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ABSTRACT .

Survival of saimcnellae in the cytoplasm and in

the vacuole of Ameebs proteus was measured after the bac-

terie were introduced into the cells by msans of a mioro-
injection technique, or after they had been phagocytosed
naturally. It was sghown that amoebae were able %o kill
these bacteria under either condition, tut the rate of kill-
ing wae frster after matural phagooytosis. Vammalien op~
sonins did not cnhance hactericidal effectiveness in either
gituation, but the additionsi presence of complement sig-
nificantly reduced their survival rate after micro-injection.
Influence of the nucleus on killing of tmcteria in
the cytoplasm of Ampebs vrol
shown that the nuclear half exerted significantly greater
bactericidal effect than the cyhkoplasmic half when the cells
were challenged at 24 houre after cutting, but not when they

was investigated. It was

wers challenged at 2 hours after cutting: this was attrib-
uted to the sffect of starvaiion and the changes associated
with cellular regensration.

The iocation of Wmoteria oy bacterial spores in-
Jected into the cytoplasm of Amcehs vroteus was determined
slectronmicroscopically after various periods of time and

the evidence for de nove formation of vacuolar membranes
around the injecied bacteria or spores is presented.

| Attempts %o induce more sfficient buctericidal abil-
ity in Amoeba proteus, either by repeated injections of bac-
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teria into the cytoplasm or by prolonged sxposure of amcebae
to bacterial substrates, were not successful.

Selection of bacterial food Ly =oil amocbae was
studied. At the level ¥ food seeking, it wes demonstrat-
ed that some edible bacteria were able to atiract amoedae
chemotactically, uhereas inedible srganisms falled to be
s0. After treatment with mammalian antibody, however, the
inedible bacteris Leocame chemotactic, In general, chem-
otactic principles were associated only with living bacter-
ial cells since ghemotaxins was lost after the bacterlia were
killed. ¥any species of &€oil amoebtme weve shown to res-
pond to the same chemotactic stimmli.

At the level of ingestion, 2oil amoebae were able
to feed preferentially on edible bacteria which were present
together with inedible organisms in a mixed solony. The
mechaniams wheraby this was achieved sre discuseed.

The killing rats of sdlble znd inedible bacteria
was comparable, nrovided that the number s baeteris in-
gested per amoeba was not too grest. On the contrary,
killing of inedible bmoteria proceeded af & slower rate if
4he organisms were ingesied in large numbers.

The factors affecting chemotaxis, adherence, phag-
ocytosis and intracellular killing of Gram negative dbacter-
ia by amoebae sre discussed Iy comparison with existing
knowledge of thiese same rhenomena as found in samualian

phagocytes.



viii

This thesis containe no materlal previously

submitied for a degree in any wniversity, either by
the candidate or by any other person, except where

due reference is made in the text of the thesis.

(Signed)

April, 1965.



ix
ACRKNOWLEDGMENT .

I wish to express my deep gratitude to Frofessor
D, Rowley and Dr. E.R.J. Favillard for their exiensive
help, guidance and criticism during the course of this
study. 1 am also indebted to other members of the Depari-
ment of Microbiolugy for their stimulating discussions ef
various aspects of this work.

I wigh to thank Professor J. F. Danielli and Dx.
8. B. Hawkins, King's College, London, for the provision

24

raue end 2 straln of tetra-

of @ Dawson strain of Amoebs P
hymena. My thanks are also due o Tr. B, B. Singh, Cent-
ral Drug Research, ILucknow, India, in providing some straine
of soll amoebae and Bacterium 3i912; to Dr. N. Atkinson,
Department of ticrobiology, the University of Adelaide, aud
to kr. J. R. Harris, OSIRO Division of Soil Jierobiology,
Adelaide, for the supply of some strains of bacterisa.

I am very pleased to acknowledge the grest help of
Dr. J. R. Casley-Smith in electron microscopy.

I am indebted to the Colombo Plan for the fellow-
ship given to me during the uhole period of this study.



1. (S
INTRODUGTION .

Although a considerable amount of information 1is
svailable about the function of phagooytic cells of multi-
eellular animsls, particulariy in relation to host defence,
cur lowledgze is still very incomplete regarding the woy in
which phagooytic cells recognise particles, and the fate of
the ingested material. Am in so many othey fields of
blological science, it is possible that a comparastive study
of phagooytic vell uhysiology and function, at different
levels of phylogeny, would contribute to our understending
of this probliem. The free living awoebae and the macro-
yhages of the retioulo-enidcthelial system of mammais are
rarticularly suitable for such a stndy. Fhsgoaytosie io
the principal means Ly which amoebae sbiain nutrients.

These protozoa feed by ingesting microorgauisms, such as
¢llintes, or decomposing organic materials from sn envir-
onment heavily laden with bacteria. It therafors scems
inevitable that some taeterim will be talken intoe the cell
during the act of ghogooytosis oy ninocytosis. In the case
off Ameebe ug 4% is not known what hoppens to bacteriz

that enter the c¢ell in this mmnner, but it is ressonable

to suppose that mechanisme exist wherely thsse orgonisms
are elther killed or eventunlly discarded. In the liter-~
ature survayed, particular attention lhas been peid to the
fems leading to rhagoeviesis and iutracellular degrad-

neghingm
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ation of particles in relation to whnt is kuown %o occur
in higher vertebrztes.

The process of phagoeytosis in hisher vertebrates
occurs in three separate stages: the atiraction of cells
to an area of microbial invasion (ciemotaxis), the act of
phagocytosis itself and the degrafation of the ingested
materials within vacucles or their eventusl sgestion, in
whole or part, from the phagocyte.

Chemotactic movement of protozoe.

Information concerning chemotaxis in protozos is
very fragmentary. Stahl {1884) discoversd thnt an extraot
of dead leaves had {he yroperty of sttracting plasmodia,
the amceboid organisms belonging to the class Myxomyeetes,
wiereas solutions of salt, sugar and numerous othey pmter-
inls repelled then. letchnikoff (1893) reported that stag-
pant infusion of dry leaves cxerted less chemotmctic affect
or & plasmodium of Thysarum thar a filtrate of the same in-
fusion. This was attributable to the presence of bacteria
in ¢he former. Repulsion by imecterie was only relative
since the plasmodium moved more readily towards the stzg-
nant infusion than the fresh infusion of dead leaves which
eomtained no bacteris (Metchnikoff, 1893)., ihen & plas-
wodium of Didymium Ffarinaceum was pinced on & slide immersed

in various concentrations of hydrochlorate solution of guain-
ine, it was found that it reacted negatively by moving away
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from the solution at a concentration of 0.05% or higher;
but at a concentration of0,005% or less the plasmodium
advanced znd even inserted processes inte the solution
(vetchnikoff, 1893). Jennings (1931) deseribed thic res-
yonse of poramecia to & wide range of unfavourable intens-
ities of certain stimull, a8 au *avoiding veaction?. On
approaching o threshold stimmlus, the cilia reversed their
beat and the paramecium withdrew. If the ecillates were
Placed under o cover-zlip containing a bubble of oxypgen end
& bubble of carbon Jdioxide, they é&mulaf;ed near the latter.
Schaeffer (1916a) deseribed behaviour of Amoeba
Droteus towards various substances, teth soluble end insol-
uble; he maintained that they were able to sense yarticles

suchx as caymine, carbon, glass, silicic acid, ¢tc., or Bol=-
uble substances, @.gs. tyrosine, held in & capillary tube unt
¢ distance of 60-100 e They responded positively by send-
ing & main or lsteral pseudopod to touch the object; this
might or might not be followed by food cup formationm. RKd-
wards (1923) tested the effect of chemicals on locomotion
in imoebe proteus by spplying various raterials locnily to
the ¢oll membrane by mesns of a caplllary pipette. He
found that with a weak alkaline solution streaming of

pacudopods stopped and thet at the peint of contuet a local

rrotuberance developed which was subsecguently transformed
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into an advancing pseudopod. Tealr acid, on the other hand,
induced & smell protuborance tut this did not develop iuto
s normal peeudopcd, l.¢¢ the protuberance gradually dis-

appeared and normel sireaming resumed. In 1925 Ldwards

reported that food cups sould be induced in Anceba pre
by various salt solutions and consequently ihe uptake of
fiuld was accouplisiied in the absence of food particles.
Thais worker domonstrated that certain salte were beiter
inducers then sthers, the best belng 2 mixbure of equal
amounte of ¥/30CG=T/50C ¥a¢l, IiC)l mnd GuCl,. Iseudopod
and food oup formetions were recently reported to huve been
induced by extract of Tetrshymena pyriformis and [Lydrs iz~
idans ond Wy heparin (Jeon and Bell, 1963; Tell and Jeon,

1962). TUhen these substances were held in czpillary tubes,
the stimlue wes elfective up to 5C jx from the test auceba.
Response to heparin veried according 4o the concentration
used. At a conmeentration of 3 x 107°% the emcele was stim-
ulated end & pseudvped woe formed, but ot o concentration
of 10~%1 1t was vepelléd. Fseudopod induction in these
instances was wilikely to Be due %o¢ = conveotion current at
the $ip of the pipette since the control caplllary tube,
f£illed with the medium suspending the amooba, 4id uot stim-
ulate pseudopod formation aven a2t & distance of le2 Joe from
the cell. Bell {(1963) =uggested that the inducers scted
by depolarising the surface membrane. This has been sup=-
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poried by Bingley, Bell and Jeon (1962) who showed that
hyéra extract reduced the membrane potential of Amoelbs
proteus by approximately 70f. Jeon (1963) claimed thot
Ca ions were not required fox the process of pseudopod ine-
duction sirce this oceurred in the presence sf 107 M vers-
ene. The mechanism of membyrene depolarisation is not
knewn. ©Bell (1963) has suggested that ithe inducer sither
slters the permenbility of the membrane or changes the
properties of poly-ions on the gell surface, or bokh.
¥sat (1932) has shown thet iight attracts or re-
shne deponding on the intensity of iight aud the

pels amo
species tested. ilo reported ilizt jwocebs proteus vescied
positively to very weak Lllumination and negatively %o
moderate or intense illumiuation, o finding strildngly
different from thet cheerved with Amcebs deofieini which res-~

ponded positively to light oven of moderate intensity. By

means of & camera lucida technique, Mast showed that &the
plasmegel of ampeboe exposed to light became thicker in
relation 4o the plasmusol, and he concluded that light had
2 goleating effect on the plasmmsocl.

Bigrotion of mermslian loucocytes towards bacteria

and osther chenotactic substances lms beoen amply documented
HeCutekeon, 19463 Harris, 1954: Boyden, 1962). ‘The
actual mechanisms which sct to promote the migration of
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cells, however, are not known. MoCutcheon {1955) post-
wiated that a chemotactic component frem the serum was
adsorbed on to the surface of bacteris or particles, thus
ereating & concentration grodient of the chemotzoctic prin-
eiple whlch induced leucocytes to migrate. HeCutcheon
discounted tho possibility of o concentration gradient of
substances diffusing from bacteriz on the grounds $hiet max-
imal chemotactic responses were obtained when the prepara~
tion was freshly made. Recently Boyden (1962) has shiown
thet chemotaxis of humen polymoxphonuelear lesucocytes was
elicited by a heat-stable intermediary product formed zs a
roesult of sotivation of a heat-labile component of frech
serun by an antigane-antidbody complex.

Clark end coeworkers (1936) showed that polymorpho-
nuclear leucocytes were attracted by dead cells, droplets
of ecream oy egz yolk, vet they did net engnlif these sub-
stences, (Conversely pa:
gilica, which do not necessarily cause chemotexis, muy be

iy portieles, such a2z carbon and

talken up readily sz = result of chance encounters {Fenn,
1923). It seems likely, therefore, that phagocytosis of
inducing yarticles is not an inevitable consequence of lisuco-
cyte chemoinctic response. This is also true in the case
of amcebue. Schaeffer (1916b) observed that attraction of
Amoebz proteus or Amoebs dubls to particles of carmine did
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not necessarily lead to their ingestion. If a particle was
phagocyitosed on the PTirst encounter, decision Lo ingest the
same particle on & subsequent encounter scemed to depend on
the physioclogieal condition of the amceds, i.c¢. the degree
of humger. It wee found that an snoeba woe attracted
strongly by 2 tyrosine zrain uhilch caused & food cup tov be
formed, bwut this did not aiweys lead to the ingestion of the
particle.
L amoebae.

Rhumbler (1910) rccognised four different fypes of
food intake in amoebae, namely:

1. Impert. The food comes into contact with the sur-
face nenbyane of the amoeba znd sinka into the body without

any noteworthy movement si the phagoeytes.

2. Invaginotion. The psrticie {3 in contuet with
surface membrane which cnfoids it =nd then inveginates into
the interior of the sell.

3. Circumfiunenti. The surface of the zmmoeba flows
over and oncloses the particle in full contact with 1it, re-
#ulting in = corresponding chonge in the shape of the amoebs.
ithe particie is zot iun ismediate
contact with the amoeba but pseudopods ore put ocut to en-

close it in 2 vacuole.
Pood ingestion, similar to ixport, has been observed
in Entamoebe histolytica by Hopkins and Uarner {1946). This
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was seen ¢c soour in a region just forward of the posterior
end of the cell. Uomandon and De Fonbrune (1953) have
phetographic records of Pzeillus megaterium passing through

the cell wembrans of Ameeva i ées into the ¢yio~

plasm during the *import! type ingestion. Fwe or three
pinutes afier entry, vacucles were formed surrounding the
ingested organisens.

Invasination is common among amoebae with thick
pellicles. Penard (1905) cbserved that in Amoebe jeyricola
the prey ceme inbte éontazct with the thick pellicular surface
which was subsequently invaginated; the prey thus ingested
wae enclosed within s portion of ithe original pellicle. In
many Bpeeiec of auocbae, showing invagination, = region
known as a 'Lemporary phsrynx' was formed at the site of
ingestion, and it was shown that this region would take up
stain more intensely than sther regions of the cell (Ivanioc,
1933. 19363 vWenrich, 1941). The active contractile pro-
cess along the region of *cyiostome! of verricons hae
been roported by Comandon mud De Fonbrune (1936).

Giroumfizens and cirocurvallation ave the mosi fre-

quent forms of feeding in free living amoebne, e.g. Amoeba
proteus. the food of which consists mzinly of ciliates;
feeding &8s vorually accomplished by means of the formation
of = *food cup®, the term coined by Schasffer to include bolla
processes (Schmeffer, 1916b). He commented that these two
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processes did not have any essential difference other than
a weflection of the condition of the zmpeba, i.e. the degree
of hunger. He observed that food cups waried grestly in
method of formation, structure and size, depsnding upon the
nature of the object to be ingested nand the general degree
of hunger of the amoeba. Yormally = food cup is feormed hy
two opposing pseudopods snclosing the prey and fusing at
their %ipe. Ococasionally the two eneirecling peseudopods do
not develop but ingesiion takes place by means of a thin
gheet of membrane spreading over the prey to fovik & Tood cup.
It is inevitable thst fiuid is incorporsied together with
food particles inte the vacuoles., Tlowever, ingestion of
fiuild iu tue adbsence of fcod cups sen be achieved by the
process of pinccytosis which was first deseribed by iast and
Doyle {1934) whe observed ihat ir 3 solution of ZF albumin
or & hypertonic solution of Hall, mumerous tubes filied with
fluid ware formed and these later dirintegrateld releasing
the fluid contents into the cytoplesm. The sequence of
events was similay to pinoceytosie in rat peritoneal meero-~
pasges deseribed by lewis in 1931. Finocytosis in amoebae
hims been extensively reviewed recently by Chapman-Andresen
(1962},
Tactors sffecting phagocytosis.

It is realised thet many factors infiuence the funce
tional capacity of both vertebrate phagocytic cells and pro-

tozoa. For the sake of convenience these factors can be
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loosely divided into two mmin groups, i.s. those which
change the general physiological state of phagocytes and
those which are beileved $o change the physico-chemical
characteristice of the particles to bie phagocytosed. In
many cases ihe ingesting cells ond the ingested particles
are both modified by the factors under study which promote
vasgoeytosis. The following scctions will censider in
ﬁétail agents wnich mainly owe their phagocytosis vronoting
effects to chonges on the surface of particles to e ingest-
ed a2nd alsc agents which alter zell physlology. This review,

however, will mainly concern 2moulae.

glra maoawtasd o

Tt is gzenexally acoepbed that pre-coating of bacter-
ia by serum opsonin is usually, 1f not always, & necessary
requirement for efficlent phagocyiosis (Rowley, 1962). This
eencept is nlso aspplicable fo non-living particles such as
carbon and starch (Nelson and Lebyun, 1958), and bentonite
(Potter and Stollerman, 1961). The requirement of comple-
ment for 4the full ovnenic effect of normal serum has been
shown by Geker and Lopez-Castro (1947). These authors
showed that phagocytosis of liiorococcus candidus hy human

/

polymorphronucleay leucocytes wes markedly decreasaed if Gy,
/7 /
Co and G4 compenents of complement were romoved from human
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gerur used as a source of cpsonins, whereas removal of ‘st
component was without sffect. A similar result was re-
ported by Rytel and Stollerman (1963} who studied ihe of-
fect of complement on phizgooytosis of tentonite particles
coated with dematured gammae glohulin by human polymorphc~-
nuclear leucocytes. Northrop znd De Eyuif (1922) suowed
that opsoning croduced physico-ciaemical changes on tue
suriace of meterlia as peasured by alteraticn in electro-
rhoretic mobility. Various changes of surface properties
of mycobacieria after expusure to powmmwal aud irswme soyum
vera reported Ly imdd and co-workers {1929}, the mvst strilk-
ing chavuges perhays bheing slterations in cataphoreiic mobille
ity aund pertition of cells si au oilewater interince. This
wos explained Wy a decrease in zetao~potential axnd an alier-
ation in wetting vroperties of the cvell surfaces; the latier
change vesulted in the uycobacteria becouing hydropnilic.
mdd gt _al. (1934} postuiated thet all the changes were due
te devesition of poerum on the bacterisl surface, so that
the physicoechomionl characteristics of the mcterial cell
wall resambled those of dematured globulin. A correlation
hae boen shiown betwesn zelta-poteniial sund the degree of
ohagseyvtosies of bocteris in ¥all solutiont in peoeneval the
lower the neta potentisl, the zreater the phagocytosis (idd
gt al., 1934). However, when the verum used to treat syce-
bacteria wae either heat-inaciivated normal serum or ageing

immune serum, the surface properiies of the bacteris were
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nltered as described Ly Mudd and co-workers (1920}, but
phagocytosis was not enhanced (Lucke g} al., 1929). I% was
vointed cut by Mudd and co-workers (1929) that phagooytosis
could not be formulated in terme of the properties of the
sensitising substances alone, tut depended both on the prop-
erties of the sensitising substance and sm the intrinsic
properties of the hacteria undergoing sensitisation. They
drew attention %o the frnet that & virulent strain of Hyco~
bacterium tuberculosis could be ingested readily by rabblt
polymorphonuclear leusocytes in the absence of antiserum
aven though these organisms possessed 2 relatively high zeta-
potential, wiereas Mycobacterium svium, which had z relative-
1y low zeta-potentisl, was phsgocytosed poorly (kudd et al.,
1934). It has been shown by Iucke and cow-workers (1929)
that physico-chemical changes at the surfaces of myeohacter-
iz treated with noymal human and normal rabblt sere were
comparable, but when these two groups of bacteria were o=~
posed to rabbit leucocytes there was & marked predilection
for cells opsonised with the homologous serum Recent atud-
ies of Rowley (1964, personal commmnication) showed that the
asount of antibody required in promoting phagocytosis and
killing of B, coli by mouse peritoneal mmerophiages in vive
was very smsll, i.e. 10-15 molecules of 195 antibody or 5000
molecules of 7S antibody per sne bacterium. It is concelv-
able that these small numbers of antibedy meolecules camnot
cover the entire surface of btacteria and hence any change
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of surface charge as & result sf this opsonisation should
be exceedingly small. It follows that opsonin is unlikely
to owe its phagoeytosis promoting effect solely on the
change on surface charge of taocteria.

B. Amoebae.

There is gmontayy information concerning fact-
ors which act on the particles znd render them susceptible
to phagoeytosis by amoehse. Psveiova (1938) reported that
ingestion of red blood cells Ly 3 strains of Intamoeba
histolytica was c¢cnhanced by neormal horse serum. The degree
of erhancement was higher if ths serum was inactivated at
56° for half an hour. Drozanski and Drozanska (1961)
claimed that a water extract of Aerobacter aeroggnes, pre-
pared by repeated freezing and thawing, and an extract of

yoeast cells when added to amceba culturs; stimmlated in-

gestion of heat~killed Grame-negative crgenisms by soil ame
oebae. He zlso showed that the feeding index of yeast
eells killed at 100°, which were noxmally not ingested, was
raised when the extract of serobacter wos added. He sug-
gested that the way in which the axizaoct of aerchbacter pro-
moted phogocylosis in soll amoelze could be compared to the
affect of serunm opsonins acting on brcteria to promete phag-
ocybosis by mammaiian leucocytes. The suggestion that cer-
tain factors, ceourring in the amoebae environment or even
on the surface of amoebac themselves, could promote phagocy-



14.

tosis is supported by the sbservation of Hay {1951). She
ghowed that o styain of limax zmoeboe was able 12 aggiutine
ate flagellated bactevia sn their surfaces, whilst unon-~
flagellated organisms weys unc{fected. The bacterla were
first seen adhering at random to the surface of the amoebe,
but were subsequently re-grientated so that a bacterial
clump was formed at the tail region of the cell whers phago-
ocytosis was most active. The adhering force was not great
since the agglutinated bacterial mase was easily detached

Trom the amoehs on application of gantle pressure.

This review will be confincd 4o physical factors
affecting yphagooytosis in Amosha proteus.
3. Ikysisiogical simte. st and Hehmert (1935) dvew
attention %o the fact that Amoebs proteus does not feed
veadlily on ciliates unless sttached to 2 suitable surface.

Starvation promoted feeding provided that the deprivation
of food did not last longer than w8 days. Qualitative
cytochenicel determinations of RUA, DFA and ounlphydryl com-
powris in starved Lnoo

s were reported by E{elle: and
Eopze (19856). These authors showed that during five to
thirteen days of starvation there was & progressive reduce
tion in gyboplasmic REA, 2 relative increase in nuclear TNA
and nucleoinr #Hil4, and an incremse in both cytoplasmic and
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nuclear sulphydryl compounds. No changes cecurred in the
plasmalemma of Amoebe proteus during starvation (Heller,
1959) and the ned protein levels remsined stzble (Coken,
1959), btut oyioplasmic glyecogen Lccame undetectable afier
starvation for three days (Brachet, 1955).

2e

quency of ingestion of chlilomonads is closely correlated
with the temperature (Nast and Fennel, 1938). These authors
reported that 4he rate of ingestion =ar raximal at 26° tut
decreased %o zere at 40°. A similar finding was obtained
by Leische (1938) wio studied thie rate of ingestion of par-
amecia. These findings were slmost in full accord with

the offect of temperature on locomoiion as zhown by Mast

and Prosser (1932). In Ancebs proteus itemperature hns also
been shown to influence the second stage of pinooytosis, i.o.
interiorisation of the loaded membrane, but the firest stage -
adgorption +f inducers to the membrane - is independent of
temperszture (Schuumaker, 19583 De Tara and Rustad, 1959;
Chapmen-Andresen, 1962). Horeover, Chapman-Andrssen {(1962)
ghowed thnt at o lower temperature ithere was a delsy in
chanpel forwaiion and s decresse in the total number of
channels formed, whereas at higher temperatures there was

noe delay in formation, but the Zotal number of channels de-
cyreased. laximal channel formation ocourred at 23°. It
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hes also been shown that viscosity of the cytoplasm of
Ampelba preteus wvaried nccording to the temperature. Thorn-
ton (1932) equated viecosity of the plasmagel of hAmosha
proteus with the time of centrifugation needed to dispiace
oytoplasmic granules down to the lower half of an amoeba
when the speed of centrifugation was constent (4084 g).
He found that viscosiiy decreased am the temperature in~
cresged and that maximsl viscosity wes obtained at 4%, A
similay result was reported by Mast and Presser {1932) who
employed a different measurement technique which was based
an the freguencieas of rupture of the plasmagel sheet.

In marmalian phagocytes the degree of phngocyiosis
follows closely the laws of Theymedynazdics (Fenn, 1922).
This snthor re-gxamined ¢he resulte chiained by Madeen and
Tatabiki (1919) who studied rhmgooytosis of staphylococci
and E. ooli by leucocytes at various iemperatures., It was
found that there was & surprisingly uniferm tempsrature co-
afficient over the entire ronge of 5% %o 359, ond it was
convluded 4hrt the rate of phagocytosis was doubled by a
rise in temperature of 10°%

3., Iffect of vl on phagocylLosis.

1938) recorded the frequency of

Enst and Fennel {
ingostion of chilomonnds by Amoele proteus in & solution of
0.002 ¥ and 0.005 N HaCl within the pi range 4.4 to 8.3.

It was shown that the frequency of ingeation was minimal ot
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pH 4.4 bat rose to a peak at pH 53 this was followsd by a
further rise ot pi 6 and £.5, and gradually became riniml
azein at p 7.7 and 8.3.

Tinoeytosis in Aumgeks proteus induced Wy 2 G.180 M
Nai!l solution was also influenced by hydreogen ion concenira-
tion, the greatest rsmponse being ohtedned at pil C.1 {Chap~
man-indresen, 1962). This author alsc showed that pino-
evtetic response was modified by the gl of the medivm in
which the smonbee were mmintained before the test. Thus
4he response was meximel if the ancebae were sulburced at
1 3.0 t0 G.853 = significantly lower rssponse wag Seen ir
the protozoa were cultured at pH 5.0 = 5.8 or 7.0 = TH.

loconmotlion of Amegels

reus is slso pii dependent
(pitts snd Mmet, 1933). By recording the movement of am-
oebae in z balanced selt solution at wvarying hydrogen ion
cencentrations, thess authors reported thot locomotion at
pPH 4.6 « §.0 was minimal, it increased as the H approached
6.3, declined at pd 7.0 and incyeased mgain to a second pealk
at pif 7.5.

4. Effect of jons on phagocytosis.

The frequency of ingestion of chilomonads by Amocba
proteus was shown ¢ be influenced by ions in the medium
{Mast nnd Fenmel, 1938). These investigators reported that
feeding activity of the riizopod wos greatest in 0.0008 H
solution of HaCl and in 0.00C5 M solution of ECl. MgCly and
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Call,- They also found that even when the ion concentira-

tions of the test solutions were optimmum, each salt caused

a different degree of resyponse.

A. Memmslisn yhegocytes. Immediately afier phago-
cytosis ingested particles do not seem to be surrounded by
vacuolar space, even though they are snclosed in & membrane
which ig in intimate contact with their surface (Mudd ¢k 8l.,
1934). These workers cuggested that the fully developed
vacuole ip assoociated with the process of particle diges-
tion. By means of phase sontrast mioroscopy Marchant (1952)
showed that in hmmen polyvorphonuclear lsucocytes, walch had
pasgocytosed baocteria or collodian particles, vacuoles wore
snly forued syound the hacteria. There is good gvidence
from electron microscopic studies thet ingested particles
within mamwelian cells are surrounded Ly & membrane even if
this is not readily seen Ly light mioroscopy {Goodman and
Moore, 19563 Farks and Ghiquoine, 1956; Tssner, 1960;
Karrer, 19603 North and Mackaness, 1963). In view of the
above findings. it is clear that when bacteris are killed
by phagocytes, the events leading %o killing ocour within
the environment of the vacuole. Various methods have been
devised for o study of intracellular killing of bacteria jn
vitro. Wilson gt al. (1957) visualised the ingestion of
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bacteris by leucocyies under phase contrast. At varying
times after ingestion the cell was disraupted by electric
current and the viakility of the liberated organism was
agsecssed frow its ability to multiply in situ. It was
shown thot the helif 1life of streptococel in human and mouse
polymorphonuclear leucocybes was 8 sud 6% minutes respect-
ively. Rowley and Whitby {1959) added bacteria %o a mono-
layer of mouse peritoneal macrophsges in the presence of
seyum antibody. A% intervals the number of viakle organe-
isms in the extra~ and intrae-cellular phase was determined
vy direct plating. By this techmique the intra-cellular
halfelife of 8. colf snd cerimin Salmenellae was shown to
he approximmtely & - 10 minutes.

"he metusl mechanism wihich is opevating to achieve
intraceiinlar buctoricidal =zffect hes not been analysed
fully. However, twc general poesibilities have to e con-
sidered, nuwely. ths presence of specific bacterieldal sub-
stencer 2nd the cumulative effect of nonespeeific factors
whiich ckenge the environment of the vacucles so that the
bacteris fall %o survive. At least 5 specific bactericld-
21 principles hove been found in mmmalian phisgoeyies:

phegoeytin (Hirseh, 1856}, = bacterieidal prirveipic of Fish-
man and Silvermsn (1957) and lyseozyme (Fleming, 1933; Rid-
l&y‘ L] 1928) *
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Thagoeytin iz an acid soluble protein sesociated
with the granules in volymorphonuelsar leucocyies, Trom
uitich 1t can be extracted Ly salt zoiutione or eitrie noid.
This extract is knowm ¢ kill a wide range of Gram-positive
and Gremeneg=tive bameteria (Hirse:, 19566, 1960). During
the uptake of wpartiecliss by polymerrhionmuclear leucscyies
the gravmles conialning phogoeyiin runture uear the srgan-
isms and liberate itheir components cither inteo the vhogo-
cytio vaenole ar im its vieinity. The axtent of degran-
nlation varied with the number of organisms ingested (Hirsch
and Cohn, 1960).

The antibacterisl privciple of Pishmen and Silverman
was prepared from an ultyasonic homogenate of rat polynmorrh-
cnuelesr leucsoytes. The lLectericidal substance was found
to be sescclated with nitochendria, It was mest effective
at P 7 sgainst meny siersorganisms, partionlariy Crorme
positive cocol. Tts zctivity could b@{r@ducea by ¢trvesin
and was desftroyed %y digestlion with lipase, suzgesting the
meterial %e¢ be lipoprotein.

Lysozyme was first identified in polymorphonuclear
lencocytes by Fleming (mee Fleming. 1933; Ridley, 1928),
and in macrophages by Lyrvik end Weiser (18656). in spite
of 1ts high uactericidal activity for zertain GCreme-positive
eocel, it is relatively inactive for many cther micrvoorgan-
isms. In view of the fact thot certain bucteria become

susceptible o the lytic action of lysozyme at low pi ox
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in the presence of chelating agents, such as versene
(Repaske, 19856), it is conceivable that this enzyme may
have o more important role in intravecuolar killing than

it wos at fivet believed. Intracellulay killing of ivso-
zyme sensitive and resistant strains of Micrsesecus lyso-
deikticus by rat peritoneal masrophages and poiymorpho-
miclear leucocytes has been studied by Brumfitt and Glynn
(1961). These workers ciaimed that the zensitive strain
of i, lysodeikgicus was rapidly lysed and killed, but no
appreclable degrze of lysis oy killing cccurred with the
resistant strain. iowever, after deacetylation by giyeine
at pH 11, it was possible £o restore the sensitivity fo
lysozyme of the resistant strain without laés of viability.
The organisms treated in this way were suscepiible to both
intracellniay lysis and killing. Pawvillard (1963) showed
that lysozyvme was probably not a decisive determinant of
intracellular killing, since in spite of a high content of
lysozyme rat lung macrophages were less able to kill Stophe
Yiccoccus sureis than were peritoneal macrophages whici: have
low lysozyme sctivity. Recently Cohn (1964) reported that
lung msorophages from rabbits stimulated with BCG were alle
to kill Bachevickis o0li in vityxo as efficiently as oil~
induced peritoneal macrophages or nolymorphonuclear leuco-

ovies. It thus appears possible that the baotericidal

ability of lung wmacrophnges in this erperiment might be due
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te factore associated with retabolic changes after BCG
stimiation and this iz not necessarily relsted to the
content of lysozyme inside €he cells.

Tn view of the fact thxt certain phagocytes, €.2.
reorovheges, are not cdeguately equipped with bactericidal
substances for o wide snectrum of hMmeteria. =n alternative
poseitility thet werits comsideration is that bacteris may
f2il to survive in the vacuolor environment as & vesult of
g ‘curmletive effect?! of non-gspecific substances. Sprick
{1955) deternired the vacuolar 3l of wouse and guinea pig
peritonecl wacrophages from colour chumges of ingested heat-

kerenloeln end Hycobecterium smegmatils
vhich had beon previously steined with indicator dyes. He

cbserved that = pH as low ns 4.5 wes common within vacucles;
Lowevrer, velues below this were »are. The poseibility thab
sn aecidic condition alome is oble to cxert an entimicrobial
effect has not been favourably veceived. Tubos (1954) ad-
nitted that the hypothesis that intracsilular acidlity is one
of the coupes of bactericldal effect in ghogooytes is, at

best, & vorking hypothesis almost devoid of sxyperiuental

suppcrte Iooke snd Rowlay (1962) demonstrated that killing

of ¥ibric chiclerss and lzgt

peritoneal zacrophsges was not sirikingly different ¢ven
though these bacteria possacsed different degrece of resist-

ence Lo an acidic enviromment.  Towever, the ncid environ-
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ment of vacuoles may contribute t¢ the cffectiveness of
acid hydroiyses walch bove bser shown to be located in the
eytopinsmic granules of mammalian yhsgooytes {Thorbecke,
¢ld, Zenacerraf sand Clevke, 19613 John and Hivsohk, 1960).
Thia correiation has added significance when considered in
conjunciion with the sbservation that these cyibopluemic
grannies lyse into vacuoles vontaining ingested mterizl
(Hirsch and CGoun, i$60; Cohn and Veiner, 1963). Further-
more, electron miorescopic axamination of phsgocyiic cells
demonostrated the dischmrge of cyboplasmic gyamnles Indo
vasuolen eontalning ingested organisms {Lockweod and Allison,
19653 North and Haokeness, 1963).

- There is auple evidence {zom

turc of the mowbpane Lining of pinccytotie and food vacucles

gamge 15 very similar to that of

of Amoebs Drotens or (oS

the plesmeienns (Brandt, 1958; Hercer, 1959; Hoth, 19003

Brandi and Peppas, L9623 Hayward, 1963). Sinilariily be-
tween vocuolsy and cell nembreses iu hartmanellsy awmcels has
@igo been yoported (Vickemman, 196&). Mrendt and Poppas
(1965}, by msans of au slectron wicroscope study, showed
that the freshly formed pinocylbcotic wvacuole of Chaoe cunog
was bound by the intact fringe-iike ciruciure characteristle
of the plasumlienms. & subsequent change luvolved an in-

cresse in the surface to velume rotieo snd » concomltout
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di{sappearance of ithe hair-like structures leaving s resid-
ual vacuoiar lining similar to & unit membrane as described
By Roberison (1U60). By enmslegy it €5 likely that bacteria
are killed in amoebae within the wvacuclay snvironuent.

In 1895 Motchniieff pointed osut that ingestion and

killing of waoteria waz ubiquitous z free living proto-

zen and that dostruction of intraceliular baeterim by proto-
Zo& ¥as pot nmerelyv the mesns whereby these cells were pro-
sontad frem infection, but was slso o wmschanism for their
pbtaining uwutritive rmierials. He observed that during
the digestive process, the ingested orgenismus were seen to
»a isolated in the syvteplasmic vacuoles. These orgunisms
esuld e eneily stoined with vesuvine solution, a dye wirlch
d1d not stein thenr when living in their nuiural sonditions.
Hofer (1888} found that the more the bacteria were altered
iv the interior of rhizopods, the move easily they were
stained with aniline dre. & chsnge in sziainiang properiies
of bacteria cfier phagocytosis in parameciunm aud vortiecella
has elnc beea reported {Metcamikeff, 1833). Mast (1947)
cboorved thmt cerbain rode-shaved bacteris underwent a uorph-

nlogical change in the vacuoles of 2
the vacuoles decrecsed in sizme, sboub ¥ minuies after Loing
formed; he believed that this indieated bacterial kiliing.
Howaver, no guantitative studies of the rate of intraceil.

ular killing in protozoz have been reported, nor has any
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bectericidal principle been demonstrated. Since pretozoa
in general and zmosbes in particular himve been chiown un-
squivoecully o ¥ill bncteria and degrede the buelerial
sobatretes (Metohwnikoff, 16933 Houton, 190<; ¢Cehlex,
16163 Singii, 1541). the nechanisms wierchy these effects
sre schieved require clucidation. Mast (1942 bus oxame

ined the yange of vacuclaxy pl in

protevs shlch he
found te very between $.6 and ¥.3. Prom those data he
nstirated that the pi in the cytoplamm wes of the cxder of
7.4, Chamber, Pollack and Hiller {192%) injeched several
o and found

thnt the ¥ was 6.9 © U.1. This narrow pil rauge could be

indicetor dyes inte the gyboplasm of §

stsrituted to the buffering cspecity of the cytoplesm (Rez-
vikeof? 2nd Tollsck, 1928; Pollack, 1928). Using a mim-
iier dye injection bechinicue, Wiercinsii (1944 stowed that

tie Pl in the hyaline region of centrifuged Amoel:

was 5.8 ¥ 0.2. He claimsd that centrifugaticon of the cells
eliminatad the srror due to the uptake of indicators by
oytoplosnic grosules.

tnst (1042) obscrved thet when o living ciliste was
ingested together with meutral red gremulee or neubral red
anlution, the first change in colour wes spparent in the
body of the prey aasd noé in the survounding fluid in the
wacnole. Te intexrpreted this $o indleate tint mcld was
velenged frowm the prey and not scocrsted inte the vacuole

from the ovtoplasm. He also postulated that deatk of the
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ciliate was due to the ultimate oxygen deplietion brought
about by respiration of thc ciliate and diffusion of oxygen
from the vacuole into the oytoplasm of the amoeba.

¥nst and Bowen (1944) have also claimed that vac-
uolay pH was not an important factor im the killing ¢f bac-
teria, since organisms which were believed to be killed
rapidly by Vorticella semilis were seen o thrive in an
acidic environment in vitro.

Althousl: pH per =o may not be important in bacter-
ial killing, it is possible tha% hydrolytic snzymes, €.3.
acid phosphatase, only function éfficiently under the acid
condition established in wvsouoles. This possidility cor-
relates with the finding of Novikoff (1960) that in Amoeba
proteus acid phosphatase was most concentrated in the vac-
usler region. Recently Miller and eco-workers (1962) de-
monstrated 8 progressive increase in acid phosphatase around
newly formed food vacuoles containing aeid killed Teipshy-

There ig unequivocal evidence that serum factors are
able to promote the upiake of many species of bacteria by
mamralian phagocytes (Vright and Douglas, 19033 Mudd ¢t al.,
1934; Rowley, 1962). hen phagocytosis is promoted in this
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way, bacteria which are susceptibdle teo intracellulay bac~
tericidal mechanisme are killed (Rowley, 1958; Cohn and
Morse, 1959; Jenikin and Benamcerzaf, 1960). Uhether the
enhanced rete of killing, sbserved for cpsonised bacteria
in contrast to that of unopsonised bacteria, mersly reflects
more cfficient phagooyiosis is difficnit te decide, since
it ims possidle ithat serum factors may also act to facil-
itate oytopepsis (Miy= and Marous, 1961). & correlation
between intracellulsy survival of Salmonella enteritidis in
mouse peritoneal macrophages cnd the amount of specific
antibody used to opsonise the bacteris has boem reported by
Jenkin and Benacerraf (1960). However, the only certain
way in whioh the contribution of opsoninm to intracellular
killing can be tested ig to study twoe populations of phag-
ocytes which have saken up equal numbers of opsonised or
unopsonised bacteria, bub techuically this presents many
difficuities. Jenkin (1963) waes ctle to overcome these
difficulties by allowing lysogenic phage Py, to adsord on
to the surface of Salmone: rium, when the phage/
pacteriun complex was tremted with serum coentsining cpsonin
for iths yhoge only, phagocytosis was achdeved, but the in-
gested bacteria survived within the phagooytes. Howoever,
if ¢psonin for the bmceteria was also present at the time of
ingsstion, efficient tacteria killing resulted. The way
in which opsonins enhance intracellulsy killing is not known,
but physico-ciiemiecal changes on the surface of bacteria
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coated with antidbody have been reported (Mudd et al., 1934;
Berry ond Spies, 1949). Inoue and co-workers (1959) found
that in the presence of serum antibody,; complement and lag-
nesium ions Escherichia goli were comverted by lysozmyme into
spheroplasts which were subsequently lysed. In view of the
fact that this phenomenon did not ccour when lysozyme was
lacking, it was suggested that antibody and compliement acted
on the taoterial surface in such & way that the substrate
for lysozyme became ciposed. These zuthors alsc yeported
that antibody and complement alone could cause demsge to the
bacterial cells as demonsirated either by & change in siein-
ing properties or a fall in total vizble eounts. Yever-
theless, axcess lysozyme in the amount found in normal serum
i.e. 5 pg./ml. sccelerated bactericidal astion of antidvody
pnd complement.

Antibody and complement have slsc been siiown to en-
namoe the rate of digestion of P2 labellod Histoplesus

apgulatun by nomel and immmne mouse poritoneel macrophages,
as maasnred by the rate of rcelease of labslled material into
the supernstant at & variable period of time (iiya and lMar-

cus, 19613 Wu and Marous, 1964).

ik
e

SULan,
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0f particular intercst is the finding that ia the
smounts of opsonin, the rate of kill-
mariunm by peritoneal macropuages from

presence of uniimited
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mice, stimmliated 24 hours sarlier with liporolysaccharide
prepared from Escheyfchis coll, was significantly greater
than by mscrophages from normal mice sven though the rate
of phagocytosis was comparable (Anzins and Rowley, 1961).
These authors suggested thsot eniianced tmcteriocidal activity
of phagoeytes could be atiributed $¢ the high metabolie
activity of the cells.

3. Influence of the nuelens on bacterieids) mechenisms

Influence of the nueleus on intracelluley killing

of the inzested organisms was yeported by Clark (1943). He
severed Amceba proteus. which had previously ingested & rot-
.irerg, with a small glass rod and found ¢hat the prey stayed
alive for two days within the enmuncleate half, although norm-
2lly it wonld have died in 1-3 hours. The relation between
ymakic activities in Amoeba proteus has
been extensively reviewed by Brachet (1961). In an enu-
cleste half of this protozoon, the level of certain enzymes,

the muoeleus and enn

such as protease, aldolase, ATTPase, raemained practically
mmehnnzed, whereas that of other enzymes, such as dipeptid-
ase, ssterssc and paosphatese fell remsxykebly, especially
after the fifth day. The awmylase content, on the cother
hend, increased abrupily end receined constont until the
fifth day after which it fell to the same level os that in
the muclear half. Of particular interest is the depletion
of the BVA content in thw cnucleate half as shown by both
qualitative and quantitative methods (Brachet, 1955). The
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belief that the nucleus plays an important role in RHA
netabolism is sharved By Goldstein aud Plaut (1955). These
workers showed by mesas of an autoradiograpniec technigue
tlet when %2 iabellied nuoleus from an
grafied into a normml unlobeliled amoeba or an anucleate half
of a normal zwmaseba, lzbelled material became located in the
gytoplasm only. This experiment suggests that the nucleus
actively synthesises RMA and that nuclear R4 ir trang-
ferred to the cytoplasm. Since RNA metabolism and protelin
synthesis are closely linked (Goldetein, 19568}, it is iikely
that production of certain enzjyues in the snucleate half of
an amoels would fuil, resulting in a reduced &bility to
kiil bacteria mnd depyade thelr substrates. The bellef

thet the nucleus exerts an influence or cytoplasmic active
ity hse been supported by slectron wicrosaople studies of

Heycer (1959), who described the presence of suwall vesicles
(800 angstroms in lengith) radiating from the uuclear mem-
brane into the adjacent cytoplasu which would be in keeping

with & nueleay seorctory activity.

POOD SELECTION IN AMOEBAR.

T™he ouestion as to whether protozoe are able to
discriminate in the selection of food partiocles is ome of
considerable intereat. Evidence has been presented to show
that certain species can accept some types of food organisms
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or particlies, bLut disregnrd others. This selective feed-

ing has been demonstratsd in Stenter ccerpleus (Schzeffer,
1016}, in bavsaria (Iund, 1514) and in a number of par-

amecium speciez (Metaluikov, 19123 Bosler, 19243 Ilosina-
loginsky, 19313 EHrage, 1936). In general, protozos show

& tendency to ingest znterisls that are organic in prefer-

ence S0 these of inorganio origin. Iugestion of particles
by omamalizn phagoeytes lhias been siown to be an energye
requiring process {(Stikelin, Suter and Karnovsky, 1956;
Gobn and Morse, 1960); oy analogy it seems reasonabliz to
suppose that rhagocytosis occurring in yprotozoa will also
utilise cellular energy reserves. It is clear that hap-
hazard ingestion of particies; only some of which have
nutritive value, could be a highly wasteful process in
terme of energy expenditure. I% follows, therefore, that
the ability o seiect bLetween a potentially mutyitive foold
poerticle and an inert inorganic particle, might endow the
protozoal cell with s survival advantage. The literature
reviewed in the following pages will cover the evidence
thet is zwvallable in relation to food seloction Ly amcobae

end consider whiet is known cbout the way in which such &
selection is achicved.

Tood selection in Amosbe proteus has been extensively

investigated by Schaeffer (1916a, b. 1917). The behaviour
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of Amoebe preteus towards many substances was studied in
cover-gliv prepvayations in which the test particles could
ke placed in any desired position by absorbing fluid from
an appropriate point at the edge of the cover gianss. Uhen
& grain of siliecic zeid was laid in front of a grain of
glolnlin in the path of o poving smoedba, the cell sent out
nseudopods zalpating the siliecle acld without ingesting 1t;
after this the cell movsed on until it contacted the grain
of globulin which wae prompily ingested, Simlilar {indinge
wvera obtuined when = gyoin of 2Zlobulin and = grein of carbon
were placed zide by side. Occesionally a food cup was
fermed over the two pariieles, bui the sarbon was pushoed
out of the cuy vhereas the globulin was retained. After
testing a nuwmber of aubstances, Schaeffer {1917} coneluded

2 predilection for subsitances which

are of food vnalue. Indigestible materinls, such as carbon
and glass framonte, were not vhagsoyiosed unless they were
in & state of wotion. Carmine proved an exception to the
rule since it wes vesdily ingested. Schaseffer (1917) sug-
gosted that twoe types of sclection existed in Amoeba proteus,
viz. crgauismal end histonie: the former was operating dur-
ing the ntage of ingestion and the latter after food had
antered the cell. An example of organismal selection was
z praferential ingestion of globulin rxather than carbon, zud
thet of histonic selection was the axpuision of intracell~
ulsr carmine 3-14 minutes after it hind been taken up.



33,

Schaeffer {1917) azlso emphasised the {mportance of
the past cxpsrience of individual suoebae. ite chserved
that when o grain of globulin and & grain of hematin were
lying close together in the path of an anoebe, they werc
first touched by the advancing pscudopods and then ingested,
put i & subsequent encounter with these two substances,
the amosba formed a food cup hafore touching the particles.
In the case of an azitated frogment of glass, ingested Ly
an amoeba for the first time, it was vctained in the cell
for six mimntes. If, howevey, the same amosta vas in-
duced to phagocytose the same giass fragment, the rejoection
time was chortened to 3% minutes, Vhen this zglass {rag-
ment was prosented to the amoeba for & third time, the cell
becane indifferent and no ingestion ccourred.

Mast znd Hamert (1935) dewonstrated thot Amgebs
proteus preferred to feed on sclpldia and chilomonas rather

stun despite similarity in size and shape of

these zilistes. Then equal numbers of wones and chilomonas
wars sdded 4o amoebse suspended in Hahnert's solubion in a
hanging drop maintained in a molst chamber, 34 £ood cups
were formes out of 56 contacts with chilomonas, Tut only 4
were formed out of 66 contaocts with monas. These attompis
a% rthogocybosis resulted in the ingestion of 23 chilomonas,
vt only 1 monas. In the sther experiment, whem the ratio
of ¢hilomonns to monae was 10:7, smoebae ingested alwmost a
nundred 4imes more of the former than of the latbter. After
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ingestion, chilomonas were seen to remain alive for 5«14
minutes, whereas monas remained alive for more than 3%
hours.

It is clear that Amgeba vnroteus is able to dis-

criminate between different types of particles, and the
work of Schaeffer suggests that a given amoeba can become
more efficient as & result of previous experiences, How-
ever, the mechaniem of food selection is not known in detail;
it has been stated by Schaeffer (1917) that this cammot be
based solely on solubility, digestibility or chemical prop-
ertios of the test particies. Nevertheless the work of
Bell and cos-workere (see a review by Bell, 1963) described
previcusly in this chapter could provide some understanding
of mechsnisms which initiate pseudopod and food cup forma-
tions in relation to food ingestion, but the data presently
available do not adequately explain the entire procese of
food recognition.

Chojce of food in soil amoebae.

Soil amoebae have been found suitable for studying
gelection of food organisms by protozoa, since these amoebae
may be cultured under a variety of conditions, i.e. in sym-
thetic liquid medium with or without bacteria and on agar
in the presence of colonies of an appropriate food organism.

There is good evidence that some species of bacteria

are more sultable than others as food organisms for soll
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amcebae (Tsujitani, 1898; Mouton, 1902

gshler, 1916;
Sevartzeva, 1928; Singh, 1941: Chang, 1960). It is
poseible that & given speoies of scll amcebae might be able
to select hetween suitable and unsuitable tacteria, when
they are present togethsr. A considerable amount of work
has been done to study this possibility.

severtzows (1928) prepared strveaks of bacteria in
pure culture on solid artiffcial mediums in e petrl éish in
the form of en eirht-pointed star. After incubation %o
allow bocterial) growth, soll asrmocbae wore placed ot the
centre of the radiating linas, Tt wes found that smoebae
conld clesy a line of cerisin types of bacteria faster than
of athers snd some bacterisl lines were guite untoucized.
In view of the finding that clearing of the bacterial streaks
was corrolsted with an increase in numbers of the amochae
present, it wse indicated that the rwotozoa had the eapac-
ity to faed selectively. In another axperiment soil smocbae

geare ndded ¢o o mixiture of Igcherichia commmne and

Bacteripm ellenbachensis grown em an agar slope; after ine
cubation at 22° for 6 doys the baeteria woere washod from
the rlope with woter and vlated for s differential count.
1% was fornd that the provortien of Hscherichia coli to
gllenbaoliencis in o control tube wes 119, whereas

in the tube inoculated with amoochbase very few Ischerichis coil

were racovered, whilst Bacterium ellenbschensis wos present

as an almeet pure culbure. This suggested thot the amoebee
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had fed selectively on Zscherichis coli in the original
mizxed culture.

Following this lead, Singh (194l, 1942, 1945)
snowed thot some species of bmcteria were more acceptable
than cothers to limax smoebae, ant thwt even within & given
becterial species, certain strains were wore suitable as
foed orgonisms, slthough no morphelogical or pliysiclogical
differences were apparent hetween these strains. Wuen
amoebze were inoculatsd at one end of the two styeaks of
bacterie, iying cide by side on an agar plate, Gthe pxolozoa
Firet ate the wmost readily acceptzble bacteria and later
nigzaiod 4o feed oum the less acceptable organisms, If,
however, the amoebae had been previously adapted to grow on
the less acceptable organisms of the two over a long pexiod
of time, 1t wos found that both bacterial streaks were saten
with emuel avidity. Selection was also appersni when a
zizture of cdible baocteria (Bacteria 4045), non-edible bac-
terin {Bacteria B5064) end limax amoebme were inoculated in
dzmp sterilised soil (Singh, 1941). This author showed
that wWiile the numbsrs of edible bacteris were remaviknbly
raduced, the populstion of inedible becteris remeined com-
parstively high.

In 195¢, (at, Vogel and Shelckov reported that a
species of acanthamoeba found ne a contaminant in a monkey
kidney culture showed preferential selection for nucleated
red Llood ceils. When non-nucleated guinea pig red blood
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cells were mixed with the amcebae in s henging drop of
tissue culture medium, the red cells were treated with in-
difference, some ved blood cells were cccaslonally ingested,
wut & prompt rejection ensued. However, it nucleated
chicken yred blood cells were added, these became attached
to the armcebae and were phagocytosed. After a variable
period of tims, the red cells were ejected from the amoeba,
apparently in a denucleated form. Chi and co-workers suge-
gested that acanthamoebae preferred “o eat nuclear mater-
jals. This ides gains support from the work of Semenoff
(1938) who showed that during ihe process of ingestion of
froz red blood cells by Zntamoeba histolytica, the muclear
material was frequently seen to be extracted from the red
blood cells and preferentially ingested.

sms_of food selection by soll smoebas.

it is clesr that there is 2 parallelism between
celection snd edibility of bacterial food (Singh, 1941).
However, the criterie for bacterial edibility sre not rel-
ated to any taxonomic characters, &.g. Gram staining, mot~-
11ity, #lime production, pigmentation, proteolytic power,
ability to nitrify and fix uitrogen (Severtzova, 1928; Van
Rooyen, 19323 Rice, 1935, 1938 Singh, 1941, 19423, 1945).
Good correlation between edibility of bacteria and the
growth rate of amoebae has besn demonstrated by Frosch
(1897) whe inoculated hacteria-free cysts of solil amoebae
into pure cultures of wvarious bacteria and showed thiat the
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culture of micrcovganisms did not support the growth of
ancebae egually well.

tutler snd Crunmp (1928) counted the number of
fartueneils *
$o shich hnd Teen added test becterias they reported that

alina in 2 drop of sutcclaved soil axtract

the growth zate of amoebae depended on the numier of bector-
ia present and the species uwsed. Uhen comuarzile inoculas
of Grame-pesitive baeilli (Y.EB. strain) or Gram-negotive
haeilll (8.5. strain) were added to autoclaved soil extract
coutalning & Standerd number of soll ouoabae, the rate of
smecblie division was grester in the presence of the Y.D.
beeilli, the maximel growth rate being asbtained if the vatio
of mmoebas %o bacteris wae li1l-d X 168, tHorecover, ths vol-
ume of individual amoebae incremsed faster when they wore
geavm with the T.B. baecilll.

fay (1651) ploced eyste of limax asocebae {flaytusnells
sp.) in e dvep of 0.1 yeast extract aclution to vinich she
acied vorious species of tmeterias 1t was found that the
growth rote of amcclse could he releted to the degree of
bacterisl mobility. 7o liguid medium it is likely that the
more motile an orgonicm, the greater the chonce of contaot
with the surfoce of nn ompeba. I%4 has been 2learly demons
strated that when flogellated bacteria bouch the surface of
scil cupebae, they ave aggiuntinated and hecome attached to

the cell (liowhon, 10083 Toy, 1951). By suslogy with what
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is known about mammalian phegocytes, i.e. that adhesion of
the rarticles to the cell surface is a pre-requisite for
efficient phngocyiosis (Madd et 2l., 1934}, it is reason-
able ¢ suppose that egziutination of flagslilated bacteria
on ¢he amoeba surface would fzeilitate ingeation. The
idea that intimacy of contaoct between amsebeae and bacteria
promotes phagocytosis is supported by the finding of Zay
(1951} who showed that twe species of buecterie, one cf which
was motile and therefore more readily tabon vy by limsx
amoeboe in liquid medium, served equally well asg foold or-
psnisme when seoebae were allowed o sentact them on & solid
medium. This findinc sugpests thai possession of flagella
per e is not = determinant for the potiexrn of feeding in
soll smpoeboe undeyr 2ll cultural conditions.

The woy in which smoebae canse flagellated bacteria
to agrintinnte on condact with thely surfaces is not clearly
underctood. Ilouton {1902) hues suggested that this was
brousat about by 2 secrehion fronm the contraciile vacuole.
He cisimed thet agziutination of Hschericiis coli ccourred
only in amochee wirlch had heen adavted in these orgonisms,
at 4id not scour if zmocbee were grown with yeast sells.
on the other hond, Tay (1951) zhowed that amoeboe groen with

Pgeudomonns fluorescens on solid wmediume agglutinated all

motile sreantisme tested, Moreover, there wai ao svidence
for svecific loonlisation of motile bactoris to the region

of the cell membyane overlying the contraciile vaocucle. 8he
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suggested that agelutination could be atiributed to o
secyetion of an afiesive substance on the cell surface oF,
sitersetively, io rhysicochemical properties of the cell
membrane, ¢.g. electrostatic charpe affect.

Four possihilitics hwve Leen put forward by Ountler
and Crump (1988} to explain the different rates of growth
observed in sell aumcebne with different species of bacter-
is, or the some species of bactarias after varlous treat-
mente, T.g. nesting.

1. 4 species may be of a superior food walue.

2. A specles mey be suited to the digestive process
of the sonsuner.

3, Iraibition of srowth of amocboe ocwing o ftmxice
propertiss of Lacteria.

4, Tor puysics]) ressons bacteria of serisin structures
canno®t be readily ingested.

gut of these poseibilities only ome, i.e. toxie
propertiecs osf bacteris, hne becn the subject of exteomslive
investigeticn.

utler spd Crwe {1988) gyev hacteria in storilised
goil extencts and after varying intervals of time the cult~
ares were Tiltered and the filtyoios tosted for thelir offect
on the growih of Iartmanells hyalipa. It was found thnd
the reproduction rrite of amcebas ia Jay-sld filirates was

comparcble for bokh readily accephed bacteris (B, mresiden)
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and less accepteble bacteria (8.B. Bacilli), but was con-
sidevably reduced in 243 doyeold filtrates, depression of
growth being most morked in the presence of the Iiltxate
of S. B. bacilll.

VYan Rooyen {1932) studied the clearing of virulent
and avirulent straine of Staphylococeus by Hartmanelis

thomoebs) castellsnf., We showed thot these tacteris

resisted clesring, i.e. that they were unacceptable food
organisms. However, waen these bocteria were killed by
heat sné washed, or heat~killed only, the amoebae were able
$o utilise them. I the siaghyloeocci were killed by chem-
ical wmoans, e.2. ciloroform or formaldehyde vapour without
further washing, they resnined unsecapisble. Awmoebas axe
posed for 4-24 hours ¥ saline washings froxm Staphylococcus
aureus or other wivcceptable bacteria were shown to glear
Seimonells tyrhioga at & much slower rate than control amoe-
bae troated with nermal saline only. Van Rooyen conciuded
that inedibility of certain bacoteria was due to diffusible
products which damopged or otherwise injured the amoebae.
He also attempled to rendey edidble bacheriz, e.g. Salmonella
typhoss. resistant %o ingestion Ly auwsebze by trenting them
with onlture filtrates fyop inedible orxrgenisms, but ihe bao-
teric so treated bLecame only slighitly more registeont then
the wntrested controls.

The toxic effect of diffusible and non-diffusible
substances from plgmenied prganisme has been reported hy
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Singh {1945}, who showed ihat amoebae either dled or en-
cysted within 7 daye when inoculsted on %o ¢dible bacteria
et hiad been grown on agar containing diffusible products
sf Ppeudomonse rvrocysneus. Similar results were obtained
when amoebse were added to suspensions of crude or purifled
pyocyanin, This ¢est showed {hot crude pyocyanin was more
toxjic than the purified mnterial. Singhk alsc chowed that
the deleterious effect «f Chyomobagher:

z violageum and ITnoteria 56564 on soll mmoebae
was due to nciion of a water insoluble »izwent and not te a
frecly diffusible exctoxin, since these organisms became
rertinlly or completely zccepted by soil amocbae when thelr
ability to uroduce pigment had been lost as & result of

frequent suboultures.
Dudziak {1962) hse shown thot the majority of

straine of mycobacteria zre unable to support the growth

of soil amoebae on solid mediumss however, Mycocbacterium

ellirving is an exception since it is 2bls to do so in the
cage of three spocies of znoebae tosted, i.e. Acanthamoebs
gagtellioni . Hartmanella iy ¥ 2 L3 e be,
B. It is clear that mycobacteria in general do not yroduce
diffusible materials thet are toxic for soll amoehue since

these protozos are sble to grow in the presence of myco-
bacterin if a sultable food organism im present, f.2. Agro-
bactor serosenes. Iuvestigotions of the reasons why wmyco-

bacteria are unacceptoble as a food mubstrate have shown
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that meny of them contain texic materials that could be
extracted with fat solvents oy which are exposed in the
haecterial residue sfter attenpted axtraction; c.g. CXLIBCw~
tion of Mycoluoterium tuberculcsis HzgRv results in the
bacterial rosidue bscoming acceptoble zs a food substrate
for soil smoebae, whereas the ethsy soluble waxes are toxic
when tested against zmoebac.
extracted in a similar menmner, no ether zoluble toxic frac-
tion con be demonatrated, but ithe bacterial residue now ex-
hibite o $oxic effect when sdded %o seoil amsebae cultures.

ojexrinm chied is

The criteria for toxie zffect in these experimente were in-
hibition of
It is possible that failure to ingest food organisms
may nlso be related o food selection, sincs it is known
that =didle bactoria could be rendered wncceptable Ly heat
sreatment {Oehler, 1916; Drozanski and Drozanska, 1961).
Prozanski and Drozanske roported that ihe growth of limax

sunebae division and snoystabion.

amoshae wag poor in the presence of = wide range sf Lacteria
¥illed =t 100° suspended in noyrmal saline; nowever, if an
extract of Lerobacter aerogenes, prepared Ly repezted frees-
ing awd thawing, was added to the culture a faster raite of
growth was measured, but 2%t no stage did the rate approach
that of swmoebae grown with living organisms. 1In the iight
of the €inding that this extract inoreased the phagocytie
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index of soil amoebae for heat-killed yeast cells, it is
reasonable 4oc suppose that the uptake of heat-killed bao-
teria woe promoted in & similay fashion.

Drozanski (1963) has extended his study on the ef-
fects of heating in modifying the scceptability of Aexo-
boetexr aerogenes as & food organism for soil amnvebae; he
gshowed that zlthough intact bacterie killed by boiling at
1007 414 not support the growth of amcebae maintained in

normal saline, an aqueous axbract of disrupted heated aero=-

hacter acted as an sdegunte source of nabritive material
vhen ndded to the emoshae in normel saline.  Drozsuskd
sugegested thie finding indicated that the heatekilled intact
aerobaetar wotained 1is potentinl nutritive vaine, but that
the process of heating caused chauges st the bacterial sure
Yace which resulted in ite fallure 4o be ingested by seoll
amoehae.

In sumerising the above survey, it is clear that
soil szoebse show discrinination in Ffeeding, but the way in
which they do this is only partially inown. it is hoped
thot the axperiments described in this thesis will allow
petter understanding of food-chioloe mochanisms and fndicate
1f selection operates &t the level of food-seeking, i.a¢. i
related to the chemotactic response of amoebne, whether
there is preferential ingestion of different bacterial
gpecies, or whether certain types of tacterial cells areo
resistent to intracellular killing and cannot, tharefore,
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be adequately degraded to supply nutritive materials. It
is 2lso hoped that this study mey thyow some llghi on the
broader problem of the evolution of recognition mechanisms
at the single cell level,



SEAFTER XI.

S THODE

All the glasswayre used for handling amwebae were
botled in = mixinre of Calgen (Allright and Wilson (Aust.)
Phve Td.] and sodiur metasilicate solution for 20 mimutes,
fellewed Wy vinesine with glase distillsd waiter 12 times.

e owosednure was similar to that desewibed Ly Janks {1585).

The Dawson strain of A, proteus used in this study
was Lisdly yvovided by Professor J. ¥F. Danielli and Dy,
Se Ae Homidng, BEing's Coliege, London. The protozoa were
maintained in modifisd (helkiey's medium to which wiheat
gralins and 2 ¢iliate Lelyahymens were added as descyribed LWy
Hawkins (1062, persvunl somsauicetion}. Thie technigue was
essentinily similey to fthet deseribed by Prescott and Jomes
{1966) exeept for the different culture medium used. Jod-
ified Chal¥ler'n nodium was made up as followss: -
60 mg.
4 mg.
2 mg.
i mge.
Glags distilled watexr 1 litxe
Autoclaved at 151° at the pressure of 15 lbs. per

2. ine. foy 10 uwlaxies.
Golelum it in the original formmle desoribed Ly
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Chalkley (1930) was omitted since it has been claimed Yy
Howkins (1962, pexsonal commmication) that this fon in-
creases rvigidity of the plosmagel and therefore is potent-
{aily sble to cause difficulty during miere-injection.

The smoebas were kept in € inch dilameter potri
dishes at 20° to which washed tetrahemense were added daily.
The ¢illates were grown sepsrately in axenic condition at
20° in 1 per cent. protecse~pspione sclubion for 1= weeks,
they were washed free from proteoss-peptone by centrifugie
tion for 3 minutes at 1000«1500 Tepemes aAnd finnlly resuse
pended in Chalkley's medium bafore sddition fo the aulture

of amoebae,

Two species of soll amoebas used extensively in
this study were:

i. Harfmanells astronyxis (Ray; OCambridge collection
of protozos and algee Yo. 1534/1i). These amosbae could
be prown axenieally in & llguid wmedium or together with bro-
teria on & solld wediwm,

w0 I1iquid wmedia eunployed wore =

a) Frotecse pepitone gluoose solution (PG}, (Band,
1959}, prepared ze followss-

Hall 120 m5.
Hgllg. SHy0 3 ug.
CaClg 3 mg.
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¥eS0, S mg.
Na,HFO, 142 mg.
EHoPO, 136 mg.
Difee Frotecse<peptone 10 pgn.
Glucose 18 gm.
Flaee distilled water 1 litre

Pinal pi = 6.8
Autocisved =t 15 1lbs. per sq. in. =t 121° for 10
mirutes.

Amoebae were grown in 20 mi. of this medium in &
4 oz. medicinal bottle placed hnrizontally at 20°. The
fluid lewvel in the bottle did not axceed 1 cm. It was
found that luxuriant growil of smecebne was obtained only
wizen killed bacteria were supplemented. As a rule, Pseudo-

monag fluswesgens killed hy heat at 56° for 1% hours was

added to give s bacterial concentration of approximetely
5 x 10’ per mi. (Drozanski and Drozanska, 1961).
®) 3 per cent. yeast extract medium, made up a8 follows:-

Yeas® extract (Oxoid) 30 gn.

Glass distilled water 1 litre

Autoclaved at 15 1bs. per sq. in. st 121° for 10
minutes.

The growth of anmcebae in this medium was poor and
hence it was used only in the early part of the stuly re-
ported in Chapter VI. The 50lid medium employed in theae
studies was C.1 per cent. yeast extract agar (Ray, 19%1),
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prepared as followsi-

Yeast extract (Cxoid) 1 gn.

Agaxr 15 gm.

Glass distilled water 1l litre
Pseudomonas fluorsscens was first streaked on this medium

in a Fetri dish in the form of 2 hands crossing each cther
at the centres of the plate. After inoubation at 30° over-
night, a loopful ¢f amcebme containing approximately 300
cells were inooculated at the centre and the plate was in-
cubated ot 20°.

Subecultures of amochae were done avery month.
Cambridge collesction

These amosbae were maintained axenically in FPG at
20° (Band, 1959). The cells thrived luxuriently in this
mediun and no sddition of killed bacteria was required.
Subculture wasg done evary 3 weeks.

Other soil amoebae used in minor studies were:-

a) Acsnthamoels #v. (Neff; Cambridge collection of
protozes and algae No. 1501/1).

Tidis amoeba was grown in PFG in a manner described

g strain 15,
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The last § speclies of amoebae wers obtained through
the gourteay of Dr. B, ¥. Singk, Central Drug Research Ian-
stitute, Iucknow, Indis. The protozos were grown at 20°
on C.1 per cent. yoast cxitract agsry contalning an overnight
growth of on Aercbacter sp. {(Bacterium 1912) (see below).

Hational Institute of Allergy and Infectious Disenzesn,

Rocky Fountain Laborstory, Hamilton, HMontana, U.S.A.
pisurive LT, (ILilleengen, 1948).
3. Bagillug subtilis Strain 841, This organism was

kindly pwovided by Dr. W. Atkinson, Dopartment of Hioro-
biology, the University of Adelaide.

he Dopertnent of Mierohiology, ithe University of Adelside.
This organism was veory cotively motile. If grew well at
30° and aid nst grow at 37°.

2. Aerobacter sp. (Bacterium 19)12). This organism was
kindly provided by Dr. B. . Singh, Central Drug Reseaxch
Institute, Iucknow, India., This organism was non-motile
and it was used in propagsating many straine of soll amoebae
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used in the study in Chapter VI. Its bilochemical char-
acteristice have been described fully by Singh (1941).

3. Escherichia coll HCTC. 8196. This organism was
obtained from Mr.JR. Harris, CSIRO Division of Soil Hioro-
biology, South Australia.

4. Hschexichis colf strain 812, A strein maintained
in Department of Hiorolhiology, the University of Adelaide.

ese lust ¢wo organisms vwere originally non-motile.

However, after a serial passage through seilesolid medium
(Lederberg, 1956) at 30° thrse times, motile strains were
obtained., These organisms were actively motile only when
they wers grown st 30°.
Sa . A straip maintsined in
the Department of Microbiology, tha University of Adelaide.

6. Oiher bacteria used in soreening studies for a sel-
ection of appropriate sveciss of bacteria te be uced in the

nolysis of food cholce mechanisms in soil amoebos.

a) é&ﬁhuxéséiensﬂgé (stoke-i)
_coli (Rechmex)
i 1C84
a) mm;;ggg coli (Bagaxr)
e) Salmonella derby
f) Saimonells cholerse-suis var. Kun
g) dalmoneliia anatum
h) Salmevella enteritidic Se 795

P

lmonells cnterdgidis

33
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3) Eseudomonas ovalis
k) Eseudomonas fluorescens
1} Aexobsoter cigacae

These were Gram negative none-motile

1) riun
cocco=bacilli whtch gyvew well at 25” but not at 37°. They

d1id not ferment any of the sugors tested, viz. lactose,
sucrose, glucose, manitel, duleoitol, ond salicin. Other
veactions weres indel +, H.R. neg.. V.F. alightly +, urea +,
gelatine nag., Hob neg., and sitrate ueg.

n) Aerchacter seyogenes (Routine). This organism was
maintalired in the Departuent of Hiceroblology, the University
of Adelaide.

The srgeniems from § to g were kindly provided hy
Dy H. Atkinson, Departmsat of Hieroblology, the University
of Adelside, zud the organisms from 1 to p were oblained
from ir.LR Harris, CSIRC Division of Soil Merchiology,
Adelailde.

Stock culiures were grown on nutrient agar and
stored at 4° on slopes of this medium $n 1 oz. sorew-capped
bottles, each of wiich was epen no more thon ten times.

Cultivation of bacteria.

Bacteria used in Amoebe proteus studies were sub-
cultured into minmimal medium asud inenbzted on & reciprocat-
ing shaker at 37° for periods of either 6 or 18 hours, de-
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pending on the type of experiments rlemned. Einimal mediwm
was made up according $o the formule of Davis ond Hingioll
(1950) as follows:~

Gluocose 2 g,
K2YE04 7 gm.
Ko P04 3 g,
Sodium eitrate, 0 C.5 gn.
Mgh0y . TH,0 0.1 gn.
(WHy } 580, 1 gm.
Glase <distilled water 1 litre

Antoclaved st 121°% at the pressuve of 15 1bs. per

8q. in. for 15 minutes.

The organisme used in miero-injootion studies
(Chapters IIX and V) were sireptomyein sensitive 8, cutex-
itidie Se 796 growing in Jogarithnic phose. This wes pre-
pared Ly inoculating 0.5 ml. of overnigat chaling cslbure
of thip orgenior grown in minimel wedium into 10 ml. of the
same modium and inoubated further on a resiprocating shoker
at 37° for another 6 hours. After washing in minimel med-
iun by centrifugation at 3000 rep.m. for 10 minutes, the
organisms were suspended in the injection medium ond kept
in an ice bucke: at 4Y. Tor each injection, o sample was
taken from this stock bacterial suspension and transferred
on te the coverslip in an oil chember in which & mierodrop
ef approximately 2 mm, was formed. Iach batch of the stock



54.

bacterial suspension was used no longey than 2 hours.

In a1l phagoeytic experiments (Chaptors YV and V),
the organisms used were streptomycin resistant muirmts of
i 18, prowing in lag
thase. aﬁrepiuwﬁin marker was usei so distingsish between
thwe test orpmnisme and the contaminents associsztsed with
amocbae in the culture dish. IMEnimel pedium in which the
crgonimns were grown conkained 50 mlsyuegreams of streptomyein
per mi. After ingubstion Loy 18 hours, the organisms were
washed in mindmal sedium by cemtrifugotion &% 3000 TepPel
for 10 minutes and finelily resuspended dn Chaikley®s modium
containing C.1 pexr cent. glucose. A1l mutrient sgoy plates
used in these experiments contsined 50 microgeans of strep-
fergroin per ml.

Orpondtors uced in soil smoebae studies wers grown
in nutrient bwweth and fnoubated sither ot 30° or 379 de-
pending o the optimal condiiion roguired Iy eondhl organfism.
Poy chemotactic studies, howevey, the orgamisms were grown
in PG, since ie this npediun cerfsin srganisms espeecially
the Jow i

nparature reguiring bacteris gove much bheftor

Selestion of o sitweptomyein rosistant matent was
dome by yinting o demse suspension of au svernight broth
culture of bacteris on %o a nutrient cgar plote containing
a gradient concentration of streptomycin. This gradiemt
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plate was prepared Ly overlaying warm mairient agar in a
vetei dish ixn which a slant of nutriemt agar containing =
Imown conceniration of styepbtomycin was ssrxiier uade,
Colenies of bacteria were then selected frum & poriion of
the piaste whieh had a higher grodismt oné incculoted into
broth. After incubation at 37° overmight, o dvop of this
culture wag plated on to nutrient zgay containing strepto-
myein at 2 higher concentrution gredient. &y thiz mesns,
mtants of S, enteritidis and S fyphimsriun LT, rosistant
te 200 of sirepiomyein ver i, were cbtained.
The organisms were maintnined at 47 on matrient szey slopes
containing 50 microgrems of abtreptesyoin per ml.

. J—

5 of Bagiiius subtiiis sopores.

D. pubtilis gzown on nuirient agzy for 48 hours at
37° was suspended in novmal suline solufiion. It was found
$het in this suspensicn, spores tended to Lo aggrogates
which eould he convenienitly napurated from vegetolitive bag=
terial cells by centyifugation at 1000 vep.n. for & mimatesn.
Afber twice woye waghing, these pagroegntes were resuspended
i1 vhyeiological meline foliowing Ty sondcation In o MER
ultrasonic disintemmtoy for 10 seeunls to diengmremate 3

spores. The spore cuspemsion was then heated at 80° Fox

10 minutes to 2i1) residool veretrilve bagberis ofter wldda
the spores were washed fwice by cealrifugation ot 2000 PTep.o.
for 10 minutes and finally resuspended in the injection med-

ium,
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A shellasc free preparation of India Ink (Ink No.
¢11/1431a) preparved by Cumther Vngney, Hanover, Gerusany,
was treated according to the method duscribed Ly Blozzi,
Benscerraf and Halpern (1953) giving & particle size of
legs than 500 Angstzoms at a concentratisn of 58 ug. per
ml. in 2 per cent. gelatin at pH V.4. The carbon to be
used for micro-injection was diluved 14 in distilled water
to glve & fima) concentration of & mg. carbon im 0.5 per
cent. gelotin.

g . Fa

This moterial was obtained from the Dow Corming
Corpormbion, Mdlavd, Hdhiznm, U.d.h. The pariicies were
sphierical of 2040 Angstroms. A ohouk suspension in physio-
logieal suiine containing 108.5 mg. per mi. was haph o 4°.

4 Tobbit wos given 5 intravenous injections of 1
me 6f uline spmpension of weshed H, -wsodes cells ot
intervels of 4 doye ond e total mumbers of ampebae in-
jeeted being 6 w 10° cellm. The yabbit wes bled hy cexd-
ins panctuve ¥ days efter the laet injoetion.
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mriunm IT, were prepsyed fa rabbits. 3acieria used for
frmmmisntion were killed by exposurs to 30 per cent, ficohol
at 49 for 2 hours after which they were washed twice in
paysicicgical sslive and finelly resuspended in Bhe sume
golution to wive o Firal concentralion of 10% erganisms per
ml. Andmels were given n serics of 4 iutysvencus Injections
conaisting of 9.5, 1, 2 and 4 mi. of the bacterial suspension
at intervals of 2 dayvs. The animels were bled Ly cardiae
punctave 7 ders afier the lawst injeetion, Tised was allovied
to ¢lot at 37° for 1 heuwy Followed by sborage at 4° aver-
night. Cerum was sepnrated from the oled By sentrifusa-
tisn ai 2000 T.pe. for 10 minutes.  Sorum titres wore
detarmined 3y tube szgiuntinatiom using & saline suspension
of wieohol 1lled hcmologours hesterial celis as standard
antipgens. =t wan Tound dhot sexs prepered zmgainst Py el
tepitidls and §. hvdhimesivm I3o bath hed titres of L1640.

b} Rig serwn. |

Bemun wes obbnined, ss denoribed, from the blood of
healthy pige slaughtered oi the Adelajde Hetropolitan Ab-
batoirs.

£11 sera were stored at -20%, znd heated st 560 fox

half t hour before usc.

Peraoi normel vabbit ecrur wag nged &B & AouUXee of
cormlenent. ™e aminmel was bled by cardiac pumeture, the

blood collected in 1 oz. silicondssd boitles awd ailowed to
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olot at 279 for 1 hour. The serum was separated from the
clot by centrifugaition ot 2000 r.p.m. for 10 minukes at 0°.
To remove the ‘natural! antidody against 8, entepitidis,
the serum was adsorbed at 0° for 30 minutes with homologous
organisms killed by heat at 56° for half an hour. The
concantration of bacteria used in adsorption was 2 umg. dry
woight per ml., of serum. After adsorption the serum was
centrifuged at 4000 r.p.m. for 10 minutes at 0° and filter-
ed through 2 milipore membrane (pore size of 0.45 )u) o
remove any residual bacteria before being dispensed in 1 mi.
volume In sterile Bijon boittles and mitored at «20° for not
more than o week, The serum wap thawed only once and used
imnediately.

e B

Specific antiserum wos added %o a enlture of bac-
teria containing 5 x 10° organisms per ml. to give a final
concentration of serum as desired: unless ciherwise stated
this was equivalent $o two-thirds of a minimal aggiutinating
dose per ml. At ihis antibody concentration, the opsonised
bacteria did nol form any microsooplo o
seyun antibody equivalent o one minimal sgzlutinating dose
per ml. or more was employed, btacterial sgglutination oo~
curred. This wos undesiranlle, because the ¢lunp of bat-
terin would block the micro-pipette or ctherwise render
difficulties in micro-injeotions. Yo attempt was there-
fore unde to exceed this concentration of serum antibody.

glutinotion. Vhen
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When plg serum was used as a source of opsoninas, equal
volumees of serum and bacterial culture were mixed and
allowed %o stand for 20 minmutes at 4°. After all opson-
ising procedures, the bacteria were washed with minimal
medine by centrifusation at 3000 re.pem. for 10 minutes and
finally resuspended in an sppropriate medium depending on
the experiments planned.

In experiments where sdditional complement was
needed, caoual volums of bacterisl suspension containing
109 organisms per wl. was mixed with adsorbed fresh ryatbit
serun to vhich spacific antibody for the iest becteria had
been added so thsat the finel concentration of serum opsonin
in this mixture was equivalent to iwo~thirds o«f 2 minimal
aggintinating dose per wi. Opsonisation was allowed to
oceur at 30° for 20 minutes, after which the cells ware
washed 2t 4° and £inslly resuspended in the cold injection
medium (4°) and used immediately.

A iytic mutant of phage Pos was propagated on

THRCN wrium IT-. High titre phage suspensions were
prepared by an agar layer technique as described by Adans
{19592), and equilibrated with Chalkley's medium by dialysis
against o lorge volume of the medium for 24 hours at 4°.

The titye of phoge was assayed also by an agar layer tech=
nique {Adems, 1959b).



2,0 #l. of phage suspension in btroth containing
2 x 101} plague forming units (PPU) was mixed with am equal
volume of Preund’s complete adjuvant and injected subeutan-
eously into a rabbit, followed uy 5 intravenous injections
of 1021 phase particles at intervals of 3 days. The an-
imal was bled by cardiac pynmeture 8 days after the last in-

jootion. The veloeity constant (K) of fthe antiserum was
11.5 a8 deteymined st 20° using Chalkley's medium s diluent
(Adams, 1959¢).

An oil chamber was made from a rectangular piece of
perspex weasuring 2% = 1-1/4 x 1/6 inches. A hollow re-
cess ot the centre was sesled with = 2 = 7/6 inches glass
coverslip by means of siliconc groase (sow Gorxming, H.5.¥W.,
Austealia). The coversiip was then overiaid with paraffin
oil {Townson cud ¥orcer (S.A.) Pty. Ltd.). The sppearance
of the o0il chamber is shown in fig.l.

Several sctively motile amocbse were placed in &
depression siide and washed while the gells were adhering
to ginss by taking cut the supermatont with 2 Pesteur pip-
etto and replaced by sterile Chalkley%s medium. This pro-
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Pige. 1. Diagram showing an oil chamber.

Mg. 2. Fhotograph showing & micro-injecting device.
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cess was reposted 10 times after which amcebae were removed
individually by a micro-pipeste controlled by mouth svekion
ond washed twice more hy mmesing through sterile thalkliey's
medium in depression glides. Tinally each cell was trang-
ferved, together with & mmll volume of Chalkley's medium,
to & cover-slip in the 2il choxber on vhich the medium
spread out to form = droplet of approximately 3 mma. It
was fournd that amoeboe adhered satisfactorily to cover-
slips thet Lizd been clesned by bolling in glass distilled
water for 10 minutes,

Fioropipeties used for micro-injections were drawn
from soda gisss tubing of 3.5 @m. external diameter, one
end of which was ftapered in a fleme 4o 1 mm., dlameter and
finally shaped by means of a microforge {De Fonbrune, 1949).
Internal diameters of the micropipettes ranged between 2 to
5 microns. The other end of the glass tube was alsc iap-
sred in a fiame %o fit size 4 sterivac polythene tubing
{Allen and Hanburys Ltd., London) connected to & 12 guage
needle attached ¢o & 2 ml. glass syringe. The micropipette,
poly%hme tubing and syringe were them compleiely filled
with parzaffin oil (fig.2). This could be eaally donme by
first filling the injecting device with paraffin oil up to
the shaft, o few mm. away from the point where z umicro-
pipette was going te be mnde. Wext, the micropipstte was
fabricated snd the paraffin forced %o pass through the small
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orifice of the pipette. Since the distance between the tip
of the pipette and the oil meniscus in the shaft was not
great, only & gentle pressure was needed tc achleve a comp-
lete filling. The entire procedure usually took no longer
than 10 minutes.

Micro-injection of amoebz with bacteria was done on
a platform so constructed that vibratlion trensmitied from
the surroundings was reduced to the minimum. This was
achieved by placing instruments used for micrurgy on a wood-
en bosrd resting on a rectangular dexion frame which was
suspended with wires fastened to springs fixed to the bars
at the roof of the dexlon framework. The whole structure
is shown in fig. 3.

Bacteria %o be injected were suspended in Chalkley's
medium containing 0.5 per cent gelatin (May and Baker
gelaiin sheet). PRefore using this medium in the test, it
had been established that:-

1) The medium was not toxic to amoebsae, since it was
found that out of 13 amoebae which received injections with
thig medium with the amount avproximately eguivalent tc¢ half
of the cell volume, eight cells divided by the third day and
8ll remained actively motile.

2) Salmonella enteritidis cells suspended in this
medium remained visble for a period of at least two hourse.
The viability of bacteria was determined by correlating the

known numbers of the bacteris counted under phase contrast
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with 4he numbere of colonjes formed when these were plated
on zutrient agay. The bacteriza were counted undey ghase
contrast o & cover-sliip overlaid with paraifin oil. This
was facilitated Ly transferring by means of micropipetie,
a small aunber of bacteriz from o 2 mm. dysp of dense Lec-
terial suspension in the injection medium on a coverslip,
to another part m’f’ the same coverslip, zo that & micro=
dropiet of 2 diameter of spproximately 160G mierons was
formed iu which it wnes possible to count the bacteria ac-
curately (fig.4). These huocteria wers fthen iransferred
By means of a micropipatte to o dyrop of Chalkley's medium,
2 mm. in diameter, which was again Yemoved Ly means of &
mioroplipetie controlled by mouth suetion and diluted in &
depression slide with 1.5 ml. of Chalkley's medium bofore
beling incorporated in%o an ager pour plate for o viable
count. The wesult was set out in Tahle I. It can be
gsen that average initial viability was not lese than 0
per cent. and ¢this did not alter appreciably duwing a 2
hour pericd in the injection medium.

Prior o injection into smoebee, the bacteria in a
micro-drop were counted as described sbove. After rinsing
the mloropipette with sherile Chalkley's medium, ail the
bacteria in the wicro-dropiet were drawn inte the pipette
agein. Defore injection, thie pressure inside the pipette
was equilibrated with another drop of the injection wmedium



TABLE I.

Correlation of the number of Salmonells enteritidis cells

sounted under phase contrast with the number of solonies

resulting wiien {hese cells were plated out on nutrient zgar

Time of exposure %o the injection medium

{ninutes)

20 40 50 70 95 |135
Bactarial
¢ell count
under phoce 49 54 58 69 64 51
wolony count
on nutrient
agar 53 52 59 72 66 57
Percentage
viasbility of
broteria 108.2 96.3 | 10l1l.8 104.3 | 103.1(111.7
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Fig. 3. FPhotograph showing apparatus used in micrurgy
and its supporting framework.

Fig. 4. Fhotograph showing a droplet of injection
medium containing Salmonella enteritidis
prepared for a direct count (phase contrast).
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of 100«15C microns in diameter. This precaution was taken
to prevent & premature leskoee of the bacteris fronm the
pipette or to wrevent the passive inteke inte the pipette
of the mediwm surrounding the amoehe 4n the nfcrodrop.

The cmoeba te be injected wes viewed undeyr rhose
contrast with = Zeiss Plankion inverted nicrosecope. iy
meang oF 2 Leitz wicromanipulator, the miercvipeite cone-
taining hacteria was introduced direotly ints the ovioplasm
and the organisms expelled. The %ime taken te¢ complete
one injection and the necessary washine of the awoeboe sube-
gequent to this wos a0t more thar § minutes. Stages of
this procaedure ave sghown in fig.de, b and ¢.

Procoutions were tnken %o reoover any bacteris that
right have leaked from the mieropipette into ithe medium
surrounding the suneba ot the time of injection, or which
rdght hove remained adherent ftc the wall of the nipette.
Any bacteria recovered from these zituatione were deducted
from the srigimal count, fme giviug the asctunl nuxber of
organismeg injected. Afteyr being incnbated ir 1.5 mi. of
Chelklerts mediun in o depressior siide =t 209 for & pevied
of time ronging up %o 6 hours, the zmcebs wes ngain waahed
and transferred to the ourface of an sgar plate waeve it
wag crushed for o bacterial count. TFinally, the wediuwm
from the depression slide, togethey with the medium used
for washing, were incorporated into an agar pour plate. By
this meana' it was posgible to recover any crganisme which



Fig.5a. Fhotograph showing a wicropipette placed alongside
an amoeba adhierent to & coverslip immediately prior to injection

Fig.5b. The amoeba in & contracted state immediately after
injection.



Fig. be. Five minutes after injection, morphology and
activity have returned to normal.
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Text-fig. 1. Survival of umopsonised and opsonised
Salmonella enteritidis in Chalkley's medium.

O Unopseonised.
X—ommtemtmme X Opsonised with pig serum.

Log. phase S, enteritidis cells used in this experi-
ment were grown in minimal medium (Davis and Mingioli)
and washed in the same medium by centrifugation at
3000 r.p.m. for 10 minutes and finally resuspended in
Chalkley's medium., After dilution in Chalkley's med-
ium to give a final concentration of approximately
2 x 103 organisms per ml., 0.1 ml. volume of this bac-
terial suspension was dispensed in a series of
depression slides each containing 1.5 ml. of Chalkley's
medium., At intervals, the total amount of the fluid
in the depression slide was incorporated into an agar
pour plate for a bacterial count.
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might have been woided by the amoebee during the period of
incubation. A control ir which 5. enteritidis unopson~
jmed snd opsonised with pls serum was exposed o Jhnikley's
medium for 4 hours st 20° showed thot the medium clone did
not have any bactericidal effect (text - fig.l).

any washed 4, proteus =ells were placed in Chalk-
ley's medium in a2 depression slide. After the cells had
adnered t¢ glass and become elongated, they were severed
under & dissecting microscope into two halves Ly means of
& small glass rod mmnipuleted by free hand. Both nuclear
and oytoplssmic halves were washed twice in Chalkley's
medium using & pipette controlled by wouth suction and fin-
ally sach half wes placed separately in a drop of J mam.

dismeter on a coversliy in an oil chambey,

Since the cyitoplasmic balf does not asdhere o glass,
& mioro-gup wes used to hold 1% in a fixed position. ihe
cup was made Trom o tapering exd of a sedz glass fublng of
3.5 mm. external diameter using the teciniique deseribed Ly
de Fonmbxune (1949). An isthrems was mnde 2% a distance
approxiately .5 rm, from the +ip of the cup o counteract

o ropid suction force when the pressure inside the cup was

suddenly preleased: and if this ccours the cell would be



Figs. 6. Fhotographs showing stages of micro-
injection of tacteris into the eytoplasmie half

of an Amoebe proteus.

a. A micro-pipette placed next to an enucleate
amoeba held within & micro-cup prior to injection.

b. At the time of injection, the content in

the micro-pipette was expelled into the cyto~
plasmic matrix.

¢. Immediately after injection, the enucleate
amoeba was in s contracted state.

d. After injection, the enucleate amoeba was
reieassd from the micro-cup morphologioally in-
tact.
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inevitably damaged. A known number of bacteris contained
in 2 micropipette was then introduced inte the cells by
means of 2 mierc~injeciion technique as shewn in fig.6a,

b, & gnd &.

Cytochemical determination of acid phosphatase.

A woshed nmicebs, togethey with Chalikley®s medium,
was transferred by mesus of o micropipetie controiled by
mouth sustion on to & roctangulay plece of coversiip placed
on o wire gouze in & Petrl dish containing few mi. of wuater.
Having attached to the glass, ithe celli ov the coverslip was
fixed for if wminutes in cold czlclum formel fixative pre-
pared as follows:-

40% formaldehyde previousiy neutralised

with solid Gaﬁog and filtercd 25 ml.
Glape disgilled wstey 2at mle

The fizxed spocimen was then stsined for acld phos-
vhatase using e modified Gomoxl tecuigue similar %o that
deseribed by Birns (19€0). The proparation wse incubeted
at 379 for 45 winutes in a 2 inch diameher Fetri dish con-
i;z;ining Sodiun beta giycerophosthate substrate 3 £. Foll-
owing incukntion the specimen wzs rinsed in water and ine-
mersed in 2 per @m, srpnonium sulpiide for 1 minute, dried,
mounted in giyceerogel and cxamined for acid phosphntase
staining. It is noteworthy to mention thunt not very ine
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frequently. the cell detached from the goversliy before
the whole process was accomplished. In this csse, the
cell was passed throueh the oriire procedure using a pip-
ette controlled by mouth suetion. Before being treated
with awmenium selphide, the cell was placed a2t the upper
part ¢f 2 covevslir standing 2% ov sngle of spprozximately
609, and ite surface mnistened with mumonium sulphide zole
ution. By thie weane, the goll heeanwe adherent again to
the gilass and could be brought inte conbact with the yre~

agent to allow o complete chemieal reaction to occur.

Zlegtron mIcSTOSEOTY.

The amoebae were individually fixed with 2 yer zent.
Osmium tetroxide in Caufield's (195?3 solution at i 7.5
for 10-45 minutes at 2°. They were dehydrated through o
graded concentration of alechol esach for 5«10 wicutes, and
embedded in a mixture of methyl and butyl mellhzerylate.
To facilitate locaiing the amosbus, & I mm. hole wes drilled
1 mm. along the axis of an empiy block of the resin. The
amceba wes then pipstted into this, togother with the em-
vedding mixture. Trimuing was alded by using boih trans-
mitted aud vertiozml ifllumination in 2 rotating tlock noldex
{Caslay-Smith, 1965, personsl commmication). Sections
were cut on & Huxley Ultramicrotome (Cambridge Instrument
Gozp. ), mounted on carbon/sollodion films and stained with

Lead citrate (Reynolds, 1963). They were examined in @
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Siemens Slmiskop I.

thagocytosis experimenis.

In order to free amosbae from excessive numbers of
contaminating bacteria and debris, they were washed {hree
timee with sterile Chalkley's medium while stil]l adherent
to glass culture dishes, the cells were then tranaferred
to ziliconised roller tubes placed vertically in a rack.
The cells were allowed to sediment to the bottom of the
tube and ag much as possible of the supernatant fluid was
removed and replaced with sterile Chalkley's medium. The
amoebae were washed in this manner five times and finally
they were collected as o dense suspension containing approx-
imately 5 x 104 cells per ml., 90 per cent. of waich were
actively motile. The number of amoebne was determined by
pipetting 0.01 nl. of the dense cell suspension into 1.5
ml. of Chalkley's medium in a depression slide, the bottom
of which was arbitrarily divided with marking ink intoe a-
number of squares, The cells were snumerated under a dis-
secting microscope. Damaged gelle and cells which did not
adhere satisfactorily to glass were not included in the
count.

b) Thagooytosis Wy amoebae.

Aliquots of the washed amoebae suspension (0.1 ml.)

containing approximately 5 x 103 cells, were placed in ser-
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Siemens Elmskop I.

a) ZFrepayation end wnshine of smoebae.

In arder %o free amoshne from excesslve numbers of
contaminating tnoterls and debris. ithey wzere washad turee
times with ctarile Chalkley's medium wiaile still adherent
4o glase aulture dishes, the ceolls were then itrannferred
to siliconised voller itubse plsesd vertically in 2 rack.
The zells were zlloved to sediment to the bottom of the
tube and as wech as possilble of the supernatant fiuid was
romoved and replaced with sterile Cheikley's medium. The
smoehas wore woshed in this meomer five times and finally
they were uosllected ze 2 dense suspension contsining approx-
imntely § x 10‘% cells per ml., 90 per cent. of vhich were
zotively motile. The number of amcebae was Getermined by
ripetting C.0L wl. of the dense cell suspension into 1.5
ml. of Chalkley's modion in o Jdepression sliide, the bottom
of which was arbitrerlily divided with mmrking ink inte &
number of squares. The cells were enumerated under a dis~
secting mieroscore. Demnged cells and cells which did not
adhere satisfactorily to glass were not included im the
eount.

®) Phsgoortosis by amoebas.

Aliquots of the washed amoebae suspension (0.1 ml.)

containing approximately 5 z 10° colls, were placed in ser-



€9.

ies of siliconised gless tubes, diameter 8 mm., each of
which contained 0.3 ml. of 2 per cent. agar in order %o
reduce the curvature of the tube. To sach tube 0.02 ml.
of 2 bacterial suspension in thalkley's medium was addeds
this gave sn average inoculum of § ¥ 10° saimonellae per
tube. Preliminary tests on the ability of amceine 4o
Pasgocytose bacteria chowed that the uptake of bacteris
waz minimal unless the vatio sf bacteria to amoebae was
high (in the order of 10¢ ¢ 1). After incubation at 20°
for one hour, the suspension was made up to 4 ol, with
frosh medium and trevsferred o & centrifuge tube where
the protozoe vere depesited by centrifugation st €0 g for
< mimates, after wiich = sample of the supernatant was
plated cut for & bacterial count. The vemainder of the
suparnatant wes remeoved es completely as possible and the
smoebne were woshed twice more with sterile Chalkleyts
medium. After washing, the celle were reesuspended in
0.4 ml. of fresh medium end transferred to a Leipghton tube
having & well meesuring l.2 om. = 0,75 am. = 0.1 ¢me. (Pig.7).
& meries of & or 10 tubes wao prepared in this stendayd
penner, se that the number of amocbee in 21l the tubes,

and the number of moteria they had phagocyiosed were conm-
parabie. At the start of esch expeviment twe tubes were
plated eut for & totel count of bhocteris sesociated with
amoebuwe at Ltiwme zero, thereafter tubes were sampled ot vare
iovs intervals aiter imcuketion at 20°. Before each samp-



Photograph showing a small Leighton tube
having a well measuring 12 x 7.5 x 1 nmm.
and a ztandard lLeighton tube having a
well measuring 40 x 12 x 2 mm.
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ling the amoebae were wasgihied twice in Chaikley’s medium
by centrifugation et ¢0 g for & minites; +this precaution
was possibly superfluous since not more than & per cent.
sf the total number of baocteris associated with amoebae
at tims zero could be recovered from the supernatant at
the four~, five. and six hour pointa. A contyol was set
up which consimied of a series of tubes containing in C.4
ml. of Chalkley?s medium the same number of smoebae as in
the test system and spproximately & = 10° Bacteria. Since
phagecytosis was negligible when the zatic of mcteris to
amoebae woe as low as 13l, the protozos in these eontrol
tubes speyved soliely o condition the mdium and thus allow
a growth curve 4c be piotted for ceiraw-celiunlsy bacteria
in the presence of ancebae.

Use of piage Pop to lyse extracellular S. typatmurium LTp.

& phogocytosis experiment was set up in duplicate,
as described earlier in this chapler (pege 68}, with the
exception that Chalkley's medium wsed in susyending amcobae
after phogooytosis was supplemented with Caloium zalt ae-
cording o the formule given on page 11¢. he reason Ior
thies undiflcation is alse given on page 110.

Forty minutes prior to piating out the amoebae, 0,02
rl. of & phage suspension containing = total of 107 ¥FU was
edded to the tube of & pair in order to eliminate cxira-
geliviar bacteria. Twenty mimutes later the protozca were
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washed twice with Chalkley’s medium by cemtrifugaticn at
60 g for I minutes and finally the tofal volume of the

cell suspenslen was resiored fo 1.4 mi, This was followed

by an addition of 0.3 ml. of phage antiserur diluted 1:8
in Chalklev®s medium in order 4e¢ inactiveie phace which
remained fxee in the supewnatant and thus prevent thenm
from intersciing with intracelluiay wacteria 4o be libers
ated from arcelae when the cells were disrupted on sgey
plates. Fhage inactivetion was zllowed to oseur at 20°
for 1i{ minptes, after which the amcebac were depcsited Iy
centrifugation 2t 60 g for 3 mimutes and Finally plated
out for & tooctevial comwit. The tube which did not have
paazs added to it was subjected 4o & similar series of
moenipulntions; the difference in the nuribers of bacteris
rocovered {rowm smoebae Iin s tube and the tube in which
niage hsd heen added wonuld indieate the nmumbers of extra-
cellular becteria. Aunother set of tubes was preparsd in
duplicate %o messure the rate of growth of exiracellular
bacteria and to confirm thal these bacteris were suscepi-
ible %o liyais by phage 922 in the presence of amoebae.
The detzils of this growth curve contrel have been desw
eribod coxifor im this chinplter (page 68). At intervals,
0el mle of the appropriately diluted supernatani from one
tube wos plated ocut directly for = bacterinl count. To
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the other tube, .02 mi. of phage susgpension (containing
107 pFU) was ndded. After s period of 20 minutes L
allow phizge adscrption,; U.3 mi. of andiphage serum diluted
110 was zdded, and after an additional 10 minubes at 200
to allow phage neutyalisation, U.1 wml. of the appropriate-
1y diluted supernatani was plated ocut. Irior to emgloy=
ing phage Foo in ihnese experiments, it was established
that upbake of phapge particles by snoeboe wag anegiizille,
and that the lytiec efficiency of the phsge suspension was
not reduced wiiem the totel bacterial uumbers in the super=
natant of each tube ranged betwesn 5 xz 10° snd 5 » 10°
srgenisme., It was 2iso ascerisined that the rabbit antl-

ghange serum, as used In those experiments, was aot ifoxie

for suoebne (see Chaptsr IV).

e}\

The ¢iliates growm in 1 per cent. protesse-peypione
solution at 20° were woshed twice in Chalkley®s medium by
centrifaration at 1060 repom. Tor & mimutes. The cells
wexre killed Wy immersing the tube containing them in boil-
ing enter for 1l mimute. Afier two more washings in Chalk-

loyts nedium, the cell sediment was resusyrended in the same
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medium and a cell count was made using a haemocytometer,
The ciliante concentration was adjusted to 10° zells per
. Freliminayy test showed that this ciliate suspension
was not bactericidal for 8, enteritidis Se 795. To 3 ml,
of this suspension, 0,1 wl. of a washed bacterial suspen~
sion in Chalkley's wedium containing 0.1 per cenit. giucose
wags added. This gave a finsl bacterial concentryation of
aspproximately 2 x 106 ¢elis yer mi,

b)

A volume of washed A, proteus (0. @l.) in Chalk-
ley's medium containing GOOC ¢ells wag dispensed in a
series of 10 stondaxydi Leighton tubes; sach having 2 well
measuring 40 x 12 x 2 mm. {(fig.7). After fhe cells had
settled %o the bottom of the tubs and become adherent to
the glese, 0.0 ml. of the mixture of bacteria and eiliates
was then added. Fhagocytosis was allowsd to occur at 20°
for 1 hour. It wos found that during ihis perfod, con-
siderable numbers of ciliates were ingested. After in-
cubation; the amoebse were shaken gently off the glass and
transierred by mweans of sllliconised Pasteur pipettes to a
geries of siliconised conical centrifuge tubes. The cells
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were washed 3 times in cool sterile Chalkley's medium by
centrifugation at 60 g for 2 minutes at 4°. Finally the
cells, together with the suspending medium, were trans-
ferred into smell Leighton tubes having a well measuring
1.2 em. X 0,75 em. x 0.1 om., and incubated at 20° to
allow for killing of the phagocytosed organisms. The
subsequent procedure in determining the numbers of bacter-
ia associated with amoebae at various intervals was the
same as that described on page 68. The conirol for extra-
cellular multiplication of bacteria was also set up as des-
eribed on page 68.

Experimental methods for soil amoebae studies.
Determination of scceptebility of bacteria as food fox

8oil amosbae.

This technique was essentially the same as that
described by Severtzova (1928). Overnight broth cultures
of various organisms were streaked in the form of & radi-
ating star either on 0.1l per cent. yeast extract zgar or
on non-nmutrient agar plates (Singh, 1941). The latter

was made up as followss -

RaCl 5 gm.
Agar 20 gm.
Glass distilled wotier 1 litre.

Autoclaved at 15 lbs. per sq. in. at 121°% for 10
minutes.
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After incubation at either 30° or 379 for 24 hours,
one leop of amoebae suspension in PPG or in rphiysiological
saline containing approximately 300 amoebae were Iinooculated
2t thie centryre of the radiating streaks and the piate was
incubated ut 20° for 5 = 12 days. Acceptability of var-
ious tucteria as food for amoebae was compared with that
of stendard nrganisme by measuring alony the baoterial
streaks the clear zone formed as a result of ingestion.

As 5 xule, the standard nrzanism used in the study of food
selection Ly H., astronyzis was Pseudomenass fir gens and

g 31912 in the stndy with other spscies of soll am-
nebae. The degree of edibility could he expressed arbit-
rerily as 1 4o 4+, The organisr wWiich had edibility of
4+ means that the streal of this organism is cleared as
fost ae that of the staundavrd, 2nd convorsely the organism
which has adibility of 1+ means that the sireak »f thnt
organism §{# cleared at the rate of only 1/4 of tuat of the
standaxd.
Demonutration of food seleo
The techaique of demonsirating food selection hy
so0il amocbae desceribad by Singh (1941) wes adopted. This
was in offect wvery similar fto that deseribed shove, except

10N oY

4ot two strenks of bacheria, one of which was & standayd

organism {see above), were prepared side by cide en the

sane radius of o star dish. This wes prepnyed Wy first

arranging sterile glass capillary tubes of uniform length
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and size in a wsterile Peiri dish in the form of a radiating
star. Text, warm, sterile 0.1 psor ceni. yeast oxtract
agay was poured by means of a sterile Pasteur pipette along
each radius. Preparation of bacterial streaks, inocula-
tion of amoebae and assessment of ihe degree of accept-
£bility was the same &5 above. The difference in the rate
of clearing of bacterial streaks under this conditicn would
be a pood ividication for food discrimination.

The protozon were washed while adherent teo the
glass by two changes of sterile 0,06 u phosphate nffer
godium ¢hiloride solution mede up as follows:

6} ¥aCl 8,25 ml.

0.5 M HeoHPO4 8.5 ml,

41 Hal, PO, LeB5 ke

Glase distilled water ndded to mmke 1 litre.
Final pil 6.5.

Autoclaved at 15 1ibs. per s¢. im. at 1212 for
10 minutes.

This medium was chosen for chemctactic study bee
cause in this solution amoebae appeared 4o be more active
and beecame adherent to the giass bebtter than in FFG.
vaghed amoebae were transferved fogether with the sus-
pendiing medium Ly a mioropipette contirolled Ly mouth suce
tior on to & coverslip in an oll chawber within which the
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fluid spread out and formed a drop of approximately 3 mm.
in diameter.

Bacteria grown overnight in FIG were washed in
physiological saline and the supernatant removed after
centrifugetion at 3000 r.p.w. for 10 minutes. One drop
(0,02 wl.) of the remaining thick residue (containing &zp-
proximately 1010 organisms in 0.1 ml.) was mized in a de-
pression slide w=ith the same volume of warm 2.0 psr cent.
neutral agar. After solidification, the agar wes broken
jinto small pieces and 2 clump of dbecteria in agar was sel-
ected, sucked into a micropipette controlled by mouth suc-
tion, washed three times by successive rinse in sterile
Q.06 p phosphate buffered NaCl solution and finally trans-
ferred into the drop of amoebas.

Migration of amoebme towards the clump of bacteria
wns recorded for a period of 30 minutes by means of a dark
ground tracing technique using Ilford Nicro-neg ran film
and an 2
to that described by Harris (1953).

smpus camera. This methed was essentially similar

P8, fluorescens and two inedible bacteria, viz.
S. enteritidis streptomycin resistant strain and Z. coli
812 were used. It was found in the preliminary test that

there was no distinguishable difference in azcceptablility of



7.

streptomyein resistant S, gnteritidis emd the parental

styain as measured by Singh's method of study of food sel-
getion. All the organisms used in the test had been
passaged through semi-solid medium (Lederberg, 1956) twice
before use so that the bacterial celles were actively motile
vefore inoculation on agar.

The experimental procedures used for each of the
two inedible organisms differed slightly and, for the sake
of convenience, a full description will be given for the
method in which S§. enteritidie was used., This organism
was grown in broth at 37° overnight sud the tacterial con-
centration was adjusted %o be approximetely 2 x 10° cells
per ml. A suspension of Ps, fluorescems grown overnight
in broth at 30° was similarly prepared. Equal volumes of
¢+heme %two bacterial cuspensions were mixed and 2 standard
loopful of the mixture was inoculated on to dry 0.1% yeast
extract sger yrepayed om 2 2 X 2 inch coversiip, after
which it was plsoced on top of a depression siide contain-
ing o drop of storile distilled water and finally sealed
with pstrolatum jelly. 4 series of 10 coverslips wes
thus prepared. After incubation at 30° for 24 hours, 2
coverslips were taken ouit, each bacterial colony was remov-
od, together with an underiying wgar block, and suspended
in 5 ml. of physiclogical saline. The colony was scraped
a?f from agey with & loop followed by vigorous shaking so

that a homogenous suspension ¢f bocteria was obtained.
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This suspension was then sppropriately diluted and plated
in devliestes op Lotk nutrient sgar and streptomycin ager
containing 50 micrograms of streptomyecin per ml. Alter
incubation at 30° overnight, celeny counts were made. Iy
this means it wes possible to determine in & single mixed
colony the absolute number of sach crganise a=nd the ratio
of them. ™he other coversliiy preparations were divided
inte twe groups of 4, one %o be used in the iest series
and the other in the control. In the test series, cach
oolony was inoculated at the centre with = loopful of waesh -~

od heavy suspension of . astronyxis in physiological sal-

ine, tut in 2hz control sevies it was inconlated with a
icopful of physiological saline ecnly. The preperations
were incubated Further at 20° for either 48 or 96 hours.
Doring this pexiod, it wes found that amcebae had multiplied
eand thelr growth covered the cmtire surface ¢f the tacter-
a1 colionies. At each time inteyval, dupllicate prepara-
tions from euch series were itaken out and those from ithe
control series wers treated 28 described earlier. In the
tect series & similar procedure was oarried ouk, bul an
additional step was taken to measure the numbers of bacter-
iz sssociated with cells, This was dene by wazshing the
pells in thysiological saline by centrifugation at xoom
temverature 2t 1000 Tepemic for 3 minutes three times, after
waich they were resuspended in the same soiution teo give &

final volume of 10 mi. The cells were disrupted by son-
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ication using MSE ultrascnic disintegrator and the c¢ell
suspension was appropristely dlliuted and plated out on
both nutrient and streptouycin agar plates for a kascterial
count.

When E, coli 810 was used in the tesft, similar pro-
naedures were carried sut, sxeept that plating was all done
on duplicate series of plstes, one of which was incubated
et 30° to allow growth of both Fs. fluorescens and B. gold
812, whereas the other was incubsted at 37° which sllowed
for the growih of ihe latter only. {It should be em-
phasised thot Fs. fluorescens 4id not grow at 7°).
thepooytosis of bacterxia by soil amoebae.

The technique used was » uodification of tyve I
experiment described by Rowley and Fhnitby (1959).

Ampeboe were washed twice with PG waile they were
adherent to the culture vessel, after which the celils weare
vipetted off and trensferred into 2 siliconised coniosl
centrifuze (15 ml. capecity). The eells were washed once
meys in PPG Ly centrifugation at L1000 r.peme Tor 3 winutes
and the zell sedinont was rosuspended in the came modiun.
ifter counting with haemocytumetery the colls wexe appropri-
ately diluted t¢ give a final concentration of 4 x 10° calls
pey ml. A volume of this cell suspension {1 mi.)} was dis-
pensed in 2 series of 4 silicomised 79 & 1 mm, duben, and
Oed mle of washed Lacterial suspenslon in PG wes added o

each of them so that the ratic of Lacteris and amoebas was
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approximately 3:l. A control of bacterial growth in P¥G
alone was also set up by inooculating the same anount of
bacterial suspension intc & series of tubes, cach contain-
ing i @1. of the medium culy. All the fubes were retated
end to end gently at room %émparature in 5 drum moving at
the rate of 1 revolution per mimute. At 30 minute inter-
vals, one tube was taken from the test serles and the super-
natant separated from the =ells by cemtrifugation at 4° at
1000 r.p.m. for 2 winutes, after which it was appropriately
diluted in physiological galine and piated on mutrient agar
for & tacterial d&tﬁzm. The cells were washed further in
physiulogﬁcai sai*iﬁe by centrifugation at 1000 r.p.m. at 4°
for 2 minutes three times and the sediment was diluted with
the same medium %o give the final volume of 10 wl. Follow=-
ing disruption by sonication for 10 seconds using MSE ultra-
sonic disinitegrator, 0.1 ml. of disrupted cell puspension
was plated cut for & bacterial count, At the same time

the supernatant count in the control series was similaxly
deterxined.

The nunber of bacteria phogosytosed at & given time
could be caloulated on the basis of the difference between
the numbers of bacteria recovered at the same time frxom the
control snd the test supernste. This would give only a
relative value, since some hacteria in the 'test' tube were
being phagooytosed, i.¢. they were adherent to the surface
of smoebse., The study in Chapter VI showed that a congider-
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able period of time (approximately 4 minutes) was required
for & complete engulfment ¢o cocur after bacteris had be-
come adhierent to the amoeban surfuce. Hence the actual
numbers of bucterie ingested at a particular time would
therefore be smaller then those implied by this caleulation.
If, however, & comparison has to bz made between the rate
of phagooytosis and killing of different srganisms by au-
otbae using the same technique, the rosult obtained would
be relatively walid.

The percentage phagooytosis that ocgurred at any
time interval wne given by the formmlsan: -

A ; B x 100 where A = the supernatant count in

the control tube at time t»

and B = §he supernatant count in
the 'test'! tube glesy at time tx.
The percentage survival of phmgocytosed bacteris
inside ameme was glven by the formlase
E,'%'ﬁ x 100 where C = the number of bacteria
assoclated with amoebae at time tx.

One motile bacterium from an overnizht broth cult-~

ure wag Lrought by means of & micropipetie inte contact
with =2n amoeba adhering to the glass coverslip in 2 drop
of FFG in an oll chanber. Soon after the bacteriur became
adherent to thie cell surface the inevitable cngulfment by

means of & food cup ensued. This process could be sbserv-
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ed under yphase contrast at 1000 times megnification. At
time intervais after engulfment, the amoeba was removed
Irom the microdrop, washked snoce in FFG and trensferred
together with the suspending medium on {0 &n agar plate
vhere it was orushed and spread Ly a glass rod for a bac-
texrial count.

It is important in this type of study to be absol-
utely certain that each motile crganism used in the test
was capable of forming a colony when it was plated. It
was essential iherefore to make 2 correlation between the
bacterial count under yhese and the colony count when this
wag plated on nutrient agar. The technique used was almost
identical ns that described in the work for A. proteus
(page 62), i.e. the bacterie were counted in a miorodrop
of broth of aporoximately 100 ) in diameter: this was
transferred by means of 2 micropipette into a bigoer drop
of broth of 3 mm. diameter which wes sgain removed and
transferred into 1.5 ml. of breoth in a depression slide bee

fore being incorporated into an agar pour plate for & bac-
terial count.

one small drep of an overnight broth eulture of
bacteris was inoculated by means aof 2 micropipette con-
trolled Ly mouth suction ou to the surface of either 0.1



per cent. yeast extract agar or sodium chloride agar
{8ingh, 1941} prepared on & glass coversiin 2z 2 ine
chies square. This coverslip was placed on iop of a
depressicn slide comtalning a drop of sterile distilied
water and sealed with poirclatum jJelly. Each preparstion
contalined 6 - 8 drops of different beoterial cultures.
After incubation at 30% or 57° for 24 hours, twe smoshbac
were inoculated on %o each bacterinl cirele and incubated
further 2t 2¢°. The number of ameebae in each bacterial
colony was counted dafily. Iy this means it was possible
to compare ithe growth rate of ancebae Teeding on different
organisms under the same conditiom.



CHAPTER IIX.

The enhancement of phageceytosis by serum opsonic
factors 1ls generally sccepted (Wright and Dougles, 1903;
Mudd et 2l.. 1934:; Rowley, 1962). Howevey, there 48 much
spaculstion as to whether the funciion of opsenin coases
once phagocytosls m‘s been asccompliished, or whether those
serum factors contimnme 4o exert 2n infiuence by promcting
intracellular killing mechaniems (¥iye and Mmrous, 1861).
The guestion can only be answered Ly an ¢xperiment in which
bacterie are introduced into phagocytic cells without prior
opsonisntion.

Jeniin {1863} kas skown that mouse peritoneal mncro-
phages could be induced to phagocytose Salm

jun in the absence of opsonins for ihe bacteris 1f the yhage
Poe wns nttached fo the Locterial surface, thns allowing
ingestion of the plhinge~bacterium complex in the presence
of opsonine for the phaze alone. By thls means it was
demenstrated that intracellulay killing was poor if opson-
ins gpecific for the tmcteris were lacking.

The main purpose of ihe work Jdesorided in this
chapter v to study ithie aevect of opsonlec furction vaing
anothier appreach whereby bacieriz were introduced directly
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inte the cell Ly means of a micro-injection technigue.
with this advent, it is posesible t¢ study intracelluisr
gurvival of & wilde range of micrvoe-organisms within rfhuge

seybic cells of vorious Lypes.

suf was chosen as the test phageeyie,
because thils protozoon is rolatively lazgs comparad with
$he vertebrate maorophage and thue suiteble for wicro-
injection. If it is tentatively assumed that all phago-
cytic cells, mammlian sy stherwise, share common bactere
jcidol mechenisms, any factors wiieh act te potentiste
theses processes in one situation should have similer ac-
tione in znother. To test thie ides, experimeunts were
desigred to study the sbility of 4. vroteus to kill S, ent-
eritidis both before and after opsonisation of the bacteria
with serum. It is realised, of courss, that epsonines of
this tyue are not 2 feature of the natural environment of
free living smoebne.

In this study twe types of serum npsonings were used,
a rabbit antirerur as o source of specific antibody and plg
gezum o o source of natural socurring antibody (Jenkin
and Rowley, 1969). Thie work was slso cxtended o include
the influence of other factors, ¢.zZ. complement and the
nucleus on intrecellular buectevicidal mechenisms., The ex-
act location of the injected organisms was followed by an

electron microscopic study.



sSalmgneila entoxitidis used in this study was in
logarithmic phase. A known number of these baoteria

counted under phase contrast was introduced into the cyhtoe-
plasn of A, protens by means of a mioro-injection tecimique.
After injeciion, the amcebe was washed {n Chalkley's medium
and mointained in the same medium ot 26° for o varlable
period of time, alter waich it wae washod and crmshed ou
the surface of nutrient sgoy for = bacterial count (Chaypter
Ii, pe0). The viakility of bacteriz was determined at
the end of sach exporiment and & good correlation hetween
the musber of bacterin counted under nhame contrast zund the
numbey of the colonies formed wse always osbtained. It is
reasoncible theraiors te regayd thoat every bacterium used

in micro-injection was viatle.

The percentage survival of B, jdie after

varying iatexrvals of time within ampebae is shown in taxt-
fig.2. It is clear Wint amoetbae were able to kill the test
organisme, but only at & relatively slow rate pince the
fanlfelife »f tocteris within the cells was mpproximately

8 hours. It is also avident that pretrestment of S, enter-
itidis with serum sntibodies did not aiter the rate of bace
terial ¥illing. Data oz which these vesulte sre besed are
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Text-fig. 2. Recovery of Salmonells enteri-
tidis after injection into the cytoplsan of

Amoeba proteus.

Pre-~treatment of bacteria

O} Unopsonised.
o= — — =9 Opsonised with specific
antiserum,

A—o—o—omep Opsonised with pig serum.



TABLE IIa,

Recovery of S, enteritidis 2 hours after injection into the cytoplasm of
As _proteus. - -
Pretreat-
ment of Unopsonised Opsonised with spec= Cpsonised with pig
bacteria ific antiserum serum
Amoeba J J n ,
No. No.bacJ No.bacd 5 sur- | No.bacd No.bac. # sur—-| No.bac. No.bacd * sur-
injd. recovdd vival inj. recovd. vival inj. recovdd vival
1 35 n B8.5 30 18 60 48 L9 10z2.1
2 27 23 85.2 72 78 108.3 30 32 108.6
3 32 26 81.2 32 28 87.5 Lk %8 86.4
L 27 23 85.2 687 59 a8.1 37 26 70.3
= Lo 38 95.C 38 23 737 40 27 67.5
6 Lo 3 &5.0 38 22 8.2 30 24 80.0
7 37 30 £l.1 L7 19 LOo.h4 Le 3h 739
8 L1 38 92,6 54 35 6.6 3 41 85.7
9 3 26 75.5 26 26 100.0 37 30 63.8
10 y2 35 83.3 52 L8 925 36 25 69.4
Aversge 35.5 30.h | 85.4 L5.6 37.1 79.9 Lo.7 32.6 80.L
8.2, 5.5 57 55 12.7 19.1 20.1 5.7 7.9 .7




TABLE IIb.
hecovery of S, enteritidis 4 hours after injection into
the cytoplasm of A

fre-treat- Spsonised with
g:gzegga Unopsonised gpecific antiserum
Amoebe. No.bact. No.bact. % sur- | Ho.bact. NHo.bect. 4 sur-
Ho. inj. recovd. | vival inj. recovd. | vival
i 46 21 45.6 82 32 61.56
2 47 22 46,8 45 38 84.4
3 4G 28 $0.8 42 18 42.8
4 4% 32 68.1 46 32 69.5
5 46 41 89.1 43 26 60,4
6 5¢ S8 76.0 45 23 8l.1
7 35 28 80.0 a7 27 57.4
8 48 28 62.2 46 35 76.1
9 88 22 37.9 47 27 57.4
ic 4% 38 80,8 £3 26 60.4
Average 4703 w9 & B83.7 26 284 62.0
SeDe 5.l | 7.3 | 17.0 Hel G.6 | 11.9




Recovery of S, enteritidig 6 hours after injection into the cytoplasm of A, proteus.

TABLE ITe.

Pretreat-

ment of Unopsonised Opsoniged with spec~ | Opsoniged with pig

bacteria ific antiserunm serun

Tnoebe flo.bac. Ho.bacd % Bur- No.bacd No.bacq % sur~| No.Dac. No.bac. % sur-
No. inj. | recovdd vivel | inj. | recovd, vival | inj. | recovd.v¥ival
1 51 22 43.1 L5 22 u8.8 38 19 50.0
2 L5 21 1 46.6 L3 12 27.5 Lo 20 50.0
3 49 18 2T L7 b1 29.8 L 18 L4O.9
b 51 10 19.7 L6 1 30.4 Lz 23 54.7
5 L5 21 y6.6 L6 12 26.1 61 30 L9.2
6 L8 2L 53.0 L2 2h 57.% L3 19 38.8
7 L1 13 3.7 L6 IS 30.4 38 19 50.0
8 L5 23 51.1 L3 15 34.9 Ll 16 3%.0
9 L5 22 48.8 L 13 29.5 Lo 22 8.3
10 L 23 52.2 52 16 50.0 L6 19 L1.3

Aversge | L6JL 19.7 | La.7 5.4 16.6 | 36.4 I | 20,5 | 46,2
S.D. 3.2 L. Jel 2.8 5.3 S 6.8 3.8 5.1
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set out in Table IIa, b and ¢, From these data it can

be gean that the rate at which individual amoebae killed
bacteria varied from one eoll Lo another. The majority
of vevorted quentitative studies sn the effecte of cpsonins
in velatioen to the ability of mammelien phagocytes o ine
gest snd kill booteria hpve Deen done using populations

of phegoeytic cells. Data derlved from sudh exveviments
are, therefore, an expression of the functional cupaeity
of the =nverasze ceoll, If useful comperisons are %o he made
between these datn and these derived from single cell stude
jes, 41t iz necemsary to consider the mesn of ithe values ob-
tained from o series »f singie ¢ell experiments.

The washing procedures, ured to free amoebaec from
contaminating microfiora present in the culture dish, were
Judged to be efficient since the m:jority of amoebae used
in these experiments did not contain micro~orpznisms sthey
thon those that had bheen injected into them. However, it
wae possible to recovey & smnll nusber of contemimmting
bacteria from some of the orushed amcebae; Ethese micro-
organisns 4id not cenfuse the sssesement of snlmonellse
survival, because their» colonial morphology wses unsually
gquite digtinot. If there wos any doubt 28 4o thelr origin,
colonies were checked individually for thelr zbility to ag=-
glutinate with specific antisexrum for T, enteritidi

In the course of this study, it wasg found thnd no

salmonella could be regovered from Chalkley's medium in
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waich the amoebe was maintained during the period of observ-
ation. In view of the fact thet the medium zlone was not
nactericidal for the test orgenism (text « fig.i}, it was

b

concluded tlest no baoteria were voided in viable forms dur-

ing this period.

1% is gonerally sccepted thei goumplement ie a ncces-
sary requirenent for the killing of bacterie by serum anti -

body lun ¥itro (laside, 19463 Usler, 1961). The internede

iate stepe of the buctericidal reaction wers reported by
Rother and co~workers {1964} %o fellow the same seguences
an those in the bhaemolyhic symiem. FReeent stuwdies of ¥ya
and Morous (1961}, Wu and Harous (1964), suowed that com-
plement 2lsc potentiated the enhnnced offect of serum anti-
body in the digestion of 1“52 isbelled Hiptoplasma capsuiatum
by normal ond immne wouse periionsal macrophsges as ueas-
ured Ly the relemse of labelled materials in thie supernat-
anb. Furthermore, Inoue ei zl. (1959} showed thai in the
'S

presence of antibody, couplement snd g icus, J. ¢ wos

gonverted to a spheroplast by lysozyue. In view of the
fact thet sgheroplast was net formed when lysomyme wos
1acicing, these suthors suggested that antibody and coumple=
nent acted on the bhacterial cell wall se as to uncover the
gubstrate for lysozyme aotion.

AS serum opsoning slone failed to enhance the intrae
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oellular killing of S, enteritidis by A, proteus, it was
thought desirable to study whether complement and serum
opsonins exerted any influence on the intracellulzr bao-
torieidal mechanisms of these yrotczoa.

§6ils were opsonised with

specifio antiserunm in the presence «f yrabbit complement
according to the method descyibed in Chapter II, p.b9.
This treatment 4id not change the viahility of Leooteria
singe there wae a gsod correlation hotween the numbers of
oysonised bacteria counted usder phase contrast and the
colony counts when these were plated on nutrient agar (Table
IIV). Thoe percentage intracellulsr survival of these orgine-
isms in A, protsus st 2 and 6 houwrs after injection iz shown
in text - f£ig.3. Date on wiich these vesults are based are
given in Table IVa. It is olear thail §,
iged at 30° with speoific antibody plus fresh rabbit serum
was killed ot a significantly faster rate than when orgone
iems were treated with serum opsoning clone (mes texi « fig.
2 for comparison). It is conceivable that this enhanced
killing was due to faotors in the fresh ¥sbbit sexum and
these may be complement, since no definite increase in bace
torioida)l effectivencss was denmonatrated when S, i1t1dls
used in ihe test was opscnised with specific antibody in
the presence of fresh rabbit sexum at 4° for 20° (Table IVD,
text - Pig.3), (Under ihim condition, it is generally ao-
copted that complement fixes poorly on to the baoterial

Sntexitidis cpson~




Jorrelation between the number of 8, enteritidis cells
counted under rhase contrast with the number of eolonies
resulting when these cells were plated cut on nuitrient
agar. The cells were opsonised with specific antiserum
in the ssiount eguivalent to 2/3 of & minimal agzlutinating

dose plus complement from fresh rabbit serum.

Time of expesure to 4the injection medium
(mivutes)

ic 3G 45 60 70 26 108 120

Bacterial
gell count

under phase | 42 37 6 36 31 35 63

[«73
™

Colony

count on
nutrient '
agay 38 24 32 3e 32 33 55 51

Percentage
viabllity
of tzoteria | 0.5 | 91.9| £2,9[/105.6|103.2| 94.3 | 82.7| ©6.2
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Text-fig. 3. Recovery of Salmonella enteri-
tidis opsonised with specific antiserum in the
presence 0f rabbit complement after injection into
the cytoplasm of Amoeba proteus.

Pre~-treatment of bdacteria

o- 0 Unopsonised.

o= = — = @ Opsonised at 20° with speci-
fic antiserum + complement.

X—ommtmmsmme X Opsonised at 4° witn speci-

fic antiserum + complement,



ZAELE IVa.
Recovery of S, enteritidis opsonised at 30° with specific

antiserum plus fresh rabbit serum at different tirme inter-

vele alter injection inte the sytoplamm of A, proteus.

= A XL EA
No.bac,| Hoebac. £ sur- | Ho.bac.|He.boc. (% sure
inj. | recovi. wvival inf. |recowd. vival
i 42 6 14.3 46 ¢ g
2 46 & 8,7 B2 1 1.9
3 o7 21 S8 40 1 2.5
4 38 & 15.8 41 1l Lok
o 81 12 23,5 oy g 5 13.5
6 45 21 46,6 43 ) 11.6
7 55 < 67.2 46 i 4]
8 56 22 39.2 a7 & Bel
¢ 45 12 26.6 44 1 Bed
i0 52 28 53.8 43 1 2.3
11 - = - 51 O 0
iz = - - 85 o Qg
13 - - - 4% L ¢
Average 333 Average 3.5
Bs B 18.0C 8.0, 5.6



TARLE _IVb.
Recovery of S, enteritidis opsonised at 4% with specific
entiserun pius complement ot diffevent time intervals after

injection intec the cyloplesm of &, proteus.

Time of
recovery 2 hours 6 hours
Angebe, T0.b2C. | Hoobote & sur~ | Wo.boc.|No.bre.|% sur-
numbay inj. recovd.| vival inj. |7recovd.| vival
1 62 44 Bl o6 | 51 o 17.6
P Sa 29 51.8 53 13 26,5
S 55 58 04,5 51 14 27.5
A 4% 87 78,7 | i€ 7 35.9
5 3¢ 1% 34.7 48 24 50.0
6 BG 32 68,2 4 14 28.6
Ki 50 Ky 74,0 48 b 20.0
8 5¢ 5¢ 89.3 4% 26 5503
9 84 4% 57.0 51 9 17.0
10 45 33 7367 580G 10 20.0
1l 51 49 GG,.1 B2 14 268.9
iz 47 41 H7.2 | 46 8 17.4
13 48 a5 TR 51 15 29.4
14 - - @ | 54 18 E3e3
Average 75.6 Averapge 28.9

S.D. 17.9 8.D. 11.8
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The nueleus is generally regarded as the controlling
centre of ithe cellulay mechinery. Comandon and de Fonbruns
{1939a) showed that removal of the nucleus from Amgekes

plous resulted In an imzediate cessation of celle

ulay coeordinated movement and the gell haoame a giobular
mass vhich 4id not attack to the substraium. If, however,
& homologous nucleus wzs reintroduced intoe the amoobe onue-
cleated two days provicusly, normal funotion was yestored
witifin 2«4 minutes (Comandon and de Ponhrune, 1939h),.

Clark (1843) reported that an ingested rotifer remained
alive in the eystoplasmie half of 4 Seus for 2 days, al~
though normlly 1t would have died in 1.3 hours. In the
cytoplasmic half of gug, certain scnsymes such os di-
peptidase, asterase and :ph.oaphata.ne fell remarkably, os~
pecially after the fifth day, whercss others suck as pro-
tease, aldolase snd ATP-ase yemained practioally unchanged
(Brachet, 1961). Goldstein ond Plaut (19656) presented
evidence demonstrating the nuolear secretion of eytoplasmic
theais are closely linked (Goldstein, 1988), it is rsason-

8ince RWIA motabolism and pyotein syn-

eble to amsume that cortain smzymes in the sytoplasmic half
of an smoeba would be depleted yesulting in s reduced shbile
ity %o kill taotoris ond degrade their substrates.



91,

Fhe fmmediste end delasyed influence of the nucleus
on intraceliular tacterieidal mechanisme was studied hy
injecting & known number of 8, enferitidis into the nuclear
and the ayteplusmio halves of the same amésba wirioh had
been sevared 2 or 24 hours praviously., Sinoe the cyto-
plaspic half does not feed, both holves te be used 24 hours
after cutting were maintained in sterile Chalkley's medium
free from food organisms, so that their mntritional state
wonld be comparable, Introduction of hacteria inte the
cytoplaenic and nuclear portions of the cell was done using
 the technique desoribed in Chapter IT (p.65).
iig from both oytoplasmic
2. DXoIGUE Were rocovared 6 hours
sfter injection. ‘The choioce of this time was based on the
provious finding (Chapter IIT, text » £ig.2), waich suowed
that at thie perioed an appreciabls number of bactoria were
killed., TPreliminary excevriments chowed that 4f the vecovw
ery was delayed up %o 24 hours, the cytopissmic half would
basome very fragile and oceasionally they wers bhurst.

The yeoults o7 the intracellulsr survival of ine-
Jeated 5, enteritidis in ayioplasmic and muclear halves of
As pxoteus at 207 are shown in text - fig.4; and in Teble
Va, b. it 48 olear that within 2 Liours after sutting, both
eytoplasmic and mucleay halves were squally sffective in
killing the injected organisms, but at 24 hours sfter cut-
ting, the nucleay half was more capadblie in exertinz its

Unopeonised 5 sngerii

and muoleny halven of A. )
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TABLE Va.
Recovery of S, enteritidis € hours after injection into
nuciear and cytoplasmic halves of the same 4, proteus

within £ hours after cutiing.

Huoleasy holves

Cytoplasmic Linlves

Amoebe. | No.bac. |Ro.bze. |% sur- | No.bac.| Jo.bace & eure
numbey ini. recovd. |vival inj. |recovd. wival
1 38 10 26.3 29 131 40,7
2 34 1l 325 3B 1e 54,3
3 18 £ 20,0 38 12 30.56
& 58 29 76ed 37 12 DL edd
S 257 B 21.9 33 9 7.3
6 B0 7 47.2 36 26 TR’
7 38 o 57.9 54 @ 206.5
8 33 i2 &6 .4 54 &0 58.8
9 38 o 237 58 12 e d
10 33 16 47.8 33 18 52,8
J
fverage 49.4 Average 43,0
S.0. 17.4 8.D., 15,5



TABLE %he
Recovery of S, enteritldis & hours after injection inte
nuclear and c¢ytoplasmic halves of the same 4, proteus

severed 24 Lhours previously.

Nucieaxr halves

Cytopilasmic halves

Amoebe | No.bac. | Hoeb2Ce [ % sure | Roobuce Nosbuc.| ¥ sur-
nunmber | inj. |recovd.|vival inj. | recovd.| vival
i G4 1 2.8 38 16 45.7
2 33 2 g 33 14 42«4
3 39 8 20.5 37 10 27.0
4 35 - 5.3 21 8 38.1
5] 24 11 e 38 14 4C.0
8 38 1l ) -y il 40,7
? 37 4 iC.8 37 18 40.8
8 34 10 29e4 34 11 32.5
9 29 2 10.3 28 2 32.1
10 | s 7 18.5 | 32 13 | 40.6
il 38 8 “lsl 36 16 44 .4
iz Ky 11 23.7 338 16 42.1
Average 15.3 Average @ 38.8
SeDe 11.5 8.D. Bo6



Recovery of £, enteritidls 6 hours after injection into
wiaecle smocbhae starved for Z4 hours.

Amoetn No. | Ho. bacteria Ho. bacteric | 4 intracellular
injected recoveved survival

1 45 21 46.7
2 45 15 53ed
3 45 10 BBed
4 46 20 £3.5
5 40 t* 22.5
6 47 & 18,8
] 48 @ 18,8
8 44 e | = 0.5
Average 27.5

S.D. 10.%
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baotericidal effects. Of particular interest is the find~
ing that Billing in the nuolear half was more efficient than
that in the whole amsceba. SBince the gylboplasmic and the
nuclear halves were not fed during the 24 hour pericd after
cutting, it was thought that the enhariced killing in the
nmocleay half might 55 due o starwvation. In order 4o chegl
this poesibility, an expariment wae done wiereby g, entere
itidis was injeoted into the whole amcebe sinrved for 24
hours. The rosult is ghown in text- £ig.5, and in Table
VI.

It zan be seen that the intrscellular survival of
B, _enteritidis in sterved whole amoeds wae considerably re-
duced (Table VI}, but this was still pignificanily longor
than that {n the nuoleay half. It is considered that the
nuclear helf 24 hours after cutting is likely tc La in the
state of cellular vegenerstion in which the whole cell is
geared %o develep increseing metabolic motivities., If
this 48 the case, sme would exzsct an {neveaso in some of
intracelluler metainlic enzymes. 4oid rhosphatase, fory
instance,; had been reported teo decline in the enuclests half,
the reduotion beoame pronounced after doy 5 (Brachet, 1955).
It wan thought desizable, therefore, to dotermine the lovel

of thie amm uamg a oyionhamm taahniqum

The Agpebae proteus used in this experiment were



Figs. 8. Thotographs of the nuclesr half and
the cytoplasmic half of an Amoeba proteus stained
for acid phosphatase 38 hours after cutting.

2. The nuclear half.

b. The cytoplasmic half.

Fig. 9. Fhotograph showing typical acid phos-

phatase staining granules in an Ampeba proteus
immediastely after injection with czmlklav'a medium

containing 0.5 gelatin.
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starved for 36 hours before cutting in oxder %o deprive
them of food wocuoles., Aecid phosphatase contents sof
muclear and cyboplesmic hslves of the same amoeba were
compared at 2 and 24 hours after cutting. It wag found
that at uo stage was there a striking difference in the
acid phosphetase content between nucleate and enucleate
cells (fig.fs, b). This is no% surprising, since ihe
technique employed wae only gualitative and not sensitive
enough to detect & subile difference in the sellulay cone
tent of thie enzyms. However, evidence was provided Ly

Brachet (1955) who showed Ly meens of a quantitative assay

that at cne day after cutting ihe muclear half of Asprotous
contained more acid phosphatase than ths cytoplasmic half,
the ratio being 1.2311.

A huge body of informstion has been sccumlating in
recent yeurs showing that during phagocylosis of mcteria
by mamaelian cells, the enzymatic materials are rolossed
from eytoplasmic granuies into the cyloplasmic mairix (Rirsch
end Cohmn, 1960)}. The degranuiation upually occours in the
gioinity of the phagoaytic vaousle (}Iirs&z, 1962: Cohn and
Veiner, 1963). There is strong ¢vidence from the electron
nicroscopic studies that fusicn takes place heiween the
gramule and the vacuolar membrane resulting in the discharge
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of granale gontents directly into the phagocytic vacuoles
{Lockwood and Allison, 1963, 1964: Iforth and lackaness,
19633 ZuckereFranklin snd Hirsch, 1964).

The purvose of this experiment was %o investigate
whether there was any change in the scid phosphatase con-
tent in A, proteus after injecticn with buoteria.

Honesiarved amoebae and amoebae starved for 36 hours
were injected with spproximetely 50 logarithmic phase §; sn-
teritidis eeilis suspended in Chalkley's medium containing
G.5 per cent., gelatin. The conirel inciuded normal une

treated ancebae and amsebas injected with the injection
medine only. The aswoebre wers sinined for meld phosphiote
age at zerc tlme, £ snd & hours after injection. It wus
found that =t no stoge was there any significant difference
in these zeid phosphatoane staining groyvwles in normsl 2uoeb-
ae and in amoebae which received injections with cither the
injection medium alone or the infeotion medium pius bacter-

iz. Plgure ¢ represents o typical appesrance of acid
phosphatase gravules in an L, protenc.

Following injcction of bacteria inte the eytoplasm
of A, proteus, it woe not known whether the injected organ=
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isns remained persistent in the cytoplasm or they were
aunclosed In the vooucles. To slucidate thie problen,
axperivents were done whereby particulate matters,; €.4.
eoxrbon, polyvtyrene spheres, tacterie ey bacterial spores
were injected inte the cyfoplasam of 4. oroteus sund thely
location was followed by means of Light and electron wice

ZOBCOLY »

Pour suweebss gisrved for 24 hours were injected
with a suspeneion of sarbon in sterile distilled watey
sontaining 0.5 per cent. pelatin, the srount injected heing
approxizetely equivalsat %o 1/4 of %ths cell voiwac. Ime
mediately after injeciion, the cell was rosoved from the
cover glass in the oil chwrber, washed in sterile Chalke
ley's wediun and finally fransferred Lack on 4o = soverslip
in an o1l chavber. It was found thati immedintely zfiex
injeoction, carbon periicles were mized thorowghily with e
cyboplasn snd ne sgoregates were visible. However, clumps
of corbon perticles were scen in 2 amsebae as sayly as 30
minutes after injechtion, Tui in the osther twe they vere
not apparent until afier one lour. Some clumms of carbon
ware large and these could be sasily seen sven under low
power. These agrregates became larger and lavger and they

romained in the cell evan ai 24 nours afber injection. OF



Fig.10. Fhotograph showing aggregates of carbon
in the vacuolie of an Amoebs teus Four hours after
snjection with colleidal suspension of this perticle.

¢ = garbon, V = vacuole.

$id
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particular interest is the finding that some carbon ag-
gregates were clearly seen in the vacuoles (fig.10). Howe
ever, 1t was not nown az Ho how this astually ceccurred.
Two peesibilities cxist - a) the formation of = warbrane
around the carbon particles or b) the segregotion of soxbon
into pre-existing vacuocles. It was thought thot this
problem could be solved ii larger porticles, a.z. bacteris
or tacterial spores were cuployed, aince in this situation
segregation inte pre-existing vacucles iz unlikeiy o oceour.
It follows that any formation of vzeacles around them would
be evidence for de nove syantliesls ¢f the membrane. Since
by means of ligit microuscopy, It ie vot possible o visuale
ise the bacterial cells in A; proieus, the location of

B, enteritidis inside the cell was followed by an slectron

micyroscopic sbudy.

157

-

Amosbae prpheus used in these studies were starved
for 24 hours. 4 mixbture of 8, gnteritidis celle and carbon
or & mixture of polystyrene wplhieres and spores of B, sublbile
is wos introduced into the cyloplasm of A, proteus using
the technique previcusly deserihaed in Chepter TI, p.60.
Approximately 100 bucteris or 100 apores were injected into
each amoebe and the amount of the fluild injected did not
exceed 1/4 of the coll wolume. After injection, the ame
oebae ware maintained in Chalkleyte wmedium at 200 snd the
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cells were processed for electren microscopy {Chapter II,
DeG¥) vt €, %, ¢ zad 24 hours arter injection. Iu certain
experiments, however, the cells were incubated st 4°.

It wos found that all the paxticulate mattere used
in these studies behaved aimilarly. Bince the spores were
the lsrgest partlcles and were less llkely 4o be confused
with the previously ingested bacteria, they were prinecipally
used for illustrating the ohservations.

Initialiy the particles lie free in the cyboplasn
(fiz.11}., They are surrounded by » clear gap of ~1l
separating them from the eyvioplesmie matzix, and waich ypree-
sumably represents the fluld injected with them. At 2
hours they are surroumded by many somewhat irregulsy yart-
iclee. These ars 10 %e 30 mp in diemeter, usually sboul
20 wp.  They mre fairly electron dense stained with lead,
and greatly resemble ribosoves. In fect similar paxitlicles
are scotteved throughouvt the avioplesm, vt in the reglon
of the particliass they tend ¥n aggresate inte o roug: chell
which surrounds the injected maoterial (fig.l2-18). As
tims passes {2 to ¢ hours) these perticles become raplaced
by & membyane (fizs.lf-16). TInitially swel) avess of wem-
brane form (fig.l4); laher the partlecle is surrcunded Ly &
mewbrane, with a fow gups containing the particles (fig.15);
finally the mombrene is cemplete (fig.,1¢). The replacenent
of the particies by & membrane is most ovident. The mem-
brane often has the twe dark lines separated hy a light one
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of ;@he typical unit-membrane (fig.16). Even some of the
particles hinve dark vims and 2 pale centre - suggesting
their similarity to the membrone (fig.l2j.

In amoebae kept at 207, simost all particles are
enciosed in membranes at the znéd of & hours, but only few
of them are in ithe wzouocles after Z hours. In coutrast,
no membranas are formed in ihe cuwebume wilch were kept ut
4°% after the injection (fig.19). In thls instence, the
smsll particles apggregute ms in the amoebne kept at 20°
and & Tough shell ie formed around the partieles, tut they
are not repleced by wembranes., Sore menbranes aye seen in
the neighboushooed of the particles, but if they are caye~
fully followed they san alli be seen to belong e adjacent
cytoplasmic organecliles.

The size of the vecuclie formed is initially just
larger then the tize of the injected pariicles (fig.l16).
Subseguently (6-24 hours), the injeoted msierial is seen in
typieal food wacuoles {fig.l17, 18). Seome of these food
vacuoles conbain only the injected materlal -~ as &f the
_ i_x;itiai vacuscles cnlorged to assune this foxm. Other food
vacuoles contain oueh material, bacterial delyris, ete.,
which hae presumsbly been ingested in the norssl wonmmer
(tig.17, 18} - suggesiing thot tue initlel vacucles united
witi pre=existing food vacuolies. The progresaion cof size
of the vacuoles is from just larger than the particles
(~1 P} te 20 - 50 p of the eld food vzcuoles. There is



99.

no suggestion of an initial shrinkege, followed by a dile
atation, followed Ly s further shyinkege am described by
lost (1942), and Roth (1960}.

The digestion of the bacteria and spores can %e
followed with the zlectron micrpucope. The external
mewbranes of the bacteris are the first to be attacked,
These start to fragusnt even when the cnclosing vocuole is
far from complete (fig.l4). At & hours the intermal por-
tion starts to be disorganised and this iz nearly cemylete
after 24 bours. The spores sre roither more resistent.

The spore ¥all ie movpiologicnlly inmbact even after € %o
24 hourse (fig.17-18).

In the cytoplasm of normal amcchbae and in the in-
jeated amecebac, there are many smell {~100 mp) vesicles
eonteining materials having differvent electron density., l.¢.
scme &re sleciron transparyent whereas others are finely
granvlar aund moderately eleciron demse (figs.l2, 13, 13, 18,
19). THumerous granules conbaining slectron dense pmterials
lie near the injected particies at ell times, thus suggest-
ing their participation in the process of digestion. Vhen
the membranes are still far from complete, rmmterial closely
resenpling that contained in these vesiclas comes to sur-
round the injected particles (figs.14, 15). Vhen the vac-
uole is finally formed 1t usually contains this material.
Pinally, when the food vacuole is formed, the cuter layer
of its contents also has this appearance (figs.17, 18).



Key to the abbreviation used in Figs., 11 - 19.

Small vesicle {(~ 100 ”}‘1)

B Bacterium

i Pood vacuole

EDM Electron—-dense material
L Lipid vacuole

n? Mitochondrion

R 'Reticulosome?

sV

v

Vacuole

The amoebae illustrated in figs. 11 -~ 18 were
incubated at 20° and the amoeba in fig. 19 was
incubated at 4°,



Fig. 11. The amoeba was fixed immediately
after the injection of bacteria. One of the
bacteria (B) is seen lying in the cytoplasmic
matrix, separated from this by a space (X) waich
presumably represents the injected fluid. There
are many small particles (R) lying rendomly in
the cytoplaswic matrix. At this stage it is
impossible to distinguish reticulosomes from
ribosones. 80,000 X.

Fig. 12. Two hours after injection, & spore
(s) is surrounded by some particles (R) which,
for remsone given in the text, are identified =8
reticulosomes. Some of these bodies seem %0 con-

gist of paler centres surrounded by electron-dense
exteriors. In the eytoplasmic mairix there are
numbers of small vesicles (8V), meny of which con-
tain moderately electron-dense material (EDM).

56,000 X.






Fig. 13. Two hours after injection, & spore
{8) is again surrounded hy reticuloscmes (R),
wirich form an irregular shell around the particle.
There are rany similar particles lying randomly in
the oytoplasm. HNumbers of small vesigles con-
taining moderately electron demse maiarial {EDM)
are visible. 100,000 X. ’

Fig. l4. Two hours after injeetion, two
becteria (B) lie in a zpace in the cytoplasm.
Membranes (M) have appeared at some of the sreas
where the space meets the sytoplasmic matrix.
Reticulosomes (R) are still very frequent ayound
the space. Portions of the bacterial external
membranes have been disrupted (arrows).

40,000 X.






¥ig. 15. Two hours after injeotion, & spore

(8) is surrowxled by much membrane (k). In the
area where the membrane is discontinuocus, there

are numbers of reticulosomes (R}, bui these have
been largely replaced in the areas where there is
membrans. Small vesicles containing slectron

dense material (EDH) are visible and some of the
material appears to be present in the forming vac-
uole (V) and in the surrocunding cytoplasm. 120,000X.

Fig. 16. Two hours afier injection, a spore
{s) is almoet completsly enclosed by membrane (1)
tc form & vacuole (V). The shell of reticulo-
somes appears tec have given place te the mambrane.

80,000 X.






Fig. 17. B8ix hours after injection, an early
food vacuole (FV) containe a spore (5) vhioh was
introduced by microe-injection and a bacterium
(B) which was not, and hence mmst have been phag-
ocytosed. The remaining contents of the foed
vacuole consist of moderately electron-dense mat-
erial similayr 4o that present in the small vesi-
cles of figs. 12 - 16, 70,000 X.

Fig. 18. Six hours after injeection, food vace
uoles (¥V) contain numercus spores (S), the imner
portions of which are rather disrupted. Again
the outer portions of the contents of the wacuoles
consist of moderately electron dense material
(2p1M), bowever these are more mature vacuclesz than
in Fig. 17. 1lipid vacuoles (L) and mitochondris
(M) are aiso present, 8000 X.






Fig. 19. Twenty hours after injection, the spore

(S) remains free in the cytoplasm of the fme :
incubated at 4°. Some swall particles (R} aacumlata
around the injected partiocle, ut thease were mot trans-

fermed into mambrane.
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(This is in the early stages c¢f the food vacuole, as des-
eribed by Pappas, 1959).
Discussion.

To 2 micrurgist, the first thing that should be
considered in any misro-injection study is possible injury
to the cell as a yesult of ihe miero-menipulative procedure
end the toxic effect of the injection mediium. Fortunately,
Yo proteus is one of the vells amenable to micro-
injection. It has teen claimed that injection of watey
or salt solution into
effect on the cell provided that the amount of the medium
injected does not «xceed half of the eell volume and the-con-
centxation of monovalent or' divalent salt is not more than
0,01 ¥ and 0.0025 M respectively (Chambers and Chambers,
1961), It is umlikely thet the injection medium used in
this study was toxic to ampebae, since the cells remmined
sctive cnd divided after injection with this medium even
in the amount egquivalent to half of the cell volume., IlHore~

o _proteus does not cause any harmful

over, acld pheosphatzse assoclated granmules did not appear

to have nny change at zexo time, 2 and 6 hours after in-
jeotion. Excess of wxter introduced intoc A, protens would
be eliminated through contraciile wvacusles, the rate of cut-
put of which increased considerably in proportion ¢c¢ the
anount of water injected (Howland snd Pollack, 19227).
Hevertheless, physiological or morphologieal disturbouce
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at a sub-microscopic level might have occurred. Since '!;hé
purpose of this study is to compare ability of A, proteus
$o ki1l the test organism treated in different manners
using the same technique, thé results obtained would be
relatively walid.

Tuese studies show that when S. enteritidis was
injected into A, proteus, bacterial numbsrs declined at a
rate which indicated they had a half«life of about 5 hours
in this situation, the half-iife was unaffected Ly pre-
treating the ltacteria witkh serum cpsenin. These findings
are an interesting contrast to the fate of opsonised sal-
monellae within mammalian rhagocytes, where the half-life
is approxirately 15 minutee {Rowlay and Vhitlyy, 19859).
Yioreover, the presence of opsonins on the bacterial surface
is believaed to be essential for killing to be efficient
within mammalien phwegocytes (Jenkin, 1963). A possible
reagon why amoeitze failed to show enhanced killing of bace-
teria in the presence zf serum opsonins could be hecause
these protozoa have not evolved in an environment where
such an effeot 1s liksly to endow & selective advantage.

A consideration of possibly great significance in
any micro-injection study ie the fact that btacteria injected
into the cytoplasm of a cell did not become immedistely in-
corporated into the wvacuoles. The result from clectron
microscopic study showed that some bacteria remsined free
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in the cytoplasm even 6 hours after injection. it is
reasonzble to suppose that these bacteria may not become
exposed tc the same environment 25 those which have sntered
the cell by the process of phagocytosis. 1In the case of
baocteria which were later incorporated in the voouole, the
incorporation may be of slow yrocess which allows the in-
jected organisme sufficient &ime %o adjust themselves o
environmental changzes. Since vacuoles aye Imown ¢o have
properties specific for them, it would be interesting to
know whether killing of &, enteritidis im the wvacuole of
A, proteus differs from thai in the cytoplasm ond whether
serum opsoning snhance bactericidal mechanisme in the vac-
uolar onvironment, This werk will be presented in Chapter
Iv.

The enbanced killinz of S, enterxitidis opsonised
with specific antibody and fresh rabbit serum supggests that
complemsnt plays an important pert in promoting the lece
tericidel effect. 1In corder %o establish this yoint, it
is necessery %o repeat this type of zxperiment using fresh
rabbit serun which has boen deprived of complement, either
by treatment with antigen-aniibody aggregates ox by heat
inactivation.

Blectron microscopic studies of 4, proteus injected
with either vegeiative bacteria ¢r bacterial spores showed
clearly ithe ability of these protozoa fo aynthesise de novo
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the new membrane surroundinz the injected micro-organisms,
It is possible that thie may be the most efficient way by
which & ¢ell combats any miero=crgenisms invading into the
eytoplasm. It follows that recognition between self and
non-gelf in primitive celis may depend on this process.

Conglmaion.
1. Wken g, gnieritidis was introduced inte the oyte-
plass of A tous, it was Zilled 2t 2 very slow rate

having o intracellular halfe-iifs of & hiours.

%. BSerum antidbody did not enhance &« bactericideal of-
feot. In the presence of fresh rabbit sermus, however,
sigaificant enhancement was obtained and this was attrib-
vted to the potentiating action of complement.

é. There wos no significant differsnce in bactericidal
ebllity of nueleste and amucleate holves of A, arobens
which wae merotomized 2 hours previousiy. At 24 hours
after cutting, illing wos significantly grester in the
nuclear hnlf. This enhancement of tnctericidal mechanisms
aould be ascribed in part to the effect of mtarvotion and
in the other paxrt to the changses associated with regeners
ative process.

4. Thare was no change in cytochemicnl steining of
zoid phosphatage in A, proteus sfter injection of the ine
jection medium with or without tmcteria.

5. Evidence for de nove synthesis of the membrane was

presented.
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CHAPTER IV.
FACTORS AFFECTING THE ASILITY OF A. PROTEUS TO VIAGOCYTOSE

then S, enteritidis was introduced directly into
the cytoplasm of A, proteus by means of a micro-injection
technique, the bacteris wexe killed, znd the yote of kill-
ing was not found to be altered by pre-trecting the sal~
monelize with serum opsonins (Chapter III)., However, it
is poesible that data obleined Ly weans of micro-injection
experiments may not reflect the dynamics of bacterial kill-
ing as 1t cocurs in the wvacuoles of amocbas, l.¢. after
wicro~organisms have been ingested naturaliy. The finding
that A 1e could be induced %o phimgoeytose mroderate
numbers of either g, enteritidis or §
the zatio of Lecteriz to amoebas wae cufficlently high,

makes 1t possible o measure the survival $ime of saimone
2llae within wvacuoles. The enbancing ¢ffect of serum op-
gonins on the uptalks of these orgenisme by amoebze hos also
heen studied, together with the possible contribuiion that
serun opsonineg might make to intracellunler killing, Vhen
suyvival of supposedly phsgocytosed palmonellae is being
peasured it may be difficult fo decide whether bacterin
nssoclated with amoebae are really in an intraceliular pos-
ition, or merely adherent 4o the cell surface. Since it
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is important in a guantitative study to differentiate be-
tween these two possibilities, certain of the experiments
described in this chapter have sntailed the use of 2 lytic
mitent of phage Poo to eliminate extracellular bacteria.
Results.

“r~ C_' N _ Yl opsoni )“:,. V’J‘ﬂ' i ""G a'ﬁﬁ

The organisms used were streptomycin resistant
strain of S, enteritidis Se 785. These organisms were
opsonised according to 2 method which did not require bac-
teria to be washed by centrifusstion afier treatment, since
such o procedurs would facilitate agpiutination. An 18
houy culture of this organism in mintmal medium was woshed
by centrifucstion at 3000 z.p.m. for L0 minutes and pesus-
pended in Chalkley's medium containing G.l per cent. giucose
to give o bachaerial concenbration of syproximotely O x 108
organismo per ml. Antiserum was then added te nchieve &
final conocentration equivalent to 2/3, I 2nd 4 of o miniml
agglutinating dose.  After incubsting at 37° for 10 min-
utes, the bacterial suspension was diluted 1/20 before use.

The numbers of tuoteris phagocytosed by A. proteus
after cne hour of sontact were determined using the tech-
nique desoribed in Chapter II, p.68. After phagocytosis,
the amoebas were washed 4 times and then crushed on the sur-
faee of nutrient sgar piote conteining 50 micrograns of
streptomyein per ml, for a bacterial count. Taeble VII
shows that there was some increased uptake of bacteria with




RBffect of smerum opsonius on phagocyiosis of S.enteritidis
by Ampebe proteus.

Dilution of specific| No. of bacteria sssociated with
antiserux used to amoebae at various time intervals
retreat bacieria. after initial sontact
Minimal bacterial
agglutigmting doses + 15 minutes + 80 winutes
per Pile

0 1022 | 2089
2/3 1075 3951
1082 4373
1771 9478

Humbeyr of amoebze per tube = approximetely 5970.

Standard bacterial inoculum per tube = 4,6 L ¢.2 x 10°
orgenisms.
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increasing degrees of opsonisztion, but at no stage did the
amount of phegoeyiosis nypproach that which womld be expect-
ed 4f manmalian phiagocytes Nizd Leen used in thase tests
(Rowley and Waitby, 1959). Provided that salmonellae ro-
main zoaggiutinated, it is likely that changes measured in
bacterial uptzke, although relatively small, are a true
indication of cpmonic effect, i.e. result from physico-
chemioal changes st the cell surface of individual organ-
isms. However, in these experiments when ¢ne minimal ag-

glutinating dese of antiserum wss @xceeded there was an
incremssing tendency for bacteria to sgglutinnte, as judged
by their arrangensnt when viewed under phase contrast, It
geems likely, therefore, that in the case of amoebae, in-
creased phsgooytosis of B, enisritidig in the presence of
memaelisan serun opsonins was in part due to ingestion of
clumpe of agglutinnted bacteria.

Jing of salmonellae.

urvivel of phagocytosed 8, epteyitidis snd 8. typhi-
miziuwn 1T with and withou? pre-~treatment with seryum anti-
bodies is shown in text - £ig.5, 6. The data on which this
result is based are sst out in Tables VIII and IX. These
experiments showed that ., proteus wis able i kill ingested
organisms and that the rate of killing was not influenced

when serum opsonins were adscrbed to the bacterial surface.
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Text-fig, 5. Xilling of opsonised and unop-
sonised Salmonella enteritidis after phagocytosis

by Amoeba proteus.

Pre-treatment of bacteria.

O e No opsomin.

——=——0 Opsonised with specific
antiserum.

O—o—om— A Opsonised with pig serum.

b R ¢ Control growth curve.
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Text-fig. 6. Killing of opsonised and unop-

sonised Salmonella typhimurium LTZ after phagocy-
tosis by Amoeba proteus.

Each slope represents the mean of two
experiments.

Pre-treatment of bacterisa.

[y No opsonin,

o= ——— 0 Opsonised with specific
antiserum,

b o —— § Control growth curve for
unopsonised bacteria.

A-—=—-—=A Control growth curve for

bacteria opsonised with
specific antiserum.
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Survival of Salmonells tidis e 795 after phegocytosis by Amoeba
proteuy.
Time after | Unopsonised bact. | Bact. opsonised Baet. c¢psonisszd |Growth curve con=-
60 min. with speciric with pig serum |trol for extra-
period al- antiserum gellulay bac eria
lowed for Total % supe 1 |9 Total % sur— |Toca .
phagocyt~ recovery| vival recovery| vival recovery| vival |recovery vival
osisT{hrs.) | per tube per tube per tube per tube
Zero 41830 100 13281 |100 9178 100 7055 100
1 2482 51.3 9108 68.6 5289 57.6 7841 111.1
2 1573 32.5 6392 L8.1 5u453 59«44 7610 107.8
3 1072 22,2 536k | LOJ 1165 U5l 7538 106.8
L 1230 25.5 5959 29.8 3969 B3e2 7476 105.9
5 961 19.9 L6686 35.3 3018 3249 7618 107.9
15 491 10.2 1036 7.8 £89 7.5 | 58u7 82.9

Average number of smoebac par tube = hjoa

* Percentage survival = Fodt=3 G s recavered RTINS Bive




;H;,LTE after phagocytosis by A, proteus.

gémoiarter Unopsonised bacteris _Opseniaed with specific antiserunm
mins.
period al- |Bascteria recovd.|Growth curve con- | Bacteria recovd. Growth curve con-
lowed for from amoebae trol for extra- from amoebas trol for extra-
phagocytosis| ' gellular bacteris ! becteria
Total re-|% sur-|Total re=% sur- | Total re- % cur- Total re- 7 supe
covery vival |covery vival covery vival |covery vival
per tube per tube | per tube per tudbe
Zero 5583 100 9925 100 63158 100 6970 100
1 3082 552 10442 105.2 2887 L5.7 | 802 115.4
2 2268 LOo.6 (1024) 103.2 2369 37.5 | 8170 117.2
3 1176 21.1 |10678 107.6 1877 29.7 | 7836 1l2.4
L - 639 11.4 {10972 110.5 708 11.2 | 8120 116.4
5 559 10.0 {11046 111.3 939 1h.9 | 6780 97.3
6 542 S.7 (13428 135.3 307 be$ | 7642 109.6
15 159 2.8 | 9455 95.3 132 2.2 | 6042 B86.7

Average number

of amoebae per tube = 5635.
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The fall in the nunmber of micre-organisms recovered Irom
angelbae could ounly be due to intracelliular killing, since
controls set up to measure the growiir zate of Lacteria free
in supernatent fiuid in the presence of amovhae shiowsd wWiat
bacterial counts remained remarkakly constant. TEmphasis
ghould bs made that thie growith curve control peproduces
almoet identical conditions to the test system. Determine
ation of intraceliunler survival of micro-crgenisns in »ome
wpaliasn cells was dependent in part on the control growih
of bacteria growing in & medium where phegoeytic cells were
sbesent. It is oLvious that such a situation ie nol close
to0 ronlity, sinee in the test gystenm the medfum i: con-

ditioned by certzin cellular metabolic products which might

exert infiuence on the yowih yute of the bmcteris it con~-
tains.

Sines, in the aforementioned experiuents, the amoeb-
a2 had to be waghed twice more before plating cut, it is
1ikely that bacteria whlch might de expelled frown the cell
during the period of incubsfion would be remowed. It fol-
lows that the result obininsd would net give o true dynumic
of bacterial killing. In srdsr 4o clarxify this point, =n
axperiment was done whersby the same technique of measuring
phagooytosis and intracellulsr survival was employed, with
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with the exception that the amoebae afier weing washed
three timas wexe plated sut without further washing. The
result is shown fin fext - fig.¥, and Table X. It can dbe
geen that survival curve o 8, Lvihidmarium was very similar
to those chtained eariier. It is reasonable thsrefore to
assume that egestion of §. byvuldmurium by A zzoteus was
uniikely o occur in this experimental condition snd, {f

it 414, the exient of egestion was too szll fo intexfere
with the assessment of intracellulay killing.

The results from phagoerilc studies showed that the
hoife-life of saimonellse in A. proteus was approximately

one hiour, whereas the holf-11fe af these crgopisws Iin nome
malian phogocytes was only 15 mimuier (Rowley snd Whitdy,
1959)., It is thought that the discrepancy in bacteriocidal
ebility between these twe typoes of zhogooytic cells could
be explained on the basis of the difference in ‘emperatuxe
in which tne test wae performed, s.g. 207 in A, protens and
37° in parme

fan cellp. linisen and Untabiki (1919) pres-

entod evidence showing thet ingssiion sof stepliviccocel and
B, goll by mumaiian leucocytes increased os the temperature
of incubation of becterium-phwngoayie mixture was raised.
Fenn {1922} re-calcoulated these results sad found z surpris-
inzly uniform temperature co-efficient cver the entire rTange
of B9 to 35°. Iis concluded that the rate of phngocytosis
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Text-fig. 7. Killing of unopsonised Salmonella

Yyphimurium LT, by Amoeba proteus. In this experiment
amoebae were washed only 3 times before plating out
for a bacterial count.

O—=————xQ Bacteria recovered from the
amoebae,
X————x Control growth curve.



TABIE X.
Survivael of 8. iyuhimurium LT, (unopsonised) after phag-

oeytomis by A. proteus.®

Time after Bacteria recovered Growth curve control
60 wins. from amoebhae for extracellular
period alld. bact.
for phago~
cytosis (hr.) | Total recov. Percent.|Total recov. Percent.
‘ pexr tube survival |per tube survival
Zerxro 13914 100 7425 106
1l 7494 53.8 7133 104.1
2 7014 50.4 8613 118.7
3 4800 34.5 0443 127.2
& 2142 15.4 | 10400 140.0
5 3020 21.8 0878 133.3
6 3394 24,7 8971 1343
15 512 3.7 - -
% Amocebaze were wached only 3 times, No furthex

washing before the cells were plated out.

Average ¥o. of amoebs per tube = 6170.
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Text-fig. 8. Killing of unopsonised Salmonella
enteritidis after phagocytosis by Amoeba pProteus.
The temperature of incubation of the amoebae after
phagocytosis was 30°.

anh slope represents the mean of two experiments.

O~ Bacteria recovered from
amoebae.

Xy Control growth curve,



TABIE XI.
Infiluence of temporature on killing of unopsonised

8, enteritidis Se 795 by A. proteus.™

T4ime after Bacteria recovered Growth ocurve control

60 mins. from amoebas for extracelliular

perioed baoteria

allowed for : , :

?hmgtom Total recov. Percemt. |[Total recov. Percent.

hours per tube survival |per tube survivzl

Zero 4143 100 4866 100
p 4 1354 32.7| 4760 97.8
2 47 22.9 A 5030 103.3
3 784 18,8 | 4950 101.%
i 420 10.1| 4749 9%.5
5 340 8.2| 5038 103.5
6 343 B.31 4824 99.1

% The celle were incubated at 307,

Averazge No. amoebae per tube = 5650.
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was doubled by a rise in tempercture of 10°. If the laws
of Thermodynamics can be appiied to intracellulay bacter-
icidsl mechanisms, the half<life of salmonellae in A.,pyoieus
ghould be redused by half if the temperature of incubation
was raised up to 36%.

To test this hypothesis, two experiments were done
vhoreby S, enteritidis was allowed %o be phogooyhosed by
Ao proteus at £0° for 1 hour using the technique described
in Chapter II {p.68}, with the excevtion that aftey washing
the cells were incubated et 30°. The results in text -
£ig.2 snd Table XI show that the intraceliunlar svrvival of

8, gnteritidic in 4, pyoteus was considerably reduced, l.e.
the hnlf-life was spproximaiely 40 minuter. Should the
test ba performed at 37°, the half-life cf this organism
in A, proteve wonld probokly be very similex to that im
mammliar phagocyies. In view of the faot that 4, uwroteus
is damaged Ly & tempereture 2e high 2s 377, it would be
interesting to determine the half-life of 8, &

in memmeiisn macrophsges at 30 and %o compare this result
with that in A, proteus.
H. Use of phage Foo to eliminate extracellular S.typhl-

ruriun ITo from smoebe suspensions.

investigators in the field uf hostpavasite velo~
tionship ave frequently compelled e decide as to whether
the bacteris asscolated with phagocytes are inside the cells
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oy whatha:; they remain adherent to the cell surface. To
solve this problem, many tedmiques hnve beoen devised and
most of them entsil the use of autidblotics {Jenkin ound
Dennceraff, 1960; Pavilisrd, 1863}, howley {1962} cxe
pressed concexn su the use of antibotics in puagooytie
ezperimentes on the ground that the drug might enter the
cell and interact with the ingested orgaalsms.

In this study, = new approach hns been 2mployed
vhereby phaze Fopo wasd used to eliminate exitracellular Luc-
terig. Tu the prelimineyy tests the follewing emperiments
were porforued. '

©) Demonstration of ability of phoge Poo %o lyse

5o tyrhimariwn ITp in the presence of anpebae.

in the light of a current nociion that effective
lveis of bacteris Wy phage requive caleium ion (Adans,
19594}, it was thought desirable Lo study lysis of Sebyddi~
mpjun by piage Pop in {heplkley's modiun in which Ca lon
wes present. This medium was prepared a&s followss

kaCl 80 mg.
ialiCOs 4 ng.
tnClg 4 mite
Cally (P04 ) o .HaO 1.6 mg.

Glass distilled water 1 L. (Idvingstone E, 1662,
persoral commmnication).

4 peries of 7 tubes was prepared, each conbaining

approximately 2 = 10* organisms and 5 x 10% amoetme in 0.4
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ml. TFour of these tubes were each added with 0.02 ml. of
phage suspension containing m'? PFU; ke other tubes serv-
ed s controls. After inoubation at 20° for & variable
period of time, 0.3 ml. of nonehsated phage antiserum (dil-
uted 135 in Chalkleyt's umedium) wes added %o a tube in a Sest
gsexries to stop further phage reaction. Fhage insotivation
was allowed to coocur at 20° for 10 minutes after widch 1.3
ml. of fresh Chalkley*s medium was added; this was followed
by centrifugstion at 60 g. for 2 minutes: the supernatant
was removed and plated out on streptomyein agar plate for &
bacterial count. The tubes in the control series were sim-
i.larly treated, but no phage was added, The results in
text - £1g.8 and Tahle XII showed that phage Pop wae able

_ in the presence of A, proteus and
90% of the organisme were eliminated in 20 minutes. It
alsc showed thst phage antiserum used in $his condition was
p since in the comtrol
series the number of the organisme trested wiih antiserum
nlone remaired remaricmbly consiant.

A group of 20 A, proteus washed 3 times in Chalkley's
medium were exposed for a wvariable period of time to various
twofold dilution of phage antiserum commencing from 1:10.

It wee found thet serum dilution of 1120 to 1:160 d4id not
cause any morpholiogical change during & period of half an
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Text-fig. 9. Lytic activity of phage P,, for
Salmonella typhimurium LTz‘in the presence of
Amoeba proteus.

XX Bacteria recovered from the
supernatant when no phage
was added.

O—————————0 Bacteria recovered from the
supernatant to which phage
was added.



presence of amoebese.

TABIE XIT.
Lytic sctivity of phmge Poo for 8, typhimurium LT, in the

Bacteria pacovered from

Growth curve conirol

Times | the supernatant after (Ho phage treatmemt)
(min.} | phage treatmant |
Total rocov. Fercent. | Total recov. | Percemt.
per tube survival | per tube survival
Zerp 23240 100 24120 100
10 8660 37.3 247310 102.4
20 1580 6.8 - -
30 1870 7.2 24620 103.3
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hour of exposure. At & dilution of 1110, however, amcebae
were round unp. This change was reversible, since the ame
otbae exposed to the antiserum for 30 minutes became sctive
again after washing., 1o view of the fact that serum con-
taine & high concentration of protein, i% is rezsonable o
suppose that the rounding up of amoevae is a pinocyiotic
regponse to the protein inducer in the serum. The finding
also snggests that sexunm up te 1:10 diluiion was not toxie
to amoebae. _

e) TPhegocyiosis of phage Poo by A. proteus.

“hen phage was used to lyse sxtrmcellular salmon-
ellase in an amoebae suspension, it is not knowm ass o wheth~-
er there ic any upitake of phage by smoebse. In the light
of the likelihood thot this phage might interact with bac-
terial cell inside the phagocyte, it is necessary to deter-
mine the mumber of phage aspociated with amoebae at a given
period of time zfter contact.

0.02 ml. of thage suspension containing 107 PRy
wap added to a series of 3 tubes, each containing approxim-
ately BOOC amoebze in 0.4 mi. Chalkley's medium. Afterx
incubation ot 20° for a wariable period of time up to 30
minutes, the amosbae were washeod twice with fresh Cholkley's
medium by centrifugation at 60 g. for 2 minutes, the fiuld
suspending the cell was then restored to (.4 wi. to waich
0.3 mi, of phage antiserum diluted 115 in Chalkley's medium
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Phagocytosis of phage Poo by A. proteus.

Phage associated with amoebae

Time
{min.)
Flagque count e Percentage of the
tube inooulum
Zero 782 (.008
10 1150 0,012
320 2798 0.028
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was added and the mixture incubeted further at 20° for 10
minutes to allo¥ phage imactivation $o ocour. After wasii-
ing onece more, the mnpoebae were plated on streptomycin agar
plate followed by overlaying with § ml. of melted agar prev-
iously inoculated with 4 drops of overnight broth culture
of 8, btyphismyivm 1T,. Ploque counts were made after in-
cubation at 37° for 18 hours.
The result in Teble ZIIT showed that the number of

phage particles which yrermined associated with amoebas,
aven after 30 minutes contact, was very smmil (only one
phage particle per two amochne). In phagocytosis exper-
inents, it wos commonly found that there was on the average
only ome bacterium in associntion with sn awmcebs; 1t is
highly unlikely, therefore, %o visualise o single pluage
particle to enter the cell and become incorpornted in the
sane vacuole as the ingested boeterium. It is zeapgonable
4o suppose that uptake of phage particles by amoebae was
negligible with regard to the mumbsr of lucteria phagocytosed.

d) Deponstratiocn of lyiic shi

of hwmge .Pa& for & varying rumber of S. typhimurium ITp.

Ths result from phagocytic experimenis descrided
earlier in this chapter showed that the uuxber of bacterie
associated with amosbae at different time of recovery varied;
it is imporiant thevefore to determine vhother bacterid lysis
by phage ocours at the same degree vhen varying numbers of

bacteria are pressnt.
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0.02 ml, of phage suspension containing 107 Pru
was added to 4.0 ml. of smoebn-booterium mixture contain-
ing 5000 amoebae and & verying number of bacteria ranging
fyom 5 x 10° to 5 x 10° organisus per tubs. The mixture
was inembated at 20° for 20 mimutes, after which 0.3 ml. of
piage sntiserum (diluted 115 in Chalkley's medium) was add-
af o inactivate furthey phage lytie action. Affer incubw
ation at 20° for 10 more minutes, an approyrisie amount of
Chalkley'ec medium wos added and the supermatant was plated
on atreptomyein agar for & bacterial count. Uontrol tubes
wore algo set up, and these were treated similarly to thiose
in thie test system with the exception that no phnge was
zdded. The result in Table XIV ghoved that phoge lybtie
activity was effective in eliminating o wide ruange of O,
typhipuriue present in thie supernatant.

d) IBlimimation of exiracelluler &. typhimurium LTg

This experizent was done 0 denonsirate that the
majority of lLacteris associated with washed smoobae after
o veriod of phagosytosis were in wn inmtracellulay location.
The detail of the cxperimental procedurec has been described
in Chepter II {p.693). The result in text figdo and Table
XV ghows tiet the number of becteria recovered from phage
treated and untreated amoebae was comparable, and hence
indicated that very few salmonellae ware situnted cutside
cells, i.e. where phage could adsorb ¢to them. The cbserv-



TARIE XIV.
ILytic ability s5f a constant number of phage Pyo for a

varying number of S, typhimmrium LT.

Reoovery of
bacteria from

the supernatant

After phage treatment

No phage treatment

No. bacteriz in| Total Ferceni. Total Percent.
the inoeulum TEGOY. survival Tesov, survival
pexr per
Lube tube
581 21 3,6 668 115
5494 148 2% 8102 93
44971 4221 9.4 46000 102
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Text-fig. 10, Use of lytic phage P22 to demon-
strate intracellular location of Salmonella typhimu-
rium LT?_ after apparent phagocytosis by Amoeba proteus.

O————————0 Bacteria recovered from amoebae.
A—e—eme—s A Bacteria recovered from amoebae
after phage treatment.

X —x Control growth curve,
*— — — — o Control growth curve after phage
treatment. '



Survival of phagocytosed unocpsonised _;_gxgggggg;gg,er Awi A, proteug with and
without phage treatment.

gémeiafter Bacteria recovered from amoebae mrowth curve control for
min. 1) i g
fg::gﬁf:;' No pheage treat- | With phage treat- Nc yhage treat- w1th phage treat-
oh ocyto&- , ment n ent nent
is (hours; Total % sur- | Total % supe Total % . sur~|Total % sur-
recovery |vival | recovery | vival recovery| vival |recovery | vival
r_tu per tube per tube or ol
Zero 601l 100 - - 10896 100 - -
1 2882 47.9 - - 11495 106.5 - -
2 2247 373 2122 35.3 10560 97.5 - -
3 1504 2.8 1573 26.1 11660 108.C | 1645 15.5
L 980 16.3 1040 17.3 11440 105.2 960 10.8
5 745 12.3 955 15.8 12039 111.9 25 39
6 704 11.5 503 8.3 11737 108.7 - =
Average number of amoebae per tube = 5920.
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ation that phage Pgp was sble t¢ reduce the count of viable
bacteria b as much zs 907 in the control tubes, confirmed

the zhogze to he o potent lytie agent for extracellular S
$ythimyium under the conditiona of thess experiments.

Uhen baoteria snd amoeime were mixed as described
in the preceding section, it was found that anprociable
numbers of ithe organisms were phagooytosed provided that
the ratlo of bacteria Lo amoebae is very high. Killing of
the ingested organisms was presumed to socur in the vaguoles
fres from faod particles, In visw of thae fact that 4.
proteus feeds mainly on ciliates, it may be reasonable to
sunpose that uptaks of baeteria in its patural environnent
is on inevitable consequence of phagooytosls of cilliates.
1t would be interesting o kmow uhether there is any quant-
jtative difference LGetwaen killing of salmonellae in ciliabe-
fres vacuoles and vecuoles containing ciliates.

In order o be sure that bacteris phagocyiosed %o~
gether with hea% killed ciliate was in fact located in food
vacuoles, en experiment was performed whereby o conptant
numbeyr of S, enteritidis were allowed %o be phagocytosed
by A, vrotevs in the presence and absence of heat kflled
tetrabymens, 0.5 ml. oliguot of washied amoebae suspension

containing 5000 amoebae was prepared in 4 standeyrd Lelghton
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tubes. Two of them were inoculated with 0.5 ml. of bac-
terium oiliate mixiure containing 10° ciliates znd 2 x 10°
bacteria per nl. and the other two were added with the same
amount of bacterial suspension but without ciliates. After
incukation at 20° for cme hour, th: amoebze were washed S
times a2t 4° before plating cul on streptomysin agar for a
bacterial count. The average result was shown in Table
XVI. It oan be seen that the number of bascterias recovered
from the tubes containing heat killed tetrs
times greater than that in which the ciliate was sbrent.

It follows Shat approximately 80 per cent. of bucteria phag-

n wes 4.3

ooytosed with oiliates was located in foed vaoucles.
Survivel in 4. proteus of S, enieritidis phagecyt-
osed together with heat killed tetrahymensec was detearmined
using the technique described in Chapter II, B.Tl. The
results given in text -« fig.ll and Table XVII showed that
killing of §. enteyitidis by A, proteus in the first 3 hours
was very similar to those reported earlier in this Chuipter,
but after this periocd the number of bacteria associnted
with ampebee romained sxceodingly high. Since the ingested
bacteria were presumed to be in the same vacucle as the in-
gested tetrahymsuz, it is likely that dezradation product
from ¢he eiliate might condition the wacuolar snvironment
so thzt it became less inimical to the imoterial zells.

Horeover, snzymes secrsted into the wvacuoles may be used



Phagooytosis of S. enteritidis by A, proteus in the pres-
ence and absence of heat killed tetrahymens.

Number of bacteria inzested
in the presence of ciliate

Humbex of bacteria ingested
in the =basnce of ciliate

2798

648
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Text-fig. 11. Killing by Amoeba proteus of Salmo-
nella enteritidis phagocytosed together with heat
killed tetrahymenae.,

Each slope represents the mean of three exper-
iments.

L —— Bacteria recovered from amoebae.
x Control grewth curve,

M



TABLR _XVII.
Survival in A, proteus of §, snteritidis Se 795 phago-
eytosed together with heat killed tetrahymenae.

Time Eacteria recovered from | Growth curve control
after onoebae for extracelluler bact.
6C min.
period
allowed | Total recov.| Fercent. Total wyecov.| Percent.
for phag- per tube survival | per Hudbe survival
oaytosls
{hours)
Zaro 5685 100 16317 100
% 3002 §2.8 - -
1 2496 43,9 16170 99,0
2 2266 30.8 16059 58.4
3 1750 20.8 15885 97.1
4 1829 38:2 17034 104.3
5 1809 31.8 16122 98.8
'3 1685 29.6 16821 103.1
15 1089 19.2 17028 1C4.4

® This rooult was an average of 5 experiments.
Average Ho, amcabae per tube = 0CC.
Average inoculum size pey tube = 2,9 x 3,0ﬁorganisms.
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for oiliate digestion. If these enzymes alsg funciion
in intracellulsr killing, it is not diffieult fo concelve
<hat its concentration would not be high enough to exert a
bactericidal effect.

It i3 clear that A, protsus is a2ble to phagocytose
salmonellae =rd ihct mammlian serum opsonins inorease the
uptake of thsse bacteria, nt only to z very limilad extent.
Such = finding oontrasts strongly with tho now gemerally
accepted belief thot serum opsonine are highly sffective
in promoting phagooytosis of bacteris hy mammalian phage=-
oytes (Jenikin, 1963). These experiments siso saow ikt
the presencs of serum opsenins on the surface of 8. snter~
itidiz or E,
time within spoeba vacuoles.

it is evident from these studies that surviwal tinme
of B, enteritidis within ampebae is related to the route by
which the bmcteris enter the cell, i.e. whether phingocylosed
naturally or introduced directly intc the cytoplasn by
mioro=-injection. In view of the fact that the majority
of injected baoteria were apparent in the vaocuoles cnly at

6 hours after injection =ui only few of them were enclosed

mriny. does not influence their survivel

in wsouoles at 2 hours after injection, it is reasonable to
suppose t{hut the difference in survival time of S, eniex-
jtidig was in part due to bacieria being in functionelly
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different location inside the zell, that is to may, in the
cytoplasm and in the vacuole. Ample ovidence is available
o incicate thst vaocuclay cuvivonment is different froem
that in the cyboplasm. The hydrogen ion concentration,
for smrmple, wee shown Ly Mast (1942) %o vary between gl
5.6 6 7.3, vhereas thet in the cytoplasm wae estimated to
e T.4. Actusl cylorlasmic 1H as measured by injection of
indicetor dyes into the syioplasmic ground substance of A.
proteus wes lower then that cetimated by Mest, i.e. the
cytopiosmic ©H was Tfound to be €.8 ¢ 0.2 instead of T4
(7iezcineii, 1944).

The study of Holter (1954) end Holter and Lowy
{1959), showed that A, proteus contained a variety of hydro-
iviie engymes and at leust one of them, i.¢. seld hoarthnte
ase wee veported to bs comucentrated in pinscytotic and food
vacuolen [Novikoff, 196C; Birns, 19603 Iuiler gi al..
1962). Tt is slse kunown that in mammlisn phagocytes,
eytopinamic grzuules rich in hydrelytle onzymes di sckaxyped
their contents intn the vacuoles {Hirsch and Gohn, 19603
Uirsch, 1962: Oohw sud Veiner, 1963; Horth snd Mackuness,
1963; Lockwsod ead Allison, 1963, 1964).

In the ligkt of thie ovidence, it is concelvable
that the milieu within the vaouole is in = state of eoniin-
uous shifting in both the hydrogen ion concentration and
the enzyme contents: it is thervefore not surrriging if such
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an environment is more detrimemtal to the test bacteria
than %hat in the sytoplasm, Howevey, this view is only
gpeculative, since ne causal velationshiy has been estab-
lished between these faoctors and cellular beotericldal
sffectivenass.

The nther explanation for an apparent slow rate
of killing of 8. enteritidis intrnduced by micyo-injeciion
would bhe 2 yproporiionately grester number of thwmoteris entw
ering ¢olls. In ghogocyicsis experiment, there was on
the averare nnly one bacterial cell associated with one
anaebn; but in micro-injectlion study, one amoeba was
losded with 30«40 bacteria. If cellular bactericidal
wechanisms could cepe only with certain number of bacteria
at any vartioulsy %¢ime, it ie concelvable ihat the effic-
foncy in killing of only cne organism would be fayr better
than killing of = zyreater number of bamcteria. It is tre
that in sdcro=-injection thayre wae no obvious morphological
change, nevertheless thysiclogical disturbence in amoeha
de It might
te thet after injection, smoebas have $o veadjust thene

o8 2 vesult of this shonld not be sverlook:

salves =nd therefore nc immediate zction was directed sgainet
the injected microbes: <his would thew nllow the Bacteris
suffiocient time tc adjust themselves in the new environment.
Conglus .

1., Narmalian serum opsonins emhanced phagoeyiosis of
. enteritidis by A, proteus, but the degree of emhancement
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was vory smell as compared o that which would bhe expeeted
if wermalien vhogooyvier were uned. The increase in upiuke
wae in pard due tn agglutination of lmoteria which accurred
when %he smount of opsonine used was In excess of one Wine
inel agziutinsting dose.

2. Serur opsonins had no measurable effect on the rate
of intracellular killing of B, enteritidis or 8. typhimurium,

2. The survival tinme of 8, entexitidie in A, proteus
azpears to be related to the route by waidh the bacteria
entered the cells; and the faster rale »f intracellular
¥illing wes spperent when the orzanisms were vhagocytosed
naturally.

4. TIntyaeellular incation of the phagooytosed 8, fyrhi-
marivm was demonstrated by using lytlc phage Poo to elimine
ate axtracellular bacteria.

5. The Toto of killing of 8, enteritidis ingested to-
gether with heat killed cilistes in the flrst thuree hours
after phapoeytosis vas comparadble o that in the absence of
gilintes, Yut the dacteris recovered subsequently remaiced
axceedingly hish. This wos attributed to modification of

vacuolar snvironment as & result of c¢iliate digestion.



In higher vertevrates, immmnity to infectious agents
depends on both cellular znd hvroral factors, but this pate
tern of immnity ie not elearly ostablished in invertebrates.
In fact, classical immune response Lns never bhesn demonstrat-
ed in snimals phylogenetiocally lower then & primitive cyclo=-
stome, the lamprey (Finstad and Good, 1964). Failure o
produce antibody in the lowest form of vertebrates, ¢.g. the
hagfish was found to be sssociated with the absence of pro-
teins migrating as gamma globulins and the lack of lymphoid
ceils {Papermaster, Condie, Finstad and Good, 1964). Hev-
erthelese, iavertobratos such es insects could be artificl-
ally immunised against pathogenic orgsnisms, ut the pattern
of immunological response was very disiinet and it has beem
sugcested that thwe concept of immunity in the lower forme
of life should be considered seprarately from that in the
vertebrates {Driggs, 1958).

In zrotozoa, reastions similsr o lmmne response
have baen reported. Roux gi al. (1964 chovwed that washed
tetraivinenae which were previously growm with £, colf be-
cane resistont o zan otherwise lethal actien of this organ-
ism. Uhen adapted tetrahymenae and E. coli were mixed,
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agglutination occurred. This reaction was specific, since
ne ¢lumping was apparent when 8,
the test.

I free living amoebae, rosponses to certain stim-
uli might probably have immmological tasis. For inztance,

= s i acoaall

ii B was used in

transfer of the mucleus or the eytopiasm from one individual
to the cther wae successful only whan host ond donox are
cslls of the same or closely related species {Comandon and
de Fonbrune, 19393 ILorch and Danielli, 1953; Danieis, 1962).
Reynolds (1924) zeported that a fragment of a pseudopod
gevered from & shell amoeba, arcella, would be insorporated
into the other individual which was maintained in the same
enviroument. Ircompatibility ceoocurrcd when the individuel
teated was zeared in g different covironment. Turtiiszmore
the fragment was not incorporatoed into o descendant of the
same parental cell wiich had beem living znd dividing in
different enviromment as sarly 28 7 dayes after separation.
The main purpose of the study described in this
chapter was to investigate whether A, prgisug could be stim-
ulated to exert erhaveed ghagocytosis and bactoricidal ef-
fectiveness after a prolcnged pericd of contact with hom-
plogous organisms. Twe sxperimentsl approaches were at-
tempted, viz. by vepeated injeciion of bacteria into ths
same cells and by & prolonged exposure of amoebae in cult-
ure dishes toc a2 high concentration of living organisms.
After a certain period of contact with bacterial substrates
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these amoebac were challenged with homolugous organimms
either by micro-injection or bty a natural process of phago-

oythosis.

1' i o~ PO | G- o 6

Seventeen a2unoebae were used to initiate & population
of Yimmmiged! cells. Bach amoeba was injected daily with
approximately 40 to 80 log. phase S, enteritidis cells sus-
pended in Chalkleyis medium plus Q.55 gelatin. After ine
Jection, the amoelec were washed and maintained at 20% in
Chalkleyt's mediun in depression sildes pizced in meist chem-
bers. The protozos were fe»f*’ on & altermate day with wash-
ed tetyahymense =nd
When amoelas divided both daughter 221ls were given bacter~
ial injeetion. The procedure was carried on for 7 days
and the total murbers of amoehbae at <4 hours afier the last
timmmising® injection ross up to 50. This uunmber &id not
include the cells which were inactive sr ctlisrwise damaged
by the micvo-manipnistive procoiures.

the medium was changed every 3 days.

The amoebae treasted in the manner desoribed adbove,
the *{mmnised' cells, were challenged st 24 hours aud 7
days after the last 'Smrzunising' injection with a kaown num-
ber of log. phese 8, enteritidis cells suspended in Challc-
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ley's medium containing 0.5% gelatin using the technique
descyibed in Chapter II (p.60). This interval of time

wag chosen basing on the assumption that ary enhanced bLac-
tericidal ability in amcebae at 24 hours after injection
would be due to physiological changes in rssponse to re-
peated injections and that after 7 days due to immunolog-
ical reactions. At 2 and 6 hours after challenge, the
smoebae were disrupted on nutrient agar for a bacterial
count. Since the organisms used in 'immmisation' and
those used in the test were the sams strain, it is exceed-
ingly important %to kmow the number of vimble bacteria re-
maining in the cells at 24 hours after the last '"immunising®
dose. This was done simply by plating out some of the 'ime
munised' amoebae on nutrient agar plate for a bacterial
count. It was expected that this bacterial number would
be negligible since, in a preliminary test, it was found
that at 24 hours zfter injection only one bacterium was re-
covered from 3 amoebze sacrificed after having been 'immmn-
izged! for 2 or 3 days.

c)

The percentage survival of S, enteriiidis in 'immun-
ised* A, proteus at 2 and 6 hours after injection is shown
in text - fig.l2. The data on which these results are based
are set out in Table XVIII. It ls clear that the orgenisms
injected into the cells were killed and the rate of killing
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414 not appear to be significantly different from that of
normal cxoobme. Despite the fact that the challenged
organisms dié net have sny marker to be distinguished from
those injected fute the osilis during the course of 'iman-
isption®, the assessment of bacterieidal efiectiveness was
atd11 v2lid since the numbey of bacteris recovered from 10
untreated control cmoebae was either nil oF negligible.
Turthermiore, it was feund that no bacteris could be yecov=
ered from the untreated daughter cells of ameebae no. 7 in
the First column of Table AVIII and nc. 3 in the second Gol-
um of the same Table: ihese amoecbae divided while thay
were {1 mierodrops before chmilenge and this gave us =n
opportunity to use one daughter cell in the test and the
ather a8 o control. In view of the fiadings that enly in-
significent =umbers of bacterie could be recovered from &.
Ixoteus at 24 hours afger the last dose of a series of in-
jections, %% can be envisaged that in nature it is uniikely
for §. entoritidis or related salmoncllee to be able to be

parasitised in the oytoplasm of L. .
En LAVE BITa] M mnd satl s}-

The cells used in this study were descendants of 10
amoohae remoining from e preceding experiment. After
successive muitiplication, the total cell numbers a2t the
begiming of the experiment wose up te 88, These Yimmme
saed' amcebae were challenged with Imown numbers of £, entor-
itidis =»d the survival of bacierie inm the cells at 2 snd 6
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Text-fig. 12. Recovery of Salmonella enteriti-
dis after injection into the cytoplasm of 'immunised’
Amoeba proteus. The cells were challenged at 24 hours
and 7 days after the last 'immunising' injection.

OO Unimmunised control.

o — - — 9 Amoebae challenged at 24 hours
after the last 'immunising!
injection.

X — == = X Amoebae challenged at 7

days after the last .
*immunising' injection.



TABLE _XVILI.

Recovery of 5. enteritidis at different time intervals
from 'immunised! 4. sroteus challenged at <4 hours after
the last 'immmising! injeciion.

Reoovery at 2 hys. |Recovery at 6 hrs. |Recovery

Am~ |after injection after injection from une
ceba : ~ Lraated
Ho. |Ho. |YHo. ¢ sure| No. |No. % sur=- | sentrol
bac. | bac, vival | bac. |bac, vivel
inj. | recovd inj. | recov.
1 53 45 84.9 Bg i £9.3 ¢
2 B2 43 82.7 50 1 2 0
3 48 A4 91,7 56 18 32.1 ¢
4 48 46 95.8 54 2% £6.,3 O
5 50 49 28,0 52 10 16,2 0
6 42 29 5942 £% 21 44.7 1
7 46 46 100.0 50 11 22.0 0
8 52 43 827 48 35 T2 0
9 41 3¢ 73.1 48 Z 4e8 0
10 50 44 88.0 52 2z 42.3 1
Aversge 85.6 Average 215

3.33. 1202 SID' 21.1



TABLE XIX.

Recovery of S, enteyitidis at different time intervals

the last Yimmmnising' injections.

oug challenged st 7 doys after

Recovery at 2 hys.| Recovery gt & hys. | Recovery from
Ane | after injection after injection untreated con-
oe +twrol amcebae
Ho. |¥0. [Ho. | % sure| Ho. |Ne. 4 surs
tac.|bae. | vival | bac. bmc, | wival
ini.|recov. inj. |recov.
1 | 45 |38 | 84.4 | 57 | 29 |50.9 0
2 22 ie B35 e4d 51 23 £5.1 0
. 5l | 48 94.1 49 | 21 £42.9 1§
& 45 | 38 84,4 48 | 29 B804 &
5 a7 #2.2 863 | 20 2.7 €
6 | 43 | 35 s1.4 | 47 |17 | 36.2 o
7 | 52 | 51 | 98.1 | 41 |13 | 319 0
2 5% b4 94,7 40 | 20 40,8 2
g 46 | 42 9).3 47 17 36 .2 0
10 | 45 | 39 86.7 | 48 |26 |52.1 5
11 42 | 22 90.5 48 | 20 )% 0
12 46 0 804 = - - G

Average B88.0

gﬂnd 5.’?

Avwersge 4.3

S.D.

8.8
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hours sfter injection was measured. The resulis in fext -
fig.12 and Table IIX show that the rate of intracelluley
killing of the test salmonella was comparable to that of
nermal smoebae or ‘immmised' amoebae at 24 hours afier the
lzet Yimmnising' injection.

In the preceding experiments, cttempts to enhance
bectericidel obility of A, proteus by means of repeated
micro~injection of becterial substrate were noi successful.
It =28 thought that the failure %o rvespond could be due %o
the way in whaich lacteriz entered the cells. it may be
possitie that acquisition of emhenced intracellular bacter-
jeidal cffectiveness could be achieved only when the bacter-
iz enter gells by & natuxal process of phagocytosis. i
order 4o study this possibility, experiments were performed
by wailch phagocyhosis and bactericidal ability of A.prFoteus
was mezsured afier ithe cells had Loen cultured in the pres~

enoe of sctreptomycin sensitive S, tyrhimurium IT, for &
given pericd of time.
a) Preparat £ Yaxpeyienced' amoebes.

Taghed overnight minimal medium culture of strepto-
ITo suspended in

oy

mycin sensitive strain of § ;
Chalkley's medium was added $o cultures of A, proteus twice
weekly, so that the bacterial concentration in the culfure
vessels was naintained between 20° to 10° crganisms per ml.
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These amoebae were used after having been exposed fo the
bacteriali substrate for & or 6 months.
b) Phagocytosis of S. typhimmrium LT: by ‘normai'

gnfﬁ! x&_. rn_amtm!‘
tEzpariencedt apoebae used in this experiment had

and exneyd

been cultured in ihie presence of sireptomyoin sensitive &.
typhimurium IT, for § monthe. Vashed *normel! and Yex-
perienced! celis were dispensed in £1.1 wolume in two series
of tubeg each econtaining G000 amoebae. It is czsentiel for
thig fype of exveriment thet the nunbey of normsl omd Yom-
pexrienced! cellis in each tube should be comperanble. In
preparins sell suspensions containing a standard nmmber of
amoobae, 0,06 ml. volume was taken from 10 ml. suspension of
thoroughly washed amoebae in siliconieed groduated centri-~
fugs tube and transferred inte an appropyviate amount of
Chalkxley®s medium in = Jepression siide which had been arbe
itrariliy divided with marking ink into 2 muamber of squares.
The gells were then counted under a dissecting microscope
and Finally the supernatant was appropriately removed from
the stocked amoeba suspensions sc that the cell concentzation
would he 6000 cells per G,1 ml. Ce02 ml. of washed lag.
phase culture of streptomycin resimtant S, tyrhimuriuw Ifo
suspended in (hallkiey's madium containing 0.1% glucose was
then added %o each tube, After inouvbatior at 200 for either
15 or 70 minutes, duplicate tubcs in each series were taken

out, the cells were washed 4 times at 4° and finally plated
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ot on strepblowyeln agar.

e rvesudt in Talle IX ghows thet $he numbers of

my sesacinited with "neymelt! end Vexperienced!
Lo proteur weve almost comporeble. This finding was inter-

prefed Ho maan that A, proteus could wnet he induced to exert

nore efficient pasgoayiic abilily foy szlmomella by means
of & continuous exnosure to the homelogoune crganism for a
period as long as I monthse.

3. Intracellmlzr survival of 8. typhimurium 1%z fn

texpariencad! A
Ag tpetens used in thds shudy had heen grown in the

o riu!&'} B:-T:;; for 3
or ¢ months. Survivel of streopitomyein recistavt 8, typhi-
s 30,
£

the technicgue depeyibed is Thapbesr II, .68, 0,02 wl. of

E

in terrvericaced' amoebre was determined ueing

weshed inge. phose eculiure of this orgenisu suspended iz
felkleyies medium containing O.1% ginerse wan added to &
peries of tobes cach contnining spyrosirmtely 6000 cells in
0ol Bl. After incubatiocn at Z0° for 1 hour, the amoebne
weyre washed and finally $ronnferred into = geries of leighe-
ton tuber withip which the celle wera incubsted fuxther for
& glven period of time. Recovery of Ineciteria from texpaor-
jenced’ cmnchae was done 2t intervels mnd the yate of intra-

eselluleyr survivel of the test salmonells determined.

o
2

‘he votes of ipntraceliular killing of 2

1T by fesperienced' 4, proleus wilch had been exvoned to



Fhagooytosie of £, typhimurium 1T, by 'normal' and ‘ex-
rexrienced' A, proteus.

No. of bocteria associnied with amoebme 8t
Time of | Tavious tims intervals sfter fnitial contact
rECOVEYY _
{min.) |
Forme! amgchoe EBxyeyienced amoehae
15 1666 1742
70 HABE 7632

No. of amoebse per tube = &C0O

Inoculum sige ner tube = 1 6
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Text-fig., 13. Killing of phagoocysosed Salmonella

typhimurium I.r2 by 'experienced! Amoeba proteus.
Each slope represents the mean of two experiments.

Amoebae exposed to the bdacterial
substrate for 3 months.
o e ¢ Bacteria recovered from amoebae,
D o 4 Control growth curve.

Amoebae exposed to the bacterial
substrate for 6 months.
A ———=A Bacteria recovered from amoebse.
r— - —— 0 Control growth curve,



T

a5 _XiI.

Survival of S, typhimurime 1Ty after phagocyiosis by
Ay proteus vhich hed been gulitured in the presence of

streptomycin sensitive strain of this orgenism for 3

months.
Tine fmcteria recovered from | Growth curve oontrol
after amcebae for extracellulaxr bact.
ﬁhﬁgﬁia Total recov.| Percentage | Total recov.| Percentage
(nours) | per tube survival per tube surevival
Zero 7525 100 £300 100

1 4748 62.9 2151 i59.3

& 3889 43,1 7920 128.7

3 3122 32.5 2152 145.2

% 3632 I7.5 561 146.8

& <718 26.5 i0l3l i60.8

6 3055 27.6 10945 173.7

18 558 7«6 -

Average inoculum per tube = 6.4 x 109 organisms.

Average number ¢f amoebae per tube = 6217.

Thias result was an average of two experiments.



TABLE XXII.
myioe LT, after phiagocytosis by

which had Dbeen cultuyes in vhe presence of

streptomycin sensitive strain of this orgonian for 6

mnonthis.
Hactoeria recovere! from |Crowilh curwve control
Tine amochae for esbyacellular nact.
after
hasie
ceytosie | Total resov.| Percentasge|Tokal recov.| Percemt.
hours) | per tube gazvival |per tube gurvival
WA o 5830 100 1233 100
¥ 4002 085 - -
1l 3717 53,7 7782 107.6
2 2858 38,8 862G 118.3
3 1386 25.% 7658 105.9
4 1467 85,1 a341 115.3
8 1457 R4,.9 8585 118.%
& 649 1i.1 288¢ 15%6.7
is 176 .0 - -

Avevare Inogulun ver tube = 7.5 x 105 organisns.

Average munbey sf amsebze per tube = $000

Thigs result was an average of two experiments.
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the bacterial substrate for 3 and 6 months are shown in
text - fig.l1l3. The data on vhich these results are based
are set out in Table XXI and Table iXII. It can be seen
that these were not significantly different from that of
‘normal'! amoebase {(Chapter IV, p.106}. The apparent faster
rate of extracellular multiplication of the test salmonella
in the control in Table XXI should not have any interfer-
ence with the assessment of intracellular killing, since the
test smoebae were washed twice more before plating and the
small number of bacteria which might have multiplied would
also be removed.

sou .

It 18 clear from this study that A, proteus could
not be induced to acquire enhanced bactericidal effective-
ness, either by repeated injections or by prolonged exposure
to bacterial substrates. It follows that development of
immne response to microbial infection does not seem to ex-
ist in these free living amoebae, and this supports the con-
tention expressed by Papermaster et al. (1964) that host
resistance in the lower forme of life appears to be a nat-
ural, noneinduced capacity. Fallure of amoebae to respond
to & continuous stimulation by bacterial substrates could
be due to the inherent characters of these protozoa. It
is kmown that A, proteus feeds mainly on ciliates and not
bacteria. When the bacteria are killed either in the cell
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eytoplasm or in the vacuole, their substrates may be de-
graded in such an extent that they are no longsy antigenic;
and in this respect amoebae resemble maumelian polymo -
nuslear leucocytes but not peritonsal macrophages, since
it has been reported hy Cobn {1964) that no antiboedy against
E, goli wos produced in mice after this organism had been
kxilled ond digested by rabbit polymorphonuclear cells for
a given period «f ¢ime, ©Onm the other hand, it is possilble
that antigenicity of ingested salmonella in i, profeus is
zetained, but these protozoa by uature are refractory %o
the stimuiszion by haocterial antigens. A8 a yesult, 1o
specific immmological response is directed sgainst lacter-
ip which enter the eeils. The other possibility which
perits consideration is that pertaining to the mutritional
state of A, proteus used in iha test. In view of the fact
that ile protezea were not starved during the enblre pexriod
of exposure tc becterial subsirates, it iz conceivable thot
in the continued presence of zhbundant supply of cillates,
ampebhee do mot have to adjust themsalves to feed sn bactar-
ia, since such an adaptation would not provide calle of any
survival advantage.
Corig y

i. Repeated daily injections of living S, entexitidis
into the cytoplasm of A. proieus for 1 week did not stimml-
ate those cells to develop enhanced baetericidal mechanisms
for homologous organisns challenged at 24 hours and 7 days
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after the last 'fmrunising? injection.
2, Gontinued sxzposure of 4, protsns in culture dishes

to livivg & g 1T, for & period of 3 snd 6 monihs

did not endow these protozoa in seguirins more efficient

hagoeytosis ability or enhanced lmctericidal effectiveness.
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CHAPTER VI.

AL, F00D BY SOIL ANORBAE.

Bvidence ¢s available whiech indicates that soil
amoebae deo not feed indiseriminaiely, i.e. they ingest
preferentially certain species of bacteria zud disregard
others (Severtzova, 1928; Singh, 1941, 1942, 1945). IHow-
ever, the mechanisms whereby selection is achieved are not
entirely understood. The works of Singh (1941, 1942, 1945)
and Severtzove (1928) showed that there wos & poarallelism
vetween peloction and edibility of bacteriel food, but crit-
eria for adibility were not related to eny toxonomic chayve
scters, c.g. Gram staining, motility, slime production, plg-
mentation, proteolytic power snd ability to nitrify and fix
nitrogen. Tay (1951) showed that the growth rates of &
limax amoebs in C.1 per cent. yeast extract solution %o
sihich bacteria hed been added could be correlated with the
degree of bacterial motility. This is porhaps not surpris-
ing, since motile bacteris are Lnown to become sgglutinated
on the aoeba surface after contact (Ibuton, 1903; Ray,
1951), and it is conceivable that far greater numbers of
actively motile ovgenisms would be made awmilable fo the
anoebae. Howvever, the possession of flagells per ge seems
likely 4o act through purely for mechanical reasons, since
fny (1951) showed that on a solid medium, strealks of motile

and none-motile ntrains were cleared by soil amocbae with



the same avidity.

Fallure of amoebae to grow in the presence cf cer-
tain bacteria may e due to toxic properties of micro-
organisms (Cutler and Crump, 1928; Van Rooyen, 19323 Singh,
1945; Dudsiak, 1962). The mechanisms %y which these tox-
ic¢ substances zot are not kmomm. Singh (1945) yeported
that amoebme would die or encyst within 7 days if they were
grewn in the presence of diffusible producte of Ps. nvocyan-
sus or non-diffusible substances from certain spzcies of
chromobacteria. Dudzisk (1962) on the other hand, main-
tained that in the case of mycobncteria, the foxie subsian-
ces acted in such a way that amoebae could neither multiply
nor encyst.

Drozansis (1963) presented data which indicatel that
selection in soil amoebae might operate at the level of food
ingestion. He showed that intact aerobacter killed by boil-
ing 2% 100° did not support the growth of certain species
of limax snoedbae maintained in normal szliine, but an aqueous
extract of bofled organisms =cted as an adequate source of
autritive material when added to the amoebae in normal sal~
ine.

The main purpose of the studies described in this
shapter was to re-~investigate the problem of food clioice
mechanisme in zoil ameehse. It was hoped thiat this study
would provide some information soncerning the level at which

selection is operated. In the proposed schems of analysis
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the following items were included:-

1. Chemotaxis.

2. Selective ingestion when bacteria of different
degrees of acceptability were present together in 2 cel-
ony of mixed cultures.

3. The rate of intracellular killing.

4. The growth zate of amocebae feeding on colonies

of warious microbial species.

ocebae and baoteria to be used in the anmalysis of the modh~
anisma of recognition of tacterial food by these protosoa,
the method described by Severtzova (1928) was used {Chapter
II, p.73). Overnight broth ocultures ¢f bacteria werxe in-

occulated either on 0.1 per cent. yeast extract ager or on
non-nutrient agar {Singh, 1941} in 2 form of & rediating
gtar, ¢o thst ench radius would be consisting of only one
bacterial strain. After incubation to allow baecierial
colonies $o be formed, soil amcebae were inoculzted at the
centre of the star, and the piates were inocubated further
at 20° for 8-10 dmys. Acceptabddlity of the baoteria was
agsesged acoording to the method describved in Chapter II,
PeT3e

Reeult.
The result in Table ZXIII shows that different spec-



TABLE XXITI.

Acceptability of bacterial food by various species of soil amoebae,

He.astro-}| H. rhys- | Acanthamn- | H. glebae { N, gruberi | Sch. russelli -b.thontoni
nyxis odes oeba (Neff)

Ps. fluorescens L + L + L + L + L4 + L & L +
Ps., ovalis L + L + L + 3 + Lok b + L +
Ps., chloroaphis 3+ L + 2 + 3+ L + L + 1 +
Bacterium 1912 3+ L + L + L + L + L + L +
A, cloacae 3+ L + 3+ L + L + L + L +
S. enteritidis 1 + L + L + L + L + L + L +
E. coli Rechner) 2 + 2 + 2 4+ L+ L+ 3+ L +
E. coli (Stoke-W) 3+ 2 + 2 + L + L+ 3+ L+
E. coli (Edgar) 2 + 2 + 2 + L + L + 3 + L +
E. coli 1064 2 + 2 + 3+ L o+ L + L + L o+
E. coli 8196 1 + 2 + 3+ - 0 - .

E. coli 812 1 + 1 + 1+ 2 + 0 1 + 0

Bacterium H 0 0 0 O 0] 0 0

A aérogenes
(routine)
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jes of bacteria behaved differently with respect to their
aceeptability ss food for soil amoebae. This was not in-
fluenced by the medium on which the bacterla were growi,
i.¢. on 0.1 per cent. yeast exiract agar or on nonenutrient
agar. It was alsc olmerved that H, astironyzis exhibited a
sharper zone of clearing and a broader specirum of selestion
than other speclies of amoebas. Purthermore, this amoeba
could be grown in both liquid medium and on solid medium,
whereas some cthers can be grown only on solid medium. In
the 1ligut of these observations, it was decided %o use main-
1y H, astronyxis in the study described thereafiecr. As
regards the bacteria, the following organisms were chosen,
viz. §, enteritidis, B. coll 813, B. coli 8196 and begtex-
jun J, since these were not accepted by H. astronyxis.

For & more procise demonstyation of food salection,
the technique described by Singh (1941) was used (Chmpter
1T, p-74). H. astronyxis used was grown axeniecally in 3
per cent. yezst extract medium. The result is shown in
fig.20, 21. It can be seen that S, enteritidis, Z. egil
812 and Bacterium H wers not aceeptable, thus confirming
the result obtained in the preceding section. Similaxr ye-
sults were obtained when H, astronyxis used were grown in
PPG together with Ps. fluorescens, 5. ent
812 or E, goli 8196, =ll of which had been killed by heat-
ing at 56° for 1# hours.




Figs. 20 and 21, rhotographs skowing select-
ive ingestion of edible bacteria by Hartmanells

gstronyxis.

7g. 22. Fnotograph showing selasctive feeding
of bacterial food by Hartmanella sstronyvxis.
"he bacterial colonies were plsced alternately
along two lines parsllel ito eaci other. The
amoebae nigrated in s zigssg msumer along the
tract formed By colonies of sdible crganisns
and left the colonies of inedidle organisme
guite untouchied.
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The fineness of selection of bmcterial food by
goil amcebae was shown in sn experiment in which H, astron-
yxis grown in PXG in the presence of heat killed Ps, fluor-
2sgeng were inoculated on to 0.1 per cent. yeoet extract
agar plate in which overnight colonies of sdible bacteria
(Pss fluorescens) and inedible bacteria (B, gsll 812 ead
B._ooli 8196) or less mceeptable hacteria (Aerbzcter aer-
gEenes routine) were placed alternately in two lines paral-
lel to ench othey. The result in fig.Z2 shows that the
amoebae were able to yecognise the edible crgmmisms (Ps.
fluorescens) snd migrated in & zigzag uanner along the tract
formed Yy coleonies of these organisms.

Tireetional nigration of mammalisn phagooytic cells
towards clumps of bacteris e been unequivecally demonstrat
ed (HecCutehecn, 1946, 19553 Harris, 1954, 1860). on the

contrary, littlie is Imown about chemical attraction in ame
osbae. The woxrk of Schaeffer in 1916 and 1917 thowed that
within a certain range {rom the cells A. proisus could sense
certain particles or substances and moved towards them in a
definite direction. Reecently, it has been raported that
A, proteus could be induced to form pseudopods and food cups
by extractes of Tetrahywens pyrifoumis, Hydra viridsne and Wy
heparin (Bingley et al. 19623 Jeon and Bell, 1962). There

18 good reason %o helieve that these inducers acted by dee
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polarising the surface membrane (Bell, 1963), but the act-
ual mechanisms 5 membrone depolarisation is noi known.
Chhemotaxis in soil amoebae has never been femonstrated,

In view of the fact that in nature these protozos feed
mainly on bacteris, it is reasonable t¢ bwelieve that ithe
ability tc¢ looate the whereabouts of bacterial food would
endew the cells with survival advantage. It @as thought
desirable, therefore, to investigate zhemotaxis in soil am-
pebae and try to find cut shether this has any bearing on
the mechanisms of food selection.

Uniess cgtherwise stated, L. astronyxis vsed in
these experiments were grown in PRG, together with heat
iyecdes and Acanthere
goeba Sp. (Neff) weve grown in FPG zlene.

e

¥illed Ps, fluorescens, whoreas I,

A clump of washed Pg. flusyescens incorporated in
agar-:gar wos added Lo amcelnc attached to o ginss cover-
glip ir 2 drop af (.00 J 20, buffor NaCl sclution and the
migration of the celle towards the bLacterial clump was re-
corded by = dark ground iracing technique (Chopter X, p.75).
The result was shown in fig.235, and the uwovement of indive
idusl ancebae weg depicted sequentially in fig.24a, b, ©
and d. It can be seen in these photogrephs that aucebae
were attracted by the tacterial clump, the range of attrac-
tion being l0G-200 microns. It was also observed that in-
gestion of bmocteria occcurred almost jmmediately afier the



¥ig. 23. The pattesn tmaged out by Ia )
__W wowing direciionally towards a clump r*f
iugrescens. (Gxposure 30 mimites, 90 X)




Piges. 24. Serial photographic records show-
ing directional movement of Hartmanella satronyxis
towards s clump of Pg, fluorescens (B). {Fhase
contrast).

a. At zaro Lime.

b. Five minutes. The ampebs had moved half-
way towards the slump.

¢. Twelive minutes. The amoeba arrived at
the target.

d. Three hours. HNHumercug amoebas accule
ulated at the tacterial clump and remained at

this spot for many hours.
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amoebae had arrived at the targzet, and these cells remained
at that spot for many hours. The poseibility that attrae-
tion of amoebae was due teo agar comld b2 ruied out, since
novement of these pretozoa was randomised when agar alone
was present. There is good reascn to believe that chemo-
tactic substances were inherently asscoiatoed with the bac-
torial cells and not due to acquisition of any factors pres-
ent in the medium in which tacteris wers growm, i.2. PFG,
since chemofaxis stlll occurred when Ps, fluorescgens wos
grown in winimal wedium of Davis and Mingioll (1950).

1. Hest jnactivation.

i overnight oculture of Ps. fluorescens was washed
ia physiological snliine by centrifugetion st 3000 repemo
for 10 minutes and Ffinally resuspended in ithe same solution.
After heating at either 56% or 100° for balf an hour, the

cells were washed twice more in physiological saline and
finzally incorporated in agar to be used in the test. It
waa found that this orgpnism no longer exerted chemotaxis
{see Tig.25). Sincs the bacteris ware washed again after
heating, it can be argued thet heating may dissociate from
the cells the chemotactic substances waich would be removed
by washing. ¢ exclude this possibility, sn experiment
was Gone whersby ithe washed thick residue of Ps, fluoresgens
was heoted for half an hour at 56° snd finally incerporated
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in agar without furiher washing. Here again no chemotaxis
was demonstrated.

R K@MM_-
lucresceny suspanded in physiologieal

saline was exposed to 307 micohol 2% 49 for 2 hours, cfter
wiich the cells were waghed and fimalily inecaryporvsated in
agar before neoing used in the %est. Again it was found
that chexotactic properties were lost.

Saline muspension of washed PFs, fluorescens was €x-
posed to STM &t & concentrintion of EOQO micrograme per nl.
at 30% for periods of either i} ox 7 hours. This was fol-
lowed by further washing snd finelly ke cells were incorp-
orated in sn ager block. It was faid that chemotaetic
properties of Pa. flunrescens axposed %o ST for 1¥ hours
wers profoundly diminished znd at 7 lhours after exnosure
they were completaly lost. Thie resuli could be interpret-
ed to mesn that at 1} hours sfter coposuve the majority of
bneterie are dying Tut not dend and some ansymes may b9
functioning but to n vory rmch lese extent. Ia this pit-
uation, certain =etaboliec praduct will e produced jJjust
enougy o oiibit chemotaxis. On the comtrary, the bac
torial 2ells after 7 hours of exposure to STH way Le all
dead and coaseguantly no metabolic product ls availadble to
cause chamobaxis.



Ps. fluorescens cells were sonicated for 10 sec-
onds using & IMSE ultrasonic disintegrator followed by
washing twice in physiologiocal ssline and finally incorp-
orated in agar to b2 used in the test. It was found that
chemotaxie was £tlll poasltive. In view of the notion
currently held that sonication strips off fismgellae from
the cells, it is reasonable to suppose that possession of
fiangellae ner se is not a determining factoer for shemotaxis.

Es. fluoresgensg were grown over the entire surface
of 0.1% yeast axiract agar prepared on & glass coversilp
placed and sealed on top of & depression slide containing
a drop of sterile distilled water. After incubation at
30° for 24 hours, & bacteria free lump of agar was cut with
n yagor blade from the rain block and this was added to am-
oebae whose migration was recorded by = derk ground tracing
technique. It was found {hat no chemotaxis was demonstralle.

It hes been shown by Sheffer (1958) that scrasin, &
chemptactic substance from & slime mould, Bictyvostelium
disopidenum, lost its activity very rapidly at room temper-
ature and this was attributed to destyuction by enzymatic

action of snother slime mould product. Being a small wziol-
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acular welght compound, acrasin could be removed from the
inhibiting substance by dialysis through & semi-permeable
membrane. If this relstionship could be applied to cheme
ical attraction of soil amoebae by Es. fluorescens, it is
possidble that dialysable products of this syganism are
chemotactic. To test “his possibility, the crganisus were
grown on & thin layer of 0.1% yeast extrsct agar separated
from the other layer of this agar medium %y 8 cellophane
pembrane. After incubation at 30° for 24 howrs, a block
of agar from the bottom layer was cut and wsed in the test

for chesmotaxis. Here again, it was found that this was
not chemotactic.

Inedible bacteria used in this test were S, enter-
144dis, B. coli 8196 and I, goli 8]2. It was found that
the protozoa reacted with indifference to the presence of
clumps of %these bactoria. TFig.26 deplcts rendon movement
of amoebaes when B. goli 812 was used. Goocasionally, howe
ever, it was observed that amoebae moved towards clumps of
these organisms in such a way thet suggested that they were
chemicslly attracted: but on erriving at the target, the
cells did not zhow any sign of active ingestion and sooner
or later thiey moved sut from the scene. Movement of a

single amoeba tg end swny from a clump of 3, coll 8196 was
illustrated in f1g.27. Thie finding is of interesting



Fig. 25. The pettern traced out by Hartmanella

astronyxis woviug at random in the presence of a
5t £iu s killed by heat st 56% for

Plg. 26. Dark graound tracing patterm showing
randomised movement of Hartmeneils ssfronyxis ia
the presence of 8 olump of 2, eolf S13. (Lxposurs
30 minuten, 70 X}



Fig. 27. The pattern traced out by a single
Hartmanella astronyxis migrating to and away from

a clump of E. coli 8196. (Exposure 30 minutes,
250 X).

Fig. 28. The pattern traced out by Hartmanells
astronyxis in the presence of the clumps of edible
and inedible bacteria. The amoebae ignored the
clump of E. coli 8196 (Ec) and moved selectively to-
wards the clump of Ps. fluorescens (Pf).(Exposure 30 min.)
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contrast to that knewn to ccour when ps, fluorescens was
used: in this instance the amoebae stayed at the clump for

a very long period of time.

B, astronyxis which had been grown with elther I.
goli 8125 or S, entexiiidis cn & solid medium for & poerioed
of 4 uonths were used, The protozez were scraped from the
culture plate, washed in 0.06 n PO, puffer saline and fine
ally starved for 24 hours te sllow fox digesiion of the
organisms previously ingested. Again, it was found Tint
these amoebas were not sttracted chemotactically hy these
inedible taoteria. I is clear that by virtue of growing
with homelogous inedible tacteriaz, amoebes did not lsarn to
recognise them chemotactioally.

£)

These =xperiments were designed to determine whether
H, astronvxis was sble to recoguise by means of chemlcal
perception a clump of edible bacteria when another clump of
inedible crganism was also present. The vesults in fig.28
show that when & elump of ¥g. fluorescens and a ¢lump of
B, ©oll 8126 were placed near to each other, smoebac were
gble %o roecognise the zdible organisms and the cells pro-
gressed towards them as though the other orghuisms were not



143.

present. Similar result was obtained when Ps. fluorescens
aud B, goll 818 were used in the jest.

chemotactic, Baoterius 19312 was not. It is clenyr, there-
fore, that chemotaxis alone is not the sole factor determine
ing scceptability of food organisma.

)

This experivent wae done to find out whether chemo-
tactic action of Ps, ens is limited only for H. ast-
ronyxie or whether it is able %o attract other species of

£0il amochbae as well., A clump of this organism wos sdded
to either Lcunthamoeb sp. (Neff) or H. ghy
a nlorodrop of 0.06 B phosphete buffered Hall solution and
the migration of {the protozos was recorded by means of &
dark ground tracing technique. It was found that 2g, flp-
oresgeng was chemotzotic for both spacles of amoebas. It

podes prepaved in

follows that difforent species of amnebae have ¢ feature in

common in response¢ to chemotactic subatances cssocisted with
some edible bacteria.

It is Imown that many changes on the surface of bac~
teria cccur as a result of serum treatment (Mudd et gl. 1934;
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Bexry and Spies, 1949). Furthermore, activation of heat
labile components of normal serum by an antigen-entlbody
complex resulte in liberation of substances chemotactic
for mammaiian polymsyphonuclear leuccoytes {(Boyden, 1062).
I+ would be interestinz to kmow whether inedible becteria
could be rendered chemotactic for zoil amvebae after tveat-
ment with antiserum. £, snteritidis grown cvernight in
PIG was opsonised with specific antiserum %o give = £ineld
antibedy concentration equivalent to & minimel aggluiinat-
ing dose. After incubation zt 37° for 10 minutes, the
bacterial celis were washed and incorporated im agar %o be
used in chemotaxis cxzperiments. The result in fig.2¢
ahows that chemotaxis was positive., This chemotactic res-
ponse was unlikely to be due to auy factors present in 8.
enteritidis antiserum, since chemotaxis gould not he demons-
trated when either undiluted serum or serum ok the concen-
tration of 4 minimal aggiutinating dosc was incorporated
into agar snd used in the test. Furthermore, Bactexium
1912 cells ireated with this serum in the amount of 4 min-
imal agrlutinating dose and finally sedimented Ly centrifu-
gation without further washing did not elicit chemotaxie.
Similar chemotactic respcnse was obiained when L.
gplf 812 used in the test wae opsonised with pig serum at
4° for 20 minutes &nd then washed. Un the contrary, chem-
otaxis did not ccour when pig serum used in opsonisation

was adsorbad twice at 47 with homologous organisss killed



Fig. 20. The pattern traced out by Hartmanella
astronyxis in the presence of th2 clump of S, enter-
itidis after treatment with specific antiserum at a
concentration of 4 minimal agglutinating doses per
ml. Within certain range of the c¢lump, all the
traces converge directly upon it. (Exposure 30 min-
utes, 100 X).
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by heat at 56° for half an hour at the concentration of
2 mg. dry weight per ml. of the serum.
j) Discussion.

It is clear from this study that Ps. fluorescens
and some other edible bacteria were chemotactic for H. ast-
ronyxis, but the mechanisms whereby this was achieved were
not clearly understood. There is good reason to believe
that chemotactic principles were associated with living
bacterial cells only, since chemotaxis was lost when the
organisms were killed either by heat, alcohol or strepto-
mycin. The resulis also suggest that possession of flag-
ellae per ge is unlikely to be a determinant for chemotaxis
since this was not affected when Ps. fluorescens was de-
flagellated by sonication. As regards the possibility of
a metabelic product from Es., fluorescens acting as a potent -
jal chemotactie substance, our results failed to support
this, since agar containing diffusivle or dialysable prod-
ucts of Ps, fluorescens was not chemotactic for H. astron-
yxis. This is not at 211 surprising, because it is likely
that the concentration of chemotactic substances in the
agar block was not high =nough to produce a chemotactic
effect. It is also possible that chemotactic substances
may be only intermediary products of cellular metabollism
vhich have a very short half-life. In order to elicit
chemotaxis, these substances may have to be constantly

manufactured and released.
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one of the interesting findings which came ocut a8
a wesult of this study is the fact thet inedible bacteria
failed to exclte chemotoxis. Wevertheless it was occasion-
ally cbserved that few smoebae moved towards cinmps of these
mncteria in ihe menner similar to chemstactic respouse: but
the cells did not siay at the cimwp. “When inedible hocter-
i were trested with antiserun they became chemoiactic.

The significance of this Tinding will be discuesed again in
Chopter VII.

Tn the 1isht of the present resulis, it ig clearxr
that chemctaxis plays some part in the recognition of Lace
terial Tood, but this should not ue ihe sole factor mlnse
certzin ncceptable organisms, Gege ] 2 failed to
elicit chemotoxis.

As vogrrds the famet that not only He astronygs but
g cnd hcenthamocbas gp. responded ¢hemotact-

ioally to the sepe stimuli, it is reagonsble to postulnie
tnot chemotexis is & nonespecific reaction shayed by many

ppecies of amoeboe In responss to & common source of chemo~-

tactic stinmll.

Desenstretion of food selcction in seil amoebae has
been done se far by measuring the ability of these protozoa
to oclear streaks of lacterial colonies on solid medium. It
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is clear, however, that such a technique does not give a
true measurement of selective feeding in a strict sense
that the term implies, since the organisms were grown in
separate colonies. It is likely that the rate of miltl-
plication of amoebae in colonies of different bacterial
species may not be the same and this was supported by ex-
periments described later in this chapter. It follows that
the numbere of predators in certain streaks sf bacteria
would be greater than others even though the numbers of
bacteria ingested per amoeba may be comperable. In order
to prove unequivocally selective feeding in soil amoebae,
experiments should be done whereby protozoa are allowed to
phagocytose hacteria present together in a colony of mixed
cultures. However, evidence along this line has never been
convineingly demonsirated. Severtzova (1928) claimed that
a strain of soil amoeba was able to ingest selectively E.
goli in confluent colonies containing also B. allenbacgeng;s,
but her result was not reproducible and the reason for this
was not known. It was necessary to repeat this type of ex-
perimént hoping that the results obtained would give some
jndication as to whether discrimination operates at the lev-
el of food ingestion.

H. astronyxis cells were inoculated to colonies of
mixed oultures containing either Ps, fluorescens ard 8, ent-
eritidis or Ps., fluorescens and E. coli 812 according to the

technique described in Chapter II, P76
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Results.

The resulis were illustrated in text - fig.l4 and
15, and the data on which these results are based are given
in Table XXIVa and b. It can be seen that in mixed colom-
ies uninoculated with amcabae, both Pg. fluoresceng and two
inedible organisms were able to muitiply but the raie of
mltiplication of the former was ruch faster. This could.
perhiaps, be stiributakle to ihke inherent characier of Ps.
{luoxoscens in beinz a low Gemperature requiring oxrganism.
In the test zeries, however, there was a reduction in fotal
counts of cdible and inedible baoteria, ut the degree of
reduction was remarkably greater in the case of I8, fiuoxes-
tent as wm or B, goii 812, gne would expect that
the numbers of this organism in the supernatant in the test
sories should be much higher than that actually obtained.

It follows ihat H. ssironyzis was able to feed preferentially
on edible organiems.

Another finding which came out fyom this study was
that moh greater numbers of inedidle bacteria remined agse
sociated with amoebame. If it is tentatively ussumed thnt
the majority of them were in an intracellular location,
this result could be interpreted to mean tlnt the rate of
intracellunlar killing ¢f the inedible organisms was compar-
atively much siower than that of Eg

asgeng be ingﬂated to the same ex-
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Text-fig. 14. Phagocytosis by Hartmanella astro-
nyxis of Pgeudomonas fluorescens and Salmonella
enteritidis in colonies of mixed cultures.
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from colonies inocu-
lated with amoebae.
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Text-fig. 15. Phagocytosis by Hartmanella astronyxis
of Pseudomonas fluorescens and Escherichia coli 812
in colonies of mixed cultures.
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TABLE XXIVa.

Recovery of Ps, fluorescens and 3, enteritidis from colonies of mixed cultures.

Average number of bacteria

in the colony of mixed cultures.

In the sbeence of amoeb34

In the presence of amoebae

Time verage number of bacter— Average number of bacter- [otal number of bacteria
(hours) a outside amoebae 1a associated with amoebae in the ocolony
pr’ Se £:3¢ Pf Se pe:| Pr Se pe: | PP Se Pr:
Se Se Se
zero L.78 x 107|1.25 x 107 1:28
8 7 . 6 71,. P 7
u8 1,65 x 10 |1.47 x 107} 1: 1,94 x 10'|L4.07 x 10 :]3.55 x 107|1.17 x 10" |1 2,29 x 10'|5.24 x 10" |1:
0.89 2d 3.3 2.3
96 716 x 108 1,26 x 108 1: 2,22 x 107 505 X 107 1: | 1.39 x 106 6.93 x 106 1: [2.36 x 107 5671 X 107 1l:
.58 2e L .98 2.4
¢ Pr = Ps. fluorescens
se = 3. enteritidis.



TABLE XXIVDb.

Recovery of Ps. fluorescens and E, coli 812 from colonies of mixed ocultures.

Avera, e number of bacteria in the colony of mixed cultures

In the absence of amoebae In the presence of amoebae
lAverage number of bacter-‘kverage number of bacter-— Total number of bacteria
ia outside amoebae ia associated with amoebae | in the mixed eolony
* Pr: Pr: Pr: :
Pr E.coli |5 (| Pf. E.c0li E.c Pr. E.coll E.c. PL, E.coll E.o.
7 8
Zero 5.06 x 10°|1.35 x 10| 1:
2.7
L8 1.55 x 108]1.29 x 1081: |u.u5 x 107[8.65 x 107|1: |2.74 x 100]1.52 x 107[1: [u.72 x 107{1.02 x 108 1:
0.83 1. 5¢5 2.2
96 1.78 x 108|160 x 108/1: | 2.45 x 107|6.94 x 107|1: [2.80 x 10%[2.15 x 1071:_ [2.73 x 107]9.09 x 107 1
0.8 2.8 T.7 3.3
Pr = Ps. fluorescens

E.coll =

E. coll 812,
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Disoussion.
The first point which merits consideration is that

pertaining to the technique employed. It is obvious that
this technique was crude snd the results obtained were based
on many assumpiions. Firstly, it was assumed that the
total numbers of organisms in =ach colony were comparable,
though it was zsalised of course that wiiis could not ue
true. Surprisingly enough, results of bacierial recovery
from & duplicate palr showed that this variation was not too
great since this ranged botween 10-40%. Since the main aim
of this study was %o measure only a gross difference in the
nurbers of tucteria phagocytosed probadly in the order of
one log socale, the small wariation in the numbers of bacter-
ia in sach colony should not interfere with the assessment
of the degree of phagocytosis and intracelluiar killing.
Seeondly, determinstion of the numbers of bacteria phagooys-
osed by soil amcebae was based om the difference watween
the nmumbers of organiems recoversd from the colony in the
sontrol and the test meries. It is obvious that the rate
of multiplication of basteria in the test series vwas less
thar that in the control, since somé bacheris were in ile
process of being phagocytosed. The actual muxbers of bac-
toria phagocytosed were thus smaller than those implied in
the caloulation. This difference became inoreasingly ime
portant when being considered sconcurrently with o different
rate of mmltiplioation between edible and inedible bacteria.
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Nevertheless, when this was taken into consideration, the
results still suggested a relatively grester raduction of
edible bacteries as compared with that of inedible bacteria.

In ke light of thsse results that amosbae showed
preferential ingestion for edible bacteria when they have
equal opportunity to encounter hcth edible und inedible
organisme, it seemed thai this refinement of selsciion was
vary extraordinayy and it required am explanation. This
will be given at some lengith in Chapter VII.

Survival of edible and inedible organisms in E.
astronyzis wae studied using twe different techniques, i.e.
phagosytosis experiments and single cell studies (Chapter
I1, pp.79 and 81).

used. The organisms were passaged through semi-solid mede-
{un (Lederberg, 1956) cnce oxr twice so that thny became act-
ively motile. This step was very important since, when
none-motile crpanisms were used, the percenisge phagocyiosis
wag very small and comnsequently the rate of intracellunlar
killing could not %z messursd. Broth culiure of g, enier-
itidis was incubated overnight st 37° whereas those of Ps.
fiuoyesgens and E, coli 812 wers incubated at 30°. In fact,
B, soli 812 could be grown at 37%, but it was found that
the organisms were actively motile only when they were grown
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at 20°.
0.1 ml. of washed bacterial suspension in PPG con-
taining approximately 106 organisms per mi. was added to

1.0 ml. PPG suspension of washed H, gsl 5 in & series

of siliconised tubes. The amoebs concentration was ade
Juséed o be 4 = 10° cells per mi, The comtrol series
was 21sc prepared by incculating 0.1 ml. of bacterial sus-
pensicn into 1.0 ml. of Fra slone., The perceniage phago-
cybosis and killing of bacteria was determined using the
method deseribed in Chapter II, p.79.

The results in text - figs.16, 17 and 18, and in
Tatles X1V, show st the percentage phagocyiosis and kill~
2, Do enteritidis and i, coll 812 was
somperable. Thase results thus indicate that under con-
ditions smployed in tho tests, H, astronyxis effectively
¥ills any baeteris entering the cells regardliess of ihe

difference in their ancceptability as food orgenisms.

In most phagocytesis experimenis, ussessment of the
numbers of bhacteria imgested by rhogooytes was based on the
differences in the numbers of bacterial cells recovered from
the supernatant in the control and in the fest series. It
is clear that the observed numbars of bacteris ingested Jon-
sist of those which are actually inside the cells and those
which are adherent to the cell surfaces. It is conceivable



140}

120

100 '

@®
(=]

percentage

o
(=)

I~
o

Lé/ 1 1 1 )
30 60 90 120
time (mins)

Text-fig. 16. Phagocytosis and killimg of Pseudo-
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Text-fig. 17. Phagocytosis and killing of Salmon-
ella enteritidis by Hartmanella astronyxis.
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TABLE XXV.

Phagocytosis and killing of bacterla by H, astronvxig.
Time No. of bacteria| No. of bacteria No. of bacteria| Total number of Percentage phago- Percentege intra-
(Mins.) | in the :ontrol in the test associsted with| bacteria in the| cytosis cellular survival
supernate supernate amoebae test system A-=-3
(A) (B) () T % 100 _QTA ey x 100
1. Ps. fluorescens. Incculum = 1,34 x 106
30 1.24 x 10° 9.25 x 107 6.21 x 104 9.87 x 10° 25.4 19.7
60 1.22 x 10° 7.65 x 10° 6.68 x 10" 8.32 x 10° 37.3 .7
90 1,68 x 106 6.90 x 105 9.32 x 101" 7.83 x 105 58,9 9.4
120 1.81 x 10° 6.70 x 10° 1.55 x 10° 8.25 x 107 62.9 13.6
2e S, enteritidis Inoculum = 2,10 x 106
30 2.26 x 106 1,48 x 1.06 1.51 x 105 2.01 x 106 365 19.4
60 2.54 x 10° 1.43 x 108 1.29 x 10° 1.63 x 10° L3.7 11.6
90 234 x 106 1.24 x 106 1,21 x 105 1.56 x 106 L7.0 11.0
120 2.52 x 106 1.57 x 106 1,04 x 105 1,66 x 1Q6 37.7 10.9
3. E. coli 812 Inooculum = 2.60 x ].0E
3 2.76 x 10° 1.85 x 10° 1.91 x 107 1.95 x 10° 32.9 21,0
60 3.01 x 10° 1.79 x 10° 1.54 x 10° 1.98 x 10° 40.5 12.6
90 3.88 x 106 1,90 x 106 1.63 x 105 2,28 x 106 51.0 8.2
120 3.71 x 10° 1.97 x 10° 1.82 x 10° 2.33 x 10° 46,9 10.5
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that the less pumbers of bacteria adherent to the cells
end the more rapid engulfuent of bacteria after adhesion
would contribute to the valldity of the assecesment of the
degree of phagocytosis. Unfortunately, in the case of
soll azmocbae, it was found in preliminary tests that & con-
giderable time elapsed from the beginning of adhesion until
the completion of the engulfment. Taking this into con-
gideration, it is possible that the survival rate of bac-
taris in soil swoebac as determined Yy phagocytosis experi-
ments would be greatsy than the actunl value. It isa
thousht that this difficulty could be overcome by using &
tingle ccll study since, Ly this technique, it is possible
psasure accurately the pericd of intrascellulsr residence.
ipents were grown in broth overnight et 30°. A single
motile bacterium was isolated and added by means of & micro-
pipette to & zingle } yEig lﬂ:. & drop of PIG. By
ueans of phase contrast microscopy, it is possible to lollow
the process of adhesion and engulfment accurately (Chapter
TI, p«81i)e. Recovery of becteriz from the coll was dons at
2 and 10 minutes after enguliment. The time taken fyom
the beginning of adhesion until the completion of engulf-
ment wag also recorded, Colony forming ability of each
bacterium was determined by correlating the muwbers ¢f bac-
teria counted under phase contrast and the colony counts
when these were plated on nutrient agar.

£212 uged in thesge exper-
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Results.

The results in Table XXVI show that at 2 mimutes
after ingeation the majority of the bacteria were not kill-
ed, whereas at 10 mimmtes after ingestion almost 90 per
cent., of them were killed. Furthermore, there was no
signifioant difference between the rates of killing of Rs.
fluorescens and E, goli 812, thus confirming the results
in phagocytosia experiments.

in the preceding section (p.147) it has been pointed
out that measurement of clearing ability of bacterial
streaks by soll smeebae does not necessarily indicate sel-
ective feeding, since amoebae may have different rates of
multiplication. In order to study this possibility, the
following experiments were performed.

i, getronyxis cells grown sxenically in 3 per
cent. yeast extract solution were inoculated on a single

colony of bacteria prepared on O.1 por cent. yeast extract
agar on a glass coverslip according to the technique dese
oribed in Chapter II, p.82. The numbers of amoeélze in
each hacterial colony were determined daily and the regults
were given in text « fig.dS. It can be seen that in the
presence of different species of bacteris, the amoebae had
different rates of mltiplication snd these could be corre~

lated with edibility of micro-orgmnisms (ses this chapter,
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Text-fig. 19. Growth of Hartmanella astronyxis
feeding on colonies of different bacterial species.

Ac = Aerobacter cloacae, Bact H = Bacterium H, E812

= Escherichia coli strain 812, E8196 = E. coli NCTC
8196, ER = E. coli Rechner, Pf = Pseudomonas fluor-
escens, Sc¢. = Salmonella cholerae-suis, Se = S, enter-
itidis, 1912 = Bacterium 1912,
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D134 for comparison).

Agglutination of flagellated hacteria on the sure
face of soil mmoebae has heen well documented (Mouton, 19023
Ray, 1951); neverthslesa the mechanisms saderlying this
phenomenon are not yet understood. Ray (1951} suggested
that two pouibnitioa sould be accounted for this reaction,
namely, secretion by amnebee of slime cor ndhesive substances
and physicoechemical factors such as electrostatic charges
on the surface of amoehae.

The purpose of ithe work desoribed herein is to re-
investigate th.s problem in relation to these &twe pogsibil-
ities. It is thought that if aggiutination ic brought a«
bout by physico-chemical xeactione at the surimce of amoebae,
any changes in the physical propertiec of the medium in
which the cells are suspended would probably affect This
process. 1t was decided, therefore, to study the influence
of physical factors such ae hydrogen ion concentration, lon-
jc strength, and chelating agenis on surface achesion of
bacteria. Tue work was also sxtended to include the in-
fiuence of tae nucleus, & biological factor, oun this prc-
cess. An attempt vas also made to inhibit competitively
any receptor site 'specific'! for flsgelliated bacteria on
the surface of awoebse bty pre-treating the protozosn with

homologous flagellar preparation.



Unless otherwise stated, amoebse used in the tests
were H, agironyxis grown in PFG in the presence cof heat
%illed Ps. fiugreseens. The cells were washed while zd-

herent to ths culture wessel with two changes of physioleg~
jcal saline and finally added to the tect medium in a de-
pression slide. After a brief <iposure (5 minutesn), the
ampebas were transferred unwashed, together with the sus-
pending wadium, oo to & soeverslip in an oil chamber in whioch
the medium spread out to form 2 drop of approcimately & rm.
jn d4ameter. At intervals varying from 30 to 120 minutes,
1is suspended in broth was gdded by means

ial adhesion.
| The medfunm used was PIG which wes previsusly ad-
justed with either HC1l or NaOH %o glve a2 pH range of 3 40

9 with 2 difference of 1 ¥ umit. It was found Limt at P
4 40 9, amoebae appeared normal moryhologicelly and bacter-
ial sgelutination was clearly demonstrated. At ¥ 5, how~
ever, the result was inconclusive, since the ampebae were
round up and &1d not adhere te glassy and the bacheria
heosme nonemotile end tended to aggiutinate spontanesusly.
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b) EBffect of the ionic strength on bacterial

adhesion.
The test solutions were phosphate buffered sodium

e¢hloride zolutions pH 6.5 having the ionic strength of 0.02,
0.06, 0.1, 0,25, 0.5 and 1 u. These solutions were made
up as follows:
Ionic strength ( m ) 0.02 0.06 0.1 0.25 0.5 1.0
5M NaCl (m1.) 0.50 8,25 16,0 46,0 96,0 196.0
0.5K NazﬁPoé (ml.) 8.5 8.5 8.5 8.5 8.5 8.5
4M NaH2P04 (ml.) 1.86 1.85 1.8 1,85 1.85 1,85
Glass distilled water added %o make 1 litre.

It was found thst bacterial adhesion on the surface
of amoebase occurred in all the solutlons tested. On ox-
posure to the medium having ionic strength up to 0.1 ju, the
amoebae looked morphologlcally normal and adhered firmly to
the glass coverslip. In contrast, amoebae exposed to the
medium having ionic strength of 0.25 Ja or higher were sick
as judged by their appearance and their ability to adherse
to glass, i.e. the ¢ells were round up, the pseudopods be~
came filiforms and had irregular movement.

c) :exial adhesicu.

The media used were 1 per cent. proteose-peptonse

solutions to which EDTA was added to give a final concentra-
tion of 0.01, G.05, 0.1 and 0.2 molar. It was found that
S. enteritidis wells were adherent to the surface of amoebae
at all the concentration tested. As regards morphological
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appearance of amoebae, it was found that the cells were
normal on exposure to EDTA at the concentrations of 0.01
and G.05 molar wiereas at higher concentrations they were
round up and did not attach to glass.

It is concluded that EDTA has no influence on
bacterial adhesion: in other words, divalent cations were
not required for this process.

d) EBEffect of the nucleus on baoterial adhesion.

Amoebae used in this study were H. rhysodes instead
of H, astronyxis since, in the preliminary observations, it
was found that H. rbhysodes adhered to glass mich firmer
than the latter and therefore rendered the ease in cell
gsectioning. Moreover, these protozoa remained active in
a micrg-udrop of PPG for a very long period of time and ac~-
cordingly there was no need to change the medium during the
time of observations.

A single amoeba was first isolated in a micro~drop
of PPG on a coverslip in an oil chamber. It wag then mer-
stomized into two halves by & micropipette controlled by &
micromanipulator. Both halves were maintained in the drop
of the culture medium at 20° for a period of up to 7 days.
During this period, some nucleated amoebae divided but this
number was not determined numerically. Five pairs of am-
oebac were tested daily for their ability to agglutinate
S, enteritidis. It was found that the bacteria became
adherent to both halves equally well (figs.30z and b), even



¥ige. 30. TFhotographs showing adhesion of Sal-~
none e dig on the surface of the nuclear

half and the cytoplasmiz half of Hortmenells rhvp-
odes four days after sutting. (Phaaa aontrast).

a. The nuclear half.

b. The cytoplasmie half.

Fi.a. 3l. Fhotograph showing adhesion of Sgl-
e enteritidie en the surface of the gell

gheataf Iingella. astronyxis.
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at 7 days after cutting. The only difference between
these two halves was in their ability te re-orientate the
organisms which had been adherent on the cell surface to
become localised at the tail region, and thies could be
demonstrated only in the nuclear half. This finding could
be explained in relation to what is known in the whole an-
oebae that the membrane is rolled backwards &s the cells
move forward (Goldacre, 1961). It is concelvable there-
fore that in nucleate cells, any particles adherent to the
gsurface would eventually be carried passively to the tail
region. in the cytoplasmic halves, however, the cells
could neither attach to glass nor move; and it was poss-
ible that the membrene did not roll backwards and conse-
quently no re-orientation of adhering bacteria took place.

0 8 0O e

In 1951, Ray reported that all flagellated bacteria

tested were agglutinated on the surface of a species of
limax amoebae, and this finding was supported by our observ~
ation which showed that 211 motile bacteria tested, viz.

§._enteritidis, S. choleraesuis, S. adelaide, 8. typhimur-
ium Mypes PS. fluorescens, Ps. chloroaphis and A. gloacae
were adherent t¢ the surface of H. astronyxis. It is not

known, however, as to whether surface agglutination is a

non~-specific reaction for all flagellated bacteria or
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whether amoebae have many receptor sites and each one is
specific for a particular organism. If the latter is the
case, one would expect that hacterial agglutination would
be inhibited competitively by treating amcebse with flag-
ella preparation of homologous organisms. The following
experiment was then performed to test this possibility.
Purified flagellar preparation of §, typhimuriunm
Moo used in this test was kindly provided by Mr. A. Blas-
kett, Department of Microbiology, the University of Adel-
aide. This flagellar preparation was diluted in FPG so
that the final concentration was 1 mg. per ml. Approxime-
ately 100 H. astronyxis were exposed to 1.0 ml. of this
flagellar suspension for 5 minutes and ihe cells were trans-
ferred unwashed together with the suspending medium on to a
coverslip in an oil chamber. A% 30 to 90 minutes after
exposure, the amoebae were tested for their ability to ag-
glutinate motile S, typhimurium Mpog. It was found that
adhesion of bacteria on the surface of amoebae still oocour-
red. This unsuccessful attempt to inhibit bacterial ag-
glutinstion does not disprove entirely the idea of the ex~-
istence of specific receptor sites, since it is possible
that the smount of flagellar preparation as used in this
test might be inadequate to block completely all the aveile
able sites specific for 8. typhimurium Mogs. It is also
possible that the membrane of amoebae was being synthesised

continuously and production of new recseptor sites would
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naver be exhausted. On the other hand, this result could
ve interpreted to mean thet agglutiration of bacteria on
the amoeban surface is & nonegpecific reaction brought about
by vthex factors; in other words, there are no specifioc

receptor sites whatsoever.

During the course of the study of the effect of the
nucleus on bacterial agglutination, it cccurred accident-
ally thot as o mioropipetie was pressed on H, astronyxis
cell adnering to a glass coverslip in a drop of PPG, the
cell was suddenly disrupted in such a way that the cell
ghost was foymed. Vhen S, guteritidiz was added %o the
ghost, bacterial adhesion on its surface was seen {(fig.31).
This cbhservation should rule sut $he possibility that ag-
glutination was due to the surface charge, gince this should
be profoundly affected vhen the cell was ruptured and the
elsoctrostetic charge sn the cell ghost should be sguivalent
to that of the medium.

tions suggested that sgglutination of flagellated hacteria
on ths surface of soil amoebae was likely to be due %o =

secretion from these protozos, & more direct support for

this contention was needed. In ¢the preliminery test, it
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was found that the extract of H. rhysodes failed to ag-
glutinate formalinised broth culture of Ps. fluorescens
or S, enteritidis. It was ithought that if the extract of
amoebne could be adsorbed on to the surface of bacteria,
one would expect to Lz able %o demonstrate agglutination
when sntiserum prepared sgzinst amocbae was added to the
organisms pretreated with the extract of amoebae.

Hs rhysodes cells used in this experiment were
washed three times in chilled physiological saline hy cent-
rifugation at 1000 r.p.n. for 3 minutes and finally resus-
pended in the same solution. The cell concentration vas
adjusted to be 10° amoerae per ml, {This was egquivelent
to 0.85 mg. dry waight per ml.). After sonication for 10
seconds using s MSE ultrasonic disintegrator, the super-
natant was soparated from the disrupted cslls by centrifuge
ation ot 4000 r.p.m. for 15 minutes, zfter which it was re-
noved by means of a Pasteur pipette into a screw-capped
bottle and used iunmedistely.

Overnight broth culture of P, fluorsscens contain-
ing 5 x 10% bacteria per mi. was treated with 0.1 per cent,
formalin and the cell suspension was incubated further at
30° overnight and finally stored at 42 wmbil use.

Equal volumes (1.0 ml.) of the amoebe extract (un-
diluted, and diluted 1:10 and 1350 in physiologloal raline)
and the bucterial suspension were mized znd incubated at 20°
for 18 hours. In some tubes the supernatant from the am-
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ocha culture or piysiological saline alone were used in
place of the amoeba extract. Following incubation, the
bactaria were washed once in paysiological saline and fine
ally resuspended in 0,5 ml. of the same solutiom. A vol-
wioa {Ced ml.) of He ghyscdes antiserum diluted 1:10 in
thysiologzieal saline was them anided to each tubs, and the
mixiures were incubated at 20° for = urther 4 hours.

On examination (macroscopically and microscopically),
it was found that no agglutination of bacteria could be dem-
onstrated.
Diseussion.

The results from these studies did not prove one way
or the other zs to how flagsllated bacteris become adherent
40 the surxface of soll amsebaec. It is unlikely, however,
that this wos brought about by physicoe-chenical changes,
G.gs the surface charge effect, since ihe process of adhes-
jon waa not affected under the conditions in which physice-
chemical properties of the cell surface shonld e profoundly
changed, e.g. after the siteration in pH, fonia strengih or
addition of 20FA in the medium. Thes oheervation that flage
gllated bocteria were adherent to the surface of the gell
ghost suggested strongly that secretoxy substances from am-
oetae mizht play an important role. TFailure to prove this
by the method similar to Indirect Coomb®s test does not
necessarily rule out this possibility, since it is possidle
that these substances may be destroyed during the disruption
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of the cells Ly scnication or conversely the substances may
remain asscciated with the cell residue. If bacterial ade
hesion on gmee’ba. surface 1s due %o the secretory subsitances,
the ﬁnds.ng that adhesion occurred on the surface of enucle-
ate smoebae would suggest that these substonces woy be
secreted Ly the cytoplasm independent of the nuelesar control.
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CHAPTER VII.
DISCUSSION.

In 1893, letchnikoff drew attention to the similar-
ity between the functions of vertebrate yphagocytes and free
living protozom such as amoebae in phagooytosis and killing
of bacteria. He commented that phagocytosis in amoebas
was the principal means whersby the cells obtained nutrients
whereas this process in higher animals had evolved into an
important means of combating infection. It is conceivable
that any study of phagooytosis in cells of different phyl-
ogeny may contritute to a better understanding of the devel-
opment of host defence. If all phagooyile cells have evolv-
ed from o commonsncestor, it is possible that they uight
ghare common bactericidal mechanisms and any factor which
acts to promote phagocytosis and killing of Lacteria in one
situation should have a similar action in the sther. 1In
this discuseion, attempts will be made to compare warious
aspects of phagooytosis in amoebae with the existing know-
ledge Imown %o occur in mammalian phagocytes.

Eilling

of salmonelilae by marmaljan phageeyies and by smoebae
In vigre studies of Rowley and Whithy (1959) showed
that the average half-life of salmonellas opsonised with
normal human serum in mouse peritoneal macrophages was ap-
proximately 15 minutes. In the present atudies, it was
ghown that the average holf-life of opsonised or unopsonised

Ss enteritidis or S. yphimurium in A, proteus was approxim-
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ately 1 hour (Chapter IV, p.106). The difference in the
rate of intracellular survival of these osrganisms in these
two Sypes of phagooytic selils could be attributed to the
difference in the temperature in which the tests were per-
formed, i.e. 37° for mammalisn phagocytes and 20° for ame
ocbae. In the experiment performed at 30°, it was showm
that the intracellular survival of S, entexitidis in A.
oxoteus was considerably roeduced, i.e. theiy intracellular
half-life was approximately 40 minutes (Chapter IV, p.108).
It thus seems likely that killing of ¢his oxganism Ly A.
proteus follows the lLaws of Thermodynzmics, i.e. a twofold
increase in the rate of bacterial killing for every 10° rise
in Vemperature. Should the test be performed at 37°, the
ingested bacteria would prolably be killed at the rate sim-
ilar to that in mammalian mecrophages.

The mechanisms whereby the ingested bacteria are
killed in amoebae or in other phagooytic cells are net nowm.
Two possibilitles are generally considered, i.e. killing by
specific bactericidal substances and killing by an accum-
ulation of nonespecific factors which aot by changing the
environment in the vacucles so that the baoteris fail te
survive. At least two bactericidal substances, phagocyiin
and lysozyme have been showm %¢ be localised in the gmnnlas
in mepmalian polymorghonuclesr leucocyteas (Hirsch, 1956:
Cohn and Hirsch, 1960). After phagocoytosis, these granules
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lyse and liberate their contents inte the vacuole or its
vieinity (Hirsch ond Cohn, 1960; Hirsch, 1962). ZEvidence
from ¢lectron microscopie studies showed that membranes of
these granules fused with those of vicuoles and their cone
tents were discharged inte the vacuoles (Lockwood and Alli-
son, 1963; 19643 Zucker-Franklin and Eirsch, 1964). In
view of the faot that the wacuolar environment is acidic
{sprick, 1956) end hence creates ideal condition for opt~
imum sotion of both phagooytin and lysozyme (Hirsch. 1960),
it is highly likely thst these substances are important in
killing of bacteria inside polymorphonucliear leucccvies.

Killing of soteria YWy mononuclear cells veems to
Tollow 2 similay chain of events toc that in polymervhonuc-
lear cells (Cohn and Weiner, 19633 North and Mackaness,
1963). VYevertheless, these celils do not have phogeoytin
(Hirsch, 1960} and the amount of lysozyme they contein is
very sunll (Kyrvik, Leake snd Farris, 1961). Furthermore,
the extract from them in contrast to polymorphonueiear leuco-
cytes is not bdactericidal for & nmumber of hocteris iested
(Rowley, 1959). In the light of these findings, 1t is
poseible to assume that the mechanisms of killing of bace
teria in these cells moy be different from those in pely-
moyphonucleay leucooytes.

In amoobae, no specific bactericidal substances have
been demonstrated. Nevertheless, ¢hese protozoa contain

many hydrolytic enzymes and some of thom, 1.e. acid phos~
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phatase, proteinase and succinic dehydrogenase, were shown
to te associated with eytoplasmic granules (Holter, 1954;
Holter and Lowy, 1959). Cytochemical astaining of seid
phosphatase chowed that this aunzyme is concentrated in
pincoytotic and food vacuoles (Birms, 1960: XNovikoff,
1960). The study of Miller at al. {1962) showed that

there wae o progreseive incresse in the intensity of acid

phosphatase staining in the food vuouole of A, prcieus
after ingestion of acoid killed tetrahymenze. Elestron-
microscope studies in Chepter III {p.96) revealod e pres-
ence in the cytoplasm of A, proteus «f small vesicles con-
taining electron dense materials wirich were similar o
those described earlier by Roth (196C). Furthermore, it
was found that the contente of these vesicles were very
similar %o that found in the vacuole containing injected
particles {bacteria or spores). Our recent electron micro-
scopic studies (Savanat and Casley-Smith, 1965, personal
observation) showed that these vesicles in effeet coniained
acid phosriintase. In the light of this evidence, it is
poesible 4o zssume thot these vesicles reloased their con-
tents into the food vacuoles. It follows that killing of
bacteria by amoebae may have a seguence of events similor
to that in mammelian phegpeyties.



It is cleayr From the present study that the rate of
killing of naturally phagocytosed 8, enteritidis in 4, prot-
gus was faster thenm thot when the organisms were introduced
into the cells Ly a wmicrec-injsction teckimique (Chapiers IXX
and IV}. Electiron-microscopic studles in Chayier III, p.
96, showed that nt £ ours after injection only small num-
vers of bocteriz or bacterizl spores were anclosed in the
vacucles, wheress at £ or 24 hours after injection the great
mejority of them were confined in the vacuoles. Iiis find-
ing suggests that the delay in killing of injected 8, enter-
itidiz by A, protens could be due to the time taken for the
vaouoles to be forymed ayound them. Tossible reasons wuy a
vacuolay snvironuent shiould be more detrimental for Uacteria
than the eytoplammic environmesnt are given in the disoussion
at the end »f Chapter IV.

The znhancing effect of serum factors on phagocytos-
ie of bacteria and sther particnlate motters hy memmalien
phsgocytes hios been well documented (Wright and Douglas,
1903; Mudd ef 5l., 1934), but their influence on intra-
cellular killing is still a matter of conjecture. lost
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comparative puagocytic expsriments suffer from the diffi-
culty of inducing a comparadle degree of phagecytosis of
opsonised and unopsonised bacteria since, in the absence

of serum factors, little or no phagocytosis takes place
and consequently the rate of intracellular killing is un-
measurable., This dilemma was partially circumvented hy
an ingenious technique of Jenkin {1963) by means of which
unopsonised bacteria could be phagooytosed at the rate com-
parable to that of opsonised bacteria., He showed that

S. tychimurium with acdherent phage Pgp could bo phagooytos-
ed by mouse peritoneal macrophages in the presence of phage
antibodies at the rate comparable to that of opsoniséd or-
ganisms, but in contrast to opsonised bacteria they were
not killed. I1i, Mudd mnd Kapral (1963) presented evidence
to indicate that serum factors which acted in prowmoting
magacy‘%;qaia could be dissociated from those which acted in
promoting intracellular killing. They showed that heat
inactivation of normal human serum resulted in 2 loss of
1{ts abllity to enhance killing of Staphyloecoecy

human pelymerphenuclear leucocytes, even though its a‘bility
to promote phagocyiosis was retalned. However, under dif-

ferent erperimental sonditions, serum factors have been
shown to play an insignificant part in intrecellular killing.
Mld and Macksness (1964) showed that in witzo and in vive
was not influenced by the
presence of serum antibodies during the 5 hour yeriod of
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observation. Thorpe and Marcus (1964) showed that immune
gserum had no effect on intracellular killing of Fasteureils

ie by robbit periioneal mecropizges harvested at 60
ours after saline stimulation.

In the present studies it was shown that pre-ireat-
ment of salmonellse with mammalian antibodies did not alter
their survival rates in A, proteus when ithey were introduced
into the cells sither hy microe-injection or hy natural phag-
ooyiosis (Chapters III emnd IV). Failure of cpeonins to
enhance killing in this situation could be %hecause amoebae
have not evolved in & way that such an effect wounld endow
the cells with any survival advantage. On the other hand,
4% conld be that in the amoehac system, opsonin faotors have
already been provided (prebably by the amoebae themselves)
and hence provision of more in the form of memmalisn antl-
body might have no effect.

Marmalian opsonins were shown, however, to promote
phagoeytosis of salmenellae in A, proteus, but the degree
of erhancement was veyy much less then that to be expected
if marmalian phagocytes weve used. IPurthewmore, this en-
hancement could be purtly due i physicasl effects, since ths
vecteria formed clumps when {he concentraiion sf cpecific
antibody used was equivalent %o 1 minimal agglutinating dose

per ml. oY more.



The studles in Chapter III {p.88) showed that an
additional presence of fresh rabbit serum previously abe

gorbed with homologoue osrganisms enhanced killing of spaone
ised §; entevitidis wien these were injected into the cyto-
plasm of A, proteus. It is highly iikely that the enhanc-
ing fastors in the gerum were in effect complement, azince
toig serum failed to enhance killing if cpsonisation was
done at 49, (Under this condition, it is generally accept-
ed that complement ig cnly flxed very slowly). The mechw-
anisms by walch complement acts in promoting intracellular
¥iliing of swooth organisms in the presence of antibody are
not lmown. Verdlaw (1964) sugzested that smooth oxganisms
had on their surfuce the substrate for complement and iis
would probably be lipid or lipide-protein complexes. Under
normal sircumstances, however, complement could uot gein
socess to its substrate because of 2 protective covering ef
O-somatic antigen on the Lacterisl surface and becauee of a
hindrvance created by the highly negative charge on the bac-
terial cell. As soon 28 these sffectr were vemoved by re=-
action with O-antibody, corplement wes then sble $o conbine
with $he lipoprotein om the bacterial cell or it wight form
& Lridge connecting beiween ithe antibody ond the cell wall
lipoprotein. Ihis would trigger off & meries of changss
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which finally make the bacterial cells susceptible to the
lymozyme sction. Wardlaw (1962) showed that the bacter-
{cidal a2ction of normal humsn serum was profoundly dimin-
ished when serum lysozyme was depleted cven though the
complement level was not appreciably altered. In keeping
with this idea, it is possible to postulate the mechanism
by which A, proteus kills more effectively smooth organisms
treated with specific antibody in the presence of gomplement
as follows: serum antibody acts first with the lipopoly-
saccharide on the bacterial surface and consequently makes
available the substrate for complement to act resulting in
physico-chemical changes on tae bacterial surface aund the
organisms eventually becomse susceptible to enzymatic diges-
tion by amoebae.

is presented to demonstrate that membranes sre synthesised
de noyg to enclose the particles injected into the cytoplasm
of A, proteus. The process of membrane formation could be

explained in relation to a group of cytecpissmic organelles
called 'the reticulosome® (Pollak and Shorey, 19643
Follak, 1965). They find that at one stage in the devel-

opment of ohicken liver, they can centrifuge out masses
of these particles; later, when the endoplasmic reticulum
has developed, the particles are mich searcer. The
reticulosomes are morphologiocally very similar to the
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ribosomes, ineluding staining with lead and lying free in
the zytoplasm, but they are electrophoretically distinct
from ribosomes and are not destroyed by RKiA-ase. Pollek
believes that these particles ure in affect prefabricated
pieces of membranes. In the present study, it is shown
that the particles zsen to surround tie injected material
are also similar moryhologically to the ribosomes, they
sometimes seem to have pale centres with on electron-dense
outer rim, and they nre replaced by a unit membrane. 1t
would thus appear probnble that they zre reticuloscmes, that
they lie pre-formed in the cytoplasmic metriz, and that they
are converted into the wancuolar membranes. The observa-
tiens on the nmoebae incubated at 4° indicate that, vhile
cellulay enargy moy be needed to form the reticulosomes, it
48 not required to maka them a2ggregate around sn injeocted
particis. However, sellular cmergy is needsd to t{ransform
them from approximately spherical particles %o becoms a part
of & sheet of & umit-membrane. This behaviour of the retic-
ulosomes may be in accord with the observations that cell-
ular enargy is necessary for the ingestlion of large {~1 }u)
particles and for the formation of phngocytic vacuoles (Kare
noveky, 1962).

It could be argued that the small particles mre in
fact ribosomes znd that the membranes formed in relstion to

them precisely because ons of the functions of ritocsomes

¢ould be to form membranes, dbut tihls does not appear very
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likely. Apart from Pollek 's evidence that there are
reticulosomes, gquite distinet from ribosomcs, there is the
fact thet the new membranes appear to replace the particles,
not just form in relation to them (fig.15, 16). The dis-
appesrance of the one coinciding with the appearance of

the other is thie best evidence for the transformation of
the one into the other, rather than the menufacture of the
one by the cther.

The reticulosome should have a great effect on our
concepis of wembrane physiology. These pre-formed units
can presumably enter and unite with pre-existing membranes
at any point. Yet thay can b2 present in the cytoplaam in
large numbers and form new zembranes - endeplasmic reticul-
unm or vacuoles - yather than simply joining the pre-cxisting
merwbranes. Svidently there are various factors whieh det-
ermine when they Jjoin and when they do not. The unravel-
ling of these factors should do much to elueidate the bew
haviour of membranes.

Hero=injection of particles into amoobae and thely
subsequent localisation with the clectron microscops has
also been performsd by Feldherr {1962) using ferritin as a
maxker, e found the particies in the ground oytoplasm
and the ground zucleoplasm, between the twoe membrones of
mitochondxis, in vacuoles and in food wnocuoles. In the
present study, purticles were only found in the ground cyto-

plesm, in vacuoles and in food wvacuoles. They presumably
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were all %oo large to enter the nuciear pores, angl were
obviously tos large to be contained betwesn the membranes
of mitochondria.

Kopac (1958) predicted thai by means of a micro=
injection technique, it was possible teo transplant niero-
organisms such as zooschlorellse inte the eyteplasm of snm-
oebse and these would Probably evade intraceilular killing
and digestion Wy the protozoa and finally become cetablished
in the oytoplasm as xenic ‘subecelluiar! inelusions. The
resulte in Chapter III, Liowever, indicate that such a phone
omenor: is unlikely te scour, sinoe the bacteria or bacterial
spores injected into thc syioplasmic matrix were finally
surrounded by vacuolar membrunes, and the organisms were
eventually killed. it 419 pomsible that de nove formmtion
of tiie membrane in this instanee may be a primitive means
of protection in phagocyiic cells zgainst mioro~organisms
which are abls %o penetrate ihie cell membrans. It Pollows
that recognition wochanisms ot a sub=celluler level mey
depend on this process. It is aiso possible thet success-
ful parasitisation of any micro~organimm in ihe cytoplasm
of & given cell depends on its abllity to inhibit the form-
ation of the membrane arownd it.



The studies on selection of bacterial food by soil
amoebae revezl that this may operate ot various levels.
At the level of food zaekinz, it was shown that some edible
bacteria were chemotactic whereas inedible bacteria failed
to be so (Chapter VI, pp.137, 141). Chemotactic principles
seemed to be associated only with liiving basterial cells
gince chemotaxis was lost when the edible organisms were
killied by heat, algshol or streptomyein. The exact nature
of the substance or substances chemotactic for amoebae is
not Imown. In contrast, the general characters of thase
substances which attract mammalian phagoecytes are folrly
well defined. Boyden (1962) showed by means of a milipore
chanber tecinique that the chemotactic prineiple for mapmal-
ian polymorphonuclear leucooytes was, in effect, & heat
stadle sulstance which was produced as the result of the
activation of heat labkile components of normsl serum by the
antigen antibody complex. The finding that inedible bac-
terias treated with serum antibodies became chemotactic for
noll amoebae suggests that perinps a similar mechanism may
be gperative. It is not impoesible that amoebae secrete
substances which internet with food substances or hacteria
resulting in libverution of chemotactic agents. In the
cagse of inedible bacteria, secretory substances from amoocbas
may be prevented from interacting with thelr sulstrates on
the bhaoterial cell probably by steric hindrence caused by
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some surface antigens. As soon as this inhibitory effect
wag removed by serum antibody, the secretory substances
from amotbae nre able to react with their substyates and
the chemotaciic principle is consequently released.

e mechanisms whereby asmoebae respond to chemo-
tactic stimii are not ¢lear. It has been chowm that i.
proteus could bs induced to send cut peeudopods which are
subsequently developed into food cups by the extracts of

strahvmens pyriformiz or Hydra virid {Jeon and Bell,

1962} and by heparin (Beil and Jeom, 1962). Furthermore,
Bingley and co-workers {1062) showed that these induoers
were able %o depolaurise the membranes of A, proigus. In
the 1light of this evidence; Bell and Jeon {1963) suggested
thet the response of L. proteus %o chemotactic stimuli was
brouzht about Ly the sction of chemotactic substances on
the surfece of sumochee nnd hence caused depslarisation of
the membrane, and the resulting local depslarisation cure
rent might be the signel for attracting cytoplasmic move-
ment ints the stimmlated spot.

It was frequently observed that as soon as the am-
oebae zrrived at the slump of edible bacteria, ingestion
followed sloost immediately. It is possible that the stim-
ulation wiaick sets in eliciting chemotaxis might alse set
in the induction of food eup, the formation of whiesh might
depend on the strength of the chemotactic subsitances. This
iden at first seems to be contradictory %o the observations
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mantioned earlier in the introductory chapter (p.G) that
engulifuent is not necessszily an inevitable consequence of
chemotoxis. However, this contradiction could be expiain-
ed in terms of the adverse effect of the chemotactic sul-
stances waich might repei the cells when their concenire-
tion becomes too intense.

Caemotaxis, however, is wniikely to be the soie
bvasis of food selection in soil amocbae, since not =il ed-
ible bmoteris ure chemotactic (Chapter VI, p.143). Further-
more, it was shown that amoebas ingested preferemtially ode
ible bacterie even when they were present togsther with in-
edible oneE in & colony of mixed cultures. It is concelv-
able that under this condition, chemotaxis mey not come into
play. Selective Deeding in this instance indicates the
fineness of diserimination and this will be disoussed in
the following section.

1% is geasonable to bolieve thnt in nature amoebne
mast have o moans $¢ contrel the amount of baoteris ingested

othervwise they adght suffer from over-ingestion and the
eolls might ¢ven bursti. It can be deduced from the work
of Poll emd cowworkers {(see the roview by Ball, 1963) that
the formation of food cups is preceded by depolarisation of
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the membrane and hence it is likely that mechaniems which
regulate ingestion may depend on polarisation of the cell
membrane. it is possible that aftexr ingestion of suf-
ficient food, the vell surface may hbecome rafractory %o a
further stimalation by substances vhich are able to depole
arise ithe membrave. In this respect, different species
ef bacteria may cause different degrees of alteration an
the membrane potentials of amoebze and it is likely tha®
edible organisms may exert more nprofound changes then their
counterparts which are inedible. Then the food has heen
dizested, the membrane potential might gradually change ond
at o certain level it becomes susceptible only to silmlia-
tion by edible booteria btut not by inedible organisms. Hy
this means the cells would keep on ingesting 2dible orgen~
isms and ignoxring the inedible cnes. This idea, howgver,
is purely speculative and, as far as the current rsportn go,
no experiments huve besn dome to study the velationship be-
tween membrane potentials and feeding habits in amoebas.

¢ne of the interesting findings which ecmes cut from
the study on Pood selection of bacteria in a mixed colony is
the demonstration of & comparatively faster zate of killing
of efible bacteria (Cispter VI, p.146). This vesult con-
trasts with that obhizined from phagccybosis experiments in
which 1% wae shown that killing of edible and inedidble hac-
teris proceedsd at = comparable rate. This coniradiotion,
hewever, could be explained in relation to¢ the numbers of
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bacteria ingested, L.¢. in the study of phegoecytosin in
colonies of mixed cultures a lerge number of bacteria was
ingested per amoebs, whereas in the study of phagooytosis

in the liquid medium only one bacterium was agsociated with
an zmoebs, It is likely that the inedible umctexia are
less sensitive to the hactericidal mction of amoebse than
the edible cnes. When small mumbers of hacteris were yhage
ccytosed, the enzynes partieipating in killing and digestion
of hacteria would be efficient in exerting & bactericidal
effect €or both odible and inedible bacieria. On the con-
trary, ®hen s larpe nasbeY of bacteris were ingested, the

amount of these enzymes migut fall below a eritical bacterw

icidal level for the inedibls bucteria, nsvertheless thie
level might be high enough to inaoctivate the sdlble ones.

The mesn
depends not only on thelr sbillty %o wmove dirvectionally to=
words edible bucteriz (chemotaxis), but slsc on thelr abil-
ity ©o m;ptﬁre potile organisms whics happen $o come Into
contact with the smoeban surface and hence become adherent
to the cells. "he yhenomenon of surface adhesion was first
sheerved by Mouton (1902} and later senfirmed by Bay (1981).
Ray sbserved thmt there was a correlation between the pate-
sexn of sgeiutinotion and the position of flagellae on the
wecterial cells and hence she conciuded that this reaction
was in effect due to adhesion of flagellae on to the surface
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of amoebae. She suggested that this could be brought about
by either » secretion from amosbze ox by Phvsico-chenical
venctions, e.z. surface zharge affects. The resultse in
the present studies (Chapter VI, p.154) do not prove ihis
point ene way or the other, Tbut they suzgest that thie is
1ikely to be due to a secretion rather them paysico-chemical
reackions at the cell surface (p.162). If this is true,
$his cubstance may be regarded as ‘natural' onsonin for soll
amoebae, since 1t facilitates feeding in these protozoa.
Turing the course of evolution in which the structures of
the snimal bodies become more and more complex, it is poss~
1ble thot the phogoeytes con no longer syntheslse opsoning
hv themselves znd the ability o manufacture opsoning is
handed on S0 antibedy forming cells. Hevertheless, these
antibodfes cam be adsorbed on to the surface of phagocyles
and thus cuable them %o phagocyiose baoieria or other wart-
jeulate matters iu the shsence of serum antibodies in the
mediwn. The aoxistence sf Yeytophiliet antibody has been
clearly demonstrated by Boyden and Sorkin (1960, 1961), who
ghowed thet normsl rebbit spleen cells treated in yvifxe with
serur: antibodies zsainst huren serum albumin were capnble

af adserbing this antigen. Jenkin, Rowley and fuzine (1964)
reported thui peritonezl mecrophages hoyvested from mice at
14 days after bsing rendeved *carriers' of 3

were oble Lo phogoeytose and kill homologpus organisms in
yitye even when antibody was lacking in the medium. TRowley,
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Turner and Jenkin (1964) showed that these macrophages acted
by virtue of 'cell bound! antibody and this could be removed
by trypein treatment. Similar results were reported by
Bennett, 01d and Boyse (1964) in the studies of phagooytosis
of tumour cells by immune mouse peritoneal macrophages.
These authors showed that macrophages from immune mice were
able to phagocytose tumour cells in the ahsence of immune
antibody in the medium. This ability was abolished by
washing the peritoneal cells with balanced salt solution,
but was restored by the addition of isoantibody against the
tumour cells.

In the course of the study of intracellular killing
of bacteria by soil amoebae, a single cell technique has
been developed. It is evident that with this technique it
is possible to measure accurately the rate of intracellular
survival of bacteria. Should this technique be applied to
the mammalian phagocytic cell system, it might be possible
to solve some perplexing problems such as the rates of kill-
ing of wvirulent and avirulent bacteria, the effect of opsonin
on intracellular killing and even on the controversial prob-

lem of ‘cellular'! immunity.
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