 Kl: HNM The materials were dried to constantwelght at 80°. The results
yE%ca anayses are ?tven in Table 6. From the analytical data, the formula
09 can’be calculated as representing the monomer unit of both colommtc

aC| and the aC|d|c polysaccharide contamm? neuraminic acid 0 tame rom
E. ol 02:KI:HNM. 11 should be mentioned tha theem%mcal formula (CuH 9
glven for each of the polysacchartdes Includes a mole of bound water per CnHIN 09

unit

The 0 tlcal rotatton of a 5% Aﬁw R aqueous solutton of colommtc acid obtained
from Escherichia coli O when measure ma dm, tube, gave the value
afi” = —b1°+2° Te o ttca rotation of the acidic rﬁ)o sacchart de obtained
r m E. coI| 02 KI HNM measured under identical conditions gave the value
[a]r =

V\})er ehromato raphic. analgsm of t]he drolysate of ejther olgsacchartde
sho edAacet lne raminic acld to be the major comgonent Barry, 1956)

An infra red a bsorption spectrum ofcolommtc acid obtained from Esc herichi C0|I
Ol:KI:HNM and of the acidic polysaccharide obtained from E. coli 02:KI:HNM
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was taken in a potassium bromide pellet using_1-4 mg of substance mixed with
350 mg. of the salt. The spectra are recorded in"Fig. L _

It 1S apéjarent from the elemental analytical data recorded in Table 6 and from
the infrared absorption spectra shown inFig. 1 that colominic acid isolated from
the Escherichia coli OI:KI:HNM culture supérnatants is similar in all _resgects to the
polysaccharide containing neuraminic acid obtained from the E. coli 02:K|;:HNM
culture supernatants. Thus, it can be concluded that other strains of E. coli which
gglséess a K1 serotype and which contain neuraminic acid also elaborate colominic

Relative absorption

0
5 14 13 12 11 10 9 8 7 6 5 4 3 2
Wavelength o

i0. 1. Infrared spectrograms taken on. 1-4 mg. of substance in 350 mg. of potassium
Erﬁnallde eIrI . CLP veA,gcoW) InIC acl |soJatf8 froF] cuﬁtuesupernata o(%E%fcherhc Ia
Cﬂ' E}-I M Curve B, colominic acid isolated. from culture'supernatant of Escheri-
chia coli 02:K1:HNM:; curve C, IV-acetylneuraminic acid.

Chemical analysis of ather species of hacteria for content of neuraminic acid, AS
derivatives of neliraminic acid have been found in _onIK a few closely related enteric
micro-organisms, It was of interest to determine f these substances were Present
In other enterobacteriaceae and.in unrelated species of bacteria. As derivatives of
neuraminic acid were first found in Escherichia coli, a genus of the enterobacteriaceae,
It agfeared that other genera of this family should e examined for the presence of
these substances. Thus, 25 Salmonella, 7"Shigella, 2 Aerobacter aeroggnes, a Citro-
bacterfreundii and a ?traln of Klebsiella gneumomae_were analysed. Of these, only
three strains, S. dahletn, S. djkarta and C. freundii, contain a neuraminic acid
derivative in readjly detectablg quantities. = _ _

Negative tests for neuraminic acid were obtained for 3 strains of Bacillus meg_a—
teriun, 2 of Bacillus cereus, 2 of Haemaphilus influenzae type B and D and a strain
of Rhodgpseudomonas palustris, Two strains of Group C Neisseria memngmdls,
1908 and 1935, were analysed for content of neuraminic acid. These strains were
reported to contain a derivative of neuraminic acjd (Watson et al. 198), . . .

In Table 7 are recorded typical values found for content of neuraminic acid in
various hacteria expressed as ercentaqe of dry weight. The neuraminic acid content
varies over a 20-fold range in concentraton. “ It 1s°of interest to mention that the
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detection of neuraminic acid in the clarified and concentrated culture supernatants
In which Salmonella dahlem, S, djkarta, Escherichia coli 010:K5:HNM or Citrobacter
freundil were grown was difficult and usually unsuccessful. Thus, it is concluded
that these organisms do not readily elaborate polysaccharides which contain neur-
aminic acid into the culture mediurh as do strains of E. coli of K1 serotype.

Table 7. Neuraminic acid content of various bacteria grown at 37° for 18 hr.

Organism tested N%“&??WE?&%’ :
g. fr%lljlgpn i 05:1130 1-_
R Shea s Groun € 1 §:é4
e R

Serological relationship of bacteria which contain neuraminic acid

As the neuraminic acid content of Salmonella dahlem, S. djkarta, Citrobacter
freundij and Gro_uR_C Neisseria men|n9|t|d|s_|s of the same order of ma%mtud,e 85 1S
found in Escherichia coli of KI serotype, it appeared that a colomiic acig-like
substance may be produced by thes¢ ‘strains, 'In this connexion, it should e
mentioned that the Group C hapten isolated from Group CN. men|ng|t_|d|s 1935
was reported to be 85% constituted of units of N-acetylneuraminic acid and. to
contain glucosamine EWatson d al, 1958), It was of interest, therefore, to determine
b%/ a%glutmatlon tests whether the various bacteria known to produce polysac-
charidles that contain neuraminic acid are related to each other. _

The results of the _aﬁglutm_anon experiments are recorded in Table 8. It is
aglnaren_t that Escherichia coli Ol:KI:HNM and 02:KI:HNM, which elaborate
colominic acid, are unrelated to any of the other bacteria which contain neuraminic
acid by cross—ag |utination tests. However, E. coli QL:KJ:HNM and 02:KI:HNM
are refated to each other. The straing of Group CNeisseria menmgmdls are related
to each other but to ng other strain listed jn Table 8. Salmonella dahlem, S. dgkarta
and Citrobacterfreundii show an Inter-relationship one to the ather but are unrélated
to either strain of E. coli or to the strains of Grqup CN, meningitidis. Thus, on the
basis of the results of the agglutination experiments in homologous and hetero-
lrg?é)t%% anrgaega the strains examined can be divided into three Separate and un-

Premgltatl%n of colominic acid and. of Group) C Neisseria meningitidis hapten in
homologous and he_terologous anUbackenaI antisera, Desplte_the foreqoing observations
that nqelationship was demonstrable by cross-agglutination tests Detween strains of
Escherichia coli which elaborate coloniinic_ acid™and. strains of Group C Neisseria
meningitidis which contain a polysaccharide constituted primarily of _AJ-acetYI-
neuramic acid, experiments were ‘performed to ascertain whether purified poly
saccharides containing neuraminic acid_ obtained from these bacteria would' pre-
cipitate in E. coli and Group CN, men|nq|t|d|s antibacterial antisera, The results
of the precipitin tests are recorded in Table 9. 1t IS apPa[ent from the data that
colominic acid does not precipitate in any of the antibacterial antisera, whereas the
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Group.CN. men|n%|t|d|s hapten read|ly|oreC| itates in Gro CN. meningitidis anti-
hacterial antisera utnotmEcohOlK NMor02:K I:HNMantibacterial antisera,

Haemagglutination of human 0 rgthrocytes sensitized with adsorbed Group C
Neisseria meningitidis hapten or with colominic acid in homologous ang heterologous
antibacterial antisera. The incubation of erythrocytes in saline solutions of poly-

Table 8. Agglutination of bacteria which contain neuraminic acid in
homologous and heterologous antisera

D|Iut|on of antlserum

Onganism tested  “ageteel 0 % 6l 1280 250 5120 0
8% ra S. djkarta
L E é ] é
meningl |g|3 } E

o

: ﬁ fla S. dahlem
Eééﬁ%@'-‘t&gmég

menin

|
AI ﬂr%ﬁgtalj | C.freundii é é
1T
i
i
1

% ﬁ%ﬁ?@ TR Hm

E ﬁg?%trﬁ. S

il
T
T
B
B
|11
i

— IO RO OO oo+ oo oo+

Easmh el g E E E
. coli O KJ:H
1o

4, complete agglutination. 0, no agglutinatio race
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sacgharides frequentl % tIeads to the adsorption of these substances to the cell

surface. Addition of
of the sensitized erythrocytes results in

ISerum prepared at% Inst the polysaccharide to a suspension
heir haemagglutination. This sensitive

Table 9. Precipitin tests of colo mnt Cld and Neisseria meningitidis Grouanha ten

|ntE coli OLKLHNM, 02:K I M and N. meningitidis Group C 1908 and 1935

anisera Concentration of substance (/tg./ml)
Substance tested Antiserum 1000 100 10 101 001

AT meningitidis E. co

lominic aci E IKIHNM
Colominic acid :}J e|nIn ﬁll IH'}' § § § é
fl 18 0

Kl N
Grougp 1908 E. co Kl N § %
hapten 1 ] !

|
|

N mentn I

S
IS
HNM
H

A menln ttt IS

|
e | 1]

4 heavy prempttatton 0, no precipitation

Table 10, Haema%gluttnatton of typ rythrocytes sensitized with Neigseria menin-

itidis Grou

hapten or colominic acid’in N. meningitidis Group C 1903, 1935,

scherichia cohOIKIHNM and 02.K I NM antisera

Sensitizing
agent
men ttdts

. men t
roup apten roup 1g§

Colominic acid

test is empl %ed for the demonstratton of materials which have weak serologtcal
properties, T

of urified co
Sgnsntzed cells were then added to Escherichia coli OFKI:H

results are
with the Gr
antibacterial

Dilution of antiserum

11 1 1 1 1 1 1 1 1
80 160 320 640 1280 2560 5120 10,240 20,480 40960

SR IO N -
A IR B R

r”h”t”t”t% 0§ g 8
R I B

4, complete haemagglutination. 0, no haemagglutination.

1
Antiserum 20 4

3

o

(el ) oo B
I~

[ e
oo
oo
oo

0
i
i
i

OO OO oo O

8
8
8

lons
ptenI
. . coll
, Group_CN. mentngtttdts 1908 and 1935 antibacterial antisera, The
8|ven In Table 10 where It is to be noted that er throcR!tes sensntzed
U£CN meningtidis hagten are readl g/ 9o{%uttnae In

ntiserum prepareq against either the 1 35 strains. However

it fresh human erythro cytes were incubated with, saline s%
ominic acid or W|t roug etssena mentn[gtttdtsl\”vI Ea

meningitidis

these cells are not agglutinated in anttsera prepared against E. coli Ol:KI:HNM
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or E. coli 02:KI:HNM. In the experrments where cells sepsitized with colominic
acid were_used, no dacmagglutination occurred in any of the four antisera. Thus,
no seroIo ical rg rhonshrp was demonstrable between colominic acid and the Group
CN. men ngrtr IS hapten

Table 11 Inhibitign of haemagglutination by colominic acid of type O erythrocytes
sensitized with Neisseria meningitidis Group C 1908 hapten in N. meningitidis
Group C 1908 antiserum

Inhibitor o .
Inhibitor ~ concentra- Dilution of antiserum

fion 5
(to/ml) 120 140 180 1/100 1/320 1/640 1/1280 1/2560 1/5120
Colominicacid 10,000 4 4 4 4 4 511 § 2 8

o000 4 4
& O 1

|
]
4 4 4 4
1°844444§§%§
4, complete haemagglutination. 0, no haemagglutination

Inhibition ofhaema |utination of human rrrpe Oer(rj/lhrocytes sensrtrzed with Group C
Neisseria menrngrtrdr 908 hapten by coIo Inic acid._Despite th eo servatron that
human type O ér throcytes sensrtrze with Group CN. menr Eqrtr IS 1908 apten
failed tohaemagglutinate i Escherichia coli OI:KI:HNM or E. colf 02
antrsera It appeared that a refationship between coIomrnrc acid and the Group C
N. meningitidis hapten might he demonstrabeo[r/e Krngahaema?glutrnatron
blocking ethod where N. menrn%mdrs antrseru |sr cubatéd with cofominic acia
Rrror to the addrtrono erythroc*es sensitized with Group CN. meningitidis 1908
apten. The results are shown in Table 11, where it is seen that ng inhibition of the
haemagglutrnatron of the erythrocytes sensitized with. Group C.N. meningticlis
hapten”occurs in an}/o the Tncub ate antrsera containing colominic acid. There-
fore it |s conc luded that colominic acid docs not combine With antibody present in
rﬁ) meningitidis antibacterial antiserum which precipitates Group C N.
menr gitidis 1908 hapten,

I~

DISCUSSION

The discovery of the neuraminic acids in materials derived from mammalian
origin (Blix, 1936) laid the foundation for a new field of hiochemistry. Many animal
tissUes contain derivatives of neuraminic acid in comhination with carbofiydrates
lipids and proterns The wide distribution of neuramino-mucoproteins in” animal
secretions and excretions suggoests that these materials have a protective function in
cells, Thee ithelial surfaces of the respiratory, digestive and urogenital tracts are
covere |ymucrns rich in neuramino-proteins.. CErtain bacteria and viruses which
Inhahit of invade, these tracts possess neuraminidases which can split neuraminic
acid from neuramino-proteins and thus a possible mechanism of invasion of under-
Irng cells by these agents I Indicated. The discovery of substances contarnrng
euraminic cid in materials derived from bacteria opened uganew area In th
biochemistry of hacteria. . However, the drstrrbutron nd biological significance of
neuraminic acid in bacteria has remained largely unknown.

23
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The work presented here has shown that few straing of Gram-negative bacteria
contain readily detectable amounts of neuramrnrc acid. Among the 70 different
Gram-negativé micro- organrsms analysed, on ?/ 11 contain neuraminic acid, . Of
these, 6 dre Escherichia coli, 2 are Sal mone |a, 2 are Group C Neisseria meningtidis
and one 1s a Citrobacter freundii. 1t is of interest to note that the strains Which
contain neuraminic acrd were isolated from pathological material obtained from
gt mmalian sources. The Incg rpor%troR of neuraminic acid derivatives in complex
acteria pro ucts, approaching the host neuramino-mucaproteins™ composition,

may be the mrcrobes method ‘o establishing itself in various tissues. However
the'virulence of strains of E. coli contarnrn? neuraminic acid was shown by Forbes
&Kunk (1961) to be no greater than that ofstrains which do not contain this material.

The development of & systematic clagsification scheme for the enteropacteriaceae,
based on the antr enic composition of the micro-organisms, has made it possible
to rdentrfy enterg acterraceae isolated from different sources. The determination
of the serotg/pe of Escherrc 1 coli K235L+0C+ gs O1:KI:HNM was of consrderable
value i thé finding of other E. coli which produce colominic acid (poly. IV-acetyl-
neuraminic acid) and t0 a determination of the reIatronshrP of colominic acid to gtfier
properties of these bacteria. Thus, the isolation of colominic_ acid from culture
supernatants ofdrfferentE coli which ossessaKI butdrfferentO serotypes, namely
E. coli OLKI:HNM and E. coli 02:KI:HNM, strongly su ests that otherE ool
which contain peuraminic, aciq and aveaK 'Serotyp % % roduce colominic acid
(Barry etal. 1 960$<Thrsvrew IS Turther supported by the observation that 5 strains
of E.coli with a K1 but different O serotypes contarn egurvalent amounts of neur-
aminic acid. Furthermore, the absence of feuraminic acid in E. coli which have other
K ser Des demonstrates that this material is not a common component of strains
which ossessa serotype. The association of the Kl antrgen of E. coli with colo-
mrnrc cid 1S evrdent and it su?gests that the genes which control the biosynthesis
o tese materrasarecosey d Frna , It was shown that other ro ertres

E. col, such as abrlrtyto foduce haema Cysrns Or bacteriocines, cannotbe rrect
assocrated with the pro uctron of colominic acid or the presence of neuraminic acid.
The earlier observations (Barry, 1958) ang those reported here concerning the close
association of neyraminic_aciol with ‘a KI serotyBe in varrous strarns of E. coli
were recently confirmed (De Witt & Rowe, 1961:"De Witt & %

The detection of neuraminic acrd in specres of bacterra other than Escherichia coli
su dested that colominic acid maP( be produced ¥t £se MICro-organisms. The Cross-
g utination experrments clearly revealed that no serological Telationship exists
between E. coli which elaborate colomrnrc acid and other ‘micro-organisms which
contain neuraminic acid. The strain of Citrobacter freundit which Is copstituted of

9% neuraminic acid does not possess a K antigen but has O and H antigens which
are related to the 05 and H30 antigens present rn bacterra of the Arizona group of
enterobacteriaceae. AIthough itis ossrbl% to detect the presence of nedraminic
acld In complex materials isolated from the culture supernatants of C. freundii

:H30, 1t IS apParent that the greater portion of the neuramrnrc acid_Is firmly
bound.” On the other hand, strains of E. colrwhrch produce colominic acid readily
eIaborate thrs materral into the culture. medium, These results indicate a differerit
mrca| ding of the_neyraminic acid in C. freundii and in the related strains
mone la ahI and S. djkarta.
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In 1958, sub_se(iue,nt to the discovery of colominic acid, Watson & Scherp (1958)
described the isolation and characterization of the group C hapten obtained from
Group C Neisseria meningitidis. This material was reported to be constituted
of units of N-acetylneuraminic acid to the extent of 70-85% and to confain
glucosamine r%Watson_ et al 1958?. The _Groug C hapten is erolo?wall active,
whereas colominic acid s not. All experiments reported here have failed"to show
any serologlcal relationship between colominic acid and the Group CN . meningitidis
ha#ten. IT must be concluged, therefore, that these two substances have either a
different arrangement of the A-acetyIncuraminic_acid units within_the macro-
molecule or that the serological properties of the Group CN. men|n?|t|d|s hapten
g{]ea ra(tjterlbutable to factors Other than the neuraminic acid portion of the polysac-
Ide.

N_(iurammlc acid materials are Pr%sent in three genera of the enferobacteriaceae
family; however, the detection of these substances has been made in only a few
strains. The detection of neuraminic acid in a genus of the neisserjaceae has shown
tt%ﬁt c1pmpll_ex substances which contain neurdminic acid also exist in bacteria of
other families,

It is not g/e_t nossible to assess fully the hiological importance or function of
neuramini¢. &cid In bacteria, Furthermare, little can be said about the biosynthesis
or metabolism of neuraminic acid in cells. 1t is apparent, therefore, that informa-
tion conceming the distribution and nature of the chemical binding of neuraminic
acid {_n r?_mro-orgamsms Is desirable, for this will provide the méans for further
Investigatjons,

From the data which have been discussed, it is concluded that colominic acid
(poIY A'-acetyineuraminic acid) is produced by Escherichia coli strains which possess
a K1 serotype. Other hacteria which contain neuraminic acid have this substance
In a chemiCal combination which is different from that of colominic acid.

This work was supported by a %rant from the United States Public Health Service,
Natjonal Institutes of Health, E2327. _ _

The author is ndebted to Dr W, H. Ewing of the United States Public Health
Service for the determination of the serotype of Escherichia coli K235L+OC+ as
E. coli OL:KI:HNM and of E. coli 5396/387as a Citrohacter freundii with O and H
antigens related to 05 and H30 antigens present in the Arizona group of the
enterobacteriaceae.
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INTRODUCTION

The nutritional requirements of certain induced mutants of Escherichia coli
(Lampen, Roepke & Jones, 1947: Gots & Koh, 1950) suggest that cr(sterne IS con-
verted to, methioning, as in Neurospora Horowitz, 1947), through_the suiccessive
intermediate formation of ¢ stathronrne( |g 3) and homocysteing. The conversion
of homocysterne t0 methronrne E. coli” hs een studred extensively in this
lahoratory, with suspensions of intact organisms and with cell-free enzyme reP
rations (Gibson & Woods, 1960; Guest & Woods 1962? There 15 little d tailed
mformatron however, about the bacterial metabohsm o cstat ioning, t eprob
able_immediate precursor of homocystene. Binkley & Hudgins 595) stated
briefly that cell-free preparations of Proteus morgann degraded cysta hignine both
to homoc¥sterne and 10 cysteine, the former path wa berng predominant with
concurrent formation of p uvate and ammonra yrr oxa phosPhatewas required.
The ob ect of the resen work, which forms par ofawr er stydy of methionine
Knt esrsb E coli, was to determine whether this organism has the necessarg

enzymic mechanisms to convert cystathioning to omocysterne and to Investigat
the nature and course of the reactron An auxotrophic strain (B 166%whrch requires

pyridoxin or rowth was used initially in the ho eoffacrlrtatrnlg estudy of an

urrement [ this vitamin In its coenzyme form (pyridoxal phosphate).” A briéf
report of part of this work has been given (Wi Aesundera & Woods, . 1953).

In mammalian Tiver cystathioning”is degraded mainly to cysteine and a-keto-

* Present address: Department of Biochemistry, University of Ceylon, Colombo 8, Ceylon.
2322
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butgrate ang not to homoq(;teme and %yruvate (Binkley, Ansjow &du V| neayd
Carroll, Stacey &du |neau This enzyme_has been h|g1 y unhed
Matsuo & Green erg 1958) and shown also to_require p){n oxal phosphate
Binkl e¥ Christensen. & Jensen, 1952: Matsug &Greenberg 9585, 1959a). The
work of Fischer (1957) with cell-free” ﬁreparatlons of Neurdspora crassa suggests
that this orgamsm can degrade cystathionine by both pathways, that leading to
homocysteine being the major oné,

METHODS

Org amsms Escherichia coli B 166, an auxotroph requiring either pyridoxin
senne org cine for growth in a medium contammg autoclaved glucose (Morris &
was th emaln organism used: it was obtained originally from DrJ. S
Gots E coI| 122133 and 26/18 (both from Dr B. D. Davis) were methjonine auxo-
trophs responding respectively to cystathionine or homocysteine (‘1 233) and
homocysteine only (26/18). E."coli F 'was a prototrophic |aboratory strain. “Stock
cultures of all the orgamsms were maintained on tryptic digest of mieat agar slopes,
subcul ured monthlx (18 hr. at 37°) and stored at %",

Med |a and growth. - Medium L (Morris & Woods, 1959), containing lactate as
carbon source, was used for strain F Medium A, used for the auxotrophic strains,
was the glueose+ salts medium of Davis & M|n?|oll (1950? except that the glucose
(and any necessary growth factor) was added hefore autoclaving. With strain B 166
It was desired to obtain organisms grown without added pyridoxin; although either
DL-serine or glycine alone will support growth under these conditions, best yields
were obtained with a mixture of DL-serine, glycine and DL-alanine (each rmi). The
su Iement used for stralns 122/33 and 26/18 was DL-methionine %0 -5 msi).

eapA)ropnate medium (500 ml. n 11 Roux bottles) w%s autoclaved at 115°
for 10 min. and inoculated with 05 ml, ofa2 A fr. culture In the same medium. The
Roux bottles were incubated at 37° for 16-20 hr. in a sloped position (20° to the
horizontal) to increase aeration. Organisms from 20-30 bottles were harvested in g
continuous centnfug)e washed twice"on an angle centrifuge wnh 100 ml. volumes of
phosi)hate buffer (67 mm, pH 7-4) and stored 8Nhen necessa ) as a thick paste at 4°

Celfree extracts. Organisms %equw 1g dry wt.) in 8ml. phosphate buffer
g67mM pH 7-4) were placed in each cup of t|ssued|3|ntegrator (Mickle, 1948) with
? ?Iass balls (Ballotini no. 13; Chance Bros, Smethwick, Staffs.) and tribut yI
CI rafe 0 ml.). The cups werewbrated at maximum amphtude for 1hr. at 2’ a
t e crushed or%msms washed out with about 25 ml. P osg hate buffer (67 mM

H 7-4) at 0°, The clear yellowish supernatant fluid obtained by centnfugm for
15m|n at 18000? contained about 85% of the total enzyme activity” of the
crushed material. Tt was stored at 0° after adding a few drops of chloro orm and
retained full activity for at least two weeks.

General procedure in exnenments with enzymes. The reaction mixture contained
enzyme preparation (0-2-1-0 ml.), pyridoxal phosphate (10/on-moles), magnesmm
sulphate’ (Ifzmole), substrate (10/imoles of 1- or 20/imoles of g1 8 and pho Ehate
bu fer (pH 7-4) to'a final volume of 2 ml. and final molarity of 0-067. The substrate
solution ﬁat3 ezwas added after incubating the remaining constituents for 10 min.
at 37°; the final incubation was normally “for 30 min. at™37° Iin tubes 2125 mm. X
16 mm.) shaken gently in air, When keto”acids were to be assayed or identified the
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reaction was stopped éand proteins precipitated) by the addition of 25% (wiv)

trichloroacetic acid (0-5ml.).. Protein-free filtrates for the estimation of ammonia

\a/g urt?]%r%%cysﬁe(lﬂe were obtained by warming the reaction mixture with an equal
n- .

Chemical estimations. A modification of the method of Friedeman & Haugep
1943) was used for %yruwc acid. SamJJIes_ were diluted to 2ml. and mixed with
ml."of 2% (w/v) 2.4-dinitrophenylhydrazine in 2n-HCL after 15 min, at 25° an
equal volume of 2-5N-NaOH was added, The absorption of the resultm? 2 A-dinitro-
phenylhydrazone was measured at 450 my after the colour had fully developed
F_15 mm.j Authentic sodium gsyruvate was used as standard and absorFtlon Was
Inear_from 0 to 0-35/;mole; test samples outside this range were suitably diluted
with T25x-NaOH, _ _

Ammonia was distilled from samples (2-5- 3-0 ml.), usmog the apparatus described
b%/ Markham (1942), into 0-5% (wiv) boric acid m 20% (vfv) ethanol in water
tch enttawé?% r? mixed indicator (Conway & O'Malley, 1942); 0°01n-HCI was used for

Itration.

Assa¥ of homocysteine. A m|crob|olog|cal method based on the growth require-
ment. of Escherictila coll, 26/18 was used. This strain responds to Homocysteine or
methionine but not to cystathionine or cysteine. The materials under test were
free from methionine as judged by lack of activity when tested f)a) in the methionine
assay. of Gibson, & Woods (1960) with Streptococcus equinus P 60 and (b) with a
methionine-requiring auxotroph”of E. coli (M200) which does not respond to
homocysteine,

The lactones of 1- and D-homocysteine were equally active in supportin? the
growth of the test organism; DL-homocysteine, which was more readily available,
was therefore used as standard. The following other possible degradation products
of L-cystathionine were inactive when tested at 0-1 and 0-5 m i, either alone or in
the presence of pyridoxal phosphate (2-5jm): cysteine (tested as 1), homoserine,
serine, alanine, a-amingbutyric acid (all tested as d1).

Medium A (final volume 4 ml. in 150 mm. x 19 mm. tubesl was supplemented
with test samples or DL-homocysteing (0T-0-8"mole) and autqclaved at 115° for
7min. The inoculum was about 2 x 103organisms harvested from a fresh 24 hr
culture on tryptic digest of meat agar and incubation was for 40 hr. at 37°. Extent
of growth was assesséd in an EEL photoelectric colorimeter (Evans Electroselenium
Ltd., Halstead, Essex) with a neutral density filter. The dose-response curve (Fig. 1
was linear in the range O-1- 0-3//mole DL:homocysteine; the curve for a typica
experimental sample c?]uld be su enmp%sed on the standard curve thro%%hout the
range tested (Fig. 1) thus confirming the authenticity of the assay. Thé mutant
showed a ten encIy 0 revert to wild _t%/pe at low fregUency and ocCasional assays
Laned be(t:a_use of random full growth in tubes containing stb-optimal quantities of

omocysteine.

Chr matoPraphy. Amino acids were identified by the use of descending chromato-
grams developed”on AVhatman no. 1 paper eithér with butanol + acetic acid (the
Upper layer of a mixture of /¢-Qutanol, glaual acetic acid and water in the pro-
ortions “(v/v) of 4+1+5r2, or with phenol +water (160 . phenol + 40ml. water).
he detecting agent was ninhydrin, and also, in the case of the sulphur-containirig
amino acids, thé platinic iodide reagent of Toennies & Kolb (1951).
233
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Ketq acids were identified b¥ a modification of the method of Metzler & Snell
19523). The sample (2 mI.()j_o_ deproteinized reaction_products was mixed with
1ml."of 0-2% (wiv) 2 4-dinitrophenylhydrazine in 2n-HCL After 10 min. the
resultmg h%/drazone Wwas extracted intg “ethyl acetate and ?amﬁles pIac%d on
Whatman o, 1pa]ger on spots previqusly treated with 0-01 ml. phosphate buffer
(67 mu, pH 7). The buffer neutralized any acid carried over and decreased
S})readmg, of the spots, The chromatograms “were develoged with a mixture of
I1.-butanol, water and ethanol (5+ 4+1 by vol.) and the hydrazones detected directly
& e(ellow spots; faint spots were seen more easn% In ultraviolet radiation.
hemicals. 1,-Cystathionine was isolated from the mycelium of Neurospora crassa
H %A essentlall%/ s descrlb(?d_by Horowitz (1947) who f?und it to be identical
with the synthetic compound, i.6. A-(r.-/i-amino-//-carboxylethyl) L-homocysteine
Anslow, Simmonds & du Vigneaud, 1946). Our material darkened with decompo-
ition at 280° and gave the same Rf value ds a specimen of synthetic L-cystathionine
on chromatograms developed with butanol + acetic acid andl phenol +water. [t also
gave an jdentical dose-response curve to authentic material when tested with an
uxotroph of N. crassa (38706) which requires cystathionine, homocysteine or
methionine for growth. All other amino acids used were obtained commercially.

RESULTS
Nature of the reaction

|dentification of 1E_)rodu_cts. _Homogystine was detected chromatographlcaIIP/
Rf 0-12 in butanol + acetic acid) in thie products of a reaction catalysed by cell-
ree extracts of Escherichia coli'strain B 166; the Rf value of the ongmal cgsta—
thionine was 0-04. The material also supported the growth of E. coli strajn 26/18,
an auxotroph requmn% homocysteine or methioning, and there was excellent cor-
respondence between the response curve gwen by increasing amaunts of the sample
and of authentic homocys_teme_(Hﬁ. 1). Such samples were free from methioning as
Judcqed by the tests desCribed in the Methods section. _
ysteine was also a possible Product of cystathionine metabolism. It was not
however, detected on' chromatograms developed with phenol +water nor _did
samooles of the. reaction. productS support the growth of Streptococcus equinus
P 60 on a medium devoid of cysteine (Barton _nﬂht, 1952): In the latfer test
It was necessary first to confirm chromatographicafly that all the cystathignine
g?danqgr%n removed since it partially repldces cystéine for the growth of the
he Presence of a keto acid or acids in the reaction products was indicated b
production of a red colour after treatment of deproteinized samﬁles with 2,4-dinitro-
hen Ih%drazme reagent and making alkaline.” Chromato raB of the hydrazones
see Vet ods? showed that the keto dcid was pyruvic acid (Taolé 1); the appearance
f two spots for each hydrazone is probably due to the different rates of travel of the
syn- and «l¢¢-isomers of the hydrazones (Metzler & Snell, 1952a). No spots cor-
résponding with the hydrazone of a-ketobutknc acid (another possible product of
cystathioriine metabolism) were detected. The gbsorption spectrum (400-600 mllg.
given In alkaline solution by the hydrazone formed from the test sample wgs
identical within experimental"error with that of the hydrazone of authentic pyruvic
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%%%d ”(ﬁi?ak 450 mit) and differed from that of the a-kctobutyric acid derivative (peak

A volatile base giving the characteristic reaction with Nessler’s rea?ent_ Was also
formed durmq the"action of the cell-free enzyme preparation on cystathionine; it
was assumed o be ammonia. _ _

Courge of the reaction. The, rate of production of homocysteine, pyruvate and
ammonia was linear and, within experimental error, equimolar throughout the
course of the reaction 1(_F|g]. 22. There was thus nq indication of the accumulatjon of
an intermediate. The findl values for homocysteine and ammoma_corresPonded 0
1 mole per mole of cystathionine. The valué for pyruvate was slightly lower (09
mole) and decreased a little on further incubation”suggesting the presence in the
preparation of enzymes metabolizing pyruvate slowly.” Forthese experiments a
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sal tion progucts of L-cystathianine "g#Q; the sample was, mehd atter
nBLﬁ)atl % r, 30 min. the standard reaction mixture_cont nmg] I.-cystat égnme
!12 unoles) and gln enzyme preparation of E. coli strain B 166 (0-5 ml., equiv. 30 mg.

ry wt. organism). _ _
O o R i 1 S
opgaﬁpsmr};yme preparation of Escherichia coti Strain B 166 @mi., equiv. 400°'mg. dry wt.

Table 1. Chromatography of the 2,4-dinitrophenylhydrazones of keto-acids
31) was incubated for 1Q min, Gié] the standargoreaction

Fig. 1. Response of Escherichia coli Strain. 26/18 to DI-homocysteine nd to a
ﬂeofd ra{o scherichia coli R / % &()?aa

L-Cystathionine (10 /Qmol hated f
mixture with.enzyme derived from Escherichja coli Strain B 1 61 ml., e % mg. dr
t ﬁr?arym amPIeso the pro %T[S n o% ﬁuthmn g%/ru ate gn a-ketobutyrat
each 10 /(mdles) were converted to 24-dinitrophenvihydrazones and chromatographe
described In the Methods section.

Material Rf values

Expg\r/ir{]eental sample ﬂgé ﬂ%
achtfﬂautyrate  0-18
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reaction mixture of total volume 20 ml. gn a 100 ml, COﬂ_ICfﬂ flask) was used and
samples (2 ml.) withdrawn at intervals. Since the microbiological assay of homo-
cysteine was time-consuming and gccasionally unreliable (se& Methods) the pro-
duction of pyruvate was used henceforward as'a routine for estimating the activity
of the enzyme; the method is both convenient and sufficiently sensitive. Endd-
genous coritrol values were less than with ammonia.

+HD
CH2— S--CH2 CHSH + CHAHHCHNHZCOOH b
CHNHj  CHz b CH2
1f CHLOCOOH+NH3 a
COOH  CHNH2 chnh? +0
COOH H COOH + CHLHNHZLOOH e
Cystathionine
chah
+HO
) chnh2t chxhZocooh +nh3
Fig. 3. Possible pathways fi 'C?OHh" d (c) ref
ig. 3. Possible pathways for the degradation of cystathjonine; (a),.(b) and (c) refer
gto the %acte |gl enzyme whﬂe ? g|rst e pat%w yprobabﬂ m@m%l HSSLS()S.

Table 2. Comparative activity of the e_nzeyme with
cystathionine, sering and alanin

Su strateaélo limoles of 1- or 20 /r%moles of nl.-?1 \¢/as incubated for 30 min. in }Eg

6an d reactio mIX'[lél’e with ean_ e preparation from Escherichia coli Strain B
?-Sm., equIv. 2o mg. dry wt. organism). _
Pyruvate (/¢moles) formed in
Substrate Expt. 1 Expt.
oge, .. . 0
M stathionine 2%@ %%%
i
D-Sering ! 15
«1 -Alanine 007 -

Overall mechanism of the_reaction. There are three possible teeres of reaction
(Fig. 3) by which cystathionine could by the addition of the eleménts of water give
r1s€ o homacysteirie, Wruvate and ammonia; ga Simultaneous fission of the hond
Imkmg the Satom to the Catom of the three-carbon chain and deamination of the
three-Carbon fragment; this would be analogous to the degradation of tryptophan
to indole, pyruvate and ammonia by the tryptophanase enzyme of Escherichia coli
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0od, Gunsalus & Umbreif, 1947). (b) Initial hydrol%tm cleavage of the above

Cbond with formation of homocysteine and serine, the latter béing deaminated
to pyruvate and ammonia; serine deaminase is known to be presént in E. coli
Galé & Stephenson, 1938; Wood & Gunsalug, 1949; Metzler & Snell, 19526).
0) Initial réductive fission of the above S—C bond yielding homocysteine and
lanine, the latter in turn giving Pyru_vate and amnignia By oxidative deami-
nation; an oxidative deaminase attdcking DL-alaning i also” present in E. coll
(Stephenson & Gale, 1937).

Little or no pyruvate was formed from DL-alanine (Table 2) but the production
of pyruvate from DL-serine somewhat exceeded that from L-cystathionine. Experi-
ments with the individual amino acid isomers however showed that only D-serine
was attacked (Table 2); the fact that D-serine yielded less pyruvate than the equi-
valent amount of the DL-compound is accounted for by the known impurity of the

30
7 ° °
. =}
£ 6
& =
< o
3 5 £ 20—
'g oy
4 o
& o &
Bl S~
£ 3r s
L $ 10
[
g7 &
Fl
&1
1 ! 1 1 L ] ] I I 1 I ]
2 4 6 8 10 20 5 10 15 20 25 30
Substrate concn. (mM) Time (min.)
Fig. 4 Fig. 5

Fig. 4.. Effect of the concentration of L-chtathlonm_e (0—0) and DL-serine E-—-)
on'the initial rate of formation of pyruvate. Cystathionine was omitted from the standard
reaction mixture when Serine was present:”the enzyme Prepa_ratlon E0-4ml., equiv.
25 mg. drx wt. organism) was obtained from Escherichia coli Strain B 166 and had been
storedl at 0° for 4 days.

Figd. 5. Rate of production of pyruvate from L-cystathjonine (0—02 DL-serine ﬁ—?
and from a mixture of the two (3 —23). The points (Q ) represent the sum of the indi-
vidual values for the two substrates. The standard reaction mixture contained 4OJ¢moIes
of each or both substrates and an _enzgme preparation (0-4 ml., equiv. 25 mg. dry wt.
organism) from Escherichia coli strain B 166.

specimen of D-serine used. L-Cystathionine would be expected to yield L-serine or
L-alanine; since neither was attacked by an enzyme preparation which formed
pyruvate actively from L-cystathionine, it is clear that neither can be a free inter-
mediate in the reaction. This would exclude mechanisms (b) and (c) (Fig. 3) and
direct formation of homocysteine, pyruvate and ammonia (a) is therefore probable,

The relation between substrate concentration and initial velocity of the reaction
was measured (Fig. 4) both for L-cystathionine and for D-serine (supplied as the
DL-compound): the Kmvalues were 1-2 and 1-0 mM, respectively. The rate of for-
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mation of pyruvate was Irnear from eaclr substrate but, when both were present,
each ataconcentratron i |um su fficient fu fvto saturate the enzyme, the rate was
clearly additive (Fig. 5). It is |kel¥ there ore that cystathioriing ‘and D-serine
deaminase actrvrtres are not separate functions of the sarme enzyme. This,conclusion
IS supported by the fact that the ratio of the two activities was different with
different enzyme preparations (e.g. Table 2) and that, on prolonged storage at 0°,
cystathionase activity was lost more rapidly than that of D-sering’ deamingse; both
enzymes, however. were stable for2weeks Almost complete separation of the two
activities was finally achieved by maintaining the %reparatron at 55° in phosphate
buffer (pH 7-4, 67 mil). After 12 min. 35% of the D-erine deaminase was lost but
cystathionase was unaffected: the former enzyme was entirely lost after 50 min.
wihile about 25% of the cystathionase activity remained.

Tahle 3. Effect of pgrrdoxal phosphate and magnesium ions

on the degradation of cystathionine
dard reaction mixt tth 10 /(moles) .and (wh

mJ éan ar recr Ixture cont mej a ronrneé7 é( oelsggagn d(vr\rlreettra?

p%ratron

text. “Incunation

orlle% e)enzégneg% yrr oxal ( oe AT

haoJ been resgolverg as d(e)sr ﬁ Iegd

Additions yruva
‘Coenzyme’ Metal ion ?mn] %

Pyridoxal phosphate N §§$l

ey B

Pyridoxa Moz 018

Effect of pyridoxal phosphate, Initial experiments were carried out with enzyme
preparations’ of Escherichia coli strain B 166 harvested after growth in absence of
vitamin B6 derivatives (see Methods) and therefore presumably deficient in this
vitamin. _Suspensions of the organism grown similarly have been shown tg require
vitamin Beabsol utely for the conversion of homocystgine to methronrne with serrne
as source of the one-carhon resrdue (Wijesunderd, Cross & Woods, 1960). In the
present case pyruvate formation f rom ey stathronrne by the cell-free_enzyme was
Increased 50- 100% pyridoxal p osp hate, (5 omplete resolutign of the
enzyme was achievea ystorrn preparatron or five days at 0° followed b
exposure in phosphate buffer (p 74 67 m>l) at 0° to bright Sunlight for 5 hr. quer
a period of 2 days. The enzyme was then precipitated by saturatron With ammonium
sulphate and the p]recrprtate redissolved | rnwa er and dialysed for 20 hr. af 4° against
running water preparatron now had negligih eactrvrtybutwas activated by a
mrxture of p ridoxal phosp ate and magnesium ions (Table 3); alone each had onl
a small effect. Pyridoxal plus adenosine triphosphate_did fot replace pyridox
phosp ate, Man%anous an zinc ions replaced magnesium only partially.” It was
hen. found that Somplete resolution wit re ard to p?/rrdoxal phosphate could he
obtained with enzyme preparations of Eschérichia coll F simply by dialysis after
storage for 5 days at 0°, the requirement for magnesium ions was not shown. With

10
TnEscherrc a ce strarn B"166
was at 37 0 min.
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such reParations cystathjonase actjvity increased almost linearly with pyridoxal
phosphate concentration from ( to 10/«i (Fig. 6); the Kmwas about 8jm.

Temperature and pH. The optimum temperature for the cgstathwnase reaction in
ghosphate buffer at pH 7-4 was 42°; activity decreased to 26% at 30° but oply to
6% at 50°. The effect of pH was studied in three buffers (Fig. 7); the optimum
pH In tris buffer (8-6) was rather higher than in phosphate and"borate (8-2). .

Inhibitors. Sulphydryl compounds (cysteine, homaocysteine, reduced g utathmneﬂ
markedly inhibited Cystathionase activity though su%pmde itself had only a sma
effect (Table 4?]; homogysteine 15, also of course One of the reaction prodicts. Iso-
nicotinic acid hydrazidg, which is spmetimes regarded as an antimetabolite of the
vitamin BG%roup, was also strongly inhibitory; cyanide and cupric ions caused total
inhibition (Table 4).
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S DY e e 0 T
amount +%) I\ mno e. The enzyme’preparatio . dp%uv. . .gry%vt.
2 S il e e
%I)r({[“ nre e?ore}édadllng' L-Xystathaio Ine ng ﬁmaesp an(fi mcu%aﬁng at ?? ora?urt er

Gt 15l e gﬁé@;ﬂ&%ﬁ% hoE 020,

D e T e (el o, T
AY-0 Ml . . ary wi , a ¢o
strain E)phaaabeen di stena to remov phospha?e. e Gf Ineubaon @7‘§)C1”r§ur'1. |

Cystathionase in other strains of Escherichia coli

. Escherichia colj strain 122/?13_ is.a methionine aélxotro(;ah Whlgh also grows when
glven homocy%tem,e or cystathionine; as expected, it cntained the %stathmnase
nzyme thougn this Wa% rather less active éor less easily extracted) than that of
strains B 166°and F (Table 5). The main interest, however, centred on methioning
auxotrophs which respond ‘to homocysteine but not to cystathionine. Such
organisms (e.g. strain 26/18) would be &xpected not to contain the enzyme; this
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proved to be the case gable D). Man}; cases are known, however, in which the
genetic block is incomplete or in which the Tesion results in an enzyme with changed
properties (Mitchell, 1953). The properties ofstrarn 26/18 were therefore re examrned
under a variety of conditions. ystathronrne Id not suploort rowth wengucose
(medium A) was replaced by lactate (medium L) as sole car on source of when
Incubation Was at 30° instedd of 37° on either medium. Furthermore, no cysta-
thionase activity was detected in cell-free extracts at any pH value between 6 and

Table 4. Inhibition of cystathionine degradation
The s%andard reaction mixfure ﬁong |?r8 mﬁystathronrne %0 /moles) and. en ymg

derrved rom cherichia coli ?]trar 5ml, equiv. 12 m Wi, or ar(]rsm
Was Incubate dpr 1& min. | the prese cng alsence of the subs e s indicated. Unless
odli esulfs are expressed as Ydecrease In pyruvate

? erwise state msa '[S\f/e £ USe
ormed compared with controls containing no inhibitor.
Concn.  Inhibition

Addition (m-M) (%)
%anrde 1 100
er sul hae 1 100
E 1COtINIC a gdr ide 1 §
loning {re 35 5 é
r>£ omocysteine 10 05
steine 10 45
| ﬁ 10 20
Eirg IJe 10 1
uoride 10 0
Arsenate 10 0
Table 5. Cystathignase activity of extracts of
strains of Escherichia coli
tandard reaction mr ture contained 0-25 ml, (equiv. 13 ma. dry Wt. organis
r‘j ree racts erived rom he E. consrarn mﬁn‘ga ed and Was %cubateg at ?7])
min. The resu ts given are the mean va ues rom at east three experiments.
Cystathj nase
lr{\r/(;tvaﬁf oles
train .
0 E coli Growth requirement orga sm’hr)
None; ? gxototro hic 163

erine or lycine
5%@ Mt [onineg, omocs ine or cystathionine é%%
et loningor homocysteine -00*
* No activity was again opserved when the amount of enzyme preparation and the time of incu-
bation were bo¥h mcrgase ourfo ﬁg yme prep

10, in phosphate or horate buffer as appropriate.. Possible lack of an additional
cofactor was tested by S Pplementmg the reaction mrxture with adenosine-5-

phosphate, glutathione; biotin and yeast extract (/erther srn%/ or as amrxtureg or
With a heated extract ofaknown actrve strain (122/33) of ES rrchracolr In o Case
drdanycystathronaseactrvr result. A enosrne5 phosp ate andglutathioning have
heen found to reactivate certain amino acid deaminases gWood Gunsalus, 194%)
Apparent [ack of the enzyme might also be due to the presence of an mhibitor. O
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batch of the cell-free extract was exhaustively dialysed whilst another was fraction-
ated with 50% ammonium sulphate and both fractions tested after dialysis. Al
three dialysates were inactive even on addition of pyridoxal phosphate dnd mag-
nesium_ions, Cell-free extracts of the_ inactive strain (26/18) did not affect the
formation of pgruvate from cystathionine by cell-free extracts of an active strain
(122133). This experiment shows not only that strain 26/18 does naot contain a dis-
sociablé inhibitor but also that it does riot contain some additional enzYme which
destroys_cystathionase itself, Although the passibility cannot be excluded that
strain 26/18 contains cystathionase indctivated by an inhibitor which does not dis-
sociate, it is more likely that the enzyme is not formed by this auxotroph.

DISCUSSION

The properties of methionine auxotrophs of Escherichia coli suggest strongly that
cystathionine is an intermediate in the biosynthesis of methionine ¥ this organism
(see Introduction), The exRenments of Bolton, Cowie & Sands (1952), who used an
|sotoPe tracer technique, however, cast doubt on this view; the addition of un-
labelled cystathignine to cultures growing with [Hth]squhat_e as sole source of sulphur
did not, as would be expected, Jecrease the exfent of incorporation of 35 into
methionine. The present work shows that E. coli has active enzymic mechanisms
for the conversion of cystathionine_to homocysteing which is tie undoubted im-
mediate precursor of methionine. Other workin this laboratory (Rowbury, 1961,
1962) shows that E, coli also has enzymes for the synthesis of cystathionine from
preclrsors (homosering + cysteine) Indicated by nutritional studies with mutants
of E. coli and_other micro-organisms. There femains liftle doubt therefore that
cystathionine is an. intermedidte and that the results of the |soto?e experiments
must be exﬁlamed in some ofher way:; it is possible, for example, that exogenous
cystathionine may not equilibrate “with the cystathionine ‘formed within the
organism and perfiaps remains tightly bound to the enzyme systems which catalyse
its” synthesis and further metabolism. The. cystathioriase Vias, as expected, not
found in amethionine auxotroph of Escherichia ol which responded to homocysteine
but not to cystathionine; it was also absent from a similar auxotroph of Neurospora
crassa (Fischer, 1957). S

Cystathionine could be de%raded by the cleavage of the bond which unites the
S atom to: either (1) the three-carbion chain with formation of homocysteine
pyruvate and ammonia (F|%. 3,a): or (2) the four-carbon.chain, with formation of
cysteine, a-ketobutyrate and amnionia (Fig. 3, ). .Mechanism (2) operates in animal
tissues while both mechanisms, appear to”occur in NeurosPora crassa and Proteus
marganii although (1) ﬁqredomlnates (see Introduction). In the Rresenhwork no
evidence for mechanism (2), even as-a minor Pathwa . was found witn cell-free
extracts of Escherichia coll. 1t remans possible that such an enzyme s present, but
1S destro*ed,durmg the preparation of the cell-free extract. There Is, however, a
stable arid h|gh||¥ ctive cystathionase which cafalyses mechanism (1). .

The cystathitonase of Escherichia coli was obtained free from enzymes which form
Pyruvate from_possible initial intermediates, (L-serine, L-alanine) formed by hydro-
ytic or reductive fission of the S—C bond (Fig. 3b, c? Direct formation 0f hiomg-
Cysteine, pyruvate and ammonia is therefore postulated (Fig. 3a), though it
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remains possible that the unstable a-aminoacrylic acid, CH2C(NH2CQOH,
might be. formed transiently; there is isotopic evidence that this _com'oound 1S an
Intérmedate during the formation of t%ptophan from serine and indole by prepa-
rations of Neurospora crassa (Tatum & Shemin, 1954). Matsuo & Greenberg (1959)
who, using a highly purrfied. crystalline cystathionase from animal tissties and
cystathjonine labelled with UC at’the a-position in the four-carbon chain, pbtained
no evidence for free homoserine as an. intermediate in the formation of a-keto-
butyric acid, which is the_product in this case (Fig. 3d); these authars also postu-
{ated_antuntsatur%t,e(ti amino acid, vinyl glycine (CH2’CH.CH(NH2COOH), as a
ransient intermediate. . -

The cystathionase of Escherichia coli, like that of the similar enzyme of Proteus
morganij. (Binkley & Hudgins, 1953) and the other type of cystathionase in mam-
malian liver (Matsuo & reenber?, _1959aE), required % ridoxal phosphate as. co-
enzyme. Preparations from one strain of £, coll (B 166) also required magnesium
lons, but this was not demonstrated with either strain F in the present work or with
other strains (R. J. Rowbur)i, unpublished observatigns), 1t'is possible that the
extracts of E. coli strain B 166 contained traces of inhibitory metal ions whose
toxicity was overcome by magnesium; Binkley (1950) found that magnesium
abolishied the inhibitory effect of cupric and, ferric ions on a purified thiohase en-
zyme. A non-enzymic cleava%e of L-cystathionine to homocysteine, pyruvate and
ammonia at 37° dnd catalysed by pwdoxal was observed by Binkley (1955); the
other conditions necessary were a pH value of 9 and the presence of cupric ions
and a chelating agent.

One of us %S._ W.) is indebted to the University of Ceylon for study leave during
the period of this work. The research was also aided by Brants to the Department from
the Rockefeller Foundation and the United States’ Department of Health, Edu-
cation and Welfare.
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INTRODUCTION

FIageIIar variation in Salmonellas has been the subject of numerous studies
since "Andrewes (1922 first described. specific and non-specific phases. Until
recentiy natural, reversible phase variation Involved only serotypes possessing
two al ernatrve flagellar (H) antrgens This diphasic nature has been Seen in numer-
ous Sal mone aserot}/pes as well as in the Arjzona rouP Ta% or, Lee, Edwards &

Ramsey (1960) mentioned the presence of three age lar §) ases m a cu ture of
SaImoneIIa Worthrngton wrth the antigenic formula 113 a out
the same time that’Le Minor & Edwards {19 I_?found thatS Hamrltong
of Moran & Edwards (1958) also ossessed he antigens e, hand 1, 2 of eorhtz
These Salmonella cultures were |soIated in their ‘third’ phases, zZ8and zarrespec-
tively, but unlike readily reversible types were chanded “irreversiply” to Well
known diphasic serotxpes Vpassaet rough semisolid medium contairiing serum
active on the third phase. M th eensurn% Iscussion the terms ‘irreversible varia-
tion"and Permane tIossvarratron are USed to characterize the loss of an antigenic
component which subsequentl couId not be recovered or could be recovered only
n rare Instances and with some difficulty

A form of phase variation has been encountered occasronaIIX in Salhhonella
cultures In which a.common ma%dr antigenic component Is present In T hase
ofa drphasrc organrsm T IS common_ component can be permanently lost erther
8ontaneousy of th rougI cu trvatron |n semrsohd medium contamrn? aggfutrnms

for that factor. Salmon Iasalrnatrs d e nzh Bruner
1942) and S. mont omer¥ e n, 21% of Edwards, Kauffmann & Hue
1957). possess the aJor IageIIar antrgendrn oth phases and on rreversible Jos
varra nyreld tylprca strains of S, san diego (4, 12:e, he, n, Z§and S. luciana

B, respectively. Similar varitions mvoIvrng d as he common H



368 G. W. Douglas and P. R. Edwards

anti enwere described in sucrose fermentin SaImoneIIa like organisms b%/ Edwards,
Moran & Bruner (1948) and Edwards (1950). A culture havrniahrtherounreco
nrzed flagellar antigen as the ma%or comgonent of both phases was re orted
recently (Edwards, McWhorter & Douglas, 1962). This serotype (6, /.24 1:2

Was change inreversibly bly gassage through serisolid agar contaiming z&serum {0
typical S."infantis (6, 7.7 %T & present paper isare- evaIuatron of er Portedy
triphasic S, Worthrngton and S. Hamilton culttires, and presents findings of similar
characferisics in a recentlg studied culture of S. meleagridis having three naturally
occurring flagellar antigen

METHODS

The cultures studied consisted of the stock strams of Salmonella Hamilton
CDC 1833-57) isolated from sick turkey pou ts atte Texas Agricultural Experi-
ent Station;”S. Worthington (CDC 7876 ) isolated from bone meal at the Salmo-
nella Reference Laborator olindale; and S. meleagridis (CDC 4946-61) isolated
and rdentrfredb Dr S. Hofmann at the Robert Koch [nstitute, Berlrn Biochemical
and sero ogrcsudres were performed as descrrbedb Edwards wrng (1962).

H antigen determinations were done on srng{ecoon isolgtions. Canges in
flagellar phases were accomplished by the inoculation oft bes ofsemrso 10 médium
containing appro‘drrate antisera withsingle colony growth. Whena chan?e In phase
occtﬁrrred the culture was plated and isolated single colonies selected for further

study

RESULTS
Salmonella Hamrlton (CDC 1833-57). The biochemical characteristics and antigenic
constrtuents 1, 2; and 22) of this culture were reported by LeMinor

& Edwards 960 nd confirmed in this study. After plating, over 1 single
colonies were exa r?rrned by slide agglutination vryrth surtabl% drlu%ons ofe 192

Table 1 Agglutination reactro%g%f%-l7 antigens of Saimonella hamilton,

Sera
Artigrs a6 pEILS

i o .

Figures indicate highest dilution in which agglutination was observed.

and zZ7 sera. All were agglutinated well b){ 27 (S. srmsbury%serum at a dilution
eliminating anr{Oreactron In addition, a 1arge number of the same colonies also
were ag |utinated by 1 aratyphi B, phase gserum None was agglutinated
% readrnﬁ; hase )srum Srmrlar numbers of colonigs reactin onlr(wrth
zZ7serum and of thiose reacting both with 227and 1, 2 sera were picked and'H antigens
prepared from each, These antrrtrens were titrated with e, h, 1, 2 and zZ7sera; the
resullts obtained with a representative colony of each type being lgwen in Table 1
A portion of each colony used for tube-agglutination tests alSo was placed in
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semisolid medium. containing zZ7 serum. M|%rat|on through the serum occurred
slowly.in the colonies agglutmatm on byW|thz Serum, over one- hafofsuchcolomes
requifin two or three Serial passages Ijefore anotherant|genm|tgrated well troug
the medium. Sixteen colonies gave rise to antigens agg utma ed 1o titre by
Serum, but unaffected by 1 2 and 27 sera SIX colofies Yle |ded antigens WhICh
reacted to the titre ofS, arat)iphlB phase 2serum (1,2), but which were unaffected
by ¢, h or zZ7serum. One calony had not migrated through z27 serum after three
passages. On the other hand, of 25 colonies which reacted both with 1, 2 and 2
sera, practically all passed through the semisolid medium i 24-48 hr, qlvmg rise 0
2 variants 1n 22 cases and e,  varjants |n three. The reactions of ?lcal eh,
and 1, 2 forms isolated after passa?e through 227 serum are shown in Ta
It Was apgarent that the original culture of Salmonella Hamilton had two distingt
H phases instead of three and at each phase possessed a common major antigenic
component, zZ/. Phase 1 was ag% utlnated by 2273erum in high titre, and, although
nota Plutmated by e, h serum tended primarily to produce e, h forms’ as Its Ioss
Phase 2 Was agglutlnated actively by zZ7and 1 2 sera and we lded 1, 2
ontaneous Rhase var|at|on had occurred in the majority
ofthe original zZ and2271 co Onies when theywere held on agarsantsforﬁweeks
after isofation. The e, hand L, 2 variants |so ated after passae through zZ7 serum
readily were rever3|ble one.to the other on cultivation in approgrlate séra, hut such
ghase were immoblilized i |n semisolid medium containing bot 1, 2sra.
erial Passaeovera er|o of a month falled o produce antigenic change This
suggese that from |§)7 asIC or?amsm of complex form havm% the antigenic
formula 3, 15:277 11,2 atypical S. goerlitz (3, 15:¢, h:1, 2) had been ob-
tained, and that hIS d|d not readily revert to°the original form,

Table 2. Agglutination reactions % &Sttlgens of Salmonella Worthington,

varlan
forms as its loss variant

Sera
00n S, Worthinato S. senftenbern
Antigens pﬁa e 1?) phase 2 1gw9 ‘phase 2’ fz%
1 <50 0 800
Mwe 3 4 4
1 wvariant < gg E?OO < 50

Figures indicate highest dilution in which agglutination was observed.

Salmonella Worthington (CDC 787-60). Aside from fa||ure to produce H?S this
culture was biochemically identical W|th usual cultures o the sero%/pe he ant|
enic constityents (1, 13,23, 37; z; 1, w; and z43) were as escn ed by Taylor etal.

960). An Investigative, procedure’ similar to” that used with Ha lIton was
ollovied.. Using ag [0 r|ately absorbed and diluted z (S. poona, hase 1) Lw
(S. Worthm[qton e.2), and 23S, senftenberg, ‘phase 2) séra, slid agglutlnatlon
tests revealed two antigenically different types of colonies and these wergconfirmed
by expanded tube tests, Al colomeswere %gglutmated by z43serum to high titres,
and aggrommatey 50% \vere ag |utinate stron%;i by 1, w serum as well, No
g?eogﬁo vr\terr?a%%lutmated by absoroed zserum. ReSuts with representative colonies

wn i
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In contrast to Salmonella Hamilton, loss variation in this culture occurred spon-
taneously and without difficulty. Passage through one tube of plain semiSolid
mediumwithout serum resulted in the lossofthe z3companent. Twenty-one colonies
of each type were inoculated drrectIY It taII tubes of plain semisolid medium.
All 21 colonres which were a%g lutinable only by z43serum gave rise to a form which
reacted to titre in z serum, but which was unaffected by either z&8or 1, w serum.
All colonies with z&3and 1, wantrgens yiel ed forms whrc were agglutrnated to the
titre of 1, w serum but w hich were not ag ﬂutrnate y 243 0r Z Serum (Table 2).
The resulting z angl 1, w phases were mutuafly reversiblé when cultivated in appro-
Prrate sera and, in fact exhibited sPontaneous variation on several occasions,
noculation into semisolid medium containing z+ 1, w sera immobilized these phases
durrng serial passages over a 1-month period. Spontaneous phase variation,
............ > 743 1, w, was demonstrated in a number of original single colonies'

61 weeksafter isolation.

It seemed apRarent from these resylts that the previously termed ‘“triphasic’
Salmonella Worthington possesse twofa e a ases containing a common major
antrgen had the formula 1,1 1,wand gave rise to a loss variant,

23, 37:2:1, wirom whrch the zZBantr en was not recovered

“Salmonella meleagrrdrs (CDC 4946-61), The culture possessed the usual biochemi-
cal ropertresoft etgpe Itwascorrectlytyped a3, melea%rrdrswrth an additional
H antigen, 243 1 w;_and 2By Dr Hofmanf and confirmed by Dr
Kauffmann and thrs taboratory ‘SerologiC examination of over 100 single cofonies

Table 3. Agglutination reactions 9161146 6alntrgens of Salmonella meleagridiis,

Sera
egdi Worthi
Antigens phasei Ingh Bhasng r(rigt\glr)r Sphgesrerttzentigr
4946-61 phase 1
ﬁgﬁ%g% Enﬁsre/azrrant b 4§§ 1 8(§(? 62 S(go
4946-61 1 wvariant <5 12,8 8 8

Figures indicate highest dilution in which agglutination was observed.

hy slide agglutination with appropriately absorbed and diluted ¢ h; 1 w; and 26
(3. senften erP ‘hase 2°) sera, and expanded tube tests with Selected colonies,
yielded results similar to”those obtained wrth the two aforementroned cultures
All colonies were agglutrnated to high. titres by z& serum. g roximatel % two-
thirds of the colonigs also were a %utrnated i low drIutrons h sery
remarnderwerea gglutinated byh dilutions of 1, w serum. The former (zzﬁe h)
Wwas (esig ae}d haseland the | % er (z lvrQ 3dhase2 Results of typical agglu-
trnatrons O the two phases, are shown In
Similar numbers ot colonies of each phase were inoculated into semisolid medium
whrch contained zbserum. General spreading in the medium was observed within
4-48 hr. Ofthe 31 phase 1 colonies, 27 gave rise to tyPrcaIe hvariants, two yielded
bothe hand 1, w colonies, and fwo gaye rise to 1, vy forms.” Of 28 phase 2 colonigs,
21 qave rise o typical 1, w variants; five gave a mixture of ¢, h-and 1, w colonies
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and only one ){|elded e, h forms. The reactions of typical e h and 1, w variants are
shown in Tatle 3, Spontangous phase variation (z& e h <......> 7B L W
was noted in practlcalli/] all single_colonies eight weeks after islation. Loss varlants
produced by passage through z& serum, reddily were reversible between the e h
and 1, w phases. Spontanedus loss of the z4 component was found only in three
colonies after passage through plain semisolid medium, As with the Other two
cultures, the common majorantigen was not recovered once it was lost. Both
e, hand L, w phases were immobilized when placed in semisolid medium contamln%
e, h+1 wsera, even after several passages over a six-week period. CDC 4946-6
was represented by the ant|?en_|c formula 3, 10:24 e,_h_:zzg 1 wand gave rise to
loss variants identical with typical Salmonella meleagridis (3, 10¢, h:I} w).

DISCUSSION

Using CDC 4946-61 as an example, Flﬂ. 1 shows the tyﬂe of ant|9en|c variation
found in the three cultures studied. [n all respects, the behaviour of these cultures
resempled that of Salmonella salinatis, S. montgomery, and the complex form of
S, Infantis mentioned above and, therefore theay snould not be consjdered as tri-
phasic sero%pes. Al possessed three flagellar antigens, but behaved as diphasic
organisms. One antigen was common to, and promifent in, both phases, and once
lost it was not recovéred.  In all instances phase 2 of these complex organisms con-
tained the component which was present in the simpler loss variant in €asily demon-

3,10:24¢,h LT 3,10, h ehtlw, Immobilized

3 10z 1w . b 3,101, w Nl Wy Immobilized
Arrgws irhdicate directiog Pf %Pan e An rPhase. Symbols on airows indicate antisera added to
produce change. No symool Indicates change occurs spontaneously.

Figure 1. Phase variation in Salmonella melagridis, 4946-61.

strable form. On the contra%, the comPone_nt of phase 1 which emerged in the
loss variants was Presentms all amount or in an jnapparent form, and"hecame a
ma{or antigen only after passage through appropriate serum. Of all the complex
cultures studied to date, only"in S. hamilton and S, Wo_rthln?ton was the minor
antigen of phase 1 not demonistyable in the original colonies at serum dilutions, of
1/50° However, some single colonies of the other strains also were found which
\t/\rqere not aggluttmated bydserurg _{or tlgte minor phase 1 component at 1/50.t Be_(t:aulfe
IS compOient appeared readily after serum passage, even when .not initia
e\#den} b t|%_rtat|o%? It was ?&t tﬁat the anUgenFc syr%%ol should%e mcluded as%
ase 1 constituent,
pThe question arises as to the nature of the flagellar variation described by
Taylor et al. (1960) in which the flagellar antigens of & ‘diphasic” Salmonella varied
only in one direction. Cultures usually folind in monaphasic g, s, t forms, as
Salmonella Kingston, S. senftenberg, S, westhampton, and S. halmstad, were isolated
with “phase 2 "antigens, z&3 24 of 4 On transformation to the g, s,tghase these
cultures could not™be reverted to the originally isolated phase, but behaved as
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typical g, s, t cultures. . Similar “one-way varlatlon in usually monophasic strains
fias_been noted in S. simsbury containing zZ7 antigen (Ecwards, Moran & Bruner,
°S..wichita with 737 S. cubana with 23] S. alachua with 3 or 225 and S. Cali-
fornia, with z]5(unPubI|shed data). It is quite robable that this type of flagellar
variation m typica I?/ monophasic serotyt%es IS ana ogous to the complex antigenic
structure of S. Hamilton, S. salinatis, etc. Thus, a ‘diphasic ’z43form ofS. senftenberg,
for example, should be considered monophasic, . 1 3,19:788 ¢, s..t: rather than
s t:243 possessing a complex phase with z&3 as the major irreversible

comp onen and ? s, t as the minor antigen. Attempts have been made to demon-
strate fg s, tanfigens in such a compleX but the appearance of spontaneous loss
variants in the strams examined rendered jt difficult to differentiate minor antigenic
om onentso a complex phase from small proportions of loss variants. The problem
t be solved bl_){ transductlon ofcomplex phases in toto to diphasic serotypes which
possesse other antigens. This was attempted by using high titred temperate
phages cultivated on z gforms of S. Worthington and on z&'g, s, t; 28 0, § t;

and "z g, S, t forms of S. senftenberg. Numérous attempts 10 transduce these
antigens failed.

Adiscussion of the possible origin and significance of such antigenically comglex
forms has been given In a recent feport by Edwards, McWhorter'& Douglas (1962)
and will not be Considered here.
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