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v.
ARSIRACT.

The werk in this thesis is divided intoc two sestiens. The
uutmumnﬁmmnuuﬂmuvﬂm
onset of sellular lysis whem Ps, espuginess is ineudsted unier anseredic
oonditiens in the absense of mitrate. The behaviour of the Pp. serwginsss
cultures seatvasted sharply with that cbserved in the corresponding
B hethesdp cultures. The rapil decline im viadility oould be peevented
wmmunmunmmumnuu. The prolomged
anseredic imeubation of Pg. sarugingge in the shesmse of nitrate affested
m-!-lclunouﬁhunofﬁoum.

Doth serobis and aaseredis cultures of Pg, serugineps vere found %o
mm—unmzwmmmmhumimmum
contrasted with the behavicur of the 3. heihagds oells. A lyeis resistant
satant strain of Py, esTuginesh vhich was still sensitive 1o ths lethal
action of prolonged anssredis ineudation was ksoclated. The muiatien
414 net render the 00ll wel) vesistant te the sttack of the autolyitio
mmhodwﬁamtwmutnsmbmmm
releass of the lytic euxysss inte the sulture mediua, The satelytie
ensynes of the parent strain were cencentrated and shown to contain beth
sesinase and lethisinase sotivity dut no mucleases were present.

hmmm«mmu.omtmuumamum
possidle effecte of ageing on the ohenical cenpesition of vhele cells
snd cell walls of Pj. seruginegs snd 5. hathesds. Jo sigaifisant
changes in the cempesition of the whels cells sould be eorrelated with
the dsoline im viadility or with the omset of oellular lysis. The
luuuhulhlunumlnu.hmmw“wuﬁo
protein eonteat. he scoummlation of DFA, and, $0 & lesser extent of



vie
REA in the culture medium was shown 10 be & conseguence of the massive
cellular lysis, together with ihe adsence of muclease sotiviyy in the
sulture nedium. Simnce oell lysis was presunadbly dus to a hydrolytie
attask on the sell wall, chenical and immuns-chenical investigatieas
were nade t0 determine the mature of these changea. Purified eell wall
prejarations frem the three dasterial strains were exaninsd. The
oﬁu&ul conposition of the three oell walls varied sonsideredly,
pardisularly with regard 46 their carbohydrate ocatent. Ageing ef the
plague strein Ps. geruginesp colls esineided with cell wall changes
vhich sesned $o involve & pregressive remcval of & complex of glusose and
glnoesaning, tegether with o peptide of alanine lysine serine ané NP,
T™he lysis resistent mtent of Pg. seruginess end the 5. bethesds cell
walls 412 not shev any analogous changes as they aged. Incubation of
the coll walls of young Pp. seruginessy oells in the presence of the
orude autelysin consentrete resulted in the ocomplete removal of gluecoss,
glucosanine and DAP, together with scme of the muvanic aoid, lysiae
and alanine from the walls. The ageing Is. sepuginoss cell walls also
contained progressively lees complex lipid compared with the sther twe
strains, The lipopolyssccharide centeat of the thres organisms was mot
affected by ageing. Thus, the antolysis of the sgeing s, seTuginess
oolls was possibly due to the release by some of the oells of a muoinase
and an esterase wvhish then attacked the oell walls of the surrounding
basteoris, ultinately resulting in the destructiion of the msjority
of the eells presest.



The prodless assooiated with the iaternal organisation of a
groving dacterial cell are complex and imvolve far more than the simple
absorption of food materials froa the surrounding medium and its aynthesis

into new protoplasa. Despite intensive investigations of growth and ocell
repliocation, we are still far froa a complete understaanding of the
processes imvolved. The small sise of the dacterial cells, with their
apparent lack of the complicatiag diffusion faotors found ia most higher
forms of 1ife, make these cells of specisl value im growth studies.
The extremsly rapid growih rates and the simple matritionsl requiresents
of many dacteria enadle us to follow them through many gemerations in
chenically defined media. Early studies were concerned with little
more than tadulating the mumber of cells preseat at imoreasiag time
intervals, but later the effect of varistions in environmental and
autritional factors were coasidered,

PFrom these studies there developed diocheaical imvestigations
into the changes im cellular composition, macromolecular organisation,
and ensyme syntheses which ocour during the growth of the cells. The
developasnt of new techaiques such as the synchronisation of growth
and the use of contimucus cultures has ocontributed %o cur rapidly
increasing knowledge of growih, asd as a result, & clearer picture
of the intracellular organisation respoasidle for cell growsh and
reproduction is now emerging.

The importance of the studies of the early growth phases cammot

be denied, but this eaghasis on the lag and logarithmic phases hes
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led %o an almost complete meglect of later phases. Except for some of
the more prectioal aspects of semsscence, relasively litsle is kmown
of the cellular changes associsted with the ageing and death of
bacterial cultures. The action of varicus disiafectant processes oa
oellular activities has besn extensively examimed Voth im vivo and
AR yitro Wt all teo often the effect of the agent has beem recorded
without any comcern as to the exmot mature of the cellular changes
responsidle for death. The metadolic changes respoasidle for the
progressive death of cells suspemded in a mtrient nedium are necessarily
complex, but they have mot received the detailed study that thay deserve.
The present study was carried out, therefore, as a contridusion to the
available information comcerming the cellular changes zespomeidle for
the decline of & culture. Simce any comsideratios of the process of
ageing and the subsequent death of the cell will require the earlier
growih phases ss & point of referemos, & Bdrief survey of the literature
relevant to the growth curve as a whole will first be oconsidered.
Following this, the literature dealing with the death and dissolutioen
of cells will be ocnsidered.

1. G h of eria in L .

(o) Ihe lag and logerithnio phasee

The well known changes in cell mumbers which follow the imtroduction
of & dacterial cell iato & liquid medium have been desorided many times,
and the relevant literature has desn reviewed by Hinghelwoold (1946),
NMenod (1949) and Gumsalus (1951). The comoeps of sarly medabolic
activity without cell Mvhia‘follmd from the work of Hemriei (1923),
vho demcastrated a comtimucus inorease in cell size without any

oorresponding increase in cell numbers. This has been amply confirmed
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%y subsequent workers, (Wade, 1952) Corbett, 19574 Collims, 1960).
The increased ensyms activity and stimulated adapsive capacity
demonsirated during the lag and early logarithmio phases were too
extensive $0 be explained merely in terms of inoreased cell volume
(Wooldridge, gt.01., 1936; Hegarty, 1939).

At the same time, coneideradle increases in the mucleotide
content of growing cells of m have been reported to accompany
the inocressing cell volume (Malmgren and Heden, 1947), The investi-
gations of Levy, et.al., (1949), Mitchell and Moyle (1951) and
Countryman and Volkin (1959) into the RHA to DNA ratios ia growing
ocells showed a sharp inorease in cellular RNA as compared with the
DNA content during the lag phase. The RNA content quickly dropped
onoe cell division began, but the DNA content of the cells remaimed
remarkably ocnstant throughout the life oycle. These workers
suggested that the REA was of importance im the synthesis of protein
80 that she RNA level reached & peak just prior to the commencement
of cell division. This hypothesis has been further substantiated
by the studies of Harrington (19%6) and Billen (1959) iato the
aucleioc acid and protein content of cells incudated in the presence
of ohloraaphenicol. The RNA %o protein ratio then steadily
decreased as the logarithmic phase progressed (Mitchell and lNoyle,
1951). Despite the extensive changes which accompanied the
initiation of cellular division, the mctusl chemical factors which
initiate oell division resain unkmown although they have been
extensively discussed on theoretical grounds Wy Hinshelwood (1946).

The physiocal emvironment has been shown $0 affeot bacterial

growth extensively. The imfluence of the temperature of inoudatsion
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on the growth rate has been studied many times since the classical
investigations of Barber (1908). Dora and Rahn (1939) and Jordan
and Jacobs (1947) distinguished between the optimum temperature
for cell division and the temperature which gave rise to a maximum
population when they showed that the latter was usually about 10%.
lower., Monod (1942) claimed, however, that temperature variation
had little effect on the total cell yield, unless the incubation
temperature was over 40°C,, when impairment of the aynthetic
abilities of the cells resulted in a reduced total population due
to the lowered efficiency in energy utilisation. Hegarty and
weeks (1940) pointed out another temperature effect when they
showed an increased susceptibility to cold shock for logarithmic
phase cells compared with those in other growth phases. Similar
findings for sensitivity to heat shock and to disinfectants have
been reported by Sherman and Albus (1923). The reasons for this
heightened sensitivity to the lethal effect of various eanvironmental
factors are still unknown.

One other enviroamental factor of prime importance to asrobic
bacteria is the degres of aeration of the mediume Rahn and

Richardson (1942) and Dagley, et.al., (1953) clearly demonstrated

the extremely high oxygen demand of actively growing bacterial
culturea. They further demonstrated that the degree of aeration
affected the length of the logarithmic phase, the mean generation
time and the final yield of cells. Dagley, et.al., (1951) reported
that the density of growth of A, serogenes in liquid media depended
only on the oxygem aupply, provided that the food supply was not

also a limiting factor. On the other hand, Shersan and Naylor
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(1942) and Amderson and Neaawell (1936) were unable to demonmstrate
any such yvelationship for the Oram positive cogol, Wut the exact
sigaificance of this disparity was umcertaia,

A munder of physico-chemical changes were knowa to coour as the
dacterial cells passed through the lag and logarithmic phases. MNoyer
(1936) showed that logarithmically growing cells have & greater
electrophoretic mobility tham ocould be demonstrated during the lag
phase., At the same time, the cells decame less susceptible to noa-
specific aoid agglusination (Sherman and Albus, 1923). These ohanges
merely reflected a mumber of uaspecified variations in the surface
ocharge on %he cell walls, The fact that many cells devcame progressively
less smooth as they aged, suggested that a change or loss in oae or
more of the surface compoasnts 0f the cell wall was respomsible for
these changes. However, very little iaformstion on these important
points is at present available (Topley and Wilson, 19%5).

The logarithmic phase carried with it the oconmcept of continmucus
rapid growth im which all the cells preseat were sotively dividiag.

In the presence of an adequate £054 supply, the viability of such a
culture should be mearly 100%. The fimding by Wilsom (1922) that
ealy 75% of logarithmic phase cultures of §, cholerse-suig were
viable has deen debated ever simoe the report was first made. While
subsequent workers have agreed that viadility is seldom 100%, few have
found suoh a large disparity bVetween the viable and the $otal counts
(Jordan and Jacods, 19443 Thimana, 1955). The assumption that each
viable cell would dovelop into a visible colony was & dangercus one,
a8 was shown by the findings of Curran and Evans (1937), Neleon (1943)

and Straka and Stokes (1957) when they demonstrated that some organisms
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were umable to grow as vell on some agar media as on others.
Similarly, Williens and Reed (1942) cbtained better recoveries at
cortain imcubation temperatures than at others. Investigation of
irrediated oells indicated that better recoveries were obtained where
the cells were grown on a partially deficient mediun rather than on
& oomplete one. The complex medius resulted in so called "umdalanced
growth”, whioh led to the death of many of the cells. The slower
growth on the deficient medium permitted the ocells to repair the
damage before aotive division occcurred (Alper amd G1ll1es,1958;
Billen,1959). However, the olaim by Heinmets, 9%.p1., (1954) that
reactivation of apparently deed cells wes possidle by the use of a
musber of orgaaic acids has not been confirmed (Chambere, ot.al,,
1957). Thus the criteris at present employed to define a viadle cell
are not comsidered altogether satisfactory, but for want of better,
have been used in this study.

(v) Ihe Stationary and Declime Phages.

These phases have received relatively little study compared with
that given to the earlier ones. Many of the existing studies have
been limited to those factors regulting in the trensition from the
logarithaic to the statiomary phase. The relative importance of the
varicus possidle factors was often controversial and prodably indicated
the interaction of several factors at once. Ninshelwood (194€) and
Komod (1942) have Both shown that f£00d or growth factor depletion
was important only in basal medis. Previcusly, Penfold (1914) ana
Urahan-Smith (1921) had shown that nutrient broth could sapport two
or three successive populatioms without depletion of the mtrients.

Thus, starvation was not ususlly an important hasard for the baoterial
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cell. Of greater importance for asrodic dacteris was an oxygen
shortage arising from the growing demands of the culture which
ultisately surpsssed the rate at which the oxygea could diffuse imto
the mediua from the atacsphere. PForced ssration of a stationary phase
oulture was shown by White and Mumns (1951) to result in further
logarithmic growth resultiag im an increased final yield of cells.

The influence of toxic snd products resulting from the utilisation

of the food stuff in the medium may be important, and the acid &
shift following suger fermentatioam can frequently de sufficient to
linit or prevent further cell maltiplication (Topley amd Wilson,19%5).
Where asration and the supply of mitrients were adequate £or maximunm
cell growth, the acoumulation of metadolic end products appeared to
be one of the most important lethal factors (Eimshelwood,1946).
However, in most cultures toxic products were merely amcther
contriduting factor in the transition from the logarithmic %o the
stationary phase.

The stationary phase could last from seversl hours t0 several days,
dopending on the medium, the organiss and the eavironmemtal conditions
(Porter, 1946; Topley anmd Wilson, 1955). Aifter this time the death
rate increased still further and the culture passed into the decline
phase. The rapidity of the decline varied consideradly with the
organiss and the environmental comditions. Steinhaus and Birkeland
(1939) followed the viability of ageing broth oultures of Ra. ssruginogs
over & two year period and reperted that the viability never fell
completely to sero. The decline was mot logarithmic and the frequent
but limited increases ia viadle numders were due to the utilization

of the dead cells by the survivors, the process being referred %o as
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"canmabalisw” (ses also Topley snd Wilsom, 1955). Ps. ssrwgimogs |
mu»mwmhmmtumwcnmuumw
or §, Jutes cells as the sole source of oarbon. Staph. sureus cells
vere not utilised in this wey, presumably because Ps, sspugimogs d4id
not produce an ensyme capable of effectively destroying the Staphy-
lococoal cell walls., Bimilar specificity of sotioa by the lytieo
ensymes produced by various hacteria has been noted by other workers
(Nomure and Hosoda, 1956a).

The slow decline moted above oconfirmed a similar finding by Heap
and Cadness (1929). On the other hand, Wilson (1922) reported rapid
death of S, suipestifer during this phase. The anomaly of these .
varying results vas probably due to differences in the aeration of she
culture and also to the variability im the oxygen demands of the
different strains. Raha and Richardson (1941), and Allem, ot,sl.,
(1952) moted that rapid death followed the storage of etrios aerodes
under anasrobic oconditioms. However, care must be used in intexrpreting
some of these resulis, simce asquecus and saline suspensions were
frequently used and the baoctericcidal sction of voth these dilueats
has been frequently moticed in the past (Qunmter, 19%4; Straks and
Stokes, 1957; Demain, 1958). Wimslow and Falk (1923) showed that the
lethal effect of distilled wzter was emhanced shen the reaction was ‘
stroagly aoid or alkalime and it would appear that the pH of the
suspeading fluid may alsoc have an importaat effect om the visbility
of cell suspensiocus. Death during the declime phase was seldcm
complete as the surve usually flattemed cut after a time. However,
$he resistance to the lethal factors cperatimg during the decline phase

was probably a statistical illusion, since attempis to obtain resistans
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strains by re-peated training have been uniformly unsuccessful
(Jordan, gt.al., 1947).

This summary concludes the drief survey of literature comcerning
the growth amd decline of bacteris im liquid cultures. As osa he
seen, the main emphasis in the past has been oa the growth of bacteria
rather than the deocline and death of the culture. Yery few growth
studies have deen carried cut with baoteria grown usder striotly
anaerobic oonditions, But it was thought that the factors shat had
proved important with the aerobes would prove equally important with
the anserobes. The ability of Ps. asruginosa to grow under saserobic
conditions when mitrate or nitrite was present in the mediua was well
kaown., The cells rapidly destroyed the nitrate, subsequent ueubitiol
coourring ia complete anaerobiosis. This orzanism Sherefore offered
an excellent opportunity to study the imtra-and extra-cellular ohanges
whioch followed the cessation of oell division im a mutrient mediuam.
The cells went into & rapid decline under controlled and fairly
reproducible conditions thus permitiing a study of the cells at various
stages of decay. The literature relevant to some of these latter
changes will now be considered.

2. hal Factors Result in the Death of Cell Li Cul .

The examination of various lethal faotors has obvious and
ypractical applications in Miorodiology, and the applied sspects of
the subject have deen ‘vory thoroughly investigated. The éffects of
the physical enviromment on cell death have therefore bees very
extensively reviewed. The importance of heat, purely as a
sterilising agent is cutside the socpe of the present work, and has,

in any oase, been fully reviewed by MsCulleok (1945), Reddish (1954)
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and others., However, the temperature 0f imocudation of the culture
ocan be an importeant factor, sinoe 1% markedly influences the wyate
of growth of the cell. Once the temperature for optimal growth
has been passed, quite small increases in temperature lead %0
extensive death of the oolﬂ in the culture (Barber, 1908).
Conversely, sold shook and prolonged atorage at near freemiag
tezperatures can lead to rapid aad extensive cell death (Hegarty
and Veeks, 1940; Kook, 1959). The reasen for this last sffect was
uneertain, and was further complicated by the faot that greatest
sensitivity was notsd in young cells (Meymell, 19%58). The relative
insensitivity of old cells 40 heat and o00ld shock, ultrs viclet
irrediation and various chemical ageats has deen demonstvated many
times, but its significance is still largely unimown (Shevesn and
Alvus, 1922) Hinshelwood, 1946).

The pil of the mediun has an important influsnce on $he viabhilily
of bascterial cultures. How muoh of this effect was directly due to
the pH of the medius was uncertain, eince Vegler, ef.al., (1942)
have demonstrated that the intracellular pK may be largely independent
of that of the mediun. Adjustuent of the pI beyomi the tolers —— -
range was assuned to damage the osmotic barrier of %he cell, resulting
ia death, Such irreperedle dazege was assumed to ocour lavgely
Yocause of leakage of imntect macyomolecules such as REA from the
eolls into the medium (Dudos, 1937) Mitehell, 195)1; Stephensen
end Noyle, 1949). GCale and Epps (1942) have desorided an ingeaious
intrecellular 33 regulatiag mschanisa involving the adapsive formation
of anino ecid deaninases and &ecarboxylasses. The disappearance

of free amino acids from resting or ageing cells has been advanced
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as 2 possible csuse of lethal imtracelluler pi shifts (Mitchell,
1951). However, withim physiological limits, extemsive and repid
pH changes have very little effect per se on cell visdility (Shermea
end Cameron, 1934). ,

snother important envirommentsl factor wes the E‘ of the meifum.
Hewits (1948) eaphasised that although the I, of the wedium nay be
deternined essily, this value did not moouu;u‘y bear any relstion
to the redox potential whioh ccourred within the cell itself,
Extrapolation of the E, of She asdium to the intracellular
environment was sxtreaely dangerous, especially when imterpreting
possible lethal effects. Novertheless, evidence has been brought
forward that oell death (often followed by lysis) cocurred whea
striot aerches were incubated under strictly anserodioc conditions
(Rahn and Riohardson, 1941; Keufmenn and Bauer, 1958). Appareatly
the asrodes were umable $0 metadolise the energy yielding materials
uader suoh oconditions and death was thought 0 de &ue to energy
starvation rather than to the low E, of the mediusm. I% would appear
therefore, that the presence or adaence of oxygen affeoted not only
the growth rete (Cliftom, 1957) btut aleo the viability of certein
organisms,

The subject of chemical disinfection of baoterial cultures has
been dealt with exhaustively by meny authors (MoCullock, 194%), bdat
the action of toxic cheamicals on bacteria has 1ittle applicabdilisy
$o the preseat prodlem, except from the point of view of the dymamice
of the disinfection process (Himshelwood, 1946; Topley amd Wilason,
1955). Parthermore, most of these studies have been carried out oa

noa-growing or resting cell suspensions and have little direct
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bearing on the present problen.

In gencral, we know little about the actual cellular changes
which result in the inadility of a csll to replicate itsslf.

Efforts to solve thls problem may well have 0 awsit fundssental
pasearsh into the mecans by which ooll growth itgolf is initiated,
This present discussion will therefore turn t0 another process which
frequently follows cell dceth, namely the dissolution of the cell
wall, #ith tho relesase of port or all of tha cytoplasmic contonts
into the medium.

3. The Lyais of Becterial Cells.

The destruction of a part or even the wholas of a bacterial |
oulture frequently occurs as the cells ago, Such changes can be
conveniently detected either by total counts or by changes in the
opacity of the culture (Salton, 1957). Under normal oircumstances
almost 100% of the cells present at the end of the logarithmic phase
were viable and this frequently contimued into a prolonged statiosary
phase. Thus Jordan end Jacobe (1944) demonstrated that the total
population shoved only & slow increase in numbers with age, However,
she total population may deorease rapidly during the decline phase,
the procens being referred to as antolysis., Ths actusl rete and
extent of lysie will vary with the organism and the environmental
conditions. The procass of cell lysis is thonght to follow verious
changes in the cell wall composition, induced by a nmuzxbher of
unrelated mechanisms opersting within or without the cell, Stndies
of the sction of external agents such as fat solvents or detergents
suggeats that 1ipid extraction removed an inhibitor of the

proteclytic enzymes which wore salways present within the cell
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(Pethion, 1958). The removal of cell wall lipid poesidly allowed
access of the autolytic ensymes t0 the cytoplasmic membrame, where
thoy attacked the previously protected structural proteins of the
cell wall (Salton, 1957; Murohashi and Seki, 1958). The mormal
intracellular organisation of the growing cell was thewght to
specially localise the proteclytic ensymes so that they were umadle
to attack the structural compomeats of the cell,

The living cell requires a comstant supply of ensrgy for
aaintemsnce of the oomplex macromolecular structure of the growing
cell wall, and any process which imterferes with the produciion,
transportation or utilisation of energy by the cell may imdirectly
induce antolysis (Welsch, 1958). The absence of autolytio changes
within a bacterial culture may indicate the abssnce of a suitadle
autolysic ensyms in the oell, or, more prodably, the preseace of an
inhibitor vhioh imactivates the existing ensymes.

Lysis may aleo cccur "from without” due 40 extermal faotors
such as sasymes which were released into the medium 2y previcusly
lysed cells. Such cell-free lysins may attack free cell walls or
protoplasts or dosh (Mitchell and Mayle, 1957; Work, 1959). They
sy attack several different species, or they may de specifioc for
the cell wall of only ome strain (Strange, 1959). The charsoteristio
properties and metheods for the isolation and purification of a
sunder of these eazymes have bdeen the sudject of several receant
reviews (Saltoa, 1957; Strange, 1959). Seversl of these ensymes
have been partially purified, amd have proved capable of completely
destroying the cell walls of susceptible cells (Nomura and Hosoda,

1956 a and »; Strenge asd Dark, 1957; Richmond, 1959). Some of
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the engymes have deen shown to he mixtures of proteinases
(Parrer, 1956; Richmond, 1958) while McCarsy (1952) desorided .
& polysaccharsse which was produced by Jtreptomyces albug cultures,
Jesner (1959) reported that high comceatrations of RNese wers lytio
for some cells while lower comcentrations were lethal. This report
is interesting simoce earlier workers have frequently used this easyme
%0 remove RNA from bacterial cells without noting any sericus decrease
in cell viadility or in the total oounts. Thess coaflioting reporte
may be due to differences in the ensyme coacentratioms used, and so
may be more apparent than real.

Studies of the autolytic systems of Gram negative dacteria have
not besn extensive since the cells sesmed to be more resistaat to
this type of change than many of the Gram positive organisms. A
nusber of autolytio enzymes isolated from variocus sporing Bacilli have
beens shown to be effective for some of the Gram negative bacteria
(Mitohell and Moyle, 1957), but the relative lytic aotivity was
usually mich less than with the Grem positive cells. Similar findings
were reported for lysosyme (Saltom, 1958).  Stacey (1949) reported
that a change in Gram reactioa always preceded the autolysis of Gram
positive cells. Criticiem has been levelled at this finding on the
grounds that loss of mu‘ from ageing cells oould explain the change
ia Oram reaction, and that this process did not mecessarily have any
direot oonnection with the cell lysis (Welsch, 19%8).

Eany Gram negative bacilli were resistant to the aotion of
lysosyme (Salton, 1958) unless the cell wall was first rendered
sensitive by heat treatment, scetone extraction (Warrem, ¢$.al.,

195%), or by the presence of Verseme (Repaske, 1958).
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The action of the Versens suggested the removal of some medallio
inhibitor by the cheelating agent. HNowever, the nature of this

metsl and the mechaniga of its inhibition was unknown, Salton

(1956) showed that lysosyme ireatment was unabdle to induce the lysis

of seversl Oram megative dacilli, but analysis of the medium revealed
the presence of considerable quantities of muramic acid, glucosaaine,
and the amino acids DAP, alanine and glutamic acid, Thus it was

shown that hydrolysis of the cell wall substance was possidle without
resultant lysis of the cell. These and similar studies have givea s muaber
of clues as to the chemical structure of the cell walle of Gram negative
bacteria.

So far we have considered only degradative changes in the oell
wall struoture which may, or may not, lead to lysis of the dead ocell.
However, evidence exists that lysis of living cells may ocoocur when
cell wall synthesis was prtmly izhibited under conditions which
did not greatly affect the simultanecus synthesis of the protoplasa
(Toenies and Shookman, 1953). Exclusion of the cell wall amino DAP
from a DAP-requiriag mutaat of E, coli preveated cell wall synthesis
without affecting the growth of the cytoplasa, The maked oells were
osmotically fregile and lysed immediately (Meadow, e%,8l., 1957).
Siailarly, the ability of penioillim to imterfere with cell wall
synthesis has been used by Lederberg. (1956) to produce "pretoplasts”
of E, coli. Examinastion of the cell wall fragments from pemicillia
sreated cells suggested that pemioillin blocked cell wall gynthesis
in some way (Park, 1952)., Thus, certain metabolic blocks may lead
to cell lysis whenm cell wall synthesis was preferentially affected.

Lygis of this type resulting from synthetic disabdilities within the
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cell was distiaguishable from the autolysis of old, and usually
dead cells in many ways and often the only common feature of the
tvo systens was the final dissolutioan of the cell,

Cell lysis may also We due %o phage action. The lytic patterns
produced ia surface growth oa agar have been described in great detall
for a wide variety of ailcro-organisms. The morphology of the plagues,
the host ranges and other criteria useful for the ideatifiocation of
the phage have been the subject of an enormous amcumt of study,
However the mechanisa of the actual lytic process has received less
attention. Recently, the phencmenon of defective lysogesnicity ia
E, 00li K12 provided a useful tool for the study of cell lysis at
the eagymnio level, Ultra-violet irradiation of the defective cells
set up lysis without the release of mature phage particles (Jacod
and Fuerst, 1958). The culture filtrete from the irradisted culture
yielded an ensyme which cculd lyse E, coli K12 cells treated with
Versene. The so-called "endolysin" closely resembled lysosyme in
1ts action (Repaske, 1956), In the presence of sucross, the endo-
lysin removed the cell wall and produced "protoplasts". Jacob and
Puerst (1958) reported that E, coli K12 produced the endolysin at
the same rate as phage, but the the exact relationship between the
two was uncertain. Jacod and Wollman (1956) ascribed the development
of the defective strain of E. coli K12 to a prophage mutation whioh
interfered with the normal process of phage produotion. It is
interesting to note that Jacod (1950) reported isolating a defective
lysogenic etrain of Pa, seruginogg after treatment of the cells
with a texperate phage. Such mitants were umadle to produce

infeotious particles.
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A second type of lytic change hus bdeen described for
Ps. aeruginosa cultures. This was & peculiar type of plaque
characterised by an "irridescent" or metallic appearance when examined
by reflected light. Early workers considered the plagues %0 de due
to the sction of a phage, largely bLecause of the ciroumsoribed
appearance of the lytic areas. However, Lische (1924) olearly
distinguished between the metallic plaques and those produced dy a
bacteriophage. In common with uli subsequent workers, Lische was
unable to propagate any phage which could produce the metallie
plaques, and he claimed that the two types of lytic phencmena were
due to entirely different mechanisms. Hadley (1924) developed a
plaque=free strain of D, aeruginosg from a plaque producer, bt all
attempta to re-introduce the plaque producing ability into the mutant
failed. Subsequent workers have confirmed these findings aany times
without greatly adding to our kuowledge of the process. (Conge, 1948;
Schults, et.sl., 1948; Don and vaa den Ende, 1950), Irrespective
of the exact mechanism of this unusual lytic process, autolysis of
P8, seruginoea liquid cultures has been explained in terms of the
"irridescent” plaque type of lysia (Fremch, 1947), perticularly since
it may frequently be seen in the surface pellicle of broth culsures
of this organiem (Warner, 1950b).

Thia concludes the brief survey of the literature $o the growth,
death and final lysie of cells. The entire emphasis of the existing .
data was on the growth of the cells, and most of the studies were
concluded once the cells reached the stationary phase, Only a small
nuzber of workers have follcwed the cells into the decline phase,

or considered the possible reascms for the increased death rate.
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Even the investigations into engyme activities and adaptation

by ageing cells usaally continued aonly into the early stationary
phase. Similarly, morphological investizations of this phase have
uaualiy been concerned only with the changes -isociatod with the
formation of spores. Thus a considerable bias exists in most

growth studies, and this has resulted in very slow progrese in the
understanding of the problems of cell death in nutrient cultures.

The present study stemmed frop this relative lack of information
on the behaviour of various bacteria in the decline phase, especially
when grown under anserobic conditions. Although strain differences

were thought to occur in the sensitivity of various bacteria to
prolonged incudation in nutrient culture media, very little
experimental proof exists om which to base this impression.
Variations certainly do occur in the semsitivity of various cells
to autolytic dreakdown, but the reasons for this are not always
very clear, Several possible litic mechaniams may be responsible
for the dissolution of t#o ageing cells. However in general the
proceas of lysis by farious organism in ageing cultures has not
been as extensively studied with the UGram negative organisms as
it has, for instance, with the sporing Bacilli, A survey of the
relevant literature shows that not a great deal is known about the
characteristics of the so-called autolytic enzymes, nor has the
exact site of action of these enzymes on the cell walls of Granm
negative organisms been defined.

The Ps. aeruginosa cultures are subject to a very rapid

decline under certain conditions, and thus constitute an excellent

ovportunity for a study of the last phase of the growth cycle.
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The sensitivity of the dead cells to autolytic breakdown zakes
this orsaﬁiun a suitable experizental ool for the study of the
chemical changes associmted with lysis. By comparison of the
Feeudomonad with an organism not susceptidle to this rapid
ansercbic death amd exteasive lysis it was hoped that some of

the biockemical aad micro-chemical changes in cell composition
associated with these processes might be detected. Such a study
sight thus make some coatribution to our umderstandiag of the
cellular changes associated with ageing, death and lyais. We will
turn therefore to a consideration of the literature relevaat to

the present investigatioa.
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CHAFTER 11

SPECIFIC INTHOUDUCTION

s, aeruginosa is a strictly aerobic organism frequently
encountered in the environment. It has also proved to bs a
troublesome wound contaminant. In recent years the resistance of
this organiem to the common disinfectants and chemotherapeutic
agents has led to an increasing amount of attention being paid to
it by medical bacteriologists. The organism has been repeatedly
shown to be very versatile biochemically, and when this ability
is considered along with its rapid growth rate and simple nutritional

requirenents, one would expect Ps. aeruginosa to be frequeatly used

as a tool for biochemical studies. However, except in the more
practical aspects of the identification of the organisam or of the
therapy of its infections, the quantity of fundamental biochemical
study done with this organism compares unfavourably with that done

on the coliforms and Salmonellas,

Ps. asruzinosa frequently occurs in soil and sewage where the

ability to reduce nitrate to gaseous nitrogen anaerobically led

to ites early deacription as a denitrifying bacterium (Waksman, 1931),
a potentiality which has beem frequently overlooked during later
studies. Kluyver and his associates established that, under
anaerobic conditions, nitrate was utilised almost exclusively as

a hydrogen acceptor. The nitrate could be replaced by nitrite

or nitrous oxide, but the organism did not appear to utilise any
other substances as alternative hydrogen acceptors (Kluyver and
Verhoeven, 1954).

A culture of Ps. aeruginosa grown under strictly anaerobic
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oonditions in a mediua in which She aitrate supply was lisiting,

was unable to coatinue growing once the nitrate supply was exhausted.
Such a culture afforded an opporsunity for a study of the changes
which cccur withia noa=proliferating eells held in an otherwise
favourable culture medium. Investigations of the viadility of
such cultures were carried out hefore chemical inveatigations ef
the compoasition of the ageiag cells were attemped. The behaviowr
of the Ps, ssruginosg cultures contrasted sharply with several
other Gram negative organisas, and 5, bethesda was finally chosen
as a control orgenism for the present astudy. The two organisms
were therefore sxanined in an effors tc deteraine some of the
reasons for the observed cell death and lyais in the ageing
cultures,

Before conaidering the changes which can de detected im the
ageing cells by various aicro=chemical techaiques we must © nsider
the norsal compositiea of the living cell. Few detailed studies
have been made of the chemical composition of Pa, aerugimoss
cells, and therefore frequent reference sill dbe made to the
composition of other Gram negative organisss. ¥We will soasider
the various cellular materials which are knowa to occur in most
of the Gram megative bacilli.

Ia gemeral, the total aitrogen conteat of the dram megative
bacteria varies from 84 to 15% of the dry weighte A large
proportion of thies mitrogen has beea shown $0 he preteia-aitrogen
(Topley and Wilsom, 1955). Nicolle amd Alilaire (1909) reported
that in Ps, asruginoss the tosal aitrogea constituted 9.3 of
the dry weight of the cell but no estimate of the protein=X was
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given, Lintoa, et.al., (1934) reported total nitrogea figures
varying froam 12% to 15% for Y. cholerag, while Boivia amd
Mesrobeanu (1934) recorded a figure of 13.7% mitrogen for a straia
of Ps. aeruginosa. The latter workers claimed that 80% of the total
aitrogen was accounted for as protein amd that very few
free amino acids were present. IlHydrolysis of the bacterial
proteins showed that the amino acids were aajaly those feumd in
higher cells, although Stokes and Gunness (1946) showed quantitative
differences in the propertions of the various acids present.
Folson (1948) demonmstrated the presence of 17 amino acids in acid
hydrolysates of E. c¢oli.

Depending on the age of the cell, the nmucleic acid coatent
of many Gram mnegative organisms may comstitute as much as 25% of
the dry weight of the cell (Belosersky, 1957 Veadrely and lLipardy,
1946), Sevag, st.als, (1940) reported that as much as 80% of some
Gran negative organisms may consist of nuclesprotein but relatively
1ittle work has beea done with the proteia moliety. Hewever,
claims bave been made that histones amd protamines may de combinmed
with the bacterial mucleic acid (Miraky, 1943). Taylor (1946)
determined that sbout 66% of the total phosphorous of the cell was
associated with RNA, 19% with the DNA and oanly 12% with the
phosopholipid fraction. The RNA content of A. aeregenes was showa
to vary extemsively duriang the growth cycle whereas the DNA content
renained remarkably constant (Celdwell and Hinshelwood, 1950).
Mitchell and Moyle (1951) have shown that considerable amoumts of
free nucleotide can be extracted from youag Staph, aureus cells.

The amount of RNA present was approximately proportional to the
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rate of growth of the cells, and Caldwell, et.al., (1950) concluded
that RNA was somehow associated with protein syathesis. However,
the reasons for the rapid decrease in RNA during the logarithmio
growth phase remain largely speculative. The base proportioms
of a number of bacterial aucleic acids have also been examimed
(Chargaff, 19553 Stuy, 1956; Scarletti amd Naylor, 1959), and it
has been claimed that species differences are distinctive enmough
to enadle them to be used as a basis for bacterial classificatien
(Vendrely, 1958)s Much of this work has been carried out with
Gram positive bacteria or with E. coli, and there is still a great
deal of scope for ﬁotlilod studies with a aumber of other Gram
negative species, including the Pseudomonads.

Up to 30% of the dry weight of the oell may consist of
carbohydrate and the total carbom comteamt may be as high as 50%
(Knaysi, 1951). The exact amount of carbobydrate preseat will
often depend oa the amount of mucopolysaccharide slime on the
outside of the cell. Warren and Gray (1955) and Bonde, et.al,,
(1957) have bdoth reperted the presemce of a hyaluromic acid capsule
around Ps, aerugimosa cells. Much of the polysaccharide material
in the cell wall itself may be combined with protein amnd lipid
fractions. Many of these complexes thus constitute the smooth
"O" antigens of the Gram negative organisms (Salton, 1960; Kabat
and Meyer, 1948).

The free lipid content of most bacteria is low and seldon
exceeds 8% of the dry weight (Knaysi, 1951). Stephenson and
Whetham (1923) showed that the free 1ipid conteant of starved
Myco. phlei cells decreased rapidly, indicating that the 1lipid
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acted as a reserve food supply. Much of the 1lipid in the ocell wall
is combined with polyssocharide, bdeing released only after soid
hydrolyeis (Saltoa amd Horme, 1951b). However, Williams, et.sl.,
(1939) reported that a high proportien of the total 1lipid of several
strains of enteric bacteria oonsisted of phospholipid,

Bolvin and Mesrobeanu (1937) extracted a TCA soluble glycolipid
complex from Ps. aeruginoss cells. They referred to this extract as
an endotoxin and demonstrated that the free polysaecharide aoted as a
hapten. The lipopolysaccharide, but not the polysacoharide, reaocted
with en antiserun prepared with whole ocells. Recently, Weidel, et.al.,
(1954) extracted lipoprotein and lipopolysaccharide complexes from
a nusber of (ram negative %acilli aad showed theaz to de olosely
associated with the smooth "0" antigens of the cell wall, Fremch
(1947) oarried cut an extensive serological survey of human straias
of Pg. serurinosa. He also extracted a lipoidal complex from & mumber
of strains and observed that the extracts reacted specifically with
antisera prepared against the whole cells.

Prench (1947) concluded that the organisms were antigenically
heterogenecus and that no simple serological classification ves
possible. However, more recemtly,Besbs (1957) demonsirated the presence
of a common heat stable "0" antigen in a membder of human streins of
P8, _seruginogs and proposed a serologicsl classification of twelve
groups distinguished on the basis of other mimer "0" antigens. mm
results were reported dy Samdvik (1960) using absorbed sntisera. The
last three workers were mainly comosrnsd with the development of &
workable typing system for Ps., seruginogy strains rather than with

s funiamental study of the antigenic groupings in the oell wall,
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L great desl more work remsins to be done on the complex prodleams of
the antigenic relationships between the various Ps, SSFMginess groups
since the existing studies 4o little more tham add to the goneral
confusion.

Studies of the antigenic make-up of P, seruginoss have mot been
extended on & mioro-chemicel besis similar 40 that dome for a nanber
of other Gres megative baoilli, Such investigations mst take into
consideration the struotire and composition of the cell wall rether
than the intact whole cell, and this has been made possible im recent
years Wy the develomment of techniques permitting the isolatioa of

pure cell walls. Uost of these imvestigations of cell wall composition

have been made with Graa positive cells (Holdsworth, 1952; Salton and
Horne, 1951b; Salton, 1952 Work, 1957; Yoshids, e%.sl., 19%7). The
earliest technigues involved the use of heat as & lytic ageat (Salton
and Horme, 1951a) Wut as this method was open to oritioies (weleoh,
19%8), mechanical shaking (Sslton and Horne, 1951b) or ultra-somics
(8alton, 1953a) were substituted.

Recently, atteation has been turmed to some of the Gram negative
organisns but so far only & few genera have been extensively studied.
The main differences im composition, compsred with that of the Oram
positive cells was a higher 1ipid content and a more varied amino
acid composition (Salton, 1960). Brown (1958) briefly investigated
the composition of stationary phase cell walls of a strein of
Pseudomonas end detected the preseace of ¢1;uon-1u, mranic acid,
DAP, alanine and glutamic acid. The oomposition of the Pssudomonas
0ell valls was therefore similar to that already reported for E. coli

(Salton, 1958). ¥ost workers have commented on the complete absence
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of nucleic acid from the purified cell wall (Salton and Horme, 19%51b;
Salton, 1953%; Shockman gt.al., 1958), Wt traces of RNA have been
recovered from some cell wall preparations (Barkulis and Jomes, 1957).

A mamber of physico-chemical changes occcur withia the cell
during the process of ageing. The extensive alterations to the sise
of the cell and its intensity of staiming have deen commented upon
many times(Malmgren and Heden, 1947) but in addition, extemsive
changes have been noted in the engymic comstitution and adaptive
.uut} of the growing cell (Hegarty, 1939; Gale, 1940; Pinaky end
Stokes, 1952). The cells also showed a varying sensitivity to osmotic,
heat and cold shock (Christian and Ingram, 1959, Kook, 19%9) but these
variations have not as yet been placed om any firm cheaical basis.
¥ost of these studies have involved oaly lag or logarithmic phase
cells, and muoh less is known shout the changes whioh cscur during
the stationary and decline phases. The extensive morphological changes
associated with bacterial sensscencchave an obvious practical impors-
ance and they have therefore been descrided in extensive detail
(knaysi, 1951), but the underlying chemical changes, asd their
significance, have only recently decome sppsrent. Thus tae swoliles
distorted cells which are so frequently found in senescent cultures
are due $0 the partial breakdown of the rigid ocell wall, possibly &ue
$0 lytic processes within the cell itself.

Recently, a number of investigations have been made into the
chemicsl composition of the walls of growing cells. Shockman,
at.81.,(1958) reported that the cell wall frection of ageing
S%r. fascalip increased considerably im total nitrogen, rhamncse

and hexosamine whem estimated per umit weight of cells. The overall
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oomt_ition of the ageiag cell walls did not vary significaatly
vhen estimated per unit weight of cell wall however. The above
incresses were interpreted as & oontimuation of the syathesis of
cell wall material without any corresponding oytoplasmic growth,
The exhaustion of the cell wall amino ecid, lysine froa the mediua
prevented further cell wall syathesis without greatly affecting
cytoplasuic growth and lysis rapidly ensued. These workers suggested
that any process which interfered with cell wall synthesis would
result in oconditions favouring sutolysis. Thus, sutolyeis was
induced in growing Str. fueoalis cultures exposed to penioillin.
Bowever, Truco and Pardee (19358) were umable to demomstrate inhidition
of cell wall syathesis in pemicillin-treated cells, nor oould they
dencustrate any change in the ocomposition of the cell walls., Toenies,
atal., (1959) reported variations in the amino acid sad carbohydrate
conposition of ageing oells, Wt, except for thess isclated weports,
very little quantitative data exists on this interesting prodlea.
Thus although a consideradle amount of detailed informatiom on the
cheaical composition of many Oram positive and negative dacilli is
now available the composition of Ps. asruginesa ocells has oanly deen
sporedically and imcompletely investigated in the past. Nore thorough
studies of this organism are therefors more than justified. The
resulis of these studies should de correlated with the growth cyole as
far as possidle, 80 that any variations due to ageing, night be made
nore apparent,

The recent investigations into some of the changes in cell wall
ocmposition have givea a good deal of information about the sctusl

smechanisa of cell lysis. Nost of the present infermation has
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accumilated from studies using lytic enzymes, dut some phage

lysis experiments are also relevant here, Selton and Milhaud

(19%9) treated E. coli cells with phage and then examined the
supernatent fluid for possidle lysis products. They isolated a
peptide-amino sugar complex consisting of alanine, DAP, glutamio

and aspartic acids, together with small amounts of glucosamine,
muranic acid and ribitol phosphate. Absorption of the phsge onto
the cell wall resulted in a partial hydrolysis of the cell wall
naterial, scee 0f which was released into the medium., This resulted
in an inability of the cell wall to funotion as an ocsmotic barrier,
and lysis ultimately oocurred. Weidel and Primosigh (1957) isolated
an enzyme from E, coli T2 phage which hydrolysed the lipopoly-
saccharide in the cell wall releasing a complex of DAP, glulmic acid,
alanine, glucosamine, muramic acid, glycine and lysine into the
medium. The residue left in the cell wall contained lipid and
polysaccharide units but no amino acids or amino sugars, As a
Tesult of the hydrolysis, the rigidity of the cell wall was reduced
so that a progressive bulging oocurred until lysis resulted. The
bulging of the cell wall, particularly at the ends of the rods, has
been visually confirmed with the electron microscope (Salton and
Horne, 1951a). Slade and Slamp (1960) treated Str. pyogenes cell
walls with an enzyme preparation from a Streptomyces albus culture
and showed that oonsiderable quantities of oell wall compoments

were released into the medium. This occcurred some time before

cell lysis could be detected. Salton (1958) treated the cell walls
of E. coli with lysoxyme and showed that all the DAP, glucosamine
and muramic acid were removed from the wall, after which a complex
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of alanine, glutamio scid, DAP and glucosamine, together dth '
trece of muremio s0id could be isclated from the culture mediua.

The available information om the action of lytic easymes on
cell walls has become quite extensive although most of the studies
refer to the (Gram positive sporing Bacilli, and #0 are not
partioularly relevant to the present discussicn. This work has beea
extensively revieved by 3trange (1959) and in view of the considersbdle
differences Yetween the cell wall composition of Gram positive
and negative organisms, mo further reference will be made to these
studies. The interpretation of the available results has not been
made any sasier by the faot that very few of the bacterial ensymes
have heen purified or adequately characterised. The literature
mskes it olear that the enzymes vary widely im composition and
specifioity, and often their oaly common feature seems to be their
ability to cause cell lysis.

Lately, several reports have been made that rapid death followed
by extemsive lysis occcurred vhea a strict aerche was imcudbated under
strictly anaerobic conditions (Nomurs and Hosoda, 1956a). These
workers partially purified a cell-free sutolysin and showed that
it removed part of the ocell well sudstance, Kaufman and Bauer (19%8)
isolated a similar ensyme from s sporing Bacillus which they showed
to be active against a number of other Gram positive organisms.
Significantly, inhibitors which poisoned the cytochrome oxidase
produced & sinilar effect $0 smaerobic imcubation in these oells.
Thus Kaufman and Bauer postulated that the autolysim preseat in the
aerated cell was maintained in an imactive form so long as active

respiration contimed. Any agent which imhibited this respiratioa
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resulted in the releass of active emayme. On the other hand,
Richmond (1938, 193%a) reported that stromg aeratiom of B, subpsilis
cultures imsctivated the bacterisl lysosyme, suggesting that the
oRxyme itself was oxygem seasitive. Although claims have heea
nade that some eagyme preparations have a separate hacterioccidal
action as well as a lytic effect, gemerally speaking thers has been
very little attempt to differentinte between the two effects. The
nain exception appears to bde with lysozyme whioch has been showa to
attack the oell wall of living bacteria, while the ensuing lysis
brought about the death of the cell (Weibull, 195%).

Cells umable to grow or m:ltiply over an exteaded period
of time either because of a mutritional defioiency in the medium
or some inhibitory emvirommental condition, ultimately die
(Hinshelwood, 1946 Mitchell, 1957) Gumsalas, 1951). Thus, the
anaerobdic death of a strict aerohbe was not surprising. However,
the rapidity of the cell death and the ensuiag oell lysis was
unsxpeoted and seemed to be dependent on more dymamic factors than
a simple cessation of cell growth.

One possidble explanation may be that, in the absence of &
suitable hydrogen scceptor, the cell cannot produce sufficient energy
to maintain certain key anzymes concernmed with the repair of the
cell wall, Alternatively, certain ensyms inhibitors may de destroyed
under amaerchic conditions, allowing the internal emsymes of the
cell to attack the cell well lipoproteins and mucopolyssecharides,
resulting in lyeis from within (Welsch, 1958). The released ensymes
may then initiate the lysis of the adjacent oella. At present we

are unable to express these resotions in anything but the most
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gensrel feras, although & olearer piloture of the ensyme substrates
is now emerging froa the studies of cell wall chemistry. However
a great deal more fruitful research remsins to be done.

The autolytic ensymes hydrolyse part of the cell wall releasing
the cellular contents into the medium, btut some of these products
may be difficult to distinguish from the complex slimes or capsular
secretions which normally diffuse awsy from the cell wall., These
extracellular secretions are usually mucopolysaccharide in mature
and oan de detected in cultures of a wide variety of sicro-organisae
(vilkinson, 1953). Many of the cell sccretions were highly viscous
and resulted in a mooid culture medium in whioch the cells clumped
together as a rvopay deposit. The mors structurally defimed mucoid
capsules may de produced dy young cells of many different species
and the presence of these structures zmay dear no relationship to the
process of ageing or lysis by the celle (Salton, 1960),

Several clsims have been made for an extracellular mucleio
scid slime layer. Smithies, e$.8l., (1955) descnstrated the
presence of a highly polymerised RNA on the cell walls of
¥, halodemityrifioans grown in media containing less than 0.7 M.
sodium chloride. However when P72 was used $0 ladel the intra _
oellular micleio acid it was shown that death and lyeis of the cells
alvays preceded the release of the FNA into the medium. Catlin
(1956) and Catlin and Cunninghas (1958) detected significant
amounts of DNA in the slime layer of & etrain of Py, fluocrescens.
The DNA 414 not diffuse into the medium dut resained attached $o
the cells. No suggestions were mede &8s t0 its means of secresion
at the cell wall or of its possidle funotion. Nany of the claims
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for extra cellular mucleic scide do not distinguish betweer
possible secretion at the intact cell wall Wy growiag cells and
the release of cellular mucleic aoids following cell lyeis.
However, Carrol, et.al., (1952) demonstrated the release of P2
labelled compounds from non-proliferating A. aerogenes cells at
a rate proportional to the death of the cells. Ilgysis of dead

or dying bacteria seemed t0 be the most likely explanation of the
release of high molecular weight polymers imte the medium. However,
the viable and total counts necessary to demonstrate this point
were all %00 often missing.

Several olaims of leakage of yorﬂ:iop of the oytoplasaio
contents of appareatly imtact cells into the medium have been made
recently. Kook (1959) reported rapid death of chilled E, coli
cells followed by the release of five per ceat of the cell contents.
into the medium every hour. ¥o leakage was detected ia the unchilled
oontrol, The results with unohilled cells confirmed the earlier
findings of Eershey (1954) sad Labav, g¥.8l., (1950) who were unable
%0 detect any significent release of PO labelled micleic avid from
logarithaio or stationary phase cells. Similar findings were reported
for Ps. seyuginosg cultures by Halleck and Ssafran (1957) swd Newtoa
(1953). The close correlation betwesn the death of the cells and
elime formatica reported by Kook (1959) strongly suggested that
00ld shook followed by slow lysis of the dead cells was & necessary
preliminary to the relesse of cellular DNA into the medium.

The lysis of the cell may not result ia the release of all of
the cellular contents into the medium. Truco and Purdes (1958) amd

Slade and 3lamp (1960) demonstrated swelling of penicillia treated
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E; coli cells followed by leakage of about 50X of the cellular
ocatents into the medium. De Lamater, gt.al., (1959) reported
extensive leakage of REA breakdown products into the medium whea
intact . megatheriup oells were stored ia wuffer. The cellular
DNA was conserved, as was to be expected from its obvicus importamoe
to the oell (Horiuchi, et.al., (959, Herdst and Dootor, 19%9).
Thompson, 9%.al., (1958) noted the same effect in mammalian oells,
and Higuchi and Vemurs (1959) in yeasts, Leakage of partial
breakdown products of REA mey therefors oocur during the life of
certain cells kept under appropriate comnditions, lmnul.
the presence of un-degreded rucleic asid in the mediua should de
taken as an indiocation that death and lysis of at least a portion
of the population has ocoocurred. The scoumulation of extemsive
smounts of micleic aoid ia the culture mediua may simply de &
consequence of the absence or imactivation of the appropriate
moleases(Catlin, 1956; Catlin and Cunmingham, 1958). Thus
ocareful consideration should always be given $o the experimsntal
details before data is acoepted as proof of the exoretion of
intra-oellular materials through an intact cell wall. Thie
concludes the present survey of the literature comcerming the
chemical oomposition of Pg. seruginogs cells and cell walls
together with those variations in compositioa known to acoompany
cellgrowth and ageing.
Somolugions %o Chapters I and II

The prodlems associated with the growth and multipliostion
of bacterial cells have received a good deal of detailed

investigation in the pest, The majority of these studies have



- 34 =

boon limited to the lag and logarithmic phases:. Evea the more
receat coaparisoms of cell strueture, coaposition, easymio
oconstitution and adaptive capabilities have usually only contimued
into the early stationary phase. Thus, ealthough text Wooke om
bacterial physiolegy state that liquid cultures uliimately pass
into & decline, few definite physiologioal reasons for the
progressive death of the culture have bBeen advanced. The existing
studies do 1ittle mors than demcusirate the wide variations which
ococur in the behaviour of difforent Bacteria during the decline
phase.

The variadility of she behaviour of differemt bacteria duriag
ageing may also de illustrated ky the ssnsitivity of scac, %ut nct
all, to autolytic changes. At present we know mach less about the
autolytio eagymes of the Gram megasive Bacteris amd of P, serugingss
in particular than ve 4c about the analogous ensymes of the sporing
Bacilli, This apparent omission is surprising in view of the
probable pathogenic importance of the sutolytic breakiowa of certaia
of the Gram negative dacilli, Thus, the release ¢f various psthegenie
cell vall cospoments ($he wo-called endotoxins) has deen very well
documented, bus the properties of the hydrolysic faotors have not
besa 00 well studied.

Thiis survey also shous a lack of deteiled investigetion into
the chemical coupositicon of Fg. SeTuLinces cells aad cell walls.
This s 4n sharp contrast to the volumimous litereture which deals
with the Gram positive and certain of the Cres iregative baoteria.
Mioch of the work with the J3raa megative orzanisms was dome with

colifora bacilli or with ome of the Salmoneliae, and there is s$ill
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need té make further detailed studies with other more neglected
genera.

General aims of the present study.

The present investigation began as a atudy of the process of
ageing by non-sporing Gram negative bdbacteria. This led to a comparison
of the growth and death of asrobic and anaerobic cultures of
Ps, aeruginosa and S, bethesda. The rapid and extensive death and
lysis of the P8, aeruginoss cells, particularly in anaerobic culture
wae in sharp contrast with the behaviour of 3. bethesda under similar
condiitions. This led to a search for the possible causal factors,
These early studies thus comprised a dasis for the subsequent chemical
investigationa., It was hoped in this way to relate at lesst some of
the well defined and reproducidle cultural changes observed in the
Pe. aeruginosa cultures with corresponding changes in the chemical
composition of the cells,

At the time of commencing these studies only superficial
investigations had been made of the chemical compoaition of the whole
cells or cell walls of Ps, eeruginosa. Ffurthermore, few investigetions
of the cellular chemistry of the Gram negative bacilli had been
extended into the decline phase. Thus the present study is intended
a8 a contribution to the existing knowledge of the chemistry of
Ps, aeruginosa cells and to the asteadily accumlating body of
information on the processes of death and lysis in the Gram negative

bacteria.



1. Medis
a. Digest broth and agar, bloocd dase agar (BBA) and

tryptone soya agar (TSA) were prepared from dehydrated Oxoid medias
(Oxo Ltd., London) mads up to the recommended streagth in copper-free
diltilhd water.

». The casein hydrolysate medium (CNT) contaimed the follow-
ing mtrieats: Oxoid acid casein hydrolysate, 5.0g.; sodium mitrate,
8.0g,¢ ssmomium sulphate, 1.0g.) hydrated magnesium sulphate, 0.1g.}
trece elements, 1.0 al. (Meiklejohn, 1950) and 0.06TM. Tris (lydroxy
methyl) anino methane twffer (p 7.0). cne 1itre. Inorganic phosyhate
wss removed from ihe caseim hyirolysate as imsoludle magnesium ammonium
phoaphate before it was added to the medium.

‘ 0. The synthetic gluoose medium contained the following
matrients:s glucoss, 10.0g.} sodium nitrate, 5.0g.; smmonium sulphate,
1.0g.; potaseiun hydrogen phosphate, 3.0g.; disodium hydrogen phosphate,
7.0g.) hydrated magnesius sulphate, O.lg.; trace elements, 1.0 ml.}
distilled water, one litre.

Unless othervise stated analytical grade reagents were used
throughout, The media were sterilised by suteslaving at 113° C. for
15 mimates,

2. QOrgenisns.

a. Ps, seruginess N.C.T.C. 6750 was obtained from Londom
and & single cell isolate (Johnatone, 1943) was obtained and imsmediately
dried (Anmear, 1958). A stad culture wes prepared in Oxoid digest
agar and was incubated at 370 C, for 24 hours. The stock was kept
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at roon temperature and was suboultured oa to an agar slope ss
required. The slope mﬁnmﬁuuotu the imeculua for ome
experiment and discarded. A fresh dried culture was opemed after six
sonths.

. Ps. seruginoss strains T™hS, Th8, T2 aad ™16 were
iselated from Adelaide garden soils. Tvwo streins (Hayes and S1) were
isolated as laboratory comtamimants. Single cell isolates wers dried
as above after checking the biochemical and cultural charesteristics
of the straina.

o. Ps, seruginoss strains Poggo, Jenkins, Wall, Tremwith,
Cole and Newsan (isolated from wound infeotioms in the Royal Adelaide
Hospital) were purified by repeated plating and dried as Vefore.

4. 3. bethepds strain Ma II was obtained from the N.H.M.R.C.
Salmonells Typing Ladoratory, Adelaide. The culfure was checked for
purity and thea dried. OCultivation was similar to "a". The Ballerup-
Bethesda subgroup reseabled the Salmonellas in many respects so thas
the organisas were origimally placed in the Cemus Salmecmella (Topley
and Wilgom, 1955). However, Kauffmann (1954) comsidered that the
difference:shetween the Gezmus Saluonella snd the Bethesda subgroup
were sufficieat $0 warrant their separation. Suok a distimotion had
1ittle significance so far as the present work was comcerned and so
largely for the sake of simplicity, the orgeniss will be referred
to as §, bethesda Shroughout this thesis.

o. M. lysedeikticus N.C.T.C. 2665 was obtained from
Lendon., The oculfure was checked for purity before it was grown on
a digest agar stab at 20°C. for three days and stored at ¥yoom
texperature.



3. gulturel Comditions

a. jersted nedium. Liquid medis wer dispensed in 300 ml.
quantities in two litre Erlenmeyer flaske and autosclaved. Whem cool,
s suspension of the organisa (prepared by removing & little growth
from the dry surface of as 18 hour slcpe sulture into aine ml. of
sterile tap water) was pipetted aseptically imto the flask. An
initial population of approximately 104 cells was mormally present.
The flask was inocubated at 37°C. on s constent speed shaking machine
(xXeatorowits, 1951). Under these conditions, the cultures were
asrsted optimally throughout the growth oycle (Collims, 19%6).

b, jpseredio pediup. Liquid medium was dispensed into a
ons litre screw capped pyrex serum bottle and autoolaved. ﬁu eo0l,
the medium was imoculated with a tap water suspension of the organima.
The cap was soreved down fivaly and the bottle imverted to test for
possidle air leaks. The rubber wad was exposed through two small
holes cut in the metal cap. The cap and the exposed rubder was
sterilised with TO¥ alcohol and a sterile gauge 20 hypodermic needle
was pushed through the wad. The air was removed with & vacuua pusp
bYofore oylinder nitrogea was rum back into the dottle. A cottion
wool plug was used $0 remove any bacteris froa the mitrogea streas.
The prooess was thea repeated and cultures of S, bethesds wers given
a positive gas pressure of 10 p.s.i. to facilitate the later anaerodic
collection of samples. The Ps. seruginoss cultures produced oopious
amounts of gaseocus nitrogen followimg the reductiom of the nitrate
and this obvisted the need t0 introduce an initial positive gas
pressure into the culture.

With the bottle held in an inverted position samples were
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colleoted pericdically bWy imserting a sterile hypodermic nesdle
through the sterilised wad. The positive gas pressure easured
$hat air 444 mot leak back into the bottle during the prolomged
ingcubation. A fresh sterile necdle was used for esch ssmple and in
practice only am occasiomal culture had to be discarded decause of
contanination.

4. Counting Nethods.
e, Yisble counts. Counts were always completed within 1§
minates of the collectiom of the ssmple. The sample e diluted in

sterile aonil. saline and the viable cells were estimated by the
drop plate method of Niles and Misra (1938). The musber of colonies
per drop were oounted after 10 hour's incubatiom at 37°C. The 8.0, -
for twelve replicates was ususlly less tham 10%,

b, Zotal oounts. Dense suspensicas were diluted 1 in 10
in sterile ealine and the oells were enmbedded in & film of agar
(Williams, 1952). The dried agar film wae exsained under dark
ground illusination, using a Leits Ortholux mioroscope. A muled grid
was placed in the eyepiece and at lesst ten fields, containing a
sinimum of 100 orgenisms, wers counted. The 8.D. for the counts was
usually 20%.

c. Jurbidimeirio eptimations. The opacity of daoterial
suspensions was read with a Spekker photo-slectrio abdscrptiometer
using an Ilford ved filter Ho. 608 aad a 0.5 oa. quarts cell., The
prodable musber of bacteria per ml. was read from a previously
prepared standard curve for each organisa,

d. Dry weight estimations. A known volume of a distilled
vater suspension of cells was pipetted onto a weighed stainless stesl
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planchette whioh was then heated to 105°C. The dried planchette
wes cooled and izmediately re-weighed. The process was repested
until the preparation reached a constant weight,
S. pispd E, Eetimetions.

The PE of each sample was measured with a Jones ¥odel B meter.
E) estimations were made with a platinua electrode using the pH
seter as & millivoltaeter (Hewitt, 1950), The meter vas standardised
at + 0.434 volts (p8 7.0 and 20°%C.) agsinst 0.003M potassium
ferrooyanide and ferricyanide made up in 0.1l potassium chloride.
Ths apaerodic oulture was grown in a sealed 500 ml, Grignard flask
under an atmosphere of oxygen-free mitrogen.
6. YViscosi t t .

A standard Ostwald viscometer was placed vertically in a 37°
+ 0,1°C. waterbath. Ten ml. of culture medium were pipstted iato
the reserveir, and, after a five mimute equilibvdation period, the
tine taken for the liquid te pass through the capillary was neasured
in seconds. An aversge of three readings was made with an error of
0.5%. The ohange in viscosity over & 60 mimite period was determined
after adding ome ml, of a series of ensyme solutioms to nine al. of
culture medium. The enxymes used were: Y. choleree mucinase, One
al. (¥y courtesy of Dr. E. Prench of the Walter and Elisa Hall
Institute, Melbourne), psncreatic emsyme, 10mg.; Streplomyces albus
protolytic ensyas preparatiom, ons ml.) testicular hyaluronidase,
one mg.} ribonmuolesse, 5 pg.i and deoxyribonuclease, Sng. A
ocontrol containing one ml, of saline in place of the ensyme
preparation was also included.



7. Quantitative Analyses.

a. Nitrate -~ N was measured coloummetrically by the method

of Noll (1945) using a Spekker absorptiometer. A standard nitrate
curve was prepared and checked periodically.

b. Nitrite =~ H was measured colounmetrically by the dimethyl
o{_naphthylamine reagent described by Rider and Mellon (1946). A
standard curve was prepared against silver nitritewhich was checked
periodically.

¢. Total nitrogen was estimated by digestion in Micro-kjeldahl

flasks (Kabat and Meyer, 1948) followed by steam distillation in a
Markhea still into saturated boric acid and back titrated with
0.01l% N. hydrochloride acid. The method was accurate to within
five ug. of nitrogen. The apparatus was periodically checked
againet standard ammonia solution.
de. Protein was estimated by the Folin-Ciocalteau or the
Biuret reagent (Kabat and Meyer, 1948). 3tandard curves were
prepared using purified bovine albumin comntaining 15.54 total
nitrogen. The S.D. for six replicates of the standard was + two mg.s.
e. Carbohydrate. Glucose was determined by the Somogyi
(1945) method. Total carbohydrate estimations were routinely made
with the Anthrone reagent (Seifter, et.al.,1950) using a glucose
standard, The S.D. for three replicates was 1l ag. i« The total
reducing sugar estimations following the hydrolysis of the cell
wall with 2N. HC1 at 100°C. for two hours were made by the
ferricyanide method described by Kabat and Meyer (1948). The

error was usually less than five mg.%. A few eatimations were

made by the Dische and Fopper (1926) method, and also using



the Orcinol reagent (Kabat and Meyer, 1948).

f. Phosphorous estimations ware made by tﬁo Fiske and
Subbarow (1925) method described by Kabat and Meyer (1948). The
S.D. for four replicates was four mg.%. More reproducible
results for very samall samples were obtained by the method of
Cowgill and Pondee (1957)s A standard curve was prepared for’
each batch of samples tested.

g+ Nucleic acids. Cells were washed twice in distilled
water and made up to a known concentration in distilled water. The
cells were extracted in the cold with three per cent TCA to remove
any free nucleotides (Mitchell and Moyle, 1951)s The nucleotide
content of the extract was estimated from the absorbance at 260 my.
after removal of the TCA. The cells were washed twice in distilled
water before extraction of the intact nucleic acid by one of the
following methods.

(1) Schaidt=-Thautuhauser method. The pH of the
suspension was adjusted to 4o with glacial acetic acid and an
equal volume of absolute alcohol was added. The cells were
heated to 100°C. for two minutes to destroy any nucleases present.
The cooled cells were washed with five volumes of cold acid alecohol
(pH 4.0)s Free 1ipid was removed by two washes with absolute
aleohol, followed by one in 50% alcoholic-ether and finally with
one in pure ether. The cells were then allowed to air dry at
room teamperature,

The protein in the cells was dissolved by digestion in 0.3 N.
caustic potash at 37°c. for 18 hours (Schmidt aand Thannhauser,

1945; Davidson and Smellie, 1952). The pH was adjusted to 8.0
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with cold N. perchloric acid (Volkin amd Cohn, 1954) after which
the potassium chlorate was spun down and washed once. The DNA
was precipated with 50% alcohol after the pH had been adjusted
to 4.0 with acetic acid. The RNA remained in solution and was
concentrated by freeze drying. The DNA was extracted from the
precipitate with hot five per ceat TCA for 20 minutes and the
insoluble protein residue spun off. The TCA was removed by sther
extraction and the DNA concentrated by freese drying. The dry
powdered RNA and DNA were takenm up in 3.0 ml. of Qel N.HC1l aad
stored at - 20°C. The absorbance of the RNA was determined at
260 and 290 mp. and the DNA at 268 and 290 mp. with a Shimadsu
model GR =« 50 spectrophotometer. The nucleic acid coatent of
each solution was estimated by the method used by Cerotti (1955).
(2) Schneider method. The nucleic acids present
in the cell were extracted im six ml, of five per cent TCA at
100°C, for 20 minutes (Schneider, 1945, 1957). The cells were
spun off and washed with an equal volume of five per cent TCA.
The extract and washings were combined and made up to 12 =l.
The RNA was estimated colourmetrically by the method used by
Militzer (1946). A standard curve was coastructed using a
standard RNA solution whose absorbance at 260 mu. was checked
immediately before use. The DNA content of the extract was
determined by the Webd and Levy (1955) method against a standard
solution of thymus DNA. The absorbance of the standard solution
at 268 mpe was checked immediately before use. The nucleic acid
content of the culture medium was estimated in a similar manner.

The cell=free medium was adjusted to pH 4.0 with acetic acid,
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and an squal volume of absolute alcohol was added to precipitate
the nucleis acids. The precipitate was spuan down at 5000 r.p.me
for 15 minutes, washed twice with acid alcohol (pH 4.0) and after
defatting, the RNA and DNA content of the precipitate was
deternined as bdefore.

h. Determination of the base composition of RNA and DEA

from cells or medium.
(1) Hydrolysis. A sample containing approximately

one mg: of RNA or DNA was placed in a small test tube and frecse
dried. The nucleotides present were hydrolysed im 90% formic
acid in a bomd heated to 180°C. for 20 minutes (Wyatt, 1951
Bendich, 1957). The formic acid was removed im vacuo over solid
caustic potash, and the residue was taken up in 100 ml. of N. HCl.

(2) Paper chromatography. Whatman paper No.l was washed

in 50% methanol in N. HCl for three daysy then in water, 0O.1%
calcium acetate, water and 50% ethanol, each for one day (Ada,
19584 personal commuaication). Usually 30 ul. of the extract
were spotted onto the paper which was run at 37°Ce as an asceading
chromatogram in isopropanol - HCl (Wyatt, 1951} 1955)s After
seven hours the papers were dried at room temperature in a strean
of air. The spots were identified under ultra-violet light and
the chromatogram was printed onto Ilford Reflex Contact Documeat
50 paper. The aresson the chromatograzm corresponding to the
spots were carefully cut out and the bases eluted in three al, of
Oesdl No HCle Similar sised blank spots were removed as comtrols,
The absorbance of the eluates was deteramined over the range 220
to 290 mu. against a O.1 KN, EC1l blank (loriag, 1955) using a
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one cm, quartz cell in a Shimadsu spectrophotometer. The amount
of each base present was estimated from the absorbance (Bendich,
1957) and expressed as molar percentages. The error for the base
estimaticns for six replicates was eight per cent.

i, Gas analysis. The gas evolved from the anaerobic
culture was collected over mercury and the volume eorroctcd;to
S.T.i. The composition of the gas was determined with a Haldane
gas analysis apparatus which detected carbon dioxide, hydrogen,
methane, nitrous oxide and oxygen. The remsining inert gas was
assumed to be nitrogen. The weight of carboa dioxide present in
the sample was calculated. Carbon dioxide evolution by a vigourously
aerated culture was measured gravimetrically by absorption into a
known amount of noramsl caustic potash. Water vapour was first
removed in an alcchol-dry ice: trape

Jo Organic acids. Ps, seruginoss was grown anaerobically
in syathetic glucose medium and the cells were spun down. The
volatile orgamic acid coantent of the mdium was estimated by
titration of the steam distillate with O.Ul N. svdium hydroxide.
The non=volatile acids were absorbed onto acid washed celite,
from which they were extracted with freshly distilled ether
(Collins, 1960a). %he techniques ¢f column and ascending paper
chromatography used were those evolved by Ladd and Nossal (1954).
The acids were eluted from a silica gel coluan with a mixture of
n-amyl alcohol and tert-amyl alcohol in chloroforam saturated with
0,05 Ny sulphuric acid (Nossal, 19563 personal communication).
The effluent was cut into fractions by an automatio fraction

collector operating onm a time bazis. Vne minute fractions were
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colleoted for the first 150 mimites, $wo minute frsotioms for 100
aimutes and five minute fractions for the remaimder of the experiment.
Each frection was titrated with 0,001 N.sodium hydroxide, the titres
pletted against the ocorresponding fraction masber, and the amount of
acid represented by each peak calculated im ag.

8. lLethal Curves for Whole Cultures and Resting Cell Suspensions .

o. jddition of mitrate during growsh. [Ps. semmgimoss
was incculated into 0,5% nitrate droth and incudated anseredioslly at
57°C. Periodically samples were withdrawn for total aad viable counts
and quantitative nitrate estimstions. When the nitrate supply was
exhausted, it was returned o its initial level by the addition of
sterile 10% sodium nitrate. A caloulated volume of comcentrated
HCl was added to some oultures to correct the alkaline swing im the M
due %0 the destruction of the mitrate radicle. Excess nitregen gas was
also withdrawn from the bostle at intervals.

». 11 curves for Ps. seruginosa and S. b

guspensions.

The organisa was grown in 0.5% mitrate broth for 24 hours. The culture
was spun at 5000 r.p.m. for 20 mimutes and the cells wers washed twice
in sterile salime. The oells were suspended in distilled water, morsal
saline, 0,067 M, phosphate Wuffer (31 7.0), glucose dasal medium or digwst
broth at & final comcentration of sbout 10° cells per ml. The suspeasicns
were inocubated at 51°c. and viable counts were carried cut at 15 or 30
aizate intervals for two hours. 7The viable ocunts were plotied against
time,

o. Effect of aeration of she guspepsion, The washed oells
were suspended in 0,067 M. phosphate buffer (p 7.0) ot a fimal
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concentration of abous 109 cells per ml. The suspension was divided
into four aliquots whioh were treated as follows:-

(1) Shaken in air.

(2) Shaken in air in the presence of 0.5% sodium mitrate.

(3) Shaken under nitrogen.

(4) Shaken under mitrogen in the presence of 0.5% sodium nitrate.

Viable ocounts were carried out for a 72 hour periocd and the results
were plotted against Ume.

a. Effect of “staled" medium on vigbility. The cells from am
anasrobic 24 hour 0,5% nitrate broth culiure were spun down snd waghed
twice with sterile saline. The cells were divided into two halves,
one of which was suspended in fresh broth while the other was made up
in cell-free broth from a five day 0ld snserodic culture. Each
suspension was them divided into three aliquots which were treated
as follows:-

(1) "3tale™ broth shaken im air.

(2) "Stale" broth shakeam under nitrogen.

(3) "Stale" broth shakem under nitrogen with 0.5% sodium nitrate.

(4) "Fresh” droth ghaken ia air.

(%) "Fresh” broth shakem under nitrogen.

(6) "Fresh” broth shaken under aitrogen vith 0.5% sodium
nitrate., The viadle counts made over & 72 hour peried were plotted
against time.

9. lyeis of Ps. asxuginoss Cultures on 30114 Media.

Ps, seruginosa ¥.C.T.C. 6750 was inoculated onto the surface of
Ox01d4 digest agar, BBA, TSA and also CNT medium solidified with 2%

agar. Yor five days the growth was examimed for the formation of
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pigaent and for “"irridescent” (or metallic) plaques. S5imilar plates
ocontaining aitrate enriched agar wers imocubated anasrodically in
sealed paint tins for seven days, the ozygem in the tins being abaorved
with irom wool (Parker, 1935). The aerodic and anaerobic cultures were
coapared.

a. Attempts %o pro e a ue "irridescent"

' plagques.
Growth froa tke ceatre of & plaque was inoculated into digest droth
whioh was inoubated at )7°c. for 13 hours. Some of $his growth was then
inooulated into a sterile five ml. broth together with an equal volume
of one of the twelve other straiss of P3. seruginosa availsble (see.
seotion 1). A mizture coasaining all the sirains was also prepared.
After six hour's incubation, the oells were killed by heating to 56°C.
for 30 minutes and then removed by cemtrifugation. A loopful of each
clear bdroth sample was carefully spotted onto a separate plate
inoculated with one of the twelve strains of Ps. seruginogs. A4fter
18 hour's incubation the growth was examined for lytic areas.

b, Isolation of & -plague producing mutant of Ps. a 0
H,0,T.C, 6750. The organism was firat "tagged” with 3treptomycin
resistance, (see section "9c"), and a single colony was picked off into
digest broth. Imcubation of the broth culture was oontimaed at 37°C.
for threa days before the organisa was transferred to a fresh culture.
Atﬁr six such transfers the organisz failed $0 produce any greean
pigmeat or "irridescent” plaques even after three days incubatioa on
T34, Attempts %0 cause the mitant to revert $o the wild type by ultra-
vioclet radiation were uniforaly unsuzcessflil, For thias test adout 10,

ocells were spread over a T3A plate vhich was them exposed to ultra-
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violet irrediatioa from a Sterilamp (Oliphant Industries,

Adelaide) at a distance of 10 om. for 10 mimutes. The plate was
imoubated in the dark for 24 hours at 37°C. The musber of survivers
varied between 20 and 200, and up to 20 of these wers pioksd off oamto
TSA and examined for "irridescent” plagues.

o. Antidiotic resistest mitants were cbtainsd by growing
the organiem on a gradient TSA plate containing the following
quantities of drugs:- pemoillin G, 2000 units per ml.; streptomyoin,
500 pge por al.y chloramphemicol, 500 pg. per ml,} tetracycline,
$00 pge yor ml. Ineoculation was made across the gradient and the
nost resistant colonies were selected after 24 to 48 hour's imcubatioa
at 37°C. The amtiviotio resistance of the culture was determined by
tude titration bdefore and after the treatment.

10. ut ie of Liquid Ps. Cultures.
s, Comgentretion of the essyme. Ps. serugipogs N.C.T.C. 6730

was grown in 0.5% nitrate droth uader serobic or amaerobis conditions
for five to eight days. The ocells were centtifuged at 5000 r.p.n.
for 30 mimtes and discarded. The pH of the msedium was adjusted %o
7.0 with ecetic soid and the medium ohilled te 0°C. 301id ammomius
sulphate was slowly stirred iate the medium until 50% saturation was
reached. The preparation was sllewed to stand at 4°C. for 30 mimutes
after wvhich the precipitate was spun down in a ¥i,.S.E, refrigerated
centrifuge at 3000 r.p.a. The sddition of more ammonium sulphate
precipitated more pretein which had very little lytie seotivity.

The 505 eaturation precipitate was washed once in 50% aquecus ammonium
sulphate and dissolved in cold 0.033 M. phosphate Buffer \(ﬂ 7.0).

The solution was dislysed in the cold against 0,033 M. phosphate
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buffor (pd 7.C) until tae dialysate o longer oontaimed free
sumonia., The dialysute was centifruged at $000 Topome in the cold
for 10 ainutes and the deposit discarded. Ducleic acid was removed
by troatment with proiamine wulphate (Korkes, et.al., 1950). The
enzyus was re-precipitated with 50% ammonium sulphate followed by
8islysie. After spimning at 5000 v.p.u, for 30 minmutes the olear
supernatent fluid was diluted with 0.033 K. phosphate buffer
(pE 7.0) until the solution comtained thres to five ng. of protein
por ml. The final yleld was equivalent to 30 %o %0 ug. of protein
per litre of origivel culture. The preparation was stored at - 20%,
until required. :

b, Llysis of resting cell Suspensions. Fs. aeruginosa
N.L.T.C. 6750 was gromn aerobically or amaercbically ia 0.5% nitrate
vroth at 57°C. for 16 hours. Tha celle were spun down and washed
twice with salize at room teuperature. The cells were re-suspended
i eterile C.067 . phosphate buffer (pi 7.0) and standardieed
photoumeirically to a final comcentrasion of 1010 cells per mi,
Five al. of this suspension ware pipetted into 6" x 3" test tubes
placed in a 45°C. water bath. The enzyas prevaration wrs added so
that a final concentration of two mg. protein per al, was present.
h contrel im whioh the euxyme preparation was replaced by buffer was
&lwaye inoluded, along with & tube oontaining boiled ensyas. The total
volume was made up to 10 al. with buffer. The change in opacity was
gecordod with & Spekker photo-electric absorptiometer using a red
filter No.608. Viable counis were carricd out at 30 minute intervals
up t0 240 minutes. The opucily espresvad as Log. (I0/1) wae plotted

against tims while the viable population was expressed as & peroentage



of the initial wvalue.

0. of Ps sa ue-strain) cell wall
2 _the orude ensyme conoentrete. The cell walls(vide section 11)

were prepared from 24 hour cells grown anaerobdically in CNT medium,
Two hundred ag. 4ry weight of cell walls were suspended in five ml.
of cold 0.067 M, Tris (hydroxy methyl) amino methane Buffer (pH 7.0)
in each of thres 6" x 5/8" test tubes. The first tube was used
as & control and was made up to & final volume of 10 ml, with buffer.
The seoond tube received three ml. of orude ensyme concemtrate (three
ag. of protein per ml.) while the third tube oonteined a similar
amount of boiled ensyme. Im each tube the final volume was made up
to 10ml, with Wuffer, and the three tubes were imcubated at 45°C. for
20 hours. The opacity of the three tudes was determined photometrically
both before and after incudbation. The adsence of contaminating dacteria
in the cell wall suspensions was confirmed by examining Gras stained
smears of the three preparations. The cell walls were centrifuged at
20,000 g, for 30 mimutes im a Spinco Model b ultra-centrifuge, after
whioh they were washed omoe with oold 0,067 M. Trie Wwuffer (pE 7.0),
ro~suspended in 10 pl. of o00ld distilled water and then siored at -
20°0. until required. The chemical composition of the thres
preparations was deternined dy the methods later descrided in sections
12 a,b,0, and &,

d. Lysi cel v 8.
The cells were grewn and harvested as desorided in Sectioa "10 b»,"
The suspensien was standardised o 1:1010 cells per ml, ‘n_u Tris
buffer and versene concentrations were those recommended Y2y Repaske

(195€) and a final volume of four ml, was employed. The decrease in
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opacity was read with a Spekker photo-electric absorptimeter
using a red filter FHo. 608. Controls containing cells or cells
plus verseme only were included: The tests were read at rooa
temperature over a period of six minutes and the decrease in
turbidity [;og. (Io/{i] plotted against time.

e. Lysis 0‘-". lysodeikticus., The organisa was grown

in digest broth at 28°C. for 72 hours. The cells were washed

twice and standardised by opacity to 1010

cells per ml. The
reaction mixture contained 1 ml. of cells, one ml, of ensyme
preparation (three mg. protein per ml.) or lysosyme (50 pge)
and two ml. of 0,067 M« Tris buffer (pH 8.0). The change ia
opacity [Log. (Io/Iﬂwu plotted against time.

f. "Protoplast" formmtion. Ps. aeruginosa (N.U.T.C,
6750) was grown aerobically in digest broth at 3700. for 18 hours.
The cells were washed twice with sterile saline and re-suspeanded
in 20% sucrose broth. '"Protoplasts' were prepared by the additioa
of 0.5 M. glycine (Weibdbull, 1953) or lysosyme (Mahler and Fraser,
1956). Both the glycine and the lysosyme treatments brought about
an almost 100% comversion of the cells into swollen, osmotically

fragile forms. The "protoplasts" were mixed with an equal

volume of Pa. aeruginosa autolysin made up in 10% sucrose broth

and the mixture incubated at 3700. Periodic samples were examined
under phase contrast, and the change in turbidity was followed
photometrically. A control, to which sucrose broth was added

in place of the autolysin was also exasined.

€+ Activity of the ensyme preparation for known substrates.

(1) Mucinase. An entyme preparation containing three
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nge protein per ml. was tested against purified ovomuwoia by the
method of Buranet (1948) using am ovomucia and an enzyme preparation
control. The end titre was expressed as the highest dilution of
the encyme pro?nration which was nb;o to completely hydrolyse the
ovomucin in 60 mimutes at 37°C.

(2) Proteinase. A solutiom of egg albumin (four mg. per
ml.) was made up in 0,067 M+ phosphate buffer (pH 7.0). An equal
volume of ensyme preparation (one mg. protein per ml.) was added
to the firet tube and two fold dilutions were them added to the
subsequent tubes. A protein and a boiled enzyme control were
included. After 60 minute's incubation at 37°C. an equal volume
of three per cent sulphosalacylic acid was added, and the pre-
cipitated proteia was spun off and estimated by the Folin-
Ciocalteau method. A trypsin control was always ineluced.

(3) Nucleases. Estimations of RkNase and DNase activity
of the ensyme concentrate were made by the method of MeCarty
(1948), using a two mg. per ceat solution of RNA or DNA. After .
30 and 60 minute's incudation a one ml. sample was added to one
ml., of N, HCl and the optical density of the precipitate was read
at 425 mp. with a Shimadsu QR-50 spectrophotometer. Nucleio
acid and boiled ensyme controls were included, together with
RNase and DNase controls, (the nuclease preparations by courtesy
of Mr. G,L. Ada, Walter and Eliza Eall Institute, Melbourne.)

4. Esterases.

(a) Acetyl cholinesterase. Two ml. of ensyme
preparation were mixed with an equal volume of saline coamtaining

0,004 mcetyl choline and 0.04 magnesium ¢hloride (Nachmansohn
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and Wilsom, (1955). The mixture was incubated at 37%C. for four
hours in the presence of a few drops of phenol red,
(v) Phospholipase.

i, Growing cultures. A medium containiang 0.2%
ammoniua sulphate, inorganic salte and 1.8% washed agar was
melted aniheld at 45°C. Twenty per ceat of inactivated human
serun (heated at 56°C. for 30 minutes) was added aseptically aad
the agar poured into a sterile Petrie dish. The plate was dried
at 37°Cs for 20 minutes and imoculated from 18 hour agar slope
cultures of Ps. seruginosa (plaque and plaque-free straims).
The plates were incubated at 37°C. for 48 hours smd examimed
for a white ring of precipitated fatty acid in the agar.

ii. Tube titration of the enzysme preparation.
One al. of ensyme preparation was mixed with 0.5 ml. of inactivated
humap serum and the volume made up to two ml. with 0.033 M.
phosphate buffer (pH 8.0). The test, together with a heated ensyme
control were them incubated at 37°C. for 120 minutes. The
preparations were neutralised to pH 7.0 and the iamtact lethicin
precipitated with cold three per cemt perchloric acid. The lethicia
content was determined by the method of Hayaishi and Koraberg (1954 )
11, Preparation of Cell Walls of Ps, seruginosa and S. bethesda.

The cells were suspended in cold distilled water at a

concentration of 20 to 30 mg. dry weight per ml. The cells were
then exposed to sonic disintegration in a Raytheon somic disintegrator
with an output of 50 W. at nine Kc. After 15 minutes treatment the

opacity of the suspensios decreased by 70 to 80%s The cells were
kept at 0°Ce in an ice bath throughout the treatment. The whole
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cells were spum down at 3000 re.pe.m, for 10 minutes, and the cell
wall separated from the imtracellular contents by ceatrifugation
at 20,000 gs for 30 minutes in a Spinco Model L ultra-centrifuge.
The cell walls were then washed three times with cold 0.067 M.
Tris buffer (pH 7.0)s The button of cell wall material was
carefully emulsified iz cold buffer, leaving the saall pellet of
denser whole cells undisturbed. The washed cell walls stood
overaight at 4°c, and were then spun at 3000 r.p.m. for 10 minutes
to remove any remaining whole cells. (Munos, ete,al., 1959). The
cell walls were concentrated at 20,000 ge for 30 minutes and
suspension was freeze dried, weighked and stored in vacuo at room
temperature. After shadowing with palladium, electron micrographs
of the cell wall preparations were examined with a Philips model
E«M. 1C0 electron microscope at a magnification of 10,000 diameters.
12, Analysis of the Cell Wwalls.

a. Amino acids, 1Iwenty five mg. dry weight of cell walls
were hydrolysed im 6N.HC1 at 100°C. for 16 hours (Saltom, 1953b).
The humin-free residue was dissolved in 200 pl. of diatilled water.
Two dimentional chromatograms were them rum on Whatman No.l paper.
Twenty pl. of the unknown were spotted on the paper and run, first
in 80% phemol, and then in a mixture of butanol-water-acetic acid
(43411)e The papers were dried at room temperasure and sprayed
with O.2% ninhydrin. The colour was allowed to develop over 24
hours at room temperature. The spots were cut out carefully and
eluted with distilled water, and the amount of amino acid ia each
was estimated by comparison with the colour obtained with standard

spots of known amino acide developed under identical conditions.
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The error varied with the degree of separatioa of the spots dut was
usually less than 15%.

b, Sugars. PForty mg. dry weight of cell wall were hydrolysed

with 2 N, sulphuric aodd at 100°C. for two hours (Salten, 1953%).

The nsutral residue was dried over Pz O5 before being dissolved in

200 pl. of distilled water. Thirty ul. saxples were then spotted oato

Whatzan No.l papers. 3Single dimentional desoending chromatogreams

were run in ethyl acetate-acetic acid-water (513:1) for 16 hours. The

dried papers were sprayed with silver nitrate-ammonia or aniline

phthalate developers. Hexosanines were deteoted by sprayimg with

acetyl acetone and p-dimethyl amino bemsaldshyde (Cramer, 1954). The

spots from the phthalate sprayed paper were carefully cus cut amd

eluted im six ml. of glacial acetic aoid for 24 hours. The sugar

oontent of the hydrolysates were estimated by the method of Baar (1954).
¢. Hexosamine estimations. Twenty to forty mg. of ocell

wall were hydrolysed im 2 N, sulphuric acid at 100°C. for two hours.

The solution was neutralised to pH 4.5 with N, sodium hydroxide. The

estimation wes made by a modification of the Elson and Morgan (1933)

resotion using M. carbonate Wffer (pH 10.0) as the solvent for the

acetyl acetone (Strange and Kent, 1959). The developed colour was

read at 540 m. vith & Shimadsu model QR-50 spectrophotometer agsinst

s freshly prepared glucosamine standard. The error for four repliocates

was usually less than four per ceat.

d. Myramic scid egtimetion. Muramic acid was separated from
other sugars and glucosamine by elution from a Dowex "50" columm
aocording to the method of Strange and Xemt (1959). Each three ml,
fraction was carefully msutralised to pH 4.5 end exanined for hexosasine
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by the modified Elson and Morgan reactioa.

e. The O-acetyl content of the cell walls was determined by
the method of Hestrin (1949) using scetyl choline as a standard. '
The error was usually less than tm por cent.

f. Lipopolyssocharide, This was extracted from the cell
wall by the phenol/water psrtition method desoriied by Westphal,
3.8,y (1952). The lipolysaccharide in the agueous phase was
precipitated overnight with alcohol at 4°C. The precipitated
lipepolysacobaride was spun down at 5000 r.p.m. for 20 minutes in &
M.8.F. refrigerated centrifuge, dissolved in o00ld distilled water,
and them oemtrifuged at 78,000 g. for 120 mimutes. The pellet was
‘then dissolved in water and the centrifugation repeated. Seaple of
sach fraotion obtained during the partiticn were retained for chemical
analysis. The phenol layer and the phenolresidue were dislysed in
distilled water until the smell of phemol could mo longer bde detected.
Determination of dry weight, as well as of total nitrogen, total
protein and total carbohydrate were carried out on the various
fractions,

13. Preparayion of Amtisers.

Each organism was checked fTor saoothaess after one ul, of o
dease salize suspension had been injected intraperitionsally iamso
white mice for six consecutive days. When tested with 0,002 M.
Trypaflavine, the $. bethesds suspension was ocompletely stable bus
the Es, seruginoss suspeasions were only partially so. (Plate 1).
Furiber mouse passages of the Ps. esruginoss plaque strain were
not attenpted, as previous efforts to smeoth the strain by prolonged
animal passage resulted in the seleotion of a plaque-free strain,
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"0" vaccines of the three strains were prepared by steaning demse
saline suspensions for 150 mimutes, (Ksuffmann, 1954). Sterility
tests carried out on the vacoines were negative after three days
incubation at )7°c. The vaccines were stored at 4°C. until required.,
The injection programme was carzied out as recommended by Xsuffmann
(1954) for '0' antisera. The sers were stored at 4°C. after 0.1%
merthiolate had bdeen added as & preservative,
14. tion of "O" ) iong.

Ps, ssruginces (plaque or plagque-free strain) or S, beshesds
was inoculated into CNT medium and imcubated amaerobically at 37°C.
Sanples were withirawn daily for eight days. The cells were spum
down, washed twice with saline and mads up in 10 ml, of saline.
An equal volume of absolute alcohol was added and the suspension was
_ ineubated at 37°C. for 18 hours, After standardisstion the suspension
was stored at 4°C. (Ksuffmann, 1954).

The suspensions were diluted to 107 cells per ml. in 0,9%, 0.6%,
0.3% and 0.1% saline. Each suspension was inmcubdated at 37°C. for
four hours, stored at 4°C. overnight (Mackie and MoCartmey, 1950)
and exanided for auto-agglutimation. The 0,3% saline was found %o
stabilise the Pg, aeruginoga suspensions sufficiently to enadle
agglutination tests to be carried out. The serum was diluted from
1/10 to 1/5120 ia 0.3% saline and an egual volume of cells (10’ per nl.)
added. The end titre was detersined after four hours at 37°C. and
checked again after 18 hours at 4°c.

This completes the survey of the methods used in the experimental
sections, and the results of these tests will nov be considered.
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SHAPTER JV.
METABOLIC CHANGES ASSOCIATED WITH ACEING: GROWTH AND DEATH IN LIQUID
QULTURES .

Pa, seruginosa is a strictly aerodic Gram negative rod-shaped
bacillus, As a group, the Pseudomomads are well kmown for their
netabolic versatility and have besn used in a variety of biocheamical
studies. The organisams have the further advantage that they are
nutritionally non-exacting and grow well on simple aerated oculture
media, giving high yields of cells. Ps. seruginoss is also able to
reduce nitrate to aitrogen gas by means of adaptive enszymes. However
the ability of this organism $0 produce these adaptive denitrifying
enzymes varies as the cells pass through the growth cycle (Collinms,
1960b). As part of this study, a mumber of experiments were carried
out t0 deterzine the fate of the enzyme "nitrate reductase” as the
adapted cells were permitted to age in the adsence of the specific
substrate. The exact details of these experiments are outside the
scope of this present thesis bBut they resulted in the finding that all
denitrifying activity ceased withim 24 hours of the removal of the
substrate. The ageing suspensions darkened in colour, developed an
offensive odour abd frequemtly Became highly mucoid or ropey. Viable
counts oarried cut on the suspensions showed s 90 to 10074 mortality
over this period. On the other hand, the total couats usually only
revealed a decreass if incudation was contimued for a further 24 hours.
The behaviour of the Ps,. seruginops suspensions was in sharp comtrast
with several other Gran negative bacilli being currently examined.

At the time of commencing the present study very little information

was available on the behavicur of asrobic bacteria held usder
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anserobic conditions. Thus, the small number of detailed studies

concerning the decline and death of ageing bacterial cultures was one
of the original stimuli for the present study. Ps. seruginmosa aad
S. bethesda were selected as the test organisms because they seemed
to represent two extremes in their sensitivity to death and subsequeat
cell lysis as the cultures aged. Consideration will be given to some
of the cultural and metabolic changes associated with the ageing of
Ps, seruginosa and S, bethesda cultures im Chapters IV, V and VI while
the studies of the cheaical composition of the ageing cells will be
detailed in Chapters VII, VIII and IX of this thesis.

1. Growth and Death of Pa. aeruginosa.

The effects of variation of the eultural and enviroamental
conditions on the growth and viability of the cells was first dctcrm:li
The experimeats were conducted in complex media im which nutritiomal
factors were unlikely to be growth limiting. Later, these folﬂlts
were compared with growth oxpori-pnt- in chemically defined media.

a. Complex medium (0s5% sodium mitrate broth).

(1) Aerobic culture. Pse. seruginosa grew vigourously
in nitrate broth and one of the typical growth curves obtained with
this medium was recorded in Fig.l. The two hour lag phase was followed
by logarithmic growth (M.d.T. of 30 alnutes) which continued uatil a

maxisum population of 2 x 1010

cells per ml. was preseant. The
stationary phase lasted for 20 hours, after which a gradual decline
in the viable population occurred uatil only 10% of the maximum could
be detected (192 hours). Over the same period, the total populatioa

decreased by 25%.



Fige 1¢ The Sotal amd viable populations im aerobic
%m(phqn straia) cultures growa iz the
e . .

X X Viable cell counts.
o—o Total eell céumts.

Fig. 2. The t.otn]. and viable populations ia anaerobic
Ps, n%og (plaque straia) culSures grown ia
the complex medium. '

A ==X viable ce1l counts (mitrate broth).
® ——@ Total cell counte (mitrate broth).
4+ ——- Viable cell counts (digest broth).
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2. Anserobio oulture. Fhem the air over the culture

was replaced with cyliander nitrogen, a sisilar type of growth curve was
recorded until the end of the logarithmic phase (Fig. 2). The two
hour lag phase was followed by logarithmio growth (M.3.?. of 31 mimutes)
vhich contimied unsil a maxisam population of 5.0 x 10’ oells per ml.
was recorded. The viable population remained stationary for only eight
hours after which a rapid, logarithmic decrease was observed, and aﬁoi
3€ hours the viadble population was less than 0.1% ¢f the origimal
saximn., The total count declined at a slower rate, Yut after 192 hours
only 20£ of the maximum population was still imtact. The decrease in
total ocells appeared to de roughly logarithamio., HNeither the viadle
nor the tetal count fell to sero, even whem incubation was coatimued
for several weeks. All the nitrate was removed from the medium Wy 14
hours. The pH of the medium rose froa 7.4 t0 8,4 bdecause of the release
of sodium hydroxide as the mitrate radicle was destroyed.

Growth of Ps, seruginoss in aitrate-free digest droth under

serobic conditions gave an identical curve t0 that recorded im Pig. 1.
On the other hand, less tham four cell divisions occurred whea

I8, seruginoss wes grown in the absence of nitrate and oxygen (Pig, 2).
The length of the lag and the logarithmic growth phases was largely
independeat of the hydrogea acceptor. However, oconsideradle variasions
in viability were observed during the late stationary amd decline phases.
puring the late declime phase, the viable population fluctuated between
10 and 10° cells (Pig. 2). These varsatioms could still be observed
after 12 months contimuous incubation under anasrodic comditions, and
were thought t0 e a manifestation of the “cannabalisa” phenomencn

whioch has been descrided by esrlier workers (Steimhsus and Birkelamd,
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1939)s The small number of resistaat cells prodbably utilised various
breakdowa products released by the lysis of the dead cells as alternative
hydrogen acceptors to oxygen, and were thus able to demastrate a
limited growth. The possibility that the temporary increases in the
viable population were due to an accideatal introduction of air into
the bottle during sampling, could be discounted, as a high positive
nitrogen gas pressure was preseat throughout the experiment.
The rapid death of Ps. aeruginosa cells was duplicated many times,
and appeared to be associated with the continued anaerobic incubatiom
of the old mitrate broth oultures. The growth experiments were repeated
using & defined medium (referred to as CNT sediun) and also a basal
glucose medium to deteraine whether the nutritional complexity of the
sedium had a eignificant influence om the rate of growth or death of
the Ps, seruginosa cells. The results of these tests were compared with
those recorded above for nitrate broth. |
b Defined modia.
(1) CNT medium (vide Chapter III)

a, Aercbic culture. The growth curve ia this medium
was recorded in Fig. 3 and it will be observed that in all important
details it closely resembles the nitrate broth curve.

b. Anaerobic culture. The lag and logarithmlc
phases were very aimilar to those of the mitrate broth cultures. During
the logarithmic phase the cells recorded a M.G.T. of 46 minutes, the
slower growth resulting in a longer logarithmic phase (12 to 14 hours)
which ended when the viable population reached 3.0 x 109 cells per ml.
(Fig.4). The stationary phase lasted until 90 hours, after which
the viable population weat into a sharp decline, so0 that by 130 hours



Fige 3¢« The total and viable populatiocas iz aesrodis
M(phqu straia) oultures grown ia the

X X viable cell coumts.
@ — @ Total cell ciwmts.

Tig. &. The total and viable populations ia amaerobic
" (plague strain) cultures growa ia
nediun,

X=X yiable cell comnts.
oe—@© Total cell counts.
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less than 0.0004% of the origimal population was still viable. The
curve eveatually flattemed out and resained constant at 10“ cells per
al, until the completiom of the qipaimt. During the decline phase
the total count decreased slowly uamtil by 192 hours, oaly 14% of the
cells were still intact. The slower growih rete of the Ps. asrugimoss
cells in the defined medium, combinsd with the smaller saximum population
compared with the mitrate broth cultures, was puralleled by & slower
rate of nitrate utilisatioa. Exhaustion of the mitrate supply di4d not
occcur until after 72 hours incubation, which explained the late viable
decline by this culture. The pE of the medium rose to 5.6 withia 60
hours, and the strongly alkaline reaction may have beea responsible
for the slow decline in viadle numbers between 40 and 90 hours.

(2) Glucose = nitrate mediuam.

.ae Asrobic cultures rapidly accumulated extensive
amounts of organic acid which resulted in autosterilisatioa of the
culture (Fige. 5)¢ Further experiments with asrated cultures in this
medium were therefore abandomed.

be Anmercbic culture. The lag phase lasted for
five hours, during which time the viable population desreased almoest
29 fold (Figs 5). The sddition of 0.1% ammoniua sulphate to the aedium
shortened the lag by two hours, dut had mo effect om the later phases.
The logarithaic phase (M,3.T. of 105 minutes) continued uatil 2.4 x 10?
viable cells per al. were preseat. The viable count remained stationary
for more than 80 hours before it went into a declime so that less than
10% of the cella were stil) viable by 192 hours. The nitrate supply
was utilised very slowly, and exhaustion did not oocur until after 120

hours of incubation. The total counts decreased slowly, so that 42%



Tig:s 5¢ The viable pepulations ia (plaque
strain) eultures growa wader aero anaerobie
conditions ia a synthetic glucose-aitrate mediua.

T=——% viadle sell comnts in the acrodie sulture.
X —— X Viable cell ciunts ia amaerodic culture.
@ —¢@ 7Total cell comnt ia amaerobis culture,

Pige 6« The total and viabdle populations ia Ps,
(plaque=free strain) cultures growam mﬁﬁ% ia
the complex mediuam.

X- X viable cell counts.
@ — @ Total cell counts.
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of the maximum population was still preseat at 192 hours.

Thus alteration of the mutritional complexity of the mediuwm
412 not greatly affect the grovth curves. The duratica of the
stationary snd decline phases, however, varied comsideredly,
depending on the presence or the adbesnce of air or mitrate from the
oulture, Attenpts were made to detersine vhether other stirsins of
2o seruginosp also exhidited o similsr rapid decline in viebility
in anserobic culture. Tests on & mumber of soil ctraims of
2, seruginese availadle in this laboratory, oonfirmed the lethal
effect of anasrobic imcubatien. Nowever, strein ThS did met show
any corresponding deoclinme in total mumbders oompared with the other
strains, The resistance %o lysis seened %0 Ve sasocciated with the
adesnce of ths "irridescent” lytic phenomenon Observed in many strains
of Ps, ssyuginoss (vide Chapter VI.). Several maturally ccourring
plaque=free streins of Ps, ssruginoss were svailable im the labderatory
and also & mutant strein of the N,C.T.0. 6750. The growth curves of
these organisns were found to de very similar to each ether, and the
results ebtained with the plaque-free mutant of Ps, seruginess ¥.C.T.C.
6750 were typioal of the growth of the lysis resistaat streins,

2. Grewth apd Death of Ps, serugimogs (plaque-free strein).
s, Complex medium. The lag and legarithmio growth phases of
this organiem growa under serobic and anserobic conditiens were almost
1dentical to those of the parent strain. The amaerodic decolime ia
viable nuabers ocourred some 16 hours after the exhaustion of the
nitrate supply (Pig. 6), the curve flattening out when the viadle
population hed decreased to abtous 0,05% of the maxima, HNowever,

the total count deoreased very slowly, so that by 192 hours more



- 65 =
than 70% of the cells were still intacs.

b. ' Defined medium. The growth curve for the amaserobically growa
rutant strain in CNT medium was similar to that of the pareat straia
until the end of the logarithmic }ha-o (Figs 7)¢ The rate of aitrate
utilisation was slower than with the jareat strain, so Shat the aitrate
supply was not exhausted until 140 hours (c.f. 70 to 80 houra for
the parent culture) and this was apparently responsible fer the very
late onset of the declime phase (168 houra). The viable population
at 192 hours still represeanted 10% of the maximum. Sisilerly the
total population remsined very high and at least 90% of the cells
were still intact after 192 hour's iacubation, No definte reason
could be given for the slower nitrate utilisation by the mutant in
the defined medium, since the rate of growth and the maximum population
of both organisms in the amaerobic l.‘illr'll almost identical.

The growth curves for the two Ps. aeruginoss strains described
above made it clear that most of the Ps. asrugimosa cells could n&t
survive for more thanm 24 hours in the complete absence of air or
aitrate. Bowever, as they aged some strains of Ps. asrugincsa were
not as exteasively autolysed as others, and this phenomenon did not
appear to bear much relatioaship to the death rate.

These results were then compared with those of a similar series of
experiments comducted with another Gram negative erganisa, to determine
whether the observed death of the anaerobically incubated cells was
peculiar to the Ps. aeruginosa strains, or whether this was in fact a
more general phenomenon. Preliminary experiments with anasrobically
incubated cultures of Alk. fascalis, A. serogenes, E. ¢

S, bethesda and Pr. vulgaris failed to demomstrate the rapid decline



Fig. 7+ The total aad viable populations ia Ps. ae ]
(plague=free straia) cultures growa amasre
in the defined medium.

X X Viable cell gouats.
®e—© Total eell counts,

Fig. 8, The total and viable populatioss in s_._&m
© ocultures grown under aerobic amd anaerobic

conditions in the complex mediuam,

X—— X vViable cell counts (aarobic medium).
@®——@ Total cell counts (aerobic medium).
O— @ Viadble cell counts (amaerodic medium).
A—A Total cell counts (anaerobic mediua).
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in viability or in the total counts as the cultures aged. This
suggested that Ps, aer osa was uausual, bdboth with respect to the
early and rapid decline in viability and in the extensive autolysis
of the dead cells. S. bethesda strain Ma Il.was selected for more
detailed experiments; since this orgamnism appeared to contrast amcet
sharply with Ps. aeruginosa. The aerobic and anaerodbic growth curves
for S. bethesda both in complex and in defined media, will now be
conaidered.
3¢ Growth and Death of S, bethesda Ma II.

a. Complex medium (0.5% mitrate broth).

(1) Aerobic culture. Logarithmic growth (M.3.T. of 22
minutes) followed a lag of 90 minutes until a maximum population of
12,0 x 107 viable cells per ml: was recorded (Fig. 8)s The viadble
population then decreased gradually, so that by 192 hours 66% of the
cells were dead, The total population did not change appreciadly
throughout the experiment.

(2) Anaerodic culture. The viability of the inoculua
decreassd by 45% during the 90 minutes lag period. The logarithaic
phase (M.G.T, of 27 minutes) thea continued until a maximum viable

population of 708 x 106

cella per ml. was recorded (Fig. 8). The
viable population decreased gradually so that by 192 hours the figure
was still 27%. The total poyﬂlntibn remained at adbout 2.6 x 109 cells
per ml, throughout the experimeat, and by 192 hours more than 80%
of the cells were still intact.
be Defined medium incubated under anaerobic conditions.
(1) CNT medium. The growth of S. bethesda cclls followed a

four hour lag period, during which time the viadle population decreased
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by 20%, Logarithmic growth (M.3.T. of 45 mimutes) contiaued until a
maximum population of 680 x 106 cells per al. was present (Fig. 9).
The stationary phase iautod for 60 hours after which the culture went
into a very gradual decline, so that by 192 hours, 20% of the cells
were still viable. The total count resained high throughout the
experiment (1.9 x 10? cells per ml, at 20 hours) and more than 60%
of the cells were still intact at 192 hours.

c. Glucose-nitrate medium incubated under anaerobic conditions,.

Inoculation of S. bethesda intoc this medium was followed by a four

hour lag, during which time the viable count decreased by 40%. The
logarithmic growth (M.G.T. of 110 minutes) continued until a maximum
population of 325 x 106 cells per ml. was observed (Eig. 10). The
stationary phase continued for 48 hours, whea the culture wemt into
a gradual decline until 192 hours, whea the viable and total population
represented 40% and 75% of their respective maxima. |
Thus the aerobic and anaerobic growth of the three organisms in
the various media behaved in a predictable manner until the active
growth phase ended. As expected, the presence of air did nmot appear
to affect the length of the lag phase or the M.G.T. significantly, but
it 4id result in a tenfold increase ia the fimal yield of cells as
compared with that of the anasrobic cultures. Ingeneral, the early
growth of the two organisms under aerobic and anaerobic coanditions was
more remarkable for the sizilarities rather than for the differences
that could be detacted. The sudden decrease in the viable numbers in

the anaerobic Ps., seruginosa cultures seemed to be related to

exhaustion of the mitrate supply, although the rapid and extensive

elkaline pH swing may also have been involved, A second difference



Fig. 9. The total aad viable pepulations ia . bethesda
cultures growa sassrodieally Am the defined medium.

X—— X viable sell ecuats.
@ — @ Total cell counts,

Fig. 10. The total and viable populatioas im 3. aothiggg
cultures growa amaerobically ia the syanthetis
glucese-nitrate medium.

X——X viable cell counts.
®o—o@ Total cell counts.
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between the strains was the absemce of extemsive lysis dy the ageiag
8. bethesda cells: There were mo obvious eaviroameatal factors which
could have been responsible for the observed extensive cell lysis ia
the aerobic and anaerobic cultures of Pes. aerugiscsa since siailar
conditions appeared to ocour im the corresponding suspeamsions of
S. _bethesda, which, however, remained iatact. The rapid death of
most of the cells, fo;lowod by lyeis appeared to de a property of
the Pseudomenas cells themselves and further experiments were carried
out to determine the resscas for the obasrved differences betweea the
two organigms. The results of these experiments will be ® msidered

ia Chapters V amd VI.
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CHAPTER V.

METABOLIC CHANGES ASSOCIATED WITH AGEING: LETHAL FACTORS FOR

PS. AERUGINOSA CELLS.

The vinbiiity curves recorded im the last chapter indicated
that, although the ageing Ps. aeruginosa cultures went into a decline
irrespective of the environmental conditions, continuous incubation
under strictly anaerobic conditions produced an unusually rapid
mortality. The lower mortality rate in the aerobic cultures may have
been due to the continued growth of the survivors, resulting in aa
apparently higher survival rate by the ageing cells. On the other
hand, the anmaercocbically incubated cultures were unable to continue
multiplication in the absence of the nitrate ions, and so the decline
was probably a truer estimate of the mortality of the ageing cells
of this organism. The extremely rapid decrease in viability observed
in these cultures appeared to follow the exhaustioam of the mitrate
supply, but this may not have been a true cause and effect, as many
other factors could equally well have been involved. Experimeats to
elucidate some of these points were conducted with growing cultures

and with resting cell suspensions of Ps. aeruginosa using S. bethesda

as a control.

1, Experiments with Growing Cultures.

(a) The effect of nitrate on viability.
(1) Continued addition of nitrate. When grown in 0.5%

nitrate broth, Ps. aeruginosa cultures usually destroyed the nitrate

within 14 hours. Viable counts carried out on nitrate enriched
cultures showed that the population rose to a maximum of 20 x 109 cells

per ml. and then slowly declined so that by 192 hours only 10% of the



TAPLE 1.

Total cell ocunts done on anaerobically incubdbated cultures of Ps. aswginosa.

Age 4im hours Famber of cells Fambexr of cells

% 107 per al. %07 por ul.
P = 6.5 M- 08.5

24 3.6 3.65

48 3.6 -

T2 3.0 -

96 2,0 1.1%

108 1,8 1.0%

120 1.9 1,08

127 2.0 0.90

144 1.6% 0.65

192 1,70 (4T%) 0.58 (16%)

The figures in pareathesis refer $0 the perceantage of the 24 hour sount.

= w» not dome
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calls were o311l viable (Pig. 11). The effect of the strongly
alkaline 3E (9.6 after 100 hours) on the viability was demcastzated
in & Tepeas experiment ia which & caloulsted volume of comoenivaied
2C1 was added with cach mitrate emriohment. The absemse of declinme
in the ssutralised culture (Fig. 11) suggested that the streagly
alkaline rescticn was &t least yartislly responsidle for the ockserved
deoline in viadility of the mon-acid trested cultures. However,
addition of asid withous further nitrate snrichaeat still resulted ia
a rapid decline cnoe the mitrete supply vas exheusted. Thus, the
ecntimed abesnce of aitrate fyom the anssrobic medium appeared te

be the main lethal fachor.

Autolysis was more extensive in the etrongly alkeline econtyel
oultures than it was in the aoid treated cultures in which the M
wae sainteined at 6.8 t0 7.0 (Tadle 1), Some sutelysis still
ocourred in the aoid treated cultures however. mthméo. very
1ittle sutolysis was obhserved in the plague-fres cultures (rig. 6)
or in the . Dethegds oultures (Pig. 8) despite the strengly alkaline
reactions (8.0 4 8.5) observed in thess cultares. Thus, 5o was 0
Yo expecied, other facters beside the pi ehift were iwvelved in the
1ysis of the plaque strsin eells.

jures . By the
use of o standard imosulus, closely reyroducidle grewth curves oonld
be obtained 8o that She commemcement of the phase of repid declime
could be predioted withia & fow houres. The declining culture was
eariohed with varicas saterials before the curve fimslly flattemed
out. mmwumumvmumum

plotted against time (Pig. 12 and 13). The um-enriched eonirel



Fig. 11. The viadle pepule
(Mm)mmmm

sodtva zitmie.

X=X witrate Wreth suriohad vith sodius nitvate sad XC1.
O—© Iuffered aitrate Welh cariched with sodism aitrate.
O——¢@ e nitrate sdditions.

rig. 12. mmtmummuuww
(plaque strein) eells imoudated the
, pressase of varicus additives.
1. Jumarioc seid.

2. 9ediun nitrate.
3. Comtrol., Bo sdditioms.
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deoreased t0 10% of the initial population over a sevem hour pericd.
However; if mitrate was introduced inte the culture, the viability
inorsased %o 185% over & five hour periecd. The viable population then
decrsased slightly during the fimal two hours, prodably due to she |
highly slkaline pH (9.5) of the medium, When the pi swing was corrected
%y o caloulated volume of HC1l the viability contimued to imcrease to 2%0%
of the original value (Fig. 13). When acid was added alome, the visbility
declined slightly. Thus & stremgly alkaline resotion (3 8.4) appeared
to have a slight bdacteriocidal effect. '

In some experiments, the EC1 was replaced by fumarioc, sucoinie,
maleic or citric acide. The only acid whioh -tmhm rogrowth in the
declining cultures was fumaric acid, shich resultsd in & 350% inorease
in viability ever a seven hour period (Fig. 12). FNo evidence was ocbiained
for the recovery of apparently dead cells amalogous to the repors by
Heimments, et.sl., (1954). The addition of a dense suspension of heat
killed Ps, asruginoss cells was followed by a 190X inoreass in visbility
(Pig. 13). The latter effect was replicated seversl times, and demonstrate!
that the surviving decline phase ooill were apparently adle to utilise
the dead or lysed cells for limited regrowth, even uader striotly amserodic
oenditions.

b. The effect of pitrate op the . of anaerobic oultures.

Following the exhaustien of the mitrate supply, the Ep of the anasrodio
Pa. seruginoss culture rapidly fell from + 0.17 to-0.22 volts (Pig. 14).
The addition of further mitrate resulted in & rise in E, $0 + 0.0% volts
within 30 mimtes. The "poising” of the Eh in the presence of nitriie was
similar $o that observed by Elema, gt.al.s (1934). Comparisca of the

E, and growth curves showed that cell division ceased at the same $ime



Pig. 13. The variatiens in viability whea cells were
:wmhnm anasrchbically ia the presence & maaber of
ves.

1. Sedium nitrate with HC),

2. HNeat killed Wacterial suspension.
5. Hyaroohleorio acid. » :
4. Coemtrel. Bo additioms.

rig. 14, Variations in the of the culture medium of anserobic
%&ph e strain) cultures in buffered nitrate
b . viable population and the nitrate content of
ths nedium wers 2lso recorded for comparative purposes.

Mere nitrate was added %0 the culture after 66 heurs
incubation (shewn by an arrow).



300

> 200} / i’
L
|
) /
< /' .
= /
8)
. 100
X i‘
L] .\.4
0 2 4 6
TIME IN HOURS,
400[ .
3 M "*“\
\l 1
Z 200 \
w \
2 \
=
>
0
R 40
=
~
w
o
oK T,
430
o \ /f
% \o"—"_."'__——-lﬂr,‘/
20 .
_e02f ...
e i
- \
u-c -0.2 e e [ 1
04
0 20 40 60 80

TIME IN HOURS.



- 72 -
that the Eh decreased sharply. Thus, the removal of the aitrate
vas associated with strongly reduciag conditicns ia the medium which
seened to coimoide with the inhibition of further oell divisiom.

The insbility of Ps. seruginoss to miltiply under strictly anaercdic
oonditions cculd have been due 10 an inability of the striotly aerodic
organisa to utilise the substrates in the medium to any signifioant exteat
in the absence of some externsl hydrogen acceptor. In an atteapt to
verify this, oarbom balamces were prepared for ageing cultures of
Ps. seruginosa. The results of these experiments will We considered in
the next section,

G. fect of ni e tion on glu utilisation.
Detailed carbon balances for amerobio oultures of P, seruginoss harvested
during the late logarithmio, stationary and deoline phases, together with
an aerodic comtrol, were recorded in tadle 2. Glucose utilisation by the
ansercbic tultures contimued until the mitrate supply was exhausted,
Thereafter, the rate of glucose utilisation was consideradly reduced.

The deoreased glucose uptake ccourred before the lucreasing death rate ir
the aitrate~free culture could have had any great offect. Thus complete
anaerobiosis appeared to inhibit glucose utilisation quite rapidly. Om
the other hamd, the serated control utilised glucose at a rapid rate
throughout the experiment but the fate of & large proportion of the
oardon (43%) was not discovered. Only 50X of the utilised glucose was
accounted for as CO,<C, and cellular protoplasm (Table 2). On the other
hand, carbon recoveries of 97 to 102% were obtained for all the smmerodic
cultures. Estimation of the volatile acid carbon showed that
upmtoly equal amcunts of this fraction were produced uader doth

asrobio and amaerobic conditions. Vher expressed in terms of utilised



TABLE 2.

Carbom recoveries (in mg.) from Ps. seruginosa cultures grown im glucose medium.
Amaerobic
Logarithmic Statio Decline Aerobic
A B A B Logarithaic
Glucose- C. (1:1%1&1) 1320 1320 1320 1320 1360 2040
Glucose-C. (rosidnll) 1139 910 900 875 885 1770
Gluecose utilised 185 410 420 445 475 270
Casecus COZ.C' 16.2 41.7 44.0 29.2 41.2 103
C0,~C. in soluticm 91.4 196 191 158 185 6.7
Total COz-C o 108 258 235 187 226 110
% of utilised C. 58 58 56 42 48 41
Bacterial-C. 52.0 178 206 216 200 21.5
1 of utilised C. 28 44 49 48 42 8.0
Volatile acid-C, 18.0 12.7 6.2 15,0 16.4 20.4
Non volatile acid-C. 1.5 3.5 2.5 41.9 34.3 4.1
% of utilised C as acid-C. 1.0 4.0 2.1 12,8 11,0 9.0
Total carboa recovery 179 432 450 460 417 156
Total carbon accounted for 1310 1340 1350 1330 1360 1930
7 of total-C, 99 102 102 101 100 95




TABLE

Organic acids (mg.) produced by Ps. serugimesa cells growan im glucose mediuam.
Growth Yolatile Fumaric Lactic d, keto Oxal =  Glyoollic Ealic Citric Total
phase acid-C acid-~C acid-C glutaric-C acetic-C acid-C acid-C acid-C c
Anserobic
Logaritltllic 15.0 0.1 0.0 0.0 0.0 009 0.2 0.5 1‘.5

A 12.7 0.1 2,0 0.0 0.0 1.0 0.0 0.0 16.2
Stationary

B 6.2 0.0 0.6 0.0 0.0 1.6 0.0 0.3 6.7

A 1500 0.5 34.1 0.4 005 4.0 0.6 1.1 5‘.,
Decline

B 16.4 0.2 16.0 0.0 0.1 14.8 0.4 2.8 50.7
Aerated
Legarithaic 20.4 0.3 1.2 0.0 0.1 2.1 0.1 0.3 24.5
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glusose however, the aerobic culture produced almost twice the smount
of volatile s0id as that found in any of the amserobio cultures, with
the exception of the logarithmio phase culture.

The nea-velatile ecids im the culture media varied considerably im
Yoth type and amount as the oells aged. The mdat commom acids deteoted
were lactic, glyoollic, malic and oitric acids, with traces of keto
glutario and omalacetic acids (see Tadle 3). The carbea recoveries
in this frastion imoreased with the age of the culture, ustil, Wy the
icoliu phase, it accounted for 8% of the glucose-carbtom. The amaeredio
logarithaic and statiomary phase culiures closely resemdled the sarchic
control b.eth in the type and in the amcunt of the non-velatile soids
present in the mediun. This can best de seen by a comparisom of the
results for the column and paper chromatograms recorded ia Pigs. 15 to
18, The moa-volatile aoid fraotion was umm as a sigaifiocant
end preduct of glucose metadoliss in she logarithaic and statiomary
phase cultures. The declime phase culfure cemtained considersdle
smounts of lactic, citric and glyoellic acids as well as smaller amounts
of malic and emmlacetic acids., Two unknowa acids were also deteoted
in the paper chromategrass (Fig. 18). These acids may have represented
substituted gluoonic acid derivatives, dt their lt\ valuse were %00
high for them to have been glucomic acid iteelf, When the volatile
acid carboa -; ia the declime phase culture was imoluded with this
fraction, 12% of the utilised glucese was accounted for, aad, collestively,
thene ao0ids therefore comstituted significant end preducts of the glucose
metaholisn of Py, seruginogs under amserobic comditions. The high
carbon recoveries for the asaerobic cultures indicated that other

undetected end products of glucoss metadolisa were unlikely $o de preseni.



rig. 1%a. mmsmmmmumm
extrast of the asredie legari =

Pig. 15, Coelumchrematogren of the ether extract of the
ssrvedic logarithmio phase culture mediua,

Las: lastio eoid. K.0ls ol keto glutarate.
Nals malic acid. -Tam s fumario acid.
? : unknown agids. Ox emlacetic asid,

L.Lac: laotyl lactic acid produced frem the laotic
acid during the extraction precess.
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Fig. l6a. Two dimentionsl paper ohremategran ef the ether
extract of the anssredic logarithaic phase culture
medium, -

Fig. 16b, Columa chromatogram of the ether extract of the
anserocbic legarithaic phase culture medius.
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Fig. 17a. 7Two dimenticmal paper chrcmstegres of the ether
oxtract of the amseredic statiomayy shase eulture
nediom,

Fig. 17Tv. Columm ehromatogras of the other extaoct of
the anaerobic statiocnary phase culture sedium.
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Fig. 10, Twe cnal paper chromatogram of the ether emtwect
ammmmm&-m.

Pig. 15, Column ochromatogram of the ether extract of the
anserobie decline phase oulture medius.

L. Lact lactyl acid. lacs lsctic scid.
e ¢ fumaric eeid. £.01: o keto glutaric ssid.
giye s glyocollic amcid. Cit scitric acid. '
8lee ¢ gluconic scid. ? unknown aeid.
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These results made it apparent that prolonged imcubatiom of the oulture
under strictly amaercdioc conditions st{octu the normal glucose metadolisn
of the organiss:. Incubation under -trigtly anaerobic conditions indived
the death and lysis of the cells in a mtrient medium capabdle of
supporting further growth of the cells whea oxygea or nitrate was
present. The observed decline of such cultures could have been due to
the imabdility of the organism to0 multiply in the anserobic culture.
Conparison was therefore made between the bdehaviocur of the ageing
broth cultures and non-proliferating or resting cell suspemsions made
up in various diluents and stored under aerodic and anserobio conditions.
The results of these studies will be considered in the next section.

2, E ts w el iong.
a. Killing ourves for Ps, seruginoss and 3. bethesds.

The decrease in viability of distilled water, saline, 0.067 M., phosphate
suffer (3 7.4), glucose basal medium and droth suspensiorns wes recorded
in Pig. 19, Distilled water and saline were moderately dacteriocoidal
for Ps, seruginogs, reduoing the viadle population in 120 mimates by 60%
and 44% respectively. Phosphate 'hffcr,v and the basal medium had listle
or a0 lethal effect over the same periocd. Phosphate buffer was selected
as & suitedle diluent for the later tests. ] ‘

The corresponding 3. bethesda suspensions were somewhat more
sensitive to dilutien in distilled water, saline and buffer (70%, 60%
and 40% deoresse im viability over a 120 mimute period respectively).
The viability of 3, bethesda in the basal medium was not greatly affected
over the two hour period (Fig. 20). Despite tts slightly bacteriooidal
effect on S, bethesds suspensions, phosphate buffer was used as the

diluent for the later experiments.



Fig. 19 The changes in the viability ef Ps. aeruginosa (plagque
strain) cells nngndod in various diluents and insubated

aerobically at 37 C.

A——A Digest broth. | -

@ —@ dGlucose-nitrate basal mediwm.

X ——X 0.0674. phosphate Wuffer (pH. 7:4).
O — 0O Saline (0.85%).

¥ — ¥ Dstilled water.

Fige 20. The changes in viability of %nm sme-
ia various dilueats ‘ aerobically
C e, A% 370 : o I

A——A Digeas droth. o
. @ —© Galusocse-aitrate syathssic ssdium.
X '_x 0.067M. phesphate huffer (P.-, 7o~)¢
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b. The effect of oxygen and nitrate on the viability of

Pa. aeruginoge and S, bethesde suspensions, Hesting suspensions of

both organisms were treated as stated in Chapter III, &ection 8c.
The changes in the viability of the four Ps, aeruginocsa suspensions
was recorded in Fig. 21 and those for 3., bethesda in Fig. 22.

The viability of the aecrobic Ps. aeruginosa suspensions remained

high whether nitrate was present or not, whereas in the anaerobic,
nitrate-free cells it fell to one per cemt of the original after 48 hours.
The lethal effect of the anmerobic incubation wae inhibited by the
presence of nitrate in the suspending medium. ‘'The four S. bethesda
suspensions were not greatly affected by the presence or the absence of
either nitrate or oxygen. 'The obsgerved decrease in cell viability in
these cultures was largely ascribed to the action of the phosphate buffer.

¢c. The effect of the culture medium on the viability of the

Ps, aeruginosa suspensions. The possibility that the rapid anaerobic

death of the nitrate-free suspensions was partly due to toxic factors
in the broth had to be considered. The viability of the celle in fresh
and in staled medium determined under aercbic and anaerobic conditions
in the presence and abeence of nitrate was recorded graphically in

Fiz. 23. The viability of the snaerobic suspensions rapidly decreased
both in the stale and fresh broth. The a:ditiocn of nitrate to the
anaerobically incubated suspe.sions resulted in the maintenance of a
high viability over the three day period, irrespective of the type of
broth used as the diluent. Thus, despite the alkaline pn of the "stale”
broth, little toxic effect ¢n the Ps., seruginosa suspensicns was noted,
provided that air or nitrate was aleo present. Thus the resulte for

the resting cell suspensions of Ps. aeruginose agreed with those



Fig. 21, tmnuy/m resting suspensisns of Ps,
(plague strsin) incubated undar seredbis
anasredis conditions in the jwesense and adeence
of nitraie.

1, Shakem im air or shaken in N, :
Jo. = ummnwmtho
I = initial oounte.

2, Shaken under l’ with aitrate addition.

3. Shaksn under '20

Pig. 22, Viadbility curves for resting suspessiocaref
insudatod undsr seredie and
anserobic comditioms ia the presence and
ahsense of nitrate.

©—@ shaken ia atr. |

O——O Shaken in air with nitrete addition.
X=X shaken under ¥X,.
A——A shaken under ¥, vith nitrate additien,
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Fig. 23, Effect of "staled" culture medium on the viability
of Pa. aerugimosa (plaque strain) suspensions
incubated under aerobic and amaerobic conditions
in the presence and absence of nitrate.

1.
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5.
6.
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shaken 1n.air.
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shaken umder N, with nitrate.
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ebtained with the growing cultures.

As was expected, the 3. Dethends suspensieas displayed very 1istle
depsndence on the presence or absemce of am external hydrogea asoepter
for cemtimued high viability. The amaerobically iacubated suspemsions
of Ps, asruginoss therefore contrasted sharply with suspensioas of the
facultative amaerobe, and these differsnces were presumably &ue $0
fundamental physiological differences betwesn the twe orgaaisms. Our
present limited knowledge of the imtermal organisation of the cell
sakes it poimtless to censider this aspect any further. Attention was
therefore turmned to the second difference observed in the deocline phase
of the Pu. seruginogs and 8. Jethegds cultures. This study comcerned the
1y%io changes observed in the ageing Ps. seruginesa cultures and
experiments carried out on this process will de oonsidered in the next
chapter.
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CHAPTER V1.

METABOLIC CHANGES ASSOCIATED WITH AGEING: LYTIC FACTORS FOR PS5 JAERUGINOSA

CELLS .

The extensive decrease in total cell numbers which occurred two to
four days after the decline in viability was thought to be due to the
release of an autolytic enzyme by the cells. Analysis of total counts
carried out on the aerobic cultures demonstrated the fact that extensive
cell lysis occurred in these cultures also, and a0 autolysis appeared
to be a general characteristic of Ps. aeruginosa and was not depeandent
on strictly anaerobic conditioms for its induction. The d»ehaviour of
the ageing cultures of S. hothosda was in contrast to that of the
Pseudomonad, and therefore further investigations into the lysis of
ageing cultures of both organisas were carried out.

In the past, several lytic systems have heoen described for
Ps. aeruginosa cultures. Recently, phage lysis has been well documented
for Ps. aeruginosa cultures isolated from a wide variety of sources.
This lytic phenomenon was mormally aesociated with youag actively
multiplying cells, rather than with senescent cells, and for this reason
bacteriophages were thought unlikely to be the direct cause of the
currently observed lytic changes. The virridescent” lytic changes
were observed in old cultures of Ps. seruginosa and a brief investigationr
of this phenomenon was therefore carried out in the preaent study
although it was uncertain what part the "irridescent" changes could play
in the lysis of smaerobic liquid cultures. This chapter therefore
begins with aa account of these investigatione.

1. The gyais of Ps, aeruginosa Cultures on Solid HMedia.

Pss_aeruginosa grew well on a basal glucose-nitrate salts agar.

~
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The growth on the aerobic plates after 36 hours incubation was bright
greer in colour and the colonionyoxhibitod a typical rough “beaten
copper” surface (Plate 1). After 36 to 48 hour's incubatiom small
Wirridescent” oval to round lytid plaques developed in thi denase
growth, and these slowly ealarged, often uantil the lysis was cenflueat.
The floor of the plaque consisted of a thia layer of appareatly intact
growth which was mot completely removed evesm after prolonged incubation.
There was no evidence of regrowth trb- this apparently resistaant core.
Transfer of cells from this core to a fresh plate resulted im growth
which resembled the paront.culturo in all respects. More than 30 such
transfers had no appreciable effect on the number of "irridescent"
patches produced by the culture compared with the original. The
"irridescent”" material floated off omn stsrile saline and could be
transferred to a nearby plaque~free area on the colony, dbut no new
plagque was produced.

Anaerobic growth on the nitrate-enriched agar was not as luxuriaat
a8 on the aerobic plates. The colonies were small, without pigment
and free froa "irridescent" lytic patches. Co-ﬁurinon of the aerobic
and anaerobic plates suggested that the "irridescent" plaques appeared
only when the growth reached a certain critical density. However,
technical difficulties prevented gqusntitative verification of this
observation,

The localised nature of the plajues stroagly suggested a phage
actuated mechanism, and despite the lack of success reported by earlier
workers, attempta were made %o isolate a prbpugnting strain of a phage

producing the "“irridescent' plaques.



Plate 1.

1.

2.

3.

b,

Colonies of gr_a%(phqn straia) growa oa
T8A for four days a + X 10,

A siagle coloay of Z‘-’-‘!ﬂ% (plaque straia)
grown on TSA fer two days at + FKote the rough
irregular "beaten copper" surface. X 40.

A single colony of Pa. aerugimosa (thﬂs-trn
straia) growa on TSA for four days at 37 C. MNote the
absence of plaques and the more regular appearance
of the surface. The dright circle in the ceatre is
an illumination artefact. X 0.

A single cslou of S. betheada grown on TSA for two
days at 37°C, Note the smooth shiny surface and the
absence of plaques. The bright rimg is an illumination
artefect. X 40,






Straias ThS, Foggo, Kayes and S1 did not produce "irridescent®
plagues when grown oa TSi plates. Growth of these strains with the
plaque-forming strains 418 not result in the trenefer of the abdility
%o ferm plaques o these four mt.ﬁ. Repeated oress imoculation
tests Yetween the plague and plague~fres strains gave uaifermly
nsgative results. In viev of the siamilarly megative results by other
workers in the field, further work along these lines did not seea
to bo justified.

5. Isola faP @= %) ac .

The cocurrenge of the matural plaque-free stirainms of Py, serugipess
led to the isclation of a similar matant of the N.C.T.C, strain 6730,
Direct comparison detween the twe P, geruginoss strains ocould them
be made. The parent organisa wes "tagged” with resistamce $o0 50 ng.
streptonyoin per al. to assist in the later identification of the
sutant. The perent was seasitive %o five ug. of streptcemyoin per ml.
The matant strains vere non-pigmented and the increased streptemyecin
resistance of the plaque-fres cultures showed that thess strains had
been derived from the plague etrain culture and were not ohance
noa-pigmnented aerial contaninants.

Growth of Pg, seruginess im digest broth for three days
befere transference to fresh medium resulted in the selection of &
plaque-free mutant after Shres or four sub-cultures. On the other
hand, serial daily transfers of the parent in digest Broth over a
peried of thres moaths did mot affect plague production. The mutant
preduced large pink colonies om TSA and no "irridesceat” plagues

were detected even when imsubatiea was ccatimued for sevem days.
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The plague~fres culture 4id net revert to the parent streia evea after
ultrea-viclet irradiation. Aibous ome per cent of colemies of
chlorasphenicol resistant mutanis of the plaque-fres strain produced
pyceyanin and "irridescent® plaques, however. The plague forminmg
revertants were still resistant to 50 ug. of streptomycin per ml.
which made it unlikely that the pigmented colonies were chance asrial
contaximants of the wild type organisa. Inoreased resistamce teo
pendillin or tervamyoin did mot result in any detectabls reversioa
t0 plaque formation by the plague-free cells. The reversioa te
plague formation following shlorampheniocol treataent was confirmed.
by two repeat axperiments. There is aa obvicus need for further
study of this pussling phencmencm but this work was met carried
any further as it seemed to be cutaide the general scope of this
thesis.
4. ul o P - .

‘The two streimscrew readily as mixed cultures om TSA plates.
After 48 hours, the pigmented colonies produced "irridesceat” plagues
which slowly enlsrged, often until most of the surfuce of the colony
was destreyed (Plate 1). The plague-free colonies were pale pisk in
celour and 80 were essily identifted even wvhen growing alomgside the
pigasnted plague forasrs. Ia uized colomies, the phqun whioh
appearsd in the pigmented growth usually spresd only as far as the
interface detween the two celcales. The presence of mumercus plague~
free colenies 4id not imhibit the formation of plaques by the parestal
straia. Tims, n0 evidence was found that the plague-fres cells
produced any extrescellular ishidbitor of plsque formaties.

Growth experimeats ia which Pg, ssruginegs was grown ea & dasal



TADWE &«

Lytic activity of Ps. seruginosa cultures oa whole cells and cell wall preparations.
Organisa Age im Preparation Plagque Plague-free

aided to the agar hours straia strain
Ps. aerugiscea plague 24 hr, whole cells + -

Ps. aerugimosa plaque.free 24 hr. whole cells ity -

S. bethesds 24 kx. vhole cells + -

Ps, asruginosa plague 24 hr. cell walls 4 -

Ps. ssruginosa plaque-free 24 hr., cell walls + -

4+ = sone of clearing 1 -~ 2 a.n. in width

+

= gone Of lysis 1 m.m. in width
= no some of lysis
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agar containing dead Ps. seruginesa or S« bethesda vhole cells as
energy source suggested that the plaque strain (but not the plaque~
free straia) produced a diffusible lytic ensyme which formed a
clear halo arcund the surface colony (Flate 2). No sone of clearing
could be disceraed around the plague=free colonies oion after
iacubation for sevea days. Similar results were obtained when pure
cell walls were used as the energy source (Table 4). The clearing
noted when the plaque strain was grown on the plaque~free cell walls
was somewhat diffuse as compared with that with the plague strainm
walls, but the sise of the sone was about the same for bdeoth
preparations: The plaque=free cells were unable to lyse the cell walls
of either strain (Flate 2). Thus the plaque straim culture produced
a diffusible lytic factor which spread away froam the growimg colony.
The extracellular lytic ensyme (autolysin) could be detected in the
culture media of both serated and anaerobic cultures. Attespts were
made to concentrate the ensyme by ammonium sulphate precipitation
(vide Chapter III, Sectiom 10), and some of the properties of the
crude ensyme preparation were then deterained. These properties will
be discussed in the next section.
5 Lysis of Resting Cell Suspensions of Ps. seruginosa.

Incubation of living suspensions of Ps. aeruginosa with the
autolysin preparation at )7°c. was found to be uasatisfastory, as
limited cell growth usually occurred smaking the interpretation of
the results very difficult. Inocubation was therefore carried out at
45°C,, this temperature being sufficiently high to inhibit cell
multiplication without resulting in an excessively high death rate

in the conteol suspensions. The decrease in the turbidity and the



Plate 2.

Top: OQrowth of Ps. aeruginosa (plague strain) and

Ps. aeruginosa (plaque-free strain) on a salts agar

medium containing heat killed Ps. aeruginosa (plaque
strain) whole cells as the sole source of nutriment.
The plaque-free straia grew very poorly aad there

was a complete absence of cleariang around the growth.
This coatrasted directly with the plaque straim (top).
The cleared area shows up darkly oa the photograph
because it was made as a direct contact priant of the

’1.'. .

Bottom: Growth of Ps. serugimesa (plaque and plaque-
free strains) on salts agar mediuam containiang a dense
suspensioa of Ps. u.rgg%gogg cell walls as the sole
source of nutrimeat. e plaque strain (top) grew
well producing a large sone of clearing ia the agar.
The plaque-free strain (bottom) produced little growth

and no area of clearing appeared even after sevea
days imcubation. :
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viabilisy of t‘o culture in the pr‘comoo and She absence of the
sutolysin  (three mg. per ml,) was recorded in Fig. 24.

Both the total and the viable populations desreased rapidly in the
presence of the crude ensyme, sc that, after 60 mimutes, oaly 20%

of the cells were stil) intact, The turbidity of the ocontrsl
suspension containing phosphate buffer in place of the ensyme
preparation decreased by only 1l0% over the same period. The rate of
lysies of the ensyme suspension decreased after the first hour, so that
by four hours ten per cent of the cells were still intact. However,
during this period the viability fell to oae per cent. The clese
similarity between the viable and the total curves suggested that
death of the cells may have been due to cell lysis rather tham %0

the presence of a distinct bacteriocidal agent in the crude ensyae

concentrate. Thus it appeared that the ageing cultures of Ps. aeruginossg
(plaque strainm) produced at least one factor able to bring about the

lysis of living Ps. asruginosa cells.

Versene was found to greatly increase she rate of lysis of the
resting Ps. seruginosa cells by the ensyme comcentrate (Fig. 25). The
turbidity decreased by 60% within two minutes, after which the curve
flattened out., The controls conta.ning versens alone, or versene
and boiled ensyme showed a decrease of about 20% over the same period
of time, while the cells to which oaly Tris buffer had been added
showed very little change in turbidity., The crude onzyme concentrate
was almost as aotive for the versene treated plaque=free strain cells
i- it was for those of the homologous strain. The extract was almost
twice as active againast young cella (24 to 72 hours) as against the

old ones (192 hours), as can be ssen from the histogram in Fig. 26,



Fig. 2bk. The lytic and lethal effects of the conceaSrated autolysin

produced from ageing Pe (plaque .etrain)
oultures oa reetiag cell o of the homologeus
organisa, )
1. Total cell changes im abssnce of ihe ensyme
preparetion,

2. Viadle oell changes im absence of the eamyse
preparation,

3. Tetal sell changes ia the presence of the
easyas preparation.

4. Viadle cell changes ia the presence of the
engyss preparatioa.

Fig. 25. Lysis ocurve obtained vhem a restiag suspensioa of

W (plaque straia) cells were imoudated with
autotysin concentrak(30 mge per mle) in $he presence of
0.01 Mo Tris bufter (pR 8.0) and verseme (100 mg. per al.).

1. Coatrel Trie Wuffer omly.
2. Versene and Trie Wuffer.

3. sutolysin, versens aad Trie Wuffer.
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The orude eanzyme concentrate was also tested a;nln.ﬁ a dense
suspension of H.l;;sodoistiegg cells using crystalline egg white
lysosyme (100 pge) ms a controls The ensyme concentrate exhibited
little or no lytic activity against the Micrococcus, demonstrating
that the Ps. aeruginces engyme preparation was not likely to coataia
& bacterial lysoxyme. The M. lysodeikticus suspensions was

sensitive to the egg white lysosyme, however.

Teats were carried out to determine the relative rate of-
accumulation of the lytic engyme in aerocbic and anaerobic ageing
cultures of Pas. aeruginosa. The relative lytic activities of
dialysed extracts prepared from 24, 72 and 120 hour aerchic cultures
and also 72, 120 and 192 hour anaerobic cultures were recorded ia
Fige 27+ The lytic activity of the aerobic culture preparatioas
reached a maximum at 72 hours, whereas the amasrodic culture was
inactive until 120 hours, after which it increased slowly. The
appearance of the lytic ensymes in the anaerobic culture medium
could be correlated with the commeacement of cell lysis. The
presence of lytic enzymes in the aercbic media explained the
appearance of large numbers of cell "ghosts" in electrom miorographs
of stationary phase broth cultures (Flate 3). The absence of
detectable amounts of engyme in the anaercbioc cultures was similarly
confirmed by the absence of large nuambers of cell ghoats until some
120 hours or more had elapsed (Plate 4). No lytic activity could be
demonstrated at any time in the crude extracts of the aerobic or
anaerobic cultures of the plague-free strain of Pe. norukggo-n. This
absence of ensyme activity correlated well with the previously
observed absence of lysis in the ageing cultures of this organisa



Histogram of the relative sensitivity of ageing

Ps. aeruginosa whole cells to the lytic actiom of the
crude autovﬁl%n concentrate prepared from a five day
broth culture of the plaque forming straia.

Fisu 26.

Fig. 27. BHistogram of the effect of ageing under aerobic amd
anaerobic conditions on the relative rate of release

of autolytic enzymes into the mediuam.

. Aerobic cultures.
7
////2 Anaerobic cultures.
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(Figs. 6 and 7).
The autolysin concemtrate reduced the opacity of a plaque
strain cell wall suspension by 15% over a 60 minute period. Over
the same time poribd 1yso=ym§ (100‘pg.) was almost twice as effective.

"Protoplasts" of Ps. aeruginosa were slowly lysed by the autolysin

irrespective of whether lysozyme or glycine had been used in their
preparation. Ofer a 120 minute period, the opacity of the "protoplast’
suspensions were reduced by about 90%. The control suspensions
containing boiled enzyme were not affected. Addition of the crude
enzyme to a sucrose stabilised suspension of whole cells resulted

in a 40% reduction in the turbidity of the preparation withiam 90
minutes. Examination of the suspension under phase contrast
illumination did not ahow the presence of "protoplasts'" im the
suspension. Attempts to demonstrate "protoﬁlasts“ in ageing aerobic

or anaerobic nitrate broth cultures of Ps. aeruginosa (stabilised

with 5%, 10%, 15%, or 20% sucrose) were unsuccessful. The turbidity
of the sucrose stabllised cultures decreased by 50% to 70% over the
eight day period of the experiment, but ;xanination of the cultures
by phase contrast microscopy failed to demonstrate any structures
resembling "protoplasts"., The crude enzyme concentrate apparently
hydrolysed both the cell wall and the cytoplasmic membrane, thus
resulting in the complete lysis of the cell, even in osmotically
stabllised media.

Finally, attempts were made to determine whether more than one
enzyme was present in the autolysin concentrate. A number of
possible substrates were tested against the crude enzyme preparation,

and the results of these tests will now be conasidered,



Plate ) [}

KElectroa micrographs of & and S, bethesda
whole cells shadowed wis. T

d.

26

3.

b,

m,_%ﬁphqn' .tr‘h) cells after 24 hours
anaerchbic imeudbation at 37 C. X 20,000, \

w (plaque sgrain) cells after 24 hours
aerobic imcubation at 37 C. X 20,000, Nete the
preseace of maay eapty "ghosts" together with a

ausber of electron demse whole cellas, Older
cultures showed esseatially the same pleture.

Ps. aerugincsa (plaque-freg) cells after 48 hours
anaerobic iancudbation at 37 C. X 20,000,

Se bethesda collg after 48 hours anaerobic

incubation at 37 C. X 30,000,
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6. Activity of the kngyme Concemtrates against Known Substrates.
a. Mucinase activity. The crude enzyme preparation was

found to contain an active mucinase which rapidly hydrolysed a
standard preparation of ovomucin. The results of the test were
recorded in Table 5. The ensyme preparation obtained from the 72
hour aerobic culture (GO‘PQO of protein per ml.) completely
hydrolysed the standard ovomucin solution in 60 minutes, whereas the
corresponding preparation obtained from a plague=-free culture was
completely inactive, even when 600 uge of protein per ml. were present.
The anaerobic plague strain culture was mot as active as the aerobic
culture, but definite activity was detected, thus supporting the
earlier findings concerning the lytic ability of these preparatiomns
against whole cells.

be. Proteinase activity. Only slight proteinase activity
was detected in the plague strain enzyme concentrates, and the plaque=
free preparations were completely inactive,

c. Nuclease activity. No Riase or DNase activity could be

demonstrated in the ensyme concentrates of either strain of

Ps. aeruginosa.

d. Esterase activity.
(1) Acetyl cholinase, The ensyae concentrates showed

no detectable activity against the subdstrate.

(2) Lethicinase. Ps. asruginosa (plague strain)
produced a2 large diffh!d/g%n%hitt precipitate around the colonles on
agar containing 20% human serum. The plaque=free strain did not
produce any corresponding change in the medium,

When the plaque strain ensyme concentrate was incubated with the



Plate 4,

Electroa micrographs of Ps. asrugiscea(plaque straia)
whole cells shadowed with diua.

1.
2.

3..

3b.
b,

24 hours anaerobic imcubatioa at 37°C. X 10,000.

72 hours amaerobic iancubatioa at 37°C. X 10,000,

96 hours anserobic incudbation at }7°C. Note the
extrusion of cellular conteats amd the coantiaued
presence of electron dense gramules within the
cell X 18,000, :

120 hours anaerobic incubdbation at 37°c.

‘192 hours snaerobic incubation at 37°C. X 33,000.
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heat imactivated seruz the lethioim content was reduced from 230 ug.
to 100 ng. while the lethicin content of the heated contrcle did not
change appreciably. At the completion of the test, the remaining
lethioin was precipitated prior to its quantitative estimation. The
preparation imcubated with the ensyme conoentrate oontained 20 jug. of
free choline. The supernatent fluid from the bdoiled ensyme comtrols and
the plaque~free enayme concentrate did mot comntain detectable quantities
of free choline. Thue the lytic activity of the concentrates from the
ageing culture media could de oorrelated with the presence or absence
of micinase and esterase activity in the preparations. The presence
of these enzymes in the medium does not necessarily mean that the
muoinase and the esterase are specifically ooncerned with the imduction
of cellular lysis im the plaque strain cultures of Ps. ssruginosa.
However, examination of the changes in the cheaical composition of the
cell walls of Ps. !\oyinou following treatment with a preparation of
Ps, seruginops sutolysin (yide Chapter IX) strengthemed the suggestion
that these ensymes were at least partially ianvolved in the initiation
of cellular lysis of Ps. aerugiposs.

Conclusions to Chapters IV, V, VI.
The experiments detailed so far in this thesls have demonstrated

that extensive variations may ocour in the charscteristic growth, death
and subsequent lysis of different dacterial species. Thus, the process

of ageing in the Ps. seruginoss cultures differed extensively from that
observed with ocultures of S. bethesda oultivated under similar oconditions.
By appropriate manipulations it was possible $0 isolate a mutant strain

of Ps. aeruginoga which was still sudbject to the lethal effects of

prolonged amserobic inoubation But not %0 the later autolytic changes.



Fucinase activity of crude ensyme obtained from aged liguid cultures of Fs. aerugincsa.

Preparation 1/5 1/10 .1/20 1/40 1/80 1/160 Ensyme  Ovomucim
econtrol control

Ps. plaque T2 hr. asrobic + + * + + - * -
Ps. plaque 96 hr. serobic N - 5 -
Ps. plaque 120 hr. anasrobic + 2 - - - - + =
Ps. plaque 192 hr. amsercbic * + + + - - + -
Ps. plaque~-free T2 hr. asrobic -~ - - - - - + -
Ps. plagque=-free 192 hr.

amserobic - - - - - - + -
5. bethesda 192 hr. anserobic =~ - - - - - + N
Y.choleras mucinase = + + + * + + * -

+ = completely clear., No strands.
4+ = opalescence. - «
- = Donse opalescence and etramds.

= By the courtesy of Dr. E.L. Freach, Nelbourne.
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Exanination of the culture filtrates of the two stirains demonstrated
that the plaque strain was subjeot tc lytic ohanges drought about MWy
ensynes relessed imto the culture medium. The sutation whioch resulted
in the loss of the abdility to produce the "irridescent" plagues was
also associated with an inability of these cells to produce diffusidle
lytic easymes. The mutant cells were lysed by the plague strain
sutolyein so that the change from plague to mon-plague producer was
not due to a chemical change whioh rendered the cells completely
resistant to autolytic digestion. Apperently the change was a more subdbtle
one involving some alteration to the cellular metabolisa which prevented
the release of active autolytio ensymes into the medium. Thus, the
present study indicated that a number of metabolioc changes cam ocour
during the process of ageing in liquid cultures. At present i¢ is
impossible to define these differences im precise chemical terms.
However, the investigations which will be comsidered im Chapters VII,
YIII and IX of this thesis have been made as a contridution to the
chenistry of the Ps, ssruginogs oell in the hope that it may ultimately
be of help in the understanding of some of the cellular changes
associated with the ageing and lysis of this organiss.
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CHAPTER VII.

HEMICAL CHANGES ASSOCIATED W GE s THE CRUDE CHEMICAL COMPOSITION

0 RUGINOSA AND ETHESDA CELLS IN UID CUL S
The growth experimeants recorded in Chapter IV showed that extensive

variations ocourred in the rate of the decline and death of different
bacterial cultulru incubated in a nutrient medium for am extended

period of time. Chemical assays were carried out on the sgeing whole
cells in an attempt to correlate any changes in composition with the
tnduction of cellular death and lysis. The resistance of the §. Yethesds
cells to the early death and extensive lytio changes im snaerodic
cultures made this organisa a suitable control for these investigations.

Because of the lack of detailed imformation regarding the chemical

composition of Pg. seruginoss cells, it was necessary to begin this
investigation with whole cells before any aitempt could be made to

study the composition of the cell walls of the ageing cells. The
chemical asssays desoribed in this section have bdeen divided into four
parts dealing respectively with the protein, carbohydrate, 1ipid and
nucleic acid composition of the two Ps. seruginosa sirsins and

8. _bdethesda. The total nitrogem, total phosphorous and hexosamine
contents of the cells were also determined, and the total recovery
of cell substance estimated.

1. JTotal Eitrogen and Protein.
The amount of total nitrogen present in ageing cells of both

of the Pa. seruginoga strains and of 3. bethesda varied from 11 %o 13
ng.%. However, examination of the detailed figures in Teble 6 did

not reveal any obviocus irends corresponding with the ageing of the

cells. The results of the protein estimations varied consideradly,



TABLE 6.
Total- N and proteia composition of Ps. aerugimnoss and S. bethesda whole cells in complex and defimed

media.

(mg. per 100 ng. dry weight of cells).

Age of MNedium Fs.acruginosa Ps. aeruginoss S. bethesda
cells Flaque strain Plaque-free strain

Total- N PFolim- c® Bfuret Total- ¥ Folim- C Biuret Total- N Polia- CT. Biuret

Aerobic cultures

24 c.H.T. 11.4 T2 68 11.2 61 65 - = =
24 Broth 12,7 65 56 11.4 n 63 11.3 65 54
96 Broth  11.8 68 65 13.0 19 68 12,2 n 60
24 Broth - - - - - - 1.0 A7 43
(rough)
Anaerobic cultures
24 Broth 9.6 66 - - - = - = N
72 Broth  10.0 74 .47 - = - N - -
96 Broth  11.6 80 60 - - - E = -
192 Broth  12.0 78 60 - - - - s -
24 C.F.T. 11,4 60 52 11.8 67 60 - - -
48 C.K.T. 1ll.6 68 60 11.0 82 14 12.4. 73 64
64 c.¥v.7. 1l.6 n 52 - - = - i B

CCNTINUED OVERLEAF....



TABIE 6 (comt'd)

Age of Nedium Ps. serugipogs Ps. seruginoss S. bethesda
cells Plague straia Plague-free strain

Total- ¥ Polin- C” Biuret Total- § Polim- C Biuret Total- ¥ PFolim- C Biurvet

96 C.N,T. 11,6 69 62 9.0 83 70 11,6 3 66
120 c .u .T 3 - - - 1100 ” 7’ - - -
192 C.N.T. 13,0 80 [p) 11.% 94 N4 10.0 T2 61

= Folin- C = Pelim Clocaltesu resgemt.
- = pot done.
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depending on the reagent used, but, irrespsctive of the medium,the

young Ps. asruginosa cells contained between 50% and 60% of their dry
weight in the fora of protein. The Biuret estimations were consistently
10 to 15 mg.% lower than the corresponding Folin-Ciocalteau figures

and an average of the two was taken as the best protein estimation
available, These figures were recorded in Tables 9 and 10. The

yeung 5. bethesda cells contained somewhat more protein (65%) than the
two Ps, asruginosa strains.

As the oells aged, so the protein content of the Ps. seruginosy
plaque strain cells slowly increased, until after 192 hours it cooouﬁtol
for almost 80X of the dry weight of the cell. The plague~free cells
also inocreased slowly ia their protein conteant. On the other hand, the
protein ccntent of the S. bethesdy cells did not alter $o any appreciadle
extent as the cells aged. However, when the Salmonella decame anti-
genically rough there was a sharp inmcrease in the protein content of
the oells, slthough no corresponding inorease in sotal nitrogen could
be detected (Tadle §).

Pa._seruginosa cellular proteins ocontained between 15.1% and 15.5%
nitrogen, while the corresponding figure for 3. bethesds was 15.5%.

Thus between 807 and 90% of the total nitrogen of the cell was sccounted
for as proteinsfN. As the cells aged, the non-protein nitrogem content
of the oells slowly declined, until after 192 hours, almost 100% of

the total nitrogen was acoounted for as protein. Less than one per
cent of the total nitrogen of the young cells was present as free
amsenia, while the remainder of the non-protein nitrogen Qng acoounted

for as nucleic acids and amimo sugars.
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2. JTotal Carbohydrate.

The figures in Table T demonstrated that consideradle
variations in tke estimates of the carbohydrate content could de
obtained whea different assay asthods were used. For this reason,
routine determinations were made by the Amthrone as well as by the
total reducing sugar methods, and the two extreame values for the
cellular carbohydrate composition were recorded in Table 8, The
total hexossaine content of the cells after oculturing for 24 hours
and 192 hours was slso deterained. The total carbohydrate content
of the ageing ocells decreased slightly over the eight &ay period
of the expsriment, irrespective of the assay method used.

The asrobic cells usually contained slightly less carbdohydrate
than the corresponding anserobdio cultures, ut it was Qoubdtful 1if
this differsnce had any real significance for the present prodvlem.
The rcduolu/ gﬁgm of the Ps, seruginoss sirains varied from %% to
8% of the dry weight, dut the corresponding figures for the 5. bethesds
cells were scmewhat higher (12% to 15%). The difference in the cellular
carbohydrate content of the two orgsnisms could be partly explained
in terms of the difference in the antigenic smoothness of the Salmonella
cells as compared with that of the Ps. asruginoss strains. The loss of
the smooth "O" aatigemns in the 3. bethesds cell wall should result in
a decreased carbohydrate content in the cell. The carbohydrate content
of & rough variant of 3. bethesds was only two ag.% vhen estimated
by the Anthrone resgent, while the total reducing sugars acoounted for
6.3% of the dry weight of the cells (Table 8). Thus $he carbohydrate
content of the rough S. bethesds cells closely resembled that found

in the partially rough Ps, asruginoss strains. Attempts to smooth the



JARLE 1.

Carbohydrate composition of Ps. serugimoga (plaque strain) cells and
oell walls estimated by four methods using a glucose standard,

Pss_seruginoss (plaque strain) 24 hours.
Whole oells. Cell walls.
Anthroms reagent 3.2 ng % " 4.0 ag.%
Dische reagent 3.3 mg.% 4.2ug %
Orcinol reagent 5.7 ng.% 5.5 ng.%
Total reducing suger 7.5 ng.¥ 7.0 ng.%

= mean of two or three rapliocstes.



£u£ Oe
Carbohydrate composition of Ps. aeruginoss and S. bethesda whole cells in complex and defimed media.
(mg. per 100 mg. dry weight of cells).

Age of Medium Ps. asruginosa Ps._aerugzinosa 3. bethesda
colls plaque strain Plagque~free strain

Anthrone Redncing’ Hexosamine Anthrone Reducing Hexosamine Anthrome Reducing Hexos.

Aerated cultures

24 Broth 2.2 502 - 1.8 5.4 0-7 8.0 12.1 0.8

96 Broth 2.3 2.9 1.3 1.5 545 0.6 5.8 8.4 0.5

24 Broth - - - - - - 1.6 6.3 006
(rough )

24 G .N .T. 3 04 ‘00 - 2 00 5 .2 - - - -

Anaerobic eultures

24 Broth 3.6 9.0 1.0 = . - - - -
72 Broth 4.0 - - : - - - - -
96 Broth 3.8 - . . - s : s =
192  Broth 3.0 8.1 0.8 - . B : o
24 C.N.T. 3.0 7.8 0.9 1.6 6.1 0.6 . =
48 C.E.T. 3.2 - - 2.5 = - 4.8 145 1.3
64 C.K.T. 2.4 - = - E . - S

CONTIRUED OVERIEAF...»



TABLE 8 (comt'd)

Age of Nedium 2s._ssrugiooes Po. serugimogs 5. bethasda
cells plague strain plaque~free straia

Anthrone aemm' Hexosamine Amthrone Reducing Hexesamime Anthrome Reducing Hexzes.

9‘ C.h.T. 2.2 - -« 2’4 = = "4 - 1.2
mo c.N.T. - ot - 2‘2 Cl - - - -
192 C.N.T. 2.1 7.0 0.5 2.6 6.3 0.6 4.5 12.0 -

2 Reducing = total reduciag sugar.
"-m‘mo
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two Pa. seruginogs strains by serial passage through vhite mice were
only partially suocessful, and the total cardohydrete content of the
eells was not greatly imorsased by 10 such passages.

The hexosamine content of the thres s¢rains was approximately one
ng.% (Table 8), and, except for the 45% decresse recorded by the
anaerobic oultire of Pe. seruginoss (plaque strain), did mot vary
greatly as the cells aged. The overall carbohydrate content of the
strains was thus wot greatly affected by the ageing.

3. Zetal Lipid.

T™he three jreseat strains contained comsiderable quantities
of 1ipid, Adout half of the total 1lipid (four te five mg. per cent)
ceuld be extracted with 00ld ether (Tables 9 and 10). Hydrolysis of
the cells with 6N. HC1 at 100°C. then relessed a further three $o six
per cent 1lipid: The total lipid content of the amaerodic cultures of
8. _seTuginogs decreased slovly as the cells aged. This was im oomtrast
te & slight incresse found in the ageing 3. bethesds oultures (Tadle 10).
The free 1lipid content of all three strains remained constant throughout
the sxperiment, irrespsotive of the presence of serodic or amaerodic
conditions. The smooth to rough varistioa im §. bethesdp cells was
not acoompanied by any detectable change im the free or tosal 1lipid
ocontent of the cells.

4. Totsl Phopphorous end Wuolejo Acids.

as Jhe $otal phosphorous contemt of asrodically growa cells
varied Yotween one amd two ag.% (Tabdle 9) while the corresponding

figures for the anserobioc ocells varied betveen two and three ng.F
(Teble 10). The phosphorous content of cells grown im digest broth
(high phosghate content) did mot differ significantly from those



JABLE 9.

Composition of whole cells of Pa. asruginoss and S. bethepda grown in complex and defimed media
under aerated comditions. (mg. per 100 mg. dry weight of cells).
Age of Straina Medium Proteim Total- P Ruceleic acid Lipid Carbohydrate” Total
cells (aver.) RNA DRA Free  Total %
24 . Ps .pl.l.qu. Broth 60 1.8 15 «0 ‘ 05 - 8.5 5 2 95
96 Ps.plaque Broth 66 - 3.9 2.3 - 5.0 2.9 83
24 P-oplaqu. CHT 70 2.6 4.6 3.0 5.4 6'4 6.0 95
24 Ps.pl-free Broth 67 1.6 10.5 4.1 - 6.2 5.4 95
96 Pl.pl—fl“ Breth 73 1.6 3-0 1.7 - 6.8 505 92
24 Ps.pl-free CRT 66 1.8 3.0 1.8 - - - -
24 bet Broth 59 2.0 10.8 2.8 3.7 54 12,1 92
96 §o“m=d‘ Broth 65 1.1 3.5 209 - 400 6'4 85
24R S.bethesds Broth 4% 2.4 14.8 3.3 4.0 5.6 6.3 17

= Estimated as total reducing sugsr.

~ = not dome.

Ps. plaque = Ps. seruginosa (plaque strainm).

Ps. plaue-free = Ps. seruginocsa (plague-fres straia).



Composition of whole cells of Ps. seruginosa and S. bethesda growa in complex and defined
media uader amacrobic conditions (mg. per 100 mg. dry weight of cells).

Age of Straim  Medium Protein Total-P. Mucleic acid Lipid Carbohydrate™rotal
cells (aver) RNA DNA Free Total %
24 Ps.plaque Broth - 2.8 14.9 4.1 3.6 10,0 9.0 -
72 Ps.plaque Broth 60 2.4 1.1 1.9 3.2 9.8 - 87
96  Ps.plaque Broth 70 2.6 1.3 2.0 - 8.4 - 92
192  Ps.plaque Broth 69 2.4 1.8 2.2 4.0 8.0 8.1 91
24 Ps.plaque CKNT 56 2.2 10,0 4.0 4.6 7.0 7.8 87
48 Ps.plaque CNT 64 3.0 3.1 1.9 5.2 T.4 - 87
64  Ps.plaque CHT 61 2.4 1.5 1.5 - 6.8 - 80
96  Ps.plaque CNT 65 2.6 1.1 l.4 - 5.0 - 82
192 Ps.plaque CNT 1 2.3 1.6 1.4 4.2 4.8 7.0 94
24 Pe.pl=free CNT 63 2.1 8.6 3.3 5.0 8.1 6.1 91
48 Ps.pl-free CHNT T8 2.5 2.1 2.4 - - - -
96 Ps.pl-free CKNT 76 1.8 0.6 0.6 - 8.0 - 93
120  Ps.pl-free CNT 81 1.8 0.3 1.5 - - = -
192  Ps.pl-free CNT 83 2,2 0.5 1.5 4.7 6.8 6.3 100

CONTINUED OVERLEAPF.....



ZABLE 10 (cont'd)

=
Age of gy g Kedium Protein Total-P Kucleic acid Lipid Carbohydrate Tetal
cells (aver.) RNEA DEA Free Tetal %
48 S.bethesda CNT 69 2.2 4.9 2.9 3.9 5.9 14.5 99
96  S.bethesda CHY 69 2.0 4.3 2.7 - 6.3 - -
192 S.bethesda CKT 67 1.9 2.8 2,8 4.5 8.8 12,0 95

% Estizmated as tetal reduciag sugar.
- = not deme,

Ps. plaque = Ps. seruginess (plaque straim).
Ps. pl.-free = Ps. serugimesa (plague-free strainm).



grown in ONT medium (no inorganic phosphate). The phosphate content
of the three strains was not affected by the yrocess of ageing.

. JIhe total mucleic scid content of the three strains
varied consideradbly during the growth oycle. During the logarithaic

grovth phase Ps. seruginoss cells contained up to 20 mg.% muoleic

acid, of which about one third was DNA. The mutation to the plaque-

free strains was not acoompanied by a significant slteration in

the oesllular nuoleic acid content. However, the ohange in

Ps, ssxuginoss from smooth to rough was accompanied by an inorease

{n the RNA content of the ocells (Tabdle 9). The nucleic acid phosphorous

acocounted for adout 80% of the total phosphorous in the young cells.

However, the rapid decrease in RNA-P associated with the ageing of the

cells was not accompanied by any corresponding decrease in the total

phosphorous oontent. Apparently the ageing cells comserved the

phosphorcus which was therefore not lost by diffusioam inte the medium.
The RNA and DRA content of repliocate 24 hour old cell samples

varied considersbly in different experiments .(Tables 9 and 10). These

variations were at times considerable and could not be explained

meTely as experimental error. This led to a more detailed investigation

cf the muclaic soid comtent of ageing Po, serginoss and 3, bethesds

oells., The RNWA and DNA coantent of the aerobically and amaerobically

incubated Ps. seruginoss cells imoreased linesrly to & maximum between

7 and 10 hours. This peak coincided with the cessation of logarithmio

growth in the cultures. Over this period, the total nucleio acid

ocontent of the cells accounted for about 20% of the dry weight of the

cells (See Table 11). The amount of residusl RXA and DNA in the serated

cells after 192 hour's inoubation (4T£ and 65% respectively) agreed



TaBlE 1),

The muoleic acid content of Ps. seruginosa (plaque strain) cells groen under mercdic aad
anaerobic conditions.
Acrobic!cultnrc Amagrobic culture
Age of  Viable * Total * rm-P. DEA-P.| Viable Total RNA-P. DNA-P
cells x 106 x 106 sg.P.per 100 mg.cells| x 106 x 106 ag.P.per 100 __n;.eoll.
0 300 - - - 300 - - -
2 324 2,000 0.68 0.22 342 690 1.06 0.23
4 1,430 2,230 0.96 0.25% 546 1,100 1,26 0.26
6 11,100 12,230 1.00 . 0.42 2,130 4,660 0.07 0.40
T4 14,800 13,430 1.20 0.48 4,160 7,130 1.64 0.50
24 14,000 14,090 0.62 0.43 5,480 7,350 0.21 0.29
96 - - - - 0.5 1,950 0.13 0.38
120 Gm 10.6& 0058 0.48 104 1.450 - 0017
192 170 8,600 0.56 0.32 1.7 521 0.13 0.12

» Nusber of cells x 10° per al. of culture.

- « pot done.
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fairly closely with the figure of 61% obtaimed for the total mimber
of surviving whole cells at this time. The intact ageing cells
apparently still contained most of their original DRA Put their RNA
content declined slowly. The serobic cultures contimued o0 multiply
slowly throughout the decline phase so that a proportion of the cells
ocontained a considerable amount of REA as well as DNA, Electron
miorographs of aerobically grown g, seruginoss culturesshowed the
presence of many electiron dense, actively dividing cells, together
with a numder of empty “ghosts” ( Plate 3). This piocture contrasted
sharply with the ansercbic cultures in whioch few "ghosts" were visidle
until muoh later in the growth cycle (Plate 4). Ageing of the asrodic
oultures 4id not result in any odbvious changes in the proportiom of
intact cells and "ghosts” compared with the 24 hour old cells. Thus,
even after 192 hour's incubation, numercus electron demse cells of
normal appearence wers still observed to be present and no obvious
morphological differences could be detected between the young and old
aerobic oells in the preparations.

The total mucleic aoid content of the anaerobic oells deoreased
80 thet by 192 hours only 12% of the 10 hour peak remaimed (Tadle 11).
The RwNA content S the decline phase cells dezreased sharply so that
by 192 hours oaly 8% remained. The DNA content decreased by 80% over
the same pericd. The total cell sount deoreased t0 seven per cent
of the 10 hour maximum and this suggested that some of the lysed oelle
retained portion of their DEA within the cell emvelope. Electroa
amiorographs made from ageing anaerobic Ps. seruginoga cells showed
that very few sleotron dense cells were still present after 192

hour's incudation. Nany of the ocells ocntained one or more electron
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dense granules, often at the poles (Plate 4)., The positien and sise
of the gramiles was similar to that of the ‘actoriul nuclei following
staining of the oells by the conventional muclear staining techniques
(Knaysi, 1951)., Thus, the ageing and lysing bacterial cells appeared
to retain some granular material within the envelope and this may
explain the retention of 20% of the intact DNA by the 192 hour old
bdacterial eells. When the RNA and DNA ocontent of the cells was
expressed in terms of a 100 ml. aliquet of the original culture (rather
than per 100 mg, dry weight of colln) the DNA curves wers found to
elosely approximate to the total counts (Figs, 28 and 29). The RFA
curve fell rapidly in both aercbic and anaerobic cultures altheugh
the continued growth of part of the asrated populatiom probdabdbly
reduced the rate of fall somewhat compared with that observed im the
anserodbic medium. The DNA content of the Ps. seruginesa oells also.
decreased with age and the rate of decline was almost perallel to the
decrease in total cell numbers. Thus, the intact Ps, seruginosa cells
retained their DNA, but not their RFA throughout the growth oycle.

The absorbdance at 260 m. by the cold three per cent TCA extrest
of young Ps., aeruginosa and §. bethesds cells demonstrated the presence
of free nucleotides in these cells (Fig. 50)., After 48 hour's incubatienm,
1little or no free nucleotide could be demonstrated in the TCA extracts
of aerobically or anserobically grown cells,

c. HNucleic acid accumulation in the medium of ageing cultures.
The viscosity of the cell=free broth from both aerodic and ammerocbic cul-
tures of Ps. aeruginosa inoreased as the cultures aged, so that dy 192
hours, it was 20% to 25% higher than the sterile broth controls (Figse

28 and 29)., The changes in viscesity after treatment of the culture



Fig. 28. The nucleic acid eontent of the culture mediuam amd of

ageing cells of Ps. aeruginesa 1ncubutod in nitrato
broth under noroh ¢ conditions. - y , ‘

X——X  gma (cells): = Viable cell counts. o—o
+——+ DNA (cells). Total cell counts. Q0—0
¥ —V RNA (medium). Viscosity. . 0---0

A—A DNA (medium) .

Fig. 29, The nucleic acid content of the culture medium and of
ageing cells of Ps. noru%ona incubated in nitrate
broth under amaercbic conditions.
X——X RNA (cells). . Viable cell couats. 9@ —@

+——=+ DNA (cells). Total cell coumts. Q—O0
V—VY DNA (medium). Viscosity. ‘ 0---0
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filtrates with six ensyme preparations wers recorded ia Fig. 31.
The ¥, olielerss micimase and the Streptomyoes albus ensyme were
without effect. The pamoreatic ensyme and the hyalurenidase reduced
the viscosity by 20% to 30X, but both preparaticns wers shown later
%o contain traces of DNase. The REase showed little aotivity, W$
DNase brought about an 80K decresse in viscosity im 60 mimutes. Thus
the increased viscosity of the 0ld sulture media was mainly éue to the
presence of extracellular DEA. This was confirmed whem it was found
that the droth strongly absorded ultra-violet in the 260 to 270 m.
range. The results of quantitative RNA and DEA assays carried out
on TCA imsoluble material dsained from culture filtrates were expressed
as ng. per 100 nl. of origimal culture and were recorded in Pigs. 28
aMd 29, The serated culture medium contained the equivaleas of 25% and
4T% respactively ef the imitial cellular RNA and DNA. The mwoleic
acfids could be detected in the medium only after cellular lysis
begcane appreciable, however. The small amouat of RNA in the ssrated
mediun was probably due to the small amount of residual RNA etill
present ia the cells dy the time extensive lysis began. On the other
hand, the DNA ocontent of the cells was still amost 100% of the
logarithaic phase maximun at the time lysis released the cell contents
into the medium.

The ageing anaerchic culture medium comtained DRA only, amd all
attenpis to deteot eignificant amounts of RMA were unsucoessful. The
reason for the adsence of RFA from the medium beocams clesrer whea i¢
was shown that more than 90% of the intracellular REA had been destroyed
before cellular  lysis oould be detected. However, comsideradle
smounts of DNA were still present when the cell contents were released



Fig. 30. Ultra=-violet absordamce curves of oold 3% TCA extracts
prepared from ageiag %n_cm sells. The TCA was
extrasted with cold eSher. _ _ _ _ _

®—©® >4 nowr old cells.
O ——0O 48 hour old eells.
X —— X 72 hour o0ld cells.

Fig. 31. The percentage changes in viscesity whea a cell-free
culture filtrate froa a five day old Ps. seruginosa
(plaque strain) culture was incubated with verious

OASYRO prop_u-atiou o

®—@ Mucinass. Riase. A—A
-+ — Tr’p.mo Dilase. v—Y
O —Q Hyaluronidase. Controle x — x

X —— X Strept, albus eazyme.
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into the medium (Fig. 29).

Seversl unsucoessful attempts were made to demomstrate extra-
cellular RNA or DNAi im ol4 cultures of the plaque~free straim of
Fs, seruginoes and in the S, bethesdy cultures. The absence of micleic
aoids from these cultures could be oorrelated with the absence of
sxtensive lysis by these ageing cultures.

* The micleic acid estimations for both cells and medius were -
checked Wy the Sohmidt-Thamahsuser method $0 ensure that pentoses
released by the Gisintegrating cell walls were not giving rise ¢o
false mioleic acid estimates. The REA and DRA content of both cells
and nediun (estimated from their absorbance at 260 mp, and 268 mp.
respectively) confirmed the colourimetric assays in all respects.

The close correlation between the rate of mucleic acid release
into the medium and the decrease in the total numder of cells preseat
(Pigs. 28 and 29) was presumptive evidence that the micleic acids were
released intc the nedium only after the rupture of the cell exvelcpe.

A further oheck of this hypothesis was msde by a comparison of the dase
ocomposition of the imtra- and extra-cellular muocleic soids. Exoellemt
separation of the bdasec was obtained using ome dimentiomal escemding
paper chromatograms a2nd the bases were readily ideatified from their
Rf values which were almost identical with the corresponding values
quoted by Wyatt (1955). The cbsence of a spot corresponding to thymine
in the RN. hydrolysate or to uracil in the DNA preparations indicated
that satisfoctory separation of the two micleic acids had been effocted
by the Schimidt-Thamnnhauser techamigue.

d. The base composition of 1 ic_acide isolate

cells and from the culfure medium. The percentage molar proportions



TABLE 12

Base molar proportions " for RFA extracoted from Pg. sepugimoss (plaque

strain) and 3, bethepds cells grown under aerobic and smaerobic
oonditions.
Age in  Strain Atmos- Guanine Adenine Cytosine Uracil ﬁ- %
hours phere
24 Pa.aeruginops Alr 27.6 20.9 20,7 29.9 0.95 1.%8
72 Ps.0e n Alr 26,6 20.9 22.4 30,1 1,00 1.49%

120 W Aly 28,1 19.8 19,5 520‘ 0,82 1.04

24 Se bethgldl Nz 30,3 33.7 15 9 20.0 1.16 005,
12 Eo both.lg ’2 2903 33.9 16.1 20,2 1.07 0054

» SD for six replicates +8%



TABLE 13,

Base molar proportions for DNA extracted from Ps. serugimoge (plague
strain)and S _bethesda cells grown under asrobic and amaerobic conditionms.
Age in Strain Atmoes~- Guanine Adenine Cytosine Thymine éﬁg
hours phere
24 Pg.aerugino Adr 54.2 20.4 26.0 19.4 0.69
T2 Pe.seruginoga Alr 31.6 19,3 28,6 20.4 0.61
120 . ino Alr 31.0 19.5 27.6 21.7 0.59%

24 Pg.aeruginosa !I2 30.7 19.9 31.7 20.6 0.%56
96 Pg.ae no n, 32.9 18,4 31,1 179 0.54

144 Ps.aeruginosa '2 31.8 18,1 30,0 20,0 0.69
192 Pe .umgg;og la ’1 o2 17 3 51 '07 19 07 0076

24 g.bethegds N,  25.8 26.3 25.5  22.3 0.95
72 3, bethegds N,  27.3 26.6 242 217 0.86
120 3, bethesds ¥, 2T.1  25.2 26,7 20,8 0.84
192 3. bethesds N,  26.4 25.2 25.4  22.7 0.92
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of the four bases of the ocellular RNA isclated from asrobie
Fs. _seruxinoss and S, Pethesds cells were recorded in Tabdle 12,
while the corressponding values for the DNA bases will de found in
Takle 13, The base proportions of the cellular RFA 4id not vary
significantly over s five day ageing pericd., The bases guanine and
urecil vere present in equimolar proportions in the Ps, asruzimoss
RFA. S3imilarly, the bases alemime and cytosins were present in
equinclar amounts. The ras$io of urasil 40 adenine was approximately
1.5 in the young aerated cells, Wut the 7atic deoressed slighily as
the cells aged. The ratio of A+U was approximately 1.0 for Rosh the
serodic and the anaerchic ooug:o The small amount of RRA im the older
enaerobic cells made it impracticabls to determine the dase coaposition
of this material under these conditions, The DEA base proportions
wore such that approximately equimolar amounts of guamine and oysesine
were present with smaller dut equivalent quantities of adenine and
thynine (Tadle 13). The ratio of AsT varied batweea 0.5 and 0.6.
Tew differences in dase camaitio?c due to ageing sould be detected,
wut a slight &oomo in ths adenine content of the DNA from the
snasrobdio ageing colls was noted,

The base proportions of the extracellular RNA whioh sgoumlated
ia the aerobic cultures were recorded in Table 14. These figures
closely resembled the corresponding omss for the cellular RMA., The
extracellular RNA was, Sherefore, not partially degraded before Ats
release into the medium. The anacrodic cultures 4id not contain
suffioient RN\ 40 emadle the base proportions to be detormined. The
DA in the Ps. seruginosg culture medium closely ressmbdled the intra-
osllular DFA in-so-far as the dase proportions were ccmoerned (Table 15),



TABLE 14,

Base molar proporsions ® for BNA isolated from the cell free mediunm

after asrobic growth of Ps. seruginoss (plaque strain).
Age inm Ouanime Adenime Gytosine Urscil 431 I
heurs
48 27.0 17.5 254 32.0 0.87 1.5%2
T2 26.0 17.2 25.2 29.7 0.98 1.82
192 28.% 18.1 26.) 27.3 0.85 1.78

2 8D for six replicates was + &%,



JARLE 35 .
Base molar proportioas for DNA isolated from the cell-free medium after
aerodbic and amserodic growth of Pg, serugimoss (plaque straia).

Age in Atmosphere Gusnine Adenime Cytosine Thymine &l

G+C

hours
48 Alr 29.% 17 od 5002 22,8 0.66
9‘ Alr 29.4 1607 30.8 2,01 0.66
192 Alr 30.1 17.3 30,6 21.8 0.%9
96 ,2 50.7 18.9 30.2 20,1 0.76
120 l!z 33.8 19.8 29.5% 17.8 0.58

192 '2 33.% 19.0 29.2 18.2 0.52
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suggesting that the deoxyribonucleoprotein was released intact
into the medium following the lysis of the cell.

The RNA and DNA content of aerobic and amaerobic S. bethesda
cells, together with the corresponding viable and total counts,
were recorded im Table 16. The viadle population in the aerobic
culture decreased by 80% over the eight days of the experiment,
but the total couats remained at 100% throughout the experiment.

The RNA content of the cells decreased rapidly during the stationary
phase, 80 that less than 15% of the maximum was still present after
eight days aerodic imcubation. The RNA content of the amaserobically
incubated cultures decreased more slowly, so that 30% was still
present at 192 hours. The DNA content of both the aerobic aamd
anaerobic cells remained at 100% throughout the experiment. No
extracellular RNA or DNA could be detected in the aerobic or ia the
anaerobic cultures of this organism.

The base composition of the RNA and DNA of the S. bethesda
cells showed very little variation due to ageing (Tables 12 and 13).
The U/A ratio of the RNA was approximately 0.6 throughout the
experiment. The four bases in the DNA were present in approximately
equimolar amounts and the ratio A+T was 1.0, irrespective of the
age of the cells. e

This coamcluded the study of the chemical constitution of the
whole cells of ageing cultures of Ps. seruginosa and S. bethesda.

A suamary of the results of these estimations will be fouad in
Tables 9 and 10. On the whole, the composition of the three strains

remained remarkably coastant throughout the ageing process. The

increase in cellular proteim largely compensated for the decrease



TABLE 16.

The mucleic acid content of S. bethesda cells grown under aerobic end anmaerobic conditioms.

Aerobic culture Anaerobic culture

Age of  Viable ® Total * RRA-P. DNA-P. | Viable Total REA-P DNA-P.
cells x 106 x 106 mng.P.per 100 mg.cells | x 106 x 106 eg.P.er 100 ng.cells

0 250 - - - 320 - . -

3 380 1,000  0.25 0.03 760 - o 0.10

5 5,550 6,000 1,02 0.20 760 1,522 0.16 0.17

7 7,200 12,000  0.09 0.30 840 2,558 0.41 0.26
10 11,000 14,200  0.63 0.25 960 2,029 0.90 0.19
16 8,600 9,980  0.74 0.28 - - - -
24 8,210 14,400  0.42 0.07 800 3,670 0.99 0.16
12 8,420 14,000 - 0.20 458 3,730 0.69 0.14
120 3,000 15,300  0.18 0.28 183 3,400  0.59 0.17
192 2,170 13,880  0.15 0.31 163 3,040 0.31 0.25

6

= nusber of cells x 10° per ml, of culture.

- = not done.
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ia RNA, se that %otal recoveriss of 80X teo 9355 of the sell sudstance
were recorded shrougheut. The inability to detest exteasive
em ia the gress chenmisal eompositien of the ageiag sells led

to further iavestigatioas of the problem usiag the mere seasitive
Seochaiques of 1mo-¢oﬁu\ry. The r‘uﬁlﬁo of sems of these
experinsats will e considered ia She next echapter.
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Cgﬁg!ﬂﬂ VII;.

CHEMICAL CHANGES ASSOCIATED WITH AGEING: IMMUNO-CHEMICAL STUDIES.,

The chemical changes which accompanied the ageing of Ps. aeruginosa
cells were mot sufficiently extensive to be detected by conventional

chemical assay methods. However, autolysis of the cell would be
expeoted to result in a mumber of changes in the ¢ell 'ill composition.
Since the cell wall contained a number of antigenic materials,

attempts were made to detect some of these cell wall changes by the
more sensitive techaiques of immuno-chemistry.

l. Agglutination Experiments.

The three strains were grown anaercbically im CNT medium
for 192 hours. The S, betheada suspensions were stable, irrespective
of the age of the cells. However, normal saline suspensions of both
strains of Ps, aeruginosa auto-agglutinated within four hours. Whea
the suspensions were made up in 0.3% saline they remained stable for
18 hours, and the agglutinating titre of the ageiag suspensions of
the three strains was therefore determined and recorded in Table 17.
Suspensions of aerobically grown cells gave similar results to those
recorded for the anaerobic ones, so that the results for the aerobic
suspensions were not recorded.

The titres for the plaque strain suspensions were sl ightly
lower when tested against the plaque=-free strain specific antiserum,
than with the homologous serum. Un the other hand, the plague-free
suspensions were agglutinated equally well by both sera. Irrespective
of the strain of organism used, the titres for both sera decreased
two to four fold as the cells aged. This was interpreted as a

progressive change to a less smooth state on ageing. Similar results



JABLE 17.
Agglutinating titres of suspensions of ageing cells tested against
antisera produced in rabbits against the three strains.

Reciprocal of the end titre.

Suspension Pleque Plaque~free 3, bethegds
antiserua antiserua antiserum
Ps, seruginosa plaque vaccine 320 40 -
Ps. aeruginosa plaque 24 hours 320 80 -
Ps. seruginosa plaque 96 hours 320 40 -
Ps, secruginosa plaque 144 hours 160 40 -
Ps, aeruginoga plaque 192 hours 160 20 -
Ps, seruginoss plaque-free vaccine 320 160 -
Ps. seruginosgs plaque-free 24 hours 320 320 -
P, seruginogs plagque-free 96 hours 40 80 -
Pg, serugincogs plaque-free 144 hours 80 40 -
Ps. seruginoss plaque-free 192 hours 80 40 -
8¢ bethegda vaccine - - 2560
3. bethesda 24 hours - - 1280
8. bethesda 96 hours - - 640
5. bethesds 144 hours - - 640
3. bethesds 192 hours - - 320

- » not tested.
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were obtained with ageing 5. bethesda suspensions (Table $§Q{“FEsf£j}

0¥ {l.'ml?'.\:}

a four fold decrease in titre ocourred over the eight qiy period of
the experiment. These experiments indicated that alterations to
thechemical structure of the cell wall accompanied the process of
ageing. These alterations were not obvious whea the whole cell was
examined chemically, but the falliag titrea suggested that further
chemioal studies of the cell walls themselves might disclose some
change in composition.

One cell wall componeat which was of considerable immumological
interest was the lipopolysaccharide fractiom. Experiments were
carried out to determine whether any guantitative changes could be
detected in the lipopolysaccharide content of the ageing cell
walls. The three strains were grown anaerobically ia CNT medium for
24% and 192 hours. The cell walls were isolated after sonic disruption
of the cells. Electrom micrographs indicated that the walls of both
the young and the old cells were almost completely free of electroam
dense intracellular granules (Flate 5). The cell walls accounted
for 10 to 15% of the origimal dry weight of the cells. The cell walls
were extracted with hot 90% phenol amd protein, total mitrogea and
carbohydrate estimations were carried out oa the various fraetioms,
and a balance sheet was drawn up. The details of these analyses
will be considered in the next section.
osition of ing Cell Walls

2. The Com

Water Partition.
The dry weights of the three fractions obtained when
approximarely 0.5 to 1.0 gs of cell wall was extracted with phemol,

were estimated as perceatages of the origimal cell wall and recorded



Flate 5. Electrom micrographs of cell wall preparatioas
shadowed with palladium.

1. Ps. ae osa (plaque straim) cell walls from a
hour anaerobic culture. X 40,000,

2., Ps. aeruginosa (plaque strain) cell walls from a
192 hour amaerobic culture. X 40,000.

3. Ps., aeruginosa (plaque-free strain) cell walls
ros a hour amaerobic culture. X 40,000,

4., S. bethesda cell walls from a 24 hour anaerobic
culture. X 20,000,
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in Table 18. The amount of cell wall substasce which passed into

the three fractions did not vary sigaificantly with increasing cell
age, or within the different strains tested. fho phenol residue
agccounted for about 40% of the cell wall substance, while the
remaining fractions ;ocountod for approximately 50%. The aqueous
phase contained some protein, large amounts of carbohydrate material,
the lipopolysaccharide and a trace of RNA (Fige 352) The supermateat
fluid, after centrifugation at 30,000 r.p.s., for 120 aminutes,
contained considerable amounts of carbohydrate as well as the RNA.
The lipopolysaccharide pellet dissolved readily im distilled water

to give an opalescent solution which was free of nucleic acid. About
10% of the material ia the aqueocus phase was lipopolysaccharide
(Table 18). The results of the protein and the total aitrogea
estimations on the three fractions were recorded in Table 19. Semeral
of the FPolin-Ciocalteau eatimations recorded that apparently more
than 100% of the solids present consisted of protein. Such a result
was obviously impossible and was due to the use of standard curve
prepared against serum albumin to estimate the amouant of bacterial
protein present. The total N. figures for this fraction confirmed
that the phemol extracted almost pure proteim from the cell walls.

No variations in the protein coantent of this . fraction were noted as
the cells aged. The phenol residue contained betweea 40% and 60%
protein together with considerable amounts of non=protein nitrogen.
The S, bdethesda residue had a slightly higher protein conteat than
the corresponding Ps. aer osa fractions, dut ageing did not appear
to greatly alter the results with either orgaaissm. The aqueous phase

always contained some protein, The S, bethesda aqueous comtained



F ige 32. Ultra-violet absorbdance curves for the agqueous phase
and lipopolysaccharide preparatioa obtaimed after
phenol/water partition of Ps. aer osa (plaguwe straim)
cell walls.

X—X  Youst RNA.
O——0 Aqueous extract.
® — @ Lipopolysaccharide.
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Composition of Pg, seruginogs and 3. hethesds cell walls determimed Yy
phenol/water partition expressed as mg.X of dry wt. of cell wall,

Preparation Phenol Phenol Aguecus Spimco Lipopoly-
layer residue layer supernatent saccharid¢

Fs. plague 24 hours 30 45 20 8.8 1.6
Ps. plaque 192 hours 32 40 20 11.4 1.6
Pe. plaque-fres 24 hours 30 33 16 19 1.18
Ps. plaque-free 192 hre. 30 43 20 11 0.9
Ss Dethesds 24 hours 25 37 32 12 1.2

3. hetheads 192 hours 31 44 21 9.5 1.




ZARIE 13-

Protein¥ composition of Ps. ssruginess esd 5. bethesds cell walls
deterained by phencl/water partition.

Preparation Cell wall Phanol layer FPhenol residue Aqueows
_layer
Ps. plaque 24 hours 7% 1006 (100%)® 408 (61%)" 45%
Ps. plaque-free 24 hre. 69% 105% (102%) st (T7T%) 69%
Pe. Pmli-ﬂ'“ 192 hrs. m ”’ ( 9“) 5'* (“%) m
S deshesds 24 hours 54% 1208 ( 95%) 61% (63%) peg
S Dethesds 192 hrs. 63% 974 (100%) - (80F) 33%

n estimated from Totsl - N.
+ eoatimated Wy the Folia-Ciccaltean reagent.
« = pnot dome.
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somwhat less protein tynn the corresponding plaque straias preparation,
which was only about half that foumd in the plaque=free fraction.

The protein remained ia solution whea the lipopolysaccharide was
precipitated with alcohol, and both the lipopolysaccharide and the
Byangc superaatents were protein free.

The carbohydrate o-ti-ntiong carried out on the various fractioas
were made by the Anthrone method as a matter of routine, although the
lipopolysacoharides were also tested with the Oroinol reagent. The
total carbohydrate content of the various fractioms were estimated
as glucose, and the results were recorded in Table 20. The partition
of the cell walls resulted in very 1little carbohydrate resaining ia
the phenol layer or in the cell residue, and later assays showed
that about 70% passed inte the aqueous phase. 7The considerable
species differences in cardohydrate comtent already noted batweem the
Ps. seruginosa and 5. betheada cell walls were responsible for the
large increase in the carbohydrate content of the agueous phase of
the S. betheada preparations. Most of this carbohydrate asterial
remained in solution whea the lipopolysaccharide was precipitated with
alcohol. Exsmination of the fimal lipopolysacoharide preparations
in the Spectrophotometer failed to show any absorption peak im the
260 to 270 mp. renge (Fige. 32).

The tarbohydrate content of the lipopolysaccharides varied froa
15% to 26% when determined by the Anthrone reagent, and from 24% to
33% with the Urcinol test. The total reducing sugar content of the
lipopolysaccharides gould not be determimed because of the limiting
amounts of material available., For this reason, the individual

sugar components, and particularly the colitose content was not



TABLE 20,

Carbohydrate composition of phemol/water partitiom fractioms from Ps. serugisoss asd 3, bethesds cell
walls, Expressed as mg.% of cell wall dry weight.

Preparation Cell PFhenol Fhenol  Aqueous Spinco Lipopolysaccharide
wall layer residme layer supern. Anthrone Orcimol

Ps.plaque 24 hrs. 3.5 0,02 0.72 2.40 0.4 0.32 0.42

Ps.plague 192 hra. 3.5 - - - 1.9 0.24 0.355

Ps.pl.-free 24 hrs. 3.2 0.10 0.82 2,30 1.37 0.22 0.31

Ps.pl.-free 192 hre. 3.3  0.06 0.90 2,20 1.07 0.17 -

S. bethesds 24 hrs. 12.0 0,09 0.72 9.01 4.3 0.31 0.40

Ss bethesda 192 hrs. 11.0 0.05 - 6.3 3.4 0.24 -

Expressed as percent of the dry weight of each fractioa.

Ps.plague 24 hrs. 0.1% 1.6% 12% 4.4% 20% 26%

Ps.plaque 192 hrs. - - - 13.97% 154 24%

Ps.pl.~free 24 hra. 0.5 2.5  11.5% 1.7 19% 25%

Ps.pl.-free 152 hrs. 0.2% 2.1% 10.8% 9.6% 18% "

S bethesds 24 hrs. 0.3%  2.06  28% 33% 26% 33%

S. bethesds 192 hrs. 0.1% - 30% 3T% 23 -

“mm.
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deterazined. The lipopolysaccharide conteant im the walls varied froa
1,0% t0 1.6% and the amount present did not vary during ageing
(Table 18): Thus the progressive loss of antigenic smoothness
observed in the ageing cell suspensions was not due to chamges in
the amount of lipopolysaccharide preseat in the cell wall, but was
more likely due to changes ia the carbohydrate compositiea of the
exiating lipopolysaccharide. 1n the past, the phenol/water partitiom
has been used mainly as a preparative techaique, but the preaent
attempts to use the technique as a semi-quantitative assay of the
cell wall lipopolysaccharide content appeared to be successful and
the conatancy of the recoveries from the ageing cell walls of the
three species was very gratifying.

Quantitative serological techaiques cam also be used to
demonstrate small) differences in the lipopolysaccharides of youag
and old cells. However, preliminary precipitin tests made with the
Ps._seruginosa lipopolysaccharide preparation (0.5 mg. dry weight
per ml.) against a one in two saline dilution of the specific
rnbbit’antiaerun gave only a faint precipitate after 24 hours. As
expected, the Ouchterlony (1949) gel diffusion plates were also
negative,

The plague strain lipopolysaccharide inhibited the haemagglutinatic
of washed sheep erythrocytes when tested by the method of Crumpton,
eteals, (1958). Suck imhibition: experiments proved that imamunologicall
active material was present in the lipopolysaccharide preparations,
bdbut did not dezonstrate whether ageing produced chemical changes in
the lipopolysaccheride molecule, Proof that chemical changes did

occur with ageing would require comasiderably larger amounts of material
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than were available at the time. Such imvestigations would iavolve
quantitative analyses of the imdividual sugar components of the
polysaccharide moiety, together with a study of the lipid A fractionm
of the molecule. Finally, the preparatior of antisera with high
precipitin titres would enable a study of the lipopolysaccharides
from young and old cells by means of quantitative precipitia ocurves -
(Kabat and Meyer, 1948)., Studies along these lines would perhape
offer the moat precise immuno-chemical data on the nature of the
posaible variations in the lipopolysaccharide composition of ageing
cellz, While the resulte from such a study would be of undoubted
interest, particularly from the point of view of the progressive
antigenic changes from smooth to rough, they did not seea to be
sufficieatly relevant to the present study to justify the preparation
of new antisera and further lipopolysaccharide material. Atteation
was therefore turned to the overall chealcal composition of the cell
walls of young and old cells and the results of these chemical
analyses will be considered in detail iam the following chapter.



CHE¥ICAL CHANGES ASSOCIATED WITH ACEINGs VARIATIONS IN THE CHEMICAL
COMPOSITION OF TF ELL WALLS O R’U SA AND S, BE DA«

The balance sheets obtained for whole cells of Ps, seruginoss and
8o bethesds failed to disolose any changes of great significance.
Nowever, since cell lysis prodably followed extensive alteratioms to
the cell wall architecture, chemical assays were carried ocut with
purified cell wall preparations in an effort to determine the nature and
possible significance of these changes.

The cell wall preparations were free of electron-dense gramiles
when cheoked for purisy with the electrom micrcacope (Plate 5). The
coaposition of the cell walls was detarmined as total nitrogea and
protein, total carbohydrate, total 1ipid and total phosphorous. These
assays will now be oconsidered in detail.

a. The total mitrogen content of the cell walls of Ps, seruginoge
and §, bethesds varied from 8% to 11% of the dry weight (Tadle 21). The
cell walls prepared from aercdbic cells comtained somewhat more mitrogenous
saterial than the anserocdic preparations. On the other hand, the plaque
straia walls recorded consistently lower figures for this fraoctionm
than were found with the other two organisms, but these differences
were never very great. Little or no change ia the total nitrogea conteat
of the ocell walls accompanied the ageing of the cells, either im complex
or in defined media.

(1) Protein determinations made by the Folin-Ciocalteau and
by the Biuret techniques were recorded in Table 21. The protein content

of the plague=-strain cell walls varied from 50 to 60 mg.% depending on



TABLE 21.

Total- K and proteim composition of Ps. serugimoss amd S. bethesda cell walls prepared fros cells
grown serobically and amserobically in complex and defined media. (mg. per 100 mg. dry weight of
_ cell wall).
Age of HKedium Pa. aeruginosa Ps. asruginosa 3. be
cells plaque strain Plaque-free strain

Total- ¥ PFolin C. Biuret Total- B PFolin C. Biuret Total- ¥ Folin C. Biuret

Aerated culvures

24 C.R,T. 11,0 60 55 8.5 T4 58 8.8 64 50
96 Cc.N.T. 10.2 60 53 12,2 76 60 9.6 60 50
Anaerobic cultures
24 Broth 6.2 60 40 - - - - - =
72  Broth 8.8 €0 57 - - - N = -
96 Broth 8.8 65 58 - - - - = =
192  Brot: 8.9 7 59 - - = = 5= =
24 C.N.T. 8.4 57 50 10.1 73 65 - - -
48 C.N.T. 8.4 52 47 - - - 8.0 59 50
64 C.N.T, 8.2 €1 - - - - - - *
96  C.E.T. 8.8 65 56 10.5 5 70 9.0 67 59
120  C.N.T. - - - 10.0 75 62 - - -
192  C.N.T. 8.7 68 60 10.9 15 65 9.0 €8 58

- = not done
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the assay method used. The mitritional complexity of the medium did
not affect the protein content of the young cell walls., The relative
protein content of the anasrobically grown cell walls incressed as they
aged. Thus, the protein content of the 192 hour plaque strain cell
walle varied from 65 $o 70 mg.%. In contrast, the plaque-free cell
walls cobtained €5% to TOF protein throughout the growth cyole,
irrespsative of the age of the oells (Table 21). Thus the mutation by
Ps. seruginoss %0 the plague~fres strain resulted im an inarease of 10
to 15 mg.% in the protein content of the cell wall, The 3. bethesda
cell walls consisted of about 504 protein, and this anount imoreased
only slightly as the cells aged. The inoreased protein content of the
plaque~free cell walls largely aocccunted for the higher total nitrogen
figures racorded for these preparations {Tabdble 21). In genersl, the
protein -¥ sccounted for about 90% of the total nitrogen in the cell
wall preparations, indicating that only small asounts of other nitrogenous
materials in the cell walle were present.

The protein content of the ageing cell walls increased rather than
decreased ovor the period when the 20st extensive cell lysis was observed.
Autolysis of Pa. seruginosa cells 44d not, thersfore, involve the removal
of extensive amounts of protein from the cell wall. Experiencs with
Gram positive bacteria (Salton, 1958) suggested that the removal of
certain key cell wall aaino acide and amino sugars aould de involved
in the process of cell lysis in the present study., Attempts were
therefore made to determine vhether such changes did, im faot ocour

during the autolyeis of Ps. ssruginosa cultures.
(2) Amino acid determinations were oarried out om the

ageing cell walls of the three strains grown in aerchic and amaerodic
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cultures. A prelimimary experiment was carried cut to determime the
completeness of hydrolysis of the dacterial mtgins over incresasing
periods of time at 100°C. Hydrolysie was 75% complete after one hour,
but several large epots (Fig. 33), presant on the chromatogram were
identified as incompletely hydrolysed peptidqa. l'_x-olomd hydrolysis
resulted in an incresse in the amount of serine, aspartic acid, valine
and methionine in the hydrolysates (Table 32). The intrease in methionine
and aeriné corresponded with the disappearance of the peptide 1
(?:I.g- 33) while the rise in aspartic acid and valine im the 20 hour
hydrolysate corresponded with the dissppearance of peptide 2 (Fig. 33).
Thus hydrolysis in 6 N. HC1l at 100°C. for 20 hours resulted in the
complete breakdown of the cell wall proteins to free aminc acids.

Trytophane was destroyed after four hours hydrolyeis at 100%,
although & faintspot corresponding tc this amino acid could de detected
after one hour. Some difficulty wae experienced in completely separating
the lysine from the glycime (not estimated quantitatively for this reason),
and aleo the leucine froa the isoleucine. However, the addition of two
per cent lutidine to the ninhydrin sclution enabled these amino acid
pairs t0 be olearly distinguished qualitatively. The most abundaamt amino
acids in the Ps, seruginoss cell walls were aspartic and glutamie acids,
alanine, phernyl alanine, lysine, serine snd DAP. GSmaller sazounts of
valine, methionine, tyrosine and leucine were alsp present. In all,
twenty emino acids were detected in the hydrolyssates. The smounte of
the varicus amino acids agreed surprisingly well with corresponding
tigures (Table 22) quoted for E. coli cell walls by 3alton (1960).
The total amino acid recovery after 20 hours hydrolysis was approximately

protecn
SO mg.% which agreed very favourably with the known content of
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Two dimentional ascending paper chrosatogram of 24 howr
old ggtn_c% (plaque etrain) cell gall material
following sis with 6K« HC1l at 100°C. for ome hour.
The papers were developed with mniahydria at rooa tempera-

ture for 24 hours. The numbers refer to the followiag
amino aoids.

l. Cyesteic acsid. ll.- Argiaiae.

2. Diamino pimelic aci‘q 1,2 ¢ Prolime.

3. Lysine. 13, ol amino butyrie
&. Glyocime. acid.

S« Serinme. 14. Valine.

6. Asparsic acid. 15+ Methioaime.

7. Glutamic acid. 16. Tryptophcne.

8 Iy Alllltlo . 1? o Leucine. o

9. Tryosine. 18. Iso-leueine.

10, Ristidine. 19. Pheayl alanine.

20. Peptide.l.
21. . L %
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TABLE 22.
Amino acid composition of P, seruginogs (plaque strain) cell walls.

(mg. of amino acid per 100 mg. dry weight of cell wall,) ¥

Amino acid Time of hydrolysis %:T%%%;K1960)
1 hour 4 hours 20 hours 16 hours
DAP 2.6 3.1 2.0 -
Lysine 5.5 54 4.4 4.9
Glyeine + + + 3.1
Serine 2.9 4.2 3.7 3.7
Aspartic aciad 5¢5 6.5 10,7 7.1
Glutaaic acid 6.5 7.2 9.3 6.9
Alsnine 4.0 4.5 3.9 5.6
Tyrosine 1.3 2,1 1.8 3.3
Proline + + + 1.5
Arginine 0.4 0.8 0.7 3.8
Histidine 0.5 1.0 0.8 0.9
o. amino butyric acid 0.7 1.3 0.9 -
Valine 0.3 0.9 1,1 3.4
Methionine 0.3 0.8 1.0 0.7
Leucine 1.8 2.4 1.9 53
Fhenyl alanine 4.0 4,6 4.0 3.0
1s0 leucine + + ' + 3.7
Peptide 1 + + + =
Peptide 2 + - - -
Total amim acid 36.3 44.8 46.2 5640

= error for estimations + 10%

+ = gpot identified but not estimated quantitatively.
= trace only.

[} 4

= not detected.
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Pa. seruginoss cell walls.

Attention was turned t0 the anino uoid composition of ageing cell
walls of the two Ps. aeruginosa etreins and of §. bethesds. The
Pa._seruginoss (plaque strain) cell wall amine aoid composition was

recorded im Tadle 23. The amino acid recovery for the azeing cell
walls was about 50 mg.%. The deoreass in the amino acid recovery
recorded for the four day old aerobic cell wall preparation was thought
to be due to an error in the dry weight determination rather than to
e real decrease in amino scid ocontent. The total number of saino scids
in the ageing cell walls remained the same (o.f. Pigs. %4 and 3%), Wt
e mober of changes ocourred in the comcentration of individual amino
acids present. The content of aspartic acid, phenyl alanine;, leucine
and histidine inoressed as the anserobic cells aged (Table 23) whilet
a simultansous decreass was recorded in the amounts of DAP, lysine,
alenine and serine. The doorou; ococurred mainly between 88 and 192
hours, coimolding with the period of cell lyeis. Similar deareases in
DAP, lysine and serine were also observed in the asrated cell walls.,
The anino acid composition of the corresponding plague-free cell
walls was recorded in Tadle 24, The amino acid content of the ageing
araerodic cell walls increased by 15%. There was no sudden Qecrease
in DAP, serinme or lysine corresponding to that found in the plague
strein preparstions. No spot corresponding to glycine could be deteated
in the ohromatogram (c.f. Figs. 34 and 36). The amounts of the other
individual anino acids present were very similar to those of the plaque
strein except that the arginine and methionine conteat of the plague-
free cell walls was almost double that found in the plaque strain walls

(Table 24). The amimo acid recovery was equivalent to 80f %o 90% of the



Fig. 34, Two dimentional l-conding paper chromatogram of 24 hour
old Ps., ae ooa (plague strain) c.lloilll material
following #is with 6N.HC1 at 100 C. for 20 hours .

The numbers refer to the amino acids listed in Fig. 33.

Fig. 35. Two dimentional asceading paper chromatogram of 192
hour old cell walls of Ps, aer a (plaque straia)
following hydrolysis wit o HC1 at 00"C. for 16 hours.
The numbers refer to the nnino acids liasted im Fig.33.
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Fig., 36+ Two dimentional ascending paper chromatogram
of 24 hour old Ps. osa (plague-free
streia) cell mat ollowing hydrolysis
with 6N. EC) at 100 C. for 16 hours. The numbers
refer to the amino acids 1isted im Frig. 33.
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TABLE 23,
Amino acid composition of ageing cell walls of Ps. seruginosa

(plaque strain) expressed as mg. per 100 mge. of cell wall.

Anaerobic Aerated
24* ko 6k 88 192 24 96
Cysteic acid + + + + - + +
DAP 3.0 246 2.6 1.9 1.4 S5¢b 3.6
Lysine S5¢6 4.7 47 b7 3.1 6.7 4.8
Glycine + + . + ++ + +
Serine 5.2 7.3 3.8 bbb 3.8 7.8 .8
Aspartic acid  10+7 10.4 10,3 1l.1  12.0 9.6 6.
Glutamic acid 9.3 9.3 9.2 8. 8.6 6.4 3.2
Alanine 3.5 4.9 3.5 3.2 3.0 4.1 2.4
Tyrosine 2.2 2.1 1.6 1.8 + 2.3 1.6
Proline + + + + + . +
Histidine 0e8 0,7 0.8 1.0 1.3 1.5 1.6
Arginine 0.6 046 0.6 0.8 1.0 1.0 1.0
o« amino butyric
acid 0e9 0.9 0.9 1.0 1.2 2.0 l.k
Valine lel 1l 1.0 1e5 l.1 1.7 1.9
Methionine 0.9 1.0 1.0 1.4 l.1 1.7 1.8
Leucine 1.9 209 343 43 b 245 3.0
Phenyl alanine St 5,5 6.0 8.1 8.2 4,6 4,9
Iso leucine 1.0 1leb¢ 1.7 240 2.1 1.1 1.1
Tryptophane - + * - - + *
Peptide 1 s - + + + + +
Total amino acid 52 55 51 55 53 58 1

* age of cell walls in hours.

+ = gpot identified but not estimated quantitatively.

+ = trace only.
- = pot detected,



Amino acid composition of ageing cell walls of ps, asruginosa

(plaque~free strain) expressed as mg.per 100 mg.of cell wall.

Amino acid. Anasrobic. hAerated,
26" 96 120 192 24 96
ICyatqic acid + : - * + -
DAP. 3.1 4.5 5,0 5. 3.7 4.5
iLysine 5:0 649 7 7.0 6ok Soly
@Glycine - - - - - -
Serine St 6.2 640 6.8 S5e3 643
Aspartic acid 9¢3 70 Gt 6.8 Ge7 79
Glutamic acid Bel 7.5 8.9 9.8 1.7 6.6
ilanine 367 362 3.7 543 642 347
Tyroaine 1.7 1e5 14 245 1.6 1.2
Froline + ® + + + ®
Arginine 13 1.8 1.4 1.7 1.1 1.6
Higtidine 2.0 2.8 2.2 2.6 1.5 C 2eH
o/ amino butyric
acld 1.5 1.8 1.7 2.0 1.7 1.5
Yaline 19 2.7 2.7 2.4 1.7 245
Hethionine 1.8 2.6 2.7 2.3 1.6 2.4
Lsucine 3e2 35 b4 47 346 3¢9
Phen. alanine 568 645 .1 G.6 6.7 748
Iso leucine 1.6 1.6 24 2.2 1.7 1.9
| Tryptophane + 8 - + .
Unknown 1 + + : + 4 +
w2 3 - - - ® -
Total amino acid 55 60 63 69 64 59

* Age of cell walls in hours.
+ = ppot identified but not estimated quantitatively

+ = trace. - = pot detected.
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total protein ia the cell walls.

A similar pattern of amino acid composition was odserved in the
Se _bethesda cell walls, Iﬁt the exact amounts of the individual components
varied somewhat (Table 25). The aspartic acid content was higher and
180-leucine was redaced (Pig. 37). The trytophane spot was larger
than for either of the Ps. seruginoes streins, but it was still too
faint for quantitative estimation. The serine content of the 3. hethegds
cell walls was somevhat lower than it was for Pg. seruginoss cell walls.
The total amino acid recoveries in the ageing anaerchbioc cell walls
renained constant at approximately 45 ag.”. .

The DAP, alanine, lysine and serine content of the cell walls 414 not
decrease during these experiments,

The coinoidence of the decrease in the DAP, alanime, lyeime and
serine content of the Ps, asruginogs plagque strain cell walls with the
initiation of extensive cell lysis was interesting especially in view
of the retention of these amino acids in the cell walls of the lysis
resistant plaque-free strain and in §, Pethepda. The observed decrease
in the amount of DAP, lysine, serine and alanine present in the plaque
strain oell walls led to an examination of the carbohydrate and amino
sugar oontent of the ageing walls. The details of these investigations
will be considered ik the next seotion.

b. JTotal carbohydrate. The plaque straim cell walls contained
thres to five mg.% of carbohydrate (sstimated as glucose by the Amthrone
reagent), The oorresponding reducimg sugar content was 6.0 to 9,6 mg.#
(Table 26). Yery little change cocurred during the ageing of the cells
and no significant differences were detected in the carbohydrate content
of the plaque strain cell walls prepared from cells grown under asrobic



Fig. 37. Two dimentiosal aseendiag paper chromatograms of 28 hour
old 8, bet wall material after hydrolysis with
6N, BC1l, at %"c. for 16 hours. The numbers refer to
the amnino soids listed in Fig. 33,



20

g €
&

08
OO
%

g
Q

08t

w.
o

}
21139v-1N8 NI ¥

~r
o

(]
o

0.8

KO
o

0.4

0.2

R, IN 807, PHENOL



TABLE 25.
Amino acid composition of ageimg cell walls of 8. bethesda expressed

as mge. por 100 mg. of cell wall,

Amino acid Anaerobic. Aerated.
ua. 88 192 24 96
Cysteic acid + + + * +
DAP 243 1.2 1.9 2.5 3.3
Lysine 4.9 3.0 3.4 3.b 7.8
Glycine + + . . .
Serine 3.0 2.0 3.0 2.1 3.2
Aspartic acid 12.3 12,0 16.0 8.1 11.‘
Glutamic acid 6.9 6.2 8.3 6.2 7.6
Alanine 2.1 2.5 1.5 1.8 2.0
Tyrosine 3.0 1.9 1.6 2.5 245
Proline . + * + +
Arginine 045 Ok O 2.8 1.0
Histidine 0.6 0.6 0.6 0.8 1.6
o/, amino butyric acid 1.0 1.0 0.8 1.8 1k
Valine , 1. 1.0 0.7 0e6 1.2
Methionine l.1 1.0 0.6 0.9 1.1
Leucine 1.7 2.5 3ed 2.9 36
Phenyl alanine 2.8 346 3.9 2.0 4,6
Iso leucine 1.2 2.k 3.1 1.5 3.8
Tryptophane * + + + +
Peptide 1 + + - + -
Total amino acid 4s L) 49 4o 56

* age of cell walls in hours.

+ = apot ideatified but not eatimated quantits
$ = trace. tively
= = not detected.
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or amserobic eonutioﬁ. either ia complex or in defimed media.
| The plaque~free cell walls contained similar amounts of oarbohydrate
to the parent strain. Omoe agaim the figures remained fairly conatant
throughout the ageing period. However, the total reducing sugar content
of the plaque-free cell walls almost doubled compared with the amounmt
found in the plaque strain preparations. The S, bethesda cell walls
contained reducing sugars ejuivalent to almost 20% of the total dry
weight (Table 26). The corresponding figures for the Anthrone tests (
wore somewhat lower, dut were still three to four times as high as that
found in the Ps, asruginosa preparations. Cultural conditions and the
age of the 3, bethesda cell walls had little effect om the total
ocarbohydrete oontent, Thus, although considerable species differences
could be detected, the extent of the changes which could be asoribed to
ageing were disappeinting.

(1) Qualitative ohromstographio sugar determinatiops, The
2a._seruginoss oell walls contained glucose, rhamnose, gluoosamine,
murasio scid and a little mannose (Fig. 38). No spots corresponding
to gelaotose, arabinose, xylose or ridose were detected. In addition
to the above spots, the 3, bethesda cell wall chromatograms oontained
s #mall spot corresponding to arabinose.

(2) quantitative sugar end amino suger deterninations. The
muranic acid and glucosamine content of the ageing cell walls of the
three strains were recorded in Teble 27. The amino sugar oomtent
varied detween one and tyo mg.% with approximately equal amounts of
glucosamine snd mureaic acid present in the young cell walls. As the
plaque strain walls uiod s0 the gluccsamine content decreased sharply

but the muramic scid was not greatly affected. The plaque-free strain



Fig. 38. 8ingle (u.mtiom_ descénding paper chromatogras of ocell
_'d% saterial after hydrolysis u 2N, tglphurtc‘ acid at

100 G, for two hours.
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TABLE 26,

Carbohydrate composition of Ps. asrugimoss and S. bethesda cell walls from oells grown ia aerated
and epmaerobic medis (mg. per 100 mg. dry weight of cell walls).
Age of dedium Atmos. Ps, scruginoes Es.seruginosa S. _bethesda
cells plaque strain plaque=-free strain

Anth. Reducing™ Hexos. Anth. Reducing Hexos. Anth, Reducing Hexosamine

Aercbic cultures

24 Broth Air 5.0 8.3 - 53 13.0 - - 12 18.6 -
96 Broth Air 5.7 6.9 1.4 5.5 14.2 1.5 10 13.0 1.4
Ansercbic cultures
24 Broth N, 4.4 9.6 - - - - - - =
72 Broth N, 4.0 - - - - - = - -
96 Broth N, 4.6 - - - - - - - =
192 Broth K, 4.4 8.0 - - - - - - =
24 C.N.T. K, 3.7 8.0 1.4 5.1 12,1 1.4 - - -
48 C.F.T. K, 3.4 - - - - - 12.0 18.3 2.1
64 C.N.T. K, 4.0 - - - - - a = -
96 C.E.T. N, 3.6 - - 5.8 - - 12,0 - s
120 C.N.T. W, - - - 3.0 - - - — N
192 C.K.T. K, 3.0 6.1 0.8 4.0 13.5 1.1 11.0 15.4 1.6

Z Reducing = total reducing sugar
- = Mt dm.



TABLE 27.
Sugar and amino sugar composition of ageing cell walls of I's. asruginoss aad
S. hethesda grown amaerobically im defimed medimm.

Age in Orginism Glucos- Muramic Glucoss MNannogse Rhamnose Arsbimose Total
hours anine © acid
24 Pa.aerugimoss 0.1° 0.8 2.9 0.3 2.2 - 6.8
64 plaque = - 2.7 0.3 2.0 - -
88 strain - - 1,8 0.3 2.0 - -
192 0.2 0.6 1.1 0.3 1.8 - 4.0
24 Ps. aerugimoss 0.7 0.8 5.0 0.6 3.0 - 10.0
72 plaque-free - - 4.4 0.7 3.0 - -
192 straia 0.5 0.9 3.4 0.5 2.8 - 7.7
48 S. bethesda 1.1 1.0 3.9 3.7 9.6 + 19.3
88 - - 4.8 3.3 8.2 + .
192 1.6 4.1 3.0 8.1 + 16.7

= ﬁ. por 100 Bg. of cell walls.
+ = detected chromatographically Wat mot sstimated quantitatively.
- = not estimated.
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and the 3, bethesds cell walls did mot show any analogous changes
with ageing.

‘ The plague strain cell walls contained approximately equimolar
amounts of glucose and rharnose with a muoh smaller amount of mannose
(Teble 27). As the cell aged the glucoss content decreased by 607
without any extensive changes in the rhaznose or mannose contents.

The Ps, seruginoss (plaque=free) cell walls contained almost
twice the amount of glucose and mannose to that found in the parent
strain cell walls. Yn the other hand, the rhamnose content was
unaffected dy the mutation. The decrease in the cell wall glucose
content as the plaque-free cell walle aged was considerably less than
for the plaque strain over the same period of time. The chromatographic
estimation of the cardohydrate oontent of the ageing cell walls were
consistent with the earlier chemical mssays (Tables 26 and 27). They
also helped to explain the observed increasse in the total reducing
sugsr oontent of the plaque-free ocell walls in the absence of any
oorresponding ohange in the Anthrone figures. The 3, bethesds cell
walls ocontained three to four times as much rhamncee as was found in
the Ps. seruginosa preparations. A similar increase was observed in the
mannose content (Table 27).

The finding by Brumfitt, et.al,, (1958) that lysosyme resistance
in M. lysodeikticus was associated with changes in the O-acetyl content
of the cell walls led to a similar investigation of the plaque and
plaque~free cell walls, The O-acetyl content of the cell walls did
not change greatly during the process of ageing (Table 28), However,
the plague-free cell walls contained less O-acetyl than the parent strain,

vut although this difference wus interesting, it did not seem to have



ABLE 28 .

O-acetyl comtent of the cell walls of Pg. aeruginegs and 3. bethesds.
Age in Orgenisn Aerated Anaerobie

houre

24 Ps, seruginces plaque 0.45 * 0.5
straia
96 0.42 -

192 - 0.27

24 Pe. seruginose 0.26 0.23
plaque={fres strain
96 : 0.28 -

192 - 0.19
48 8. bethesds 0.40 0.3
96 0432 =

192 - 0.34

= Rg. per 100 mg. of cell wmall.

- = not dons.
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any obvious relevance to the increased resistance to the lytic
changes under discussion. Attention was therefore turaed to the
lipid content of the cell walls of the three strains.

ce Total lipid. The aerobic Ps. aeruginosa plaque strainm
cell walls recorded a lipid eont‘nt of 18 mg.% (Table 29), which
later decreased slightly as the cells aged, However, the corresponding
figures for the plaque-free straia cell walls remained constant at |
16 mge% over the four day period. The young aerobic S, bethesda
cell walls contained somewhat less lipid (12 mg.%) and this figure
1n;ronsod slightly as the cells aged. The free lipid comtent of the
anaercbically grown cells of all three strains remained at six to
eight mg.% throughout the experiments (Table 30). The complex
1ipid content of the Ps. aeruginosa (plague strain) cell walls
decreased from seven mg.% at 24 hours to less than two mg.% after
eight days. Uver the same period of time, the Ps. asruginosa
(plaque~free strain) cell walls showed little change from the eight
to ten mg.% normally found im the young c¢ells. The S, betheada
cell walls contained a high proportion of free lipid, but the combinmed
1ipid content remained steady at about four mg.% throughout the
experiment (Table 30). Thus, im addition to the demomstrated generic
differences betwesn the two organisms, a definite ageing effect
could be demomstrated for the plaque forming Ps. aeruginosa astraia.

d. Total phosphorous. When grown ia broth the total
phosphorous content of the Ps. aeruginosa (plaque strain) cell walls
varied between two and three mg.%. No detectable variations occurred
as the cells aged. The cell walls of the organisas takea froa the

CNT medium contained 1.0 to 1.8 mg.X of phosphorous, and, once again,



TABLE 29,

Composition of cell walls of Ps. asrugimosa and 8, bethesdy from

cells growa ia coamplex media under aerodic coaditioms.

All figures refer to the amount in mg. per 100 ng. dry weight of

cell walls.
Age of Strain Proteia Total - P Lipid Carioh:dratc' Total
cells. (aver.) Total \ %
24 Pa. plaque 58 2.2 18 8.3 6?7
96 Pes. plaque 57 2,0 16.5 6.9 82
2k P, plague~
free 66 1.6 16.1 13,0 97
96 Ps. plague-
free 63 1.8 16-5 1‘002 100
2h 8, bethesda 5?7 0.8 12.2 18,6 89
96 8. !l'g’g&l 55 1.2 14,0 13,0 83

¢ total reduciag sagar.



TABLE 30.
Compositioa of cell walls of Ps. ssruginces and S. bethesds prepared from cells grown in complex amd
defined media under amserodic comditions. (mg. per 100 mg. dry weight of cell walls).

::- u:f Strain Yedium ﬁ:u)- Total- P n::l.pi,:om Carbo-hydrate © ‘1'0;;1
24 Ps.plague Broth 50 2,3 8.2 15 9.6 17
T2 Ps.plague Broth 59 2.9 8.4 15 - =
96 Ps.plague Breth 62 2.6 - 10 - -

192 Ps.plague Breoth 65 2.4 8.4 10 8.0 85
24 Ps.plague C.NX,T, 54 1.7 5.2 1s 8,0 80
48 Pa.plague C.N.T. 50 1.1 - 15 - =
64 Ps.plaque C.N.T. - 1.2 - 12 - -
96 Pg.plague C.N.T. 61 1.4 - - - -

192 Ps.plague C.N.T. 64 1.6 Sed 9 6.1 8l
24 Pes.pl-free C.N.T. 70 1.6 6.3 16 12,1 100
96 Ps.pl-free C.N.T. T2 1.4 - 14 - 100

120 Ps.pl-free C.NX.T. 69 1.0 - 11 - -

192  Pa.pl-free C.H.T. 70 1.0 5.8 13 13.5 97

CONTINUED OVERLEAP......



ZABLE 30 (comt'd)

=
Age of Straia Nedium Protein Total- P Lipid Carbo-hydrate Total
cells (aver.) Fres Total <
48 S.bethesda €. ¥.T. T1 1.7 8.7 12 18.% 92
96 §obeth88d-n C.H.T. 63 1.7 ‘.0 1 - -
192 S.bethesda C.¥,.T, 63 1.6 Te2 10 15.4 90

= Total reducing sugar.
.= = not dome.

Ps. plaque = Ps. ssrugincgs (plague strain).

Pa. pl.-free = Ps. asrugimegs (plaque-free atrais). .
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any trends due to ageing were too small to be detected (Tables 29
and 30). The plaque-free strain and the S, bethesda cell walls
gave similar total phosphorous estimates. No mucleic acid could
be detected in the cell yall preparations of youmg or old cells
growa aerobically or asmaerobically. |

The total recovery of cell wall -ntor;al v-ri;d frol>80 to
90% usually (Tables 29 and 30). Recoveries of the plaque-free cell
wall naterial were almost 100%, due to am unexplained imcrease in
total protein. The incomplete recoveries for the other two organisms
indicated that a number of other undetected mimor cell wall

components had mot been included in these bdalance sheets.

2. Compesition of Youag Ps. asruginosa Cell Walls Incubated

’ with the Comcentrated Autolyein.
The c¢ell walls of the plaque produciag strain of Ps. aeruginoss

uaderwent a number of changes in chemical composition with ageing
which were aot apparent in the plaque-free strain, or in the

S, bethesda preparations. These changes could apparently be correlated
with the appearance of untolytié ensymes in the culture media.

However, a more direct proof of the association of these ensymes with
the obeerved cell wall changes seemed desirable.

Cell walls prepared from 24 hour old Ps. asruginosa (plaque
strain) cells were incubated in the presence of the crude ensyme
concentrate prepared from 192 hour old broth culture of Ps, aeruginosa
(plaque strain). The cell walls were thea washed and assayed for
total protein, amino acid composition, cardbohydrate amd hexosamine
content and total lipids, The results of these assays will be detailed

in the following sections.
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a. Total proteia was deterained by the Folin-Ciocalteau
method only. As was expected from the absence of significant proteo-
lytic activity in the easyme preparation (vide pe 83 the protein ‘
content of the cell wall was mot affected by incubation with the
enzyme concentrate. The protoinyfiguro- of 58 to 68 mg.% were
similar to those already recorded for Ps, aerugimosa oell walls
(cofo Tables 21 and 31), The imdividual amimo acids in the cell
wall, estimated before amd after treatment with the autolysia were
recorded in Table 32, The total amino acid recovery froa the three
preparations was approximately 45 mg.% of the original cell wall
material. After incubation with the ensyme preparation, only a very
faint spot corresponding to DAP could be observed:s The heated ensyme
control did not remove significant amounts of DAP from the cell walls.
In addition, the hydrolysed cell walls contained very 1ittle lysine
and only a portion of their imitial serine and alanine, The amounts
of the remaining amino acids were mot greatly affected by the ensyme
treatment although the relative ascuats of several acids, (e.g»
glutamic and aspartic acids, phenyl alanine and leucine) did increase
slightly. The similarity between the cell wall changes observed ina
this experiment and those recorded for the ageing Ps, aeruginmosa cells
(vide p.109) suggested that the aechanisn was the same in both cases’

bs Total carbohydrate. The cell wall total reducing sugar
content did mot vary greatly after incubatioa with the autolysin
preparations This fractioa accounted for six to mime mg.% of the
dry weight of the original cell walls (Table 31). Quantitative
estimation of the individual sugars following chromatography disclased

that incubation with the autolytic ensyme resulted in the virtually



TABLE 31,
Composition of Ps. aeruginosa (plaque straia) cell walls following
hydrolysis by the crude easyme conceatrates

Amounts expressed as mg. per 100 mg. dry weight cell wall (original,

Coatrol Ensyse Heated ensyme
Protein (Polin«C). 58 63 68
Total reduciag suger 9 6 8
Glucose ) 2 0.6 2.9
Mannose Ok 043 Ol
Rhamnose 240 1.9 1.9
Glucosahine 0.8 Tr. 0.8
Muramic acid " 10 0e5 0.8
lipid (total) 15 10 13
lipid (free) 6 7.6 -
Total 82 88 89

Tr = Trace only.

= = pnot estimated.



TABLE 32.

Amino acid composition of Pe. aeruginosa (plaque straia) cell wmlls

following hydrolysis by the crude enzyae consentrate.

Amounts expressed as mg. per 100 mg. dry weight of cell wall.

Amino acid Control Engyme Healed onazyme
DAP 1.9 Tr. 1.7
Lysine 6.2 1.2 7.2
Serine be5 245 beS
Aspartic acid 6.8 9.0 6.3
Glutamnic acid 8.6 9.4 9.6
Alaaine 5.9 3.8 53
Tyrosine 1.9 1.6 -
Proline * * +
Histidine 1,0 1.3 1.1
Arginine 0.8 08 0e9
d apino butyric acid 0.8 1.0 0.8
Valine l.1 l.b 1.0
Methionine 046 1.0 0.7
Leucine + isoleucine 2.6 343 3.0
Phen. alanine 447 57 &3

Tr = trace.

e = pnot estimated.

+ = gpot detected but not estimated quantitatively.
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complete removal of the glucose and glucosanine residues froa the
cell wall. The muramic acid content of the hydrolysed walls decrecased
by almost 50%. The mannose and rhamnose content was mot affected.
The heated enzyme coatrol showed no corresponding losses of cell
wall carbohydrate or asino sugar.

c. Total lipid. Incubation of the cell wall with the
autolysia resulted in a decrease in the total lipid content froam 15
mge% to 10 mg.% (Table 31). The free lipid content was not apparently
affected. Thus, the results of this experiment again suggest that
the removal of some lipoidal complex from the cell wall is an imtregral
step in the attack by the autolytic enzymes on the Pa. aeruginosa
cell wall,

The assays for protein, carbohydrate and lipid accounted for
80 to 90 mg.% of the dry weight of the cell wall (Table 31). In
general, these figures agreed favourably with those already obtained
for the ageing cell walls (Table 30). -
Comclusions to Chapters VII, VIII and IX.

As one of the outermost structures of the bacterial cell, the

integrity of the rigid cell wall appears to be necessary for the
continuance of cellular growth and vtabilit} in hypotonic media.
Thus, the cell wall seeams to be the most likely site of attack by
the autolytic enzymes demonstrated in an earlier section of this
study. to be present in the medium. The quantitative studies of the
amino sugar, carbohydrate, amino acid and fixed 1ipid content of the
ageing cell walls of the plague strain of Ps. aruginosa suggested
that the autolytic enzymes removed a definite portiom of the cell

wall so that the cell was then no longer osomotically stable, and



cell lysis resulted. The absence of demonstrable awtolytic ensyme

activity in the plaque-free or in the S. betheasda culture media

could be correlated with the absence of extensive cell lysis im these
cultures. Thus, a sequence of enzymic and chemical changes appeared
to occur within the cell walls of the plaque strain of Ps. asruginosa.
These changes were very similar to those observed when the cell walls
were incubated with the partially purified autolytic enzyme obtained
froa aged cultures of the plaque strain of Ps. aeruginosa. Thus,

the deconstrated changes in cell wall structure were at least partly
responsible for the sequence of events observed when the viable amd
total populations of ageing cultures of this strain were studied.

The overall impression gained from this study of the transition
from active growth to senescence and cell death must remain almost
one of surprise at the conastancy in the composition of both the cell
and the cell wall throughout this period, The demonstration that
snall variations occurred to the amino acid and carbohydrate content
of the lysing cell walls suggested that other subtle and important
changes may ocour to the cellular composition during the ageing
process. However, the demonstration of such changes will probably
depend on the development of more refined assay techniques in the

future.
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CHAPTER X.’
D1ISCUSSION.

The problems associated with the growth and multiplication of
cells are amongst the most fascimating and complex in biology.
Because ot.thc absence of many of the complicating factors found in
the higher forms of life, bacterial cells constitute sovame of the moat
useful research tiols at present available for such studies. Despite
the apparent simplicity of these unicellular organisms, the bshaviour
of the macromolecular constituents is similar in all 1living cells,
and many of the findings for bacteria may be applied to the higher
plants and animals also.

In a similar manner, bacteria should be suitable tools fer the
study of cell decay and death. However, while the problems associated
with cell growth and multiplication have received much atteation, the
subsequent phases of death and decay have not been as fully examined.
The sensitivity of Ps. aerugimosa to amaerobdic imcubation made possible
the study of the processes of decay under coamtrolled ceanditions. From
these studies, rapid death of Pe., aer osa cells was found to centrast
sharply with the behaviour of S, bethesda. This difference in behaviow:
was replicated many times, and appeared to be real. However, the
poasibility existed that the viable counts dome on the two cultures
may not have always represented a true estimate of the number of living
cells present.

The direct comparison of two differemat bacterial populations is
subject to certain assuamptions, the most importaat of which is that
the plate count is an accurate meams of estimating the viable numbers

of different bacteria grown under a variety of experimental conditions.
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The usual definition of viability depends on the assumption that the

ability of each cell %o develop into a vieible colony was equal when
placed on the surface of a nutzient agar plate, Comparisom of the
Pas_seruginoss counts with those of 3. bethesda was made on the
assusption that equal mumbers of viable cells of both organisas would
develop into the sams mumber of colonies, irrespective of any differences
in the cultural and envirommental oconditions of the eriginal cultures.
However, in any plate count there mist be a time lag of eight to ten
hours before s visible colony oan develop from a single viable cell,
and during this time we have no idea of the events occurriag withia
the cell.

The prodlem of viable but sterile cells may bde & very important
ol;o. Spoerl, et.al., (1954) reported an overall imcrease im the dry
weight of irradiated E. coli even after the viability of the culture
had apparently besn reduced to ome per cent. The well kmow reactivation
effect of visidle light on cells irradiated with ultra-vioclet light
indicates that cell sterility does not necessarily lead $0 the immediate
death of the ocell (Jagger, 1958). Even the direot visual ocunting of
total and viadle cells on an agar surface recommended by Powell (1956)
falled to distinguish between dead cells and viable but sterile oells.
Thus, it is doudbtful whether we may validly assume that differeat
bacteria grown under a variety of environmental oonditions will all
behave idint:lully wvhen placed on an agar plate, but at preseat there
is no available alternative.

The question of cell viability was further complicated by the
potential toxiocity of many of the commonly used diluents for

bacterial suspensions. Even with closely related strains, the
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severity of this toxiocity varied comsideradly (Wimslow and Brooke,
1927; Straka and Stokes, 1957). Suspensions of Pg. seruginogs were
reported 0 be highly semsitive 0 the lethal effects of saline
(8tokes and Osborme, 1956), & finding whioh could not be confirmed in
the present study (yide p. 74 ). No obvious reason could be foumd for
the inoreased toxic effect of distilled water or saline as oompared
with that of phosphate buffer. However, any lethal effect of the
saline in the present viable counis was minimised by ensuring that
the cells were in contact with the saline for as shert a $ime as possidle.
The dilugion procedure was therefore rigidly standardised.

Even when viable cells were imtroduced onto the surface of aa agar
medium, various mutritional factors may still interfere with the acourscy
of the count, Curran and Evans (1937) reported that the recovery of
irradiated B, subtilis spores was higher on complex media than on basal
media, but the actual enrichment substances varied with the bacterial
species under study. Similar findings have beer reported by Nelsoa
(1943) and Straka and Stokes (1959). Alper and Gillies (1958) moted
higher recoveries of irradiated E. coli oells om a semi-deficient agar
compared $0 that found on complex media. Thig difference was agsoridved
to cell lysis due to an unbalanced cell growth on the complex mediunm.
Thus a mumber of crrors may ocour and give a completely erromecus
impression of the viability of the cells. The only way Wy which such
criticisa could be overcome would be to change the: methods of assessing
bacterial viability,

The present difficulty revolves arcund the impossidility of detecting
viable but sterile cells bWy the plate count teohnique. As these cells

may still be of metadolic impor-amce in the culture it may be misleading



- 121 -

to consider thea as "dead". Jor instance, the inorease in the sise of
the cell following ultra-violet irradiation indicates that a comsidersdle
ancunt of growth say occur after the oell has lost its abilisy to
replicate (Spoerl, et.al.) 1954). Viabdility has been defined as &
property of any "portion of matter endowed at any one time with self-
saintaining orgenisation” (luria, 1960). However, this does not help
greatly as it merely moves the prodlea one stage back to that of
dexonstrating the “self-maintaining organisation” in each basterial
cell, Fossibly a technique which could demcmstrate the comtimuation
of cheaical synthesis by the cell could be sdapted to a mioro=-scale,
and 850 beaoms a useful criterion of continmued cell viability. The
synthesis of DRA by the cell could be ome such activity. Suek a method
would hovever depend on an acourate aicro-assay of the incressing
intracellular DNA oontent of individual cells, and this is no$ precticable
at present.

Another method of dexonstrating viability zight be to demonstrate
the oontimued production or utilisation of emergy within the cell.
Cellular motility requires the expenditure of energy, and the demonstration
of motion Wy an individual cell would indicate viability for that cell,
However, such a oriterion has a number of seriocus disadvaniages, not the
least of whioh would be its lack applicabdility for nca-motile species.
It is well kmown that motile bacteris can be rendered nom-motile without
affecting their ability to produce colonies, and the preogressive loss
of motility by ageing cultures is well known (Topley and Wilsom, 19%5).
Finally, sotive motility can be shown to depend on the cultural
oonditions (Sherris, gt.al., 1957). The strain of Ps, seruginoss used
in the present study was only sluggishly motile in young asrobic cultures,
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while meither flagella nor motility could be demonstirated ia the
anserodically imcubated cultures. Therefore, motility was not a

suitable oriterion for the present study.

The use of vital steins has been recommended by Bishep and Smiles
(1957) for she differemtiation of living and dead spermstosca. Similarly,
Delaperte (1956) stained gramules withim livimg baoterial cells with
dilute Neutral Red. However; Kmaysi (1951) does not consider that the
so=called vital dyes are, in fact, absorbed by healthy living cells,
but enter only when the permeadility of the cell membrame has been
sericusly affected by the dye, Thus the term "vital" stein may well be
a nisnowmer.

Perhaps the most rigorous criteriom of cell death would be the direct
niorescopic verification that protoplammic streanming has ceased within
the oell. Bacteria are not gemnerally delieved $0 exhidit this phenomen,
which has, however, baen used successfully for animal and plant ocells
(Murray, 1960), Evidence of protoplasmic sireaming in baoteris has been
only of an indireoct nature (Whitfield and Murray, 1959), and little
BOT® CaA be done until & more direct technique has beol discovered
for the visible demomstratien of this phsncmensn. Thus the “late
count still remains the best aveiladle means for estimating cell
viability. The errors imherent im the method may de minimised as far
as possidle by rigeurcus standardisation of the technique, and by a
ocomparison of the relative changes in viability in the differeat cultures,
rather than reliance on absolute values of viabilisy,

The total cell count methods at present availabdle also varied

oonsiderably in their accurscy. Turbidity measurements were rejsoted

as unsuitable for the present study for several reasons. This method
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messures the total quantity of cellular protoplasm preseat and makse

no allowance for the extsnsive variations ia the average oell volume during
the growth oycle (Henrici, 1923). Seriocus errors may aleo be imtroduced
4f the cell suspensions are gramilar and nom-homogensous, or if the

cells have & tendency %0 clump (Mitchell, 1950). As they aged,

Ps. _geruginosp suspensions became very gramular, and the older oells
showed a marked tendency to aggregate into small clumps, probadly decause
of the presence of mucoid materisls relessed intc the mediun Wy the lysie
of some of the o;lh. In any case, the furbidity of the culture had o

be Tels ted ultimately to total cell mumbers as doW micrescopically,
and so the tedicus BWut more scocurats method of direct mioroscopisc counting
was preferred. TFor much the same reasons, estimatiom of total oell
mnders from dry weight estimations was considered %o de unsatisfactory
for the present purpose.

The Williams (1952) total oount method was found $¢ give the most
reproducible resulis, especially for the ageiamg cultures, The use of
dark ground illumination was preferred $o phase contrast since $he osll
walls were more clearly visualised by the former msthod of illuainstion.
Provided that a very intemse light source was used, the intact cell
walls could be distinguished from those of the disimtegrating eells,
and reproducidle whole cell counts were possible sven with eight-day
old cell suspensions. Despite the possidle errors sssociated with the
viadle and $otal count methods, the observed differemces im the dehaviour
of the decline phase cultures of Jg. seruginogs and 3, bhethepds were
sufficiently large to suggest that real differences existed in the
behaviour of the two organisms under strictly anseredic oonditioms.

As expected, the intracellular events respomsidle for she deash of



- 124 -
the cells were too subtle for detection by existing techniques.
Investigation of the influence of eanviroamental changes on viability
was unsatisfactory, with one possible exception. Examimation of the
influence of nitrate ions oa the comtimued viability of anaerobdic
cultures of Ps. aeruginosa revealed that the continuous presence
of nitrate in the medium virtually imhidbited the toxic effects of
prolonged anaerobic incubation. Proloaged incubation under stromgly
reducing conditions apparently led to certaia metabolic changes
within the cells which ultimately uf!eetodltho ability of the cells
to multiply. The presence of abnormally large amounts of certaia
organic acids in the amaerobic medium of the declime phase Ps. aerugin-
osa cultures (vide p. 73) was an interestiang finding, and in direct
contrast with thoss of Kluyver and his coe=workers who had been unable
to detect any intermediaries of glucose metabolisa by deaitrifying
cultures of Ps, serugimosa (Verhoeven and Goos, 1954). The prolomged
anaerobic incubation of Pa. aeruginosa im the present study appareatly
caused extemsive changes to the mormel glucose metabolisa of the cell,
resulting in an accumulation of these acids ia the medium. The
ability of Ps, aeruginosa umder aerobic conditions to utilise lactic,
sucecinic or citric acid as sole sources of carboa suggests that these
acids sccumulated in the anserobic medium because the cells were able
to utilise them further oaly by an oxidative type of metabolism. Of
the acids tested, only fumaric acid was able to support the anmaerobdic
gr&uth of Ps, aeruginosa (vide p. 71 ) and it wes interesting to note
that fumaric acid 4id not accumulate to any extent im the decline
phase culture mediuam (Tadble 3).

The Pas, ae osa cells were appareatly umable to carry out
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exteasive linked oxido-reductions bdetween the various glucose
internediaries and 80 were umable to coatimue growing amssrodically.
The severe limitation in the emergy supply under amsercbic oenditions
would be expecied to prevent further growth and replication Yy the
cell but, on its own should not result in the rapid and extensive
mortality wvhich was, im fact, edserved. Thus, other faotors bhesides
bacterisstasis appeared to be likely lethal factors. The development
of highly reducing comditiens withim the culture may have resulted
ia the simltanscus reductioa of eme or more vital ensyme systems
or free redicals withim the oell, BSuch stroagly reduoing conditions
might therefere be expected t0 have & highly deleterious effect oa
the intermal economy of a strictly asredio organisa.

The deorsases im viability, as well as in total cell munmders, in
anserobically imcubated cultures of Pa, sexuginogs agreed with the
earlier report of extensive lysis following amaerodic imoudatiom of
B sudtilis (Nomure aad Hoseda, 1956a). These workers reported that
the initiation of cell lysis appesared to depend on the release of
an autelytic ensyme by the disorganised cell. Kauffmen and Bauer
(1958) noted a similar lytic phencmencn when the oytochreme oxidase
of B._subiilis was poisoned. Apparently the reducing conditions
aotivated the lytic emnaymes within the ocell, and extensive sutolysis
resulted. These workers also postulated some protective mechanism
within the aerobio cell which imhibited these lytic enaymes.. While
sush a reducstive type of reaction may have heen respoasidle for the
rapid death of Ps. seruginoga, the onset of cell lysis was slower
than that reported for the Bacillus cultures, and other factors were

thersfere thought ts bde imvolved in the initiation of sutelysis Yy
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Ps. asruginosa.

The surviving Ps. seruginosa cells detected after prolonged
anserobic imcudbation did not show any increased resistance to
anaerobiosis when re-cultured. Thus, the surviving cells merely
represented a statistically resistaant minority present in the
culture (Jordan, et.al.,1947)s The occasional, limited incresases
in the viable mumbers observed during the decline phase of
Pss aeruginosa cultures were ascribed to "cannabalisa" of the dead
and lysing bacteria in much the same sense as was used by Steinhaus
and Birkeland (1939). All attempts to isolate a mutant strain of
Ps, aeruginosa able to grow vigourously uader strictly anssrobic
conditions were unsuccessful, although lysis-resistaat strains
were easily obtained.

In view of the extreme sensitivity of the Ps. aerugiaosa cells
to prolonged incubation under anaerobic conditions, an interesting
comparison of the survival of this orgamisam and S. bethesda in freecse
dried cultures can be made. Suspendod animation has been used for
many years as a means of preservation of micro-organisas, but until
recently very few quantitative studies of their survivel uader such
conditions have been reported. Most workers have been conteat merely
to demonstrate the survival of some cells after a period of months or
years (Engley, 1956). Fry and Greaves (1951) demonstrated the
importance of the suspending medium for high survival rates of most
organisms in freeze dried cultures. later, Annear (1958) emphasised
the variability in the sensitivity of different organisms to the
drying process. Thus, extensive variations im the survival of

freeze dried cultures of the present strains might be expeoted.
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However, freege dried cultures of both Ps. aeruginosa and S. bethesda
remained viable for at leust two years. quantitative viability
deterninations carried out after a period of one and four weeks
indicated that within the limits of experimental error, the decline
in viability wus of the ssme order for both organisms. Thus, mo
significant difference between the two organisms was noted when the
cells were preserved in the freeze dried state. The processes
resulting in cell death are obviously dependent on a number of
incompletely understocd factors and there seems little point in
discussing further this aspect of the study uatil more iaformation is
available on the imternal organisation of the cell itself. The
present discussion will therefore turn to some of the factors involved

in the lytic changes associated with the ageing Ps. aeruginosa

cultures.

The sensitivity of Ps. aeruginosa(plague strain) cells to lysis,
compared with the plaque-free mutant or with S. bethesda raised the
important question of the aechanism of this lysis, together with the
reasons for the resistance of the mutant. Earlier workers have
referred, almost in passing to the ococurrence of lysis-free strains
of Ps. aeruginosa, but no systeamatic study has been made of the
poseible biochemical mechanism responsible for the change. The
ogcurrence of lysogeny in Ps. aeruginosa has now been firmly
established (Waraer, 1950bj Holloway, ete.ale., 1960), and the phages
have been used as a typing aid for both human and animal pathogens
(Habs, 19574 Sandvik, 1960). However, phage lysis is essentially
a phenomenon associated with young actively multiplying cells, bdbut,

by the time lysis ©f the anaercbic Ps. aeruginosa cultures was obaserved,
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msors than 99% of the cells preseant were dead. This does not
completely exclude the possibility of coatinued lysis of the dead
cells by phage sngymes produced during the earlier growth phases.
Weidel (1951) and Weidel and Primosigh (1957) isolated cell wall
degrading enzymes associated with an E. coli bacteriophage, while
Murphy (1957) isclated a lytic enzyme from phage lysates of
B, _megaterium, Jacod and Fuerst (1958) have recently described the
release of an "endolysin" from ultra-violet irradisted E. coli K12
cells, The release of this eadolysin was ascribed to the activation
of the phage by the irradiation. Welsch (1958), however, suggested
that such of the extensive lysis which followed phage infection was
due to simultaneously released autolysins, which then attacked the
surrounding cell walls, producing further lysis. Thus, spontaneous
lysis py the lysogenic phages of Pse a8l osa may well be the
initiating step in the release of the autolytic ensymes in ageing
cultures. The small amount of eazyme released by the imitial
spontaneous phage induced lysis would gredually increase as the
surrounding cells lysed to release more enzyme into the mediums The
effect of the autolytic emsymes would therefore become more apparent
as the decline phase progressed. Autolysis of the ageing Ps, asrugine
osa cultures appeared to follow a pattera consistent with the above
hypothesis.

The normal architecture of the living cell is such that the
hydrolytic enzymes in the cytoplasa are inactive, and lysis "froa
within" cannot occur while the cell is alive (Welsch, 1958).
Following the death of the cell, the imtracellular organisatioa is

not maintained and autolyeis may result. In the anaerobic
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P, ssruginogs cultures almost 100 of the cells were desd within
24 hours of the exhaustioa of the nitrate supply. Thus if autolysis of
these cells ocourred "from within" ome would expeot tae total count
would parallel the sharp fall in the viable curve. The absense of
extensive sutolytio sctivity im the plaque-free Ps, seruginogs oulfures
could thus be due to am absence of a prophage "trigger”. The absence
of both "irridescent" plaques and spontanscus lysogenic phage plaques
in growth of the plaque-free strain of Ps, ssruginesa on TSA plates
could be used as supporting evidemce for this theory.

Such a theory was umable $o explain the limited amount of lysis
(10% to 20%) observed in the amasrobic plaque-free Pe, serugingge
cultures. If we assume that lysis resistance was due %o & prophage
mutation then the observed 20% lysis of the plaque-free cultures may
be due $o some unkmewn secondary lytic phenomenon. Irrespective of
the mechanisa of the obdserved lysis of the plaque-free cells, one would
expeot the destruotion of these oslls %0 result in the release of
autolytic emsymes into the medium, with the ultimate lysis of most of
the oells present. Thus, the absence of early lysogenic bdursts would
be expected to cause an inoressef lag before lysis was detected, Wut
the lysis curves for the parsat snd mitant should thereafter be parallel,
and the finsl percentage of lysis in both plaque and plague-free cells
would be expected 0 de about the same. The inabdility to demomstrate
the presence of lytioc entymes in 0ld cultures of the plague~free strain
suggested 3hat the intracellular chaanges responsidle for lysis ulutmo
were more complex than & simple prophage mitation, The resistance of

the plague=free cells to lysis seemed rather to depend on the absence

of the lytic ensymes from the culture medium. Thus, She plaque-free
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cells may have gained the ability to produce an utfaoollnlar inhibitor
which prevented the aynthesis of the autolytic enzymes dy the cell,
However, as stated abhove, the actusl fuctors responsible for the
apparent ahsence of the lytic ensymes from the plague-free cultures
could not be determined.

The "irridescent" lytio phencmenocn observed in Ps. seruginoss
cultures has traditionally been considered to be of non-phage origin,
largely beocause of repeated failure to isolate a propagating straia of
the hypothetical phage. The late development of the plaques om solid
media has also been cited as evidence against a phage-sotuated mechanisa
(Prench, 1947). However, in some of the cultures of Ps, sepiginogs
exanined in the present study, typical lysogenic phage and “irridescent”
plaques were observed to develop at adbout the same time in the same
culture. The claim that the "irridescent" plaques arcse only iam old
cells (48 to 72 hours), while phage lysis occurred only in young oells
was made on the assumption that all the cells in a colony were of the
sane age and at the same stage of diochemical development. The existence
of such s uniform state was most unlikely in the slowly enlarging colony
of a striotly aercbioc organism. One would expect that the surface cells
would continue to multiply while she deeper cells would be ih the deoline
phase, or even dead. Thus, the surface layer of cells in a $wo or three
day old colony may be in an active physioclogical state quite suitable for
phage growth., #hilé the author agrecs that the "irridescent” plagque
does not seem to be &ue to & normal type of phage aotion, the evidence so
far tendered as proof that a phage is not imvolved is far from conclusive.
Thie is particularly so in view of the relatively small number of possible

propagating strains so far tested (Don and ven den Emde, 1950; Warner, 1950s,
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ﬁo oircumscrided appearance of the "irridesceat” plaques suggested
thas the inttiation of lysis ococurred in a single oell or small group
of cells (yids Plate 1). Such a phencmencn was unlikely $0 ccour if
an autolytic eansyse was released by all the dead oells im the cultuve.
Thus, the known faots seem $0 imdicate sn umusual and atypical type
of phage-indiced lysis, quite distinot from the ususl lysogeaic bdurss
(Holloway, 1960; persomal commmnication). The observatioh that the
"irridescent” plaques vere produced only when the growih of the colony
resched a oritical density may mean that & specialised local environment
(e.g+ & oritical oxygea tension, or food conceamtration) wvas essential
before the "irridsscent” plagues ocould appear. Thus, the repeated
inability in the present study to deacmstirate the formationm of
“irridesceat” plaques under anserodic conditions led to the comolusion
that this form of lytic change was wnlikely %o play an importamt role
in the lysis of the anaercdic liquid culsures.

The 7apid death and extensive lysis of the Pg, soruginoss oultures
suggested that a mamder of important oellular changes must ocour as the
cells age. Since $. beihesdp was mot sudject %0 the lethal effect of
anasrodio incubetion, it seemed worth while $0 conpare $he chemiocal
oomposition of the two organisas during ageing. A search of the availadle
literature revealed several investigations of the chemical coamposition
of Pseudomonss struins, dut very little quantitative information existe
on the makeup of Pe, ssruginoga (Smithies, g%.sl., 1955; Salton 1953a).
is 8 rule, chesical investigations of the Gram negative daoteria
concentrated mainly on the Coliform-Salmonella group (Xnmaysi, 1951).

The S, bethegds cells were therefore useful as controls for the various

assays employed in the pressnt astudy.
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The protein, mucleic acid, lipid and oardohydrate content of the
Psy serugincgs cells constituted up to 90% of the cell 4ry weight,
indicating that some minor compoments were still umaccounted for.
However, the sxact extent of the disparity was umcertain, sinos the
vesults of some of the assays varied considersbly, depending om the
method used. This was particularly so with the protein and carbohydrate
estimativns. The protein contemt as estimated by the Folim-Cioconltean
method, was 10 to 20 mg.% higher than the corresponding Biuret figures.
This effect was due chiefly to difference: between the composition of the
standard protein and that of the bacterial proteins. The colcar produced
by the Folia-Cioccalteau reagent was proporticnal to the amount of
tryptophane and tyrosine in the protein (Kabas and Meyer, 1948). On
the other hand, the Biuret resction was proportiomnal to the mamder of
peptide linkages in the protein. In the absence of highly purified
baocterial preparations; bovine albhumin was used as & control for both
estimaticns., Thus the higher proteia estimates obtained with the Folin-
Ciocaltesu reagent were prodably due $0 & smaller relastive amount of
tryosine and trytophane in the bacterial protein as compared with
standard bdovine albumin., The relative proportioms of the aromatic amino~
acids in the bacterial proteins as compared with the vovime aldumin were
not deterained, as trytophane was destroyed during the acid hydrolysis
prier to chromatographic separation of the constitueat amino-ecids
(Pelson, 1948). The total nitrogem figures ocould hot e used to
cheok the protein conteat of the cells decause of the presence of a
considerable amount of non-protein nitrogen. Therefore, in the abscnce

of a pure bacterial protein standard, an average of the $wo protein

deterainations was taken as the most acourate estimate of the true
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protein coatent of the oells availeble.
The total carbohydrate content of the cells was estimated using a
glucose standard. Simce a large proportion of the oellular carbvohydrate
ccnsisted of pantoses, methyl peatoses and amine sugars, as n}l as
the various hexosss, the colours produced by the different reagents
varied considersbly. The total reducing sugar content of the hydrolysed
whole cells or cell walls was consistently higher than was obtained
by the colourimeiric methods and these figures wers therefore asvcepted
as an estimate of the maximum carbohydrate concentration in the eell.
They agreed quite well with the total carbohydrate figures estimated
from the chrometograms, and were therefore accepted as the eluogt
available approxiaation of the total oqbohydrno content of the celle
or cell walls. Siailarly, the differemces in the reducing sugar contemt
of the plaque and plaque-free cell walls could be ocbrrelated with the
changed glucose content of the mutant cells, as estimated chromato-
graphically.

The Dische and the Orecinol reagemts reacted best with the pentoses
80 that tha use of a glucose standard led %0 Obvious imscourscies in
the final estimates of total carbohydrate by these methods. On the
other hand, the Arthrone test depended on the reaction of this reagent
vith a furfural derivative produced by the dehydrstion of the carbohydrate
by ooncentrated acid. The furfural resctiom usually resulted im the
destructioa of some of the carbolydrate, and so the lower recoveries by
this aethod were not surprising. The total reducing sugar and the
Anthrone estimations were recorded for most of the preperations as
representing the two exiremes for the carbohydrate coantens.

On the whole, the Ps. seruginoss (plague strein) whole cells
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closely reseambled the corresponding §. dethesda preperations im their
oversll chemiocal composition., Of the strain differcmces which were
sufficieat to deserve comment, the increase of 10 mg.% in the protein
= N which ooourred whem the plaque straim cell mutated to the plague-
free form wes the most difficult to explain. The absence of any
corresponding decrease in the other cell components suggested that this
was & real inorease in the relative amouns of protein in the cell, A
similar imorease in total protein content was odserved ik the ocell walls
of the plague-free mutant. The rise averaged 15 to 20 mg.% sugzesting
that much of the proteia increase moted iam the whole cells was associated
with the wall proteins.

Another change worthy of comment was the sudden decrease in cellular
REA when the cells reached the exd of the logarithmic growth phase. The
rapidity of the decrease prompted ah investigation iato the possidle
reasons for the ohange, together with the fate of the macleioc acid.
The correlation betweea the oellular RNA peak and the end of the logarithmic
growth led a mumdber of workers $0 suggest a connection between the RNA
and the imitiation of cell division (Wade, 1952; Davidson, 1953). Wade
and Morgea (1957)demonstrated the presence of two distimot RNA-sontaining
fractions im growing cells, and suggested that the fluctuatiag RNA was
specifically concermed with the imitiation and control of cell division.
The similarities in the rate of inoresse in cellular RNA and the viadle
population observed during the present investigation agreed with this
hypothesis, which also explained the ability of the cells to dispense
with the "fluotuating” muicleic acid once active cell proliferation ceased.
The suggestiom by Caldwell, ef.al., (1950) that the RNA was comoerned

with protein aynthesis was also compatidble with tl;. observed variations.
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Conversely, the comservatioa of cellular DNA agrees with our preseat
ooncepts of the functicm of this material im the cell scomomy (stuy,
1958 Thompeom, e%.ale, 1958) Roriuchi, et.al., 1959).

The virtual absence of RNA from the ansercbic Ps. seruginoss
culture media probably aross from the almost complete disappearence of
this mucleic acid from the cells by the time lyeis became apparent. The
mechanisa of this intracellular RNA degradation seems to be in some
doubt. For instance, Jones, et.sl.y (1957) cbserved comsiderabdle RNase
aotivity ia A, ssrogenes cultures. Other workers (including the
present suthor) wers unable to demomstirate any muclease activity (Catlinm,
1956). The rapidity of the REA removal by the statiomary phase oells
strongly suggested the presence of & definite degradative pathway, result-
ing in the relesse of free mucleotides within the cell.

The absence of RNase activity in the Ps, serugimoga cultures
suggested that the imtracellular hydrolysis of the RMA was due to the action
of specific phesphorylases wkich Tolensed the constituent micleotides
for re-syathesis into ether cellular componenis. If we assumed that
the stationary phase cells were umable %o produce all the purines amd
pyrinidines necessary $o maintain even limited cell growth and mltiplica-
tica, then the cells may well utilise the “fluctuating”" RNA as & food
reserve. The demonstratien by Park and Strominger (1957) ef an wridine
mioleotide in the cell walls of M,_-_m_-_-_;{ cesible fate for at least
part of the RNA molecule. Receatly Baddiley, e%.sl., (1956) showed that
oytidine diphosphate was ooncermed im the synthesis of the teichoic
acids in L. arebinosup cell walls. Thus, the limitatien or absence of
free mucleotides im the stationary phase cells may be due t0 aa inability

of the older cells to produce all their pyrimidine requirements. Such &
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deficiency may limit csll wall eymthesis amd ultdinately prevent the
growth of the cells. Toenies and Shockman (1953) and Meadow, gi.al.,
(1957) have shown that limitation of key cell vall constituents may
1imit cell wall synthesis, ultimately resultiag in the lysis of the
cells. Thus, the statiomary phase cell may be forced 0 utilise the
ready-made pyrimidines in the *fluctuating” RNA, or be unable $0
continmue synthesising cell wall saterial. The simultanecus decrease in the
RFA qontent of ageing 3. bathesds cells suggested that any such postulsted
limitation of cell wall synthesis due to pyrimidime defioiemcy was not
guffioient in itself to cause extensive lysis of the cell, however.,

The desomstration that the base proportioans of the oellular
avwaieic aoids of Ps, seruzinogs and 3, hethesds did not change appreciadly
as the cell aged, means that the findings of previous workers (Wade and
Morgan, 19573 Stuy, 1958; Catlin and Cunningham, 1958) has besa extended
{nto the late statiomary and decline phases. The olese similariny
betwesn the base composition of the imtracellular and extracellular DNA
confirmed the belief that the DNA release occurred only after the lysis
of the cell (Takahashi and Gibdoms, 1957; Newton, 19553 Catlin and
Cunningham, 1958). The DNA in $he medium recorded base proportions
slightly different from that observed in the young cells (o.f. Tables
13 and 15), but the changes were small and no evidence was obiained that
partial hydrolysis of the micleic acid ocourred prior to its exoretion
vy the imtact cell. ,

The mucleic asid variations in the oells, and their presence in the
culture media, formed only a portion of the oversll imvestigation of the
composition of the cells. The determination of the other ocellular

constituents made a contritution %o the availadle information omn the
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composition of the Ps. seruginoss cells. The absence of sigaificant
changes in the cellular compositiom (other than in RNA) over the eight
day period of the experiments may simply reflect our present inability
s0 detect the small Wut significant changes ia molecular architecture

by chemical means. Dagley and Sykes (1957) detected extehsive changes
in the ultracentrifuge patterns of extraots of starving [, goli cdlle
when compared with the norsal controls. Such extensive macromolecular
changes within the oell wers $0o subtle for detection by ordinary
cheaical analysis, Wt may have been of the highest significamse so far
as the cellular economy was comcermed (Mitsui, etlal., 1960). In addition,
highly significant changes which ocourred to only a small porsion of the
051l would not be easily deteoted if there was s large pool of unaffected
saterial alse presemt. However, extraction of the affected frectiom
should allow chemical or imsunological detection of these changes, One
of the cell struotures which could be isolated readily was the oell wall,
and, since cell lysis would be expected $0 brimg about extensive ohin‘nl
%0 its chemical composition, attention was switched frox the vhole cells
$0 the isolated walls.

The development of aa efficient means for rupturing the ¢ell has made
the isolation of pure microdial cell walls a routine procedure, FPure
cell walls washed free of intrscellular materials could bs odbtained
sasily with young cells, Wt as the cells aged gramular cytoplasaic
material seemed to remaim within the cell envelope (3altom and Horme,
1951a). Extended sonic disintegration broke up the cell envelope
releasing the trapped cytoplasmio gramales. However, such drastic
sreataent resulted in the ocomplete dissolution of much of the oell wall.

Marr and Cota-Robles (1957) estimated this loss to bde as high as 40%
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for A, vinslandii. For this resson, no sttempt was made at quantitative
recovery of cell walls in the preseat study. The partial solubilisation
of the cell wall probadly explained the low recoveries of lipopolysscc-
haride from the purified cell walls. However, the disadvantages of the
lower yield were preferred when clean cell wall preparations could be
obtained without the need for gredient sedimentation (Riwi, 1960, personal
communication).

A considerable amount of usi on the chemical composition of bdacterial |
cell walls now exists, but the majority of it refers to the Sram positive
baoteria and %o )i. lysodeiktiocus in partioular (Salton, 1958). This is
dus, at least partly, to the extensive studies into the chemical
alterations produced by various lytio factors, (particularly by lysosyme)
on the Gram positive cell walls (Salton, 1960). In general, however,
less work has been carried out using the cell walls of Gram negative
bacteria. Much of the available information on this group of micro-
organisms was obtained using coliforms, and oaly limited investigations
have bdeen made with other genera. These studies indicate that differences
way ocour in variocus cell wall components, ard suggests the need for more
systematic studies of the cell wall composition of a wide variety of
Grea megative gemers (Salton,1960).

The absence of extensive imvestigations of the composition of
Pg. seruginogs cell walls was one of the reasons for the present study.
As well as ocmtridutions to this field of knowledge,the comparisom of the
cell walls of the twvo Ps, ssruginogs strains revealed that the mutation
t0 plaque resistance was ucogmicd by a mumber of quantitative changes
in cell wall composition. Thus, the mutation did not merely involve the

lose of lysogenicity by the Ps. seruginosa cells, but also involved a



- 139 -
numbder of ether changes, the significamce of which is at present
unkaewa. One of the mest pussling of these changes was the 20 mg.%
inorease ia total protein previcusly discussed (yids p.134). This rise
was unlikely to be due %0 a significant decreass im the trytephane or
tyrosine comtent of the cell wall groteins simse the Biuret figures also
showed & ocorrespending rise. The higher amine soid mmrin from the
oorresponding chrematograms of the cell wall hydrolysates confirmed the
belief that a real imcrease had ocourred im the relative amcunt of
protein in the plaque-free straim cell wmalla. The higher pretaia content
resulted in a 100% recovery of cell wall substance compared with the
recoveries of 80 to 90% for most of the other cell wall preparations.

The absence of any corresponding decreases ia the other wall constituents
of the plaque-free strain was puszling, and it secmed Aifficult to
inagine that the minor comstituents represented by the missing

10 to 20 ag.# in the plague strain cell walls disappeared following

the mutation $0 plaque resistance. However, no obvious explamatioa

for the obscrved imcrease otuld be found.

The only report of major changes ia cell wall amine acid composition
during ageing was made by Crasicsi and Tecoe (1957). However, these
results have been severely oriticised oa techniocal grouads by Saltonm
(1960). The amino acid content of the oell walls of the plaque-free
strain and of 8. bethesds imoressed slightly as the cells aged, and thus
rnﬁil-d the ageing cell walls of Sir. fagcalis descrided by Shocksan,
8381,y (1958). Hewever, the finding that the amino scids alamine, lysine,
serine and DAP decreased as the plague strain cells aged, was particularly
interesting in view of their importance in the cell wall mucopeptide
(Saltom, 1956). The amoun$ of thess aminc acids deoreased at
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e time when cell lysis was first moticed, and this suggested that their
renoval could de comcerned with the lytic phenomenon.

The process of ageing did not appreciadbly affect the carbohydrate
composition of cell walls of the plagque-free strain or of 3, bethegda.
In faot, the smell decrease noted in the total carbohydrate content,
combined with the imoreased protein content, was quite comsistent with the
imaunoclogical evidemce for a progressive loss of sacoth antigeans. On the
other hand, ohromatographic estimation of the plague straim cell wall
sugars revealed a decrease in the glucose and, to a lesser extent, in
she rhannose content as the cells aged. 3ignificantly, most of the
deorsase coincided with the imitiation of cell lysis in the amserodic
oculture. A similar deorease in ﬂuoon-tu. but not in muramic acid
suggested that the autolytic ensymes released much of the glucose and
glucosanine (provadly as N-scetyl glucossmine) from the wall. Experiments
with & wide variety of micro-ocrganisas have made it clear that removal
of the entire cell wall was not necessary for the initiation of cell
lysis(Norris, 1957 Slade snd 5lamp, 1960.) In fact, seversl workers have
expressed dcubts whether the cell walls of Gram negative bacteria were
ever completely digested sway during "protoplast” formatioa (MoQuillen,
1960). Thus, the retention of considershle amounmts of the ocell wall
carbohydrate by the plaque straim was mot incompatible with the theory
that the progrensive decreass in cell wall glucose and glucosamine was
at least partly instrumental in causing cell lysis,

The results of the chemiocal assays carried ocut on the ageing
Pse seruginogs cell walls showed reasonsble correlation with the later
studies carried cut on the autolysin digested walls, suzgesting that the

observed lysis of the Ps. ssrugimoss cultures was dde to the hydrolysic
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action of the autolytic emsymes released by the cells into the medium.
Efforts were made $0 determime the prodadle composition of the Py.
seruginosa cell wall macopeptide. Examination of the products of E, aoli
cell wall digestion by lysosyme imdicated that a N-acetyl glucosaaine,
N-acetyl muramic acid chain linked to & peptide of alanine, glutamic
scid and lysine or DAP was released (Salton, 1958), O'Briem anmd
Zilliken (1959) reported the occurrence of peptides comtaiaing alanine,
glutanic acid and aspartic acid resides in cultures of E. goli. All the
available evidence s0 far indicates that mucopeptides of this type oocur
in the cell walls of most of the Gram negative bdaoteria. These complexes
also seen to form the substirates for lysozyme and bacteriophage emayme
attack (Weidel and Primosigh, 19573 Salton, 1960). Relatively litsle
information is availadle on the site of action of the autolytic ensymes
on the cell walls of Cram negative bacteria although a mumber of reporis
have been published om cell wall digestion by more or less purified
ensymes obtained from various sporing Sacilli (Dark and Streage, 1957
Strange, 1959). The resulss of the present study suggest that the
autolysin of Ps, aeruginoss removes & mucopeptide from the cell wall,
The autolysin differed in its action from lysosyme by removing the ocell
wall glucose residues as well as the glucosamine But apparently lefs
s consideradle amount of the muramic acid imn the cell wall., If we
sssume that as in E. coli (Brumfitt, et.al., 1958) the peptide was limked
to the glucosamine: muramic acid chain through the suramic acid, then
it is difficult to visuslise how the autolysin ooculd remove the peptide
and the glucosamine moiety without at the same time releasing the muraaioc
acid residne.

Several poseible explanations for this pussling phencmenon were
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considered. In Ps, seruginggs oell walls some of the muramic acid
present may have ocourred as & part of the cell wall structure which was '
not attacked by the autolysin which therefdre removed only that portioa
of the total suramic eacid whioh wes asasociated with the mucopeptide.

¥hile the cocurrence of muramioc acid ia other fracticms of the

P8, seruginogs cell wall besides the mucopeptide oculd not e disocunmted,
it was not considered $0 be very likely im view of the known cell wall
composition of all other Gram negative bacteria so far exsmined,

Another explanation could be based om the different charascteristics
of lysosyse and the Pscudomonas sutolysin. Lyscxyme is a single easyme
which attacks the [3 1-4 links between the N-scetylmuremic scid and the
N-acetyl glucosamine (Brumfitt, st.al., 1958), resulting in the release
of the mucopeptide complex. Un the other hand, the Pssudomonas autolysin
contains several ensymes which may result in the more complete hydrolysis
of the mucopeptide molecule. Thus, the components of the mucopeptide may
be released as separate molecules. If such hydrolysis occurred in gitu,
the muramic acid may remain attached to the cell by seccndary linkages
not attacked by the autolysin while the remaining compoments diffuse into
the medium. Such a sescondary attachment of the mureaic acid to the oell
wall structure could nos sccount for the relesse of about 50% of the
muramic acid from the hydrolysed cell walls however, Amother possible
explanation might be that soms of the muramic aocid was re-eabsorbed by the
cell wall following its release from the mucopeptide molecule. Im this
way, the apparent release of only s portion of the muramic acid from the
hydrolysed cell walls could be most readily explained.

Confirmation thet treatsent of the cell walls with the autolysin

resulted in the complete hydrolysis of the mucopeptide to its deparate
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components would be possible only be demonstrating their release into the
medium, Successful studies of this mature have ia the past deen under-
saken for lysosyme digestion of E. coli cell walls (Salton, 1958).
However, suoh studies involving the isclation of low molecular weight
<cell wall fragments would require the use of a highly purified ensyme
preparation. In the present study, the sutolytic ensyme concentrate
oontained comsiderable quantities of contaminating materials originating
Both from the lysed cells and the culture medium, The presence of these
contaninants would mske the search for the released cell wall components
virtually impossible. Thus, im the absence of a highly purified autolysin
preparation there seemed to be little point in pursuing the matter further.
Treataent of the Pseudomonas cell walls with the auntolysin produced
a oonsiderable decrease in combined 1ipid content. This finding suggested
that hydrolyeis of one or more lipoidal complexes im the wall was an
integral step in the sutolysis of the cell. It was interesting ¢o note
that the rate of lysis of a mumber of Gram negative bacteria by lysosyme
wae increased if the oolls were first treated with a fat solvent such
as Tespol, scetone or chloroform (Verrea, et.sl., 1955) Colobert, 1957).
In the present study, the addition of Teepol or desoxycholate to
Ps. seruginogy suspensions greatly inoreased the rate of autolysis. The
stimulatory aoticn by these fat eclvents makes the presemce of the
estersse in the autolytic ensyme preparations of some significanmce.
sierra (1957) demonstrated the presence of several exterases in
Pg. seruginosa cells, and also noted & correlation between their
appearance in the culture medius and the induction of cellular lysis.

A musber of workers have demonstrated the presence of lipoproteins in

the oell walls and cytoplasmic meabranes of various Gram megative
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bacteria (Cummins, 1956§ MeQuillem, 1958, 1960), If we assume that
the lipoproteins masked or protected certain key cell wall substrates
so that the autolysin was unable to attack the intact cells (Pethica,
1958), the importance of the esterases in the initiation of the
massive cellular lysis in the ageing cultures of Ps. aeruginosa

became obvious. The absence of demnonstrable esterase activity im the
cell=free filtrates of the plague=free cultures appeared to confiram
that demonstrated esterase activity of the autolysim was primarily
directed against cone or more of the lipoproteinm complexes within the
cell wall and (perhaps) the cytoplasmic membrane of ageing cells of
the plaque strain of Ps. aeruginosa, thus rendering them more
sensitive to autolytic changes.

The chemical assays carried out on the ageing cell walls
revealed few alterations ia composition except when extensive autolytic
changes also occurred. The observed changes in the composition of the
plaque strain cell walls were correlated fairly closely with the
induction of cell lysis in the culture. Furthermore, the activity
of the lytic enzymes in the culture medium offered a logical
explanation for the observed cultural and chemical changes associated
with the process of cellular ageing. The absence of detailed studies
into the autolytic enzyme systems of cther Gram negative bacilli
suggested that further studies along the lines of the present iavesti-
gation may be fruitful. Such investigations may, for iastance, reveal
whether the encymes of Ps. aeruginosa are typical for the autolytic
enzyme of the Gram negative micro-organisms in gemeral. If nothingelse,
such Studies would add considerably to our present knowledge of the

cell wall composition of many hitherto dncompletely investigatedgonera.
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The present atudy set out to determine some of the causes of the
observed metabolic changes which occur in ageing cultures of
Ps. aeruginosa. while the precise reasons for the rapid death of the
anserobic nitrate-free cultures were aot determined, the important
influence of nitrate om cell viability was d.lonlt:nt;d. The
subsequent chemical assays carried out on the whole cslls failed to
detect any significant changes associated with tho‘lg;iag and death
of the cells. The changes associated with -onolconco“lpuld however,
be expected to be subtle, and their demonstration by ch;mical neans
will have to await more sensitive assay technigues.

The subsequent lysis of the P8, seruginosa (but nd Se bethesda)
cells waa shown to coimcide with the release of lytic enzymes into
the culture medium, The detection of several changes in the cell
wall compositioa of the lysing cultures sugiested that the autolytic
enzymes hydrolysed away part of the cell wall matrix, which then
lost its integrity and permitted the extrusion of the cell contents
into the medium.

Due to the complexity of the problen it was impossible to place
the observed metabolic chamges in the Ps. asruginosa cells on &
cheaical basis, but the present study did coatribute some new
information on the composition of the Ps. aeruginos: cells and cell
walls, However, the peculiar and extensive lytic ehangoa which ogccur
in the anmerobic cultures of the orgenisms makes this a useful tool
for the study of autolysis under controlled environmental conditions.
The apparent retention of such of the cell wall muramic acid

following autolysis suggested that the rasudomonas autolysin differ
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somewhat from eother Aytic uuu- ndum. for Lnstance, by the Graa
Mun Basillli and lm ’ohi‘wm further examinatien, preferadly
using other Gras megative erganisms similarly subjest %o extensive
sutelytie changes during ageing. Buch a atudy o'ui& yield infermatioen
ultisately leading o & mere complets undsrstanding of tho vaderlyiag
factors mssosiated with Shis interssting phonemensa:
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