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ABSTRACT.

A comparative study was made of the bactericidal
activity of seven vertebrate sera for seven species of gram
negative bacteria., Bach serum was bacte?icidal towards one
or more of the strains but no constant sensitivity of any
of the strains to all the sera, or of all the sera to any
one strain was found.

Contrary to previous findings, instances were
found where smooth bacteria were more sensitive 1o serum
killing than related rough sirains.

The optimum, and range of temperatures, over
which the sera were bactericidal and haemolytic varied.
These temperatures were higher tror pig than for toad, fish
or lizard.sera.

Sensitisers in human serum for smooth gram nega-
tive bacteria were shown by absorption with the nomologous
strain to be specific, and this was confirmed by inhibition
with homologous iipopolysaccharide.

The bactericidal activity of human serum for the
rough strain E, coli Lilly was also specifically reduced by
absorption with the homologous strain, but the absorbing
dose required was approximately fifty times greater than
that which brought about a similar percentage fall in acti-
vity against a smooth strain.

No correlations were found between the bacteri-

cidal titres of the various sera for E. coli Lilly and the
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levels of haemolytic complement, or of haemolytic comple-
ment and serum lysozyme, which suggested that nelther com-—
Plement, nor complement plus lysozyme, were solely respon-
sible for %the death of this bacterium. Lysozyme was not found
to énhance the bactericidal activity of any serume.

Yabbie serum was bactericidal for both gram neg-
ative and positive bacteria. Limited absorption tests
suggested the presence of separate lethal mechanisms for
gram positive and negative bacteria, but that within the
- &Tram negafive group there was no further specificity of the
bactericidin.

The injection of living and dead bacteria into
yabbies did not lead to the production of demonstrable
agglutinins, or %o an enhanced bactericidal activity of
the serum.

The lethal factor for gram negative bacteria was
purified by density gradient centrifugation and by Sephadex
chromatography .

The bactericidal activity for the gram negétive
bacteria was associated with less than 2% of the total serum

proteins; the major protein (haemocyanin) was devoid of any
demonstrable activity.
The purified active component consisted of at

least one protein and five polypeptides.
‘ The significance of these findings were discussed

In relation to the background of current knowledge of the

Mechanisms of serum killing in vertebrate and invertebrate sera.
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HISTORICAL THTRODUCTICH.

Hormel eerum killing is s phonomencn which hase
attracted the attention of immunologists for over seventy
yeurse In the first part of this review various findings
relating %0 the killing of gram negative pacterin by normal
vertebrate sera will be discussed, while in the geoond
invertebrate tissue fluid bastericidal faetors will be
considered. Brief reference wiil also be made 3o the immno-
logloal reactivity of several of these animald.

late in the nlueteenth ceatury, serum from normal animals
wag found %o kill some gram negative peoteria and to lysec
forcizn erythrooytess Lubsequently it was shown that theso
.WQMMWMWhﬁaommnmumWinwwMMm,mdmm
lmmunisation lucreased the magnitude of voth activities,
Nuttall (1868) is usually considered to have
pioneered the discovery of bacterieidal elements in shed
blood, although Ledingham (1931) treees all later develop
ments from observations made by Lister in 1880=1+ Lister
(1880=1) found ox blood taken aseptically from an enimal
did not readily undergo putrefaction, nor did growth ocour
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relating to the killing of gram negative baeberia by normal
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Late im the ninsteenth ceatury, serum {rom normal anmimals
was found %o kill some gram negative beoteris and to lyse
forcign erythrooytes. subsequently 1t was shown that these
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ippmisation inersased the magnitude of both activities,
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if the blood was seeded with small quantities of tap water
or large smounts of dust, In this way serum differed from
milk where growth ocourred after the introduction of a
single bacterium.

The baotericidal property of blood was rediscovered
elght years later by Nuttall (1003) who found that in vitro,
whole blood destroyed bacteria of the anthrax-subtilis group.
The fellowing year Duchmer (1089) demonstrated that serum
free of leucoeytes was also bactericidal for certaln
organisms, and further, that this property of serum was
thermolabile, being lost after heating at 55° for half an
hour. Bordet (1895) showed that in additlon to the heat
labile factor, a heat stable one was involved, and that
during immunisation only the heat stable factor was increased
in quantity. The heat labile factor we now know as complement,
the heat stable as antibody. Bordet (1898-1899) also eommented
on the similarity of the serum components required for the
lysis of sensitised erythrooytes and for killing of baoteria,
He showed that when rabbit dlood was Injected into guinea
pigs, their sera became markedly haecmolytic towards the
rabbit corpuscles, and that this haemolytic asctivity of serum
(like the bactericiaal) was heat sensitive. He was able %o
restore the haemolytio aotivity to a heated serum by adding
fresh normal serurn.

Technically 1% 1s very much easler to measure the

quantitative aspectis of the haemolytie than of the bacteri-



eidnal resction, and it is from the study of the Lormer
reaction that we owe mueh of our knowledge of the mechanism
of complement setion. The elucidation of the mechanism, and
the components necessary for the bacterleidal activity of
serum, have in many instances followed prior dlscoveries in
the haemolytic systems.

The heat labile eomponent of serum hes been shown
to be not & single entity, but to be composed of & number of
fyactions each identified by a speecifie technique for inacie
ivations The sotivity of the whole complex depending upon
the interaction of five, and possibly slx componerts. ‘he
kineties and interaction of these components have been 1aves fe
igated only in the haemolytic renction. 411 the components
ara required for serum killing of gram negative baocteria, but
their sequence of action can only be assumed by =mnalogy with
prior findings for haemolysis,.

The multlcomponent nature of complement was dige
govered early this century. Vhen complement containing serum
was dialysed (Perrata, 1907), treated with hydrochloric aeid,

Sachs and Altmann, 1909), or with carbonie aeld gas after
adding water, (Liefmann,1909), it was split into two compo=-
nents, @ fluid portion, and a precipitaie. Nelither fraection
alone was active in the lysis of sensitised erythrocytes,
but activity was reatored if the two fractions were mixed in

their original proportions mmediately after preparation,



The insoluble Traction was called the globullin fraction or
"mid-pieoe”, snd the soluble fraction, albumin or "end-plece."”
The lytic sction of serum was slso destroyed when treated
with cobra venom, (Ritz, 1912), yeast cells, (Coca, 1514)
or zymosan (Vbitehead, Cordon and Wormall, 1925+ The cou=
plement fraction insctivated by these treaiments had propei-
ties of nelither mid-plece nor eudwpieem. Haemolytie aetivity
was restored wlth heated whole serum, mideplece, or end-pleca,
The complement fraoction inmetivated by trestment with cobra
venom, yeast colls or zymosean was called third componend.

The haemolytic mctivity of comploment was also
destroyed Wy treatnent of serum with ammonia at pil 8.5 to 10,
(Woxmall, Vhitehead and Gordon, 1925; Cordon, “hltehead and
vormall, 1926)e Methylamine and ethylamine inactivated come
. plement in e eimilar way to ammonis, but other substances
econtaining the amino group were without effect, e.gs glycine,
slanine, urea. The lytic activity of the ammonia treated
gerum could be restored by zymosan treated or heated serum,
showing the prasence of & previcusly unidentified component.
Thig fraetion of complement bacame known as the fourth sompo-
nente

The selectlve inactivation of complement by amineo
compounds wWas reinvestigated by Pillemer, Seliter, and Ieker,
(1941). They slso found that primary amines and hydrazine
were effective but secondary and tertiary amines were lnactive,



Fillemer and cker [1241) proposed the designation
of the complement components as Gty G2y C'3, and 04,
corresponding %o the old mid~picee, cad-pioce, third and
fourth components respectivaly. This designation has now
found universsl acceptance,.

Iwring the last deeands C'3 has been shovn to
consist of “wey possibly thres eompenmentz, (Rapp, 1958).
In sddition, s divalent cation requiremer® for both the
haemoly¥le and bactericidal activities hes beer shown,
(Levine, Cowan, Usler and leyer, 19533 lLandy, Trepeni, ond
rosery 1960).

The sequence of aotion of the complavent ¢ome
ponents in the Laemolytic remetion has been roprcsented
diagrammatisaliy in the following way. (Bovsos, “app, and
rayer, 1961,

24 e o4 Cte
1 q.&ﬁa a ?mhﬁac"‘ rESESase }SAQG' '%' m};sw ')‘20'1"4'2‘

o . %
Fastors  °

where 3 = the antigenic site on a rad call surface
and SA = a sensitised site on o red cell surface,
% = g damaged site,
The technieal diffieulties involved in kinetie
measurements or the buoberieidal reastion have prevented
an assessment belng made of the kinetics, and sequence of
aetion, of the complement components in this resction,



The BDacterieidal jetivity of

Hormal Vertebrate sera.

Normul sera from all versebrate apecies examined,
with the exesption of the mouse, have the ability to kKill
some species of gram positive and negative baoterla, DIff-
erent serum Jomponents madiate in the kililag of the two
groups of bastorda. The former are killed by the lll-defined
group of subastonces relerred %0 as S-lysins, the latter by
the "natural antibody"-gomplement asysten, with the possible
partisipation ¢f lysozyme {Skarnes and Wauson, 1957). This
raview of the literature ils concerned only with the bagtere
icidal sotion of serum towards granm negative baeteria and so
no further consideration wiil be given to the SB-lysins.

Late last century two basic observations relating
to serun killing of bacterie were made. The first that tho
activity was destroyed by heating at 56° for hal® an hour
(Buehnory 1889), the second that a heat stable component
was also reguired (Bordet, 1895). Bordet further showed
that during immnisation the second component was inoreasod
in quenyity, the level of the first remaining unchaunged,
Thege components we now know as complement and ontivody
respectively., The finding that antiboedy, in addition to
gomplerment, participated in the bacteriocidal activity of
immune sarun »alsed the quesvion whether u oimilar dual

mechanism waeg responsible for the bsetoricidel aotion of



normal serume Many investisatora subsequently showed this

to bo so. The early literature was roviewed by Muir (1931)
and only those pre-1931 papers Qill be discussed which are
particularly relevant to subsequent work.

In the early years of this century, there was
unesrtainty on which serum factors mediated the specifielty
of normal serum klilling. The three possibilities considered
were, (8) The apecificlty of normal like immune serum was
due to a sensitiser, (b) the sensitiser was non-specifie,
complement determining apeecifiecity, (o) complement zlone
was bactericidal, no sensitisexr being required.

The latter suggestion was put forward by ‘right
and windsor (1902) following their investigations into the
specificity of the bacterieidal aetivity of normal human
serum for Zalmonells typhi, and the cholera vibrio, They
found absorption with either strain depleted the bacteri-
agidal activity of the serum equally for both strains.
Mltrates from old smooth cultures also removed bacterie
oldal activity, but filtrates Irom youns cultures had no
such effecte These findings, they claimed, provided no
avidence for the partleipetion of an immune factor in the
pactericidal action of normal serum,

The view that complement alone was bactorieidal
was not held universally, most workers favouring the theory
of a dual mechanism as 1n the immune bacterieidal reaection,

(Bordet, 1920). The question still remsined, however,



Whather sens:tiser or complement determined spee:ficity.
Pulr wnd Browning (1909) olaimed speeificity was determined
by the ability of the baoteria to reset with bacteriophiliec
complemente They found that when a serum was abmorbad'with
increasing amounts of a dead bacterial suspension, the
baetericidal activity was rirst lost for the absorbing
strain, then to heterologous strains, and finally haemolytic
eomplement was depleted. Ten times as much heterologous as
homologous absorbing suspension was required %o bring sbout
a slnilar depletion of bactericlidal activity. They believed
that during these absorptions ecomplement of varying degrees
of aflinlty for bacteris was removed, not antibody, Hawﬁver,
following absorption bmeteriecidal activity could be restoreq
by the sddition of irmune antibody. This they did not intere
pret as a replacement of sensltiser, but rather that the
immune Tactor oould react with the remaining eomplement
which had only a weak affinity for baoteria, Thay were aware

of natural lmmune bodies, but they considered that apecifielty
could be adeqguately explained by assuming the presence of n
series of basteriophilie eomplements.,

A eriticiem of this and many subsequent papers in
which bacterial absorptions of serum have been made, ig the
lack of precision in defining the size of the absorbing
dose., This makes both the comparison of one worker's results

with anothers, and the interpretation of daia diffieult, as



1t bas now been olearly shown that the size of the absorbing
dese is all important to demonstrate the speeificity of
serum baetericldal antibodies,

By 1937, Mulr had conceded that with some bmeteria,
specificlty of serum killing was elearly due %o natural
sonsitisers, but he claimed this could not Justifiably be
intarred'to hold universally, He still elaimed some bacteris
could adsorb complement directly, and this eombination
sometimes had a bactericidal effoot.

o further elaims that the speeifiocity of serum
bactericidal activity vas determined by complement appear
to have since been made, except for the recent sugrestion
by Sterzl, Xostka and Lane,(1962), that complement sots
alone on rough gram negative baecteriae. The data presented
in this thesls, together with that of Muschel and Jagkson
(1963), casts doubt on the validity of this elaim,

Although early in this contury there was general
agraement that complement did not determine the speclficity
of serum killing, there were, however, conflioting views on
the speoificlty of the natural sensitisin: bodies. ‘vidence
wag provided which was c¢laimed to indicate non~specifiel ty
of these bodies, while equally convineing evidence was put
forward to show o high degree of specificlity. Much of the
confusion ean now be explained by sharing of antigenie
groups between different bacteria, and the demonstration

that specifieity can only be shown if the absorbing dose
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of bacteria is sufficiently small. The evidence for and
against the natural sensitimers being highly specific will
now bve considered in mome detail.

Tavestigatione inte the mechanism of the bacteri-
eidal activity of serum were virtually neglected following
the werk of Mulr and Drowning (1909) until the late nineteen
twentles. Dunlop (1928), when investizating the fixation of
complement from normal suines pig serum by Je typhl also
made & study of the natural sensitisers participatine in
this reaction. He found the natural sensitisers %o be quite
distinot from complemsnt oither of whish eould bo removed
from serum independently of the other. He ¢laimed that the
natural sensitisers had some degreo of speeifielity, but
that thoy eould also be removed by such non-gpeeifie
substances as chareoal and powdered glass without affecting
the haemolytic complement level. lMaekie and Finklestein,
(1931) also reported the removal of serum bacterieldal
actlvity by ohareocal absorption, but the treated serum diq
not kill sensitised baecteria, whioh wns interpreted as a
removal of bactericidel complement rather than sensitlsing
bodys This result, they claimed, indicated that different
complement or complemeni-molieties were conserned in haemoe
lysis and bactericldal activity, but thoy ¢id not menticn
if the treated seorum would lyse sensitised exy throey tes,

Lxperimental evidence now implieates the same

complement complex in both the haemolytie and bacterieidal
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agtivities of serums This conclusion has been possible
largely from s consideration of the specific insciivation
and reactlvation of the complement complex. Une of the first
attempts to elarify the identity of bacterieldal and hasmow
iytie complement wus that of Gordon and Wormall (1928).
These workers eritically reviewed dats relating to the lden-
tity, or othervise, of bavterieidal and haemolytic comple-
ment, as well as the techniques used for insetivation. They
showed that the lnactivation of any of the known ecomplement
components in normal guinea pig serum produced an inactive
system for the haemolymis of sensitised exythrocytes, and
for the killing of Shigells dysenteriss. Addivion of the
miseling component reactlvated both the haemelytie and dacter—
ieidal metivities of the serum. Gordon and Vormall (1928)
were unable to obtain a serum which was bactericidal but
would not lyse sensitised erythroeytes. In addition, they
found that when the baeterleidal activity of a serum was
ramoved by absorptlon with desd bacteria, 1% wes stild
hasmolytie for sensitised erxythrocytes. This finding coula
only be explained by the removal of a sensitising dbody.
These workers also showad that the sizz of the absorbine
dose was important in demonstrating the speecifiolty of
natursl sensltisers. YVhen small doses of bacteris were used
for absorption, the bacterieidal activity was restored with
heated sorum, but when the absorbing dose was inoressed,

heated serum did not restore the backericidal activitys The
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haemolytie activity of the serum towards sensitised erythpo
eytes was nlso lost when absorptions were made with massive
doges of bacterias. These results, they reslised, did not
preolude the existence of sepaurate complements for bacterie
eidal and haemolytic activities of serum, but strongly
suggested their eimilarity, '

A recent report by Miyama, Pleseia, Braun, and
Bjorklund (1962) suggested that either s basic difference
existes betwoen the components of gomplement involved in the
haemolytle and baotericidal roesections of serumy oX that there
is a difference i1n the rélativa importance of identioal
componentse. Lifferent eleetrophoretie fractions of normsl
human serum iahibited bacteriecidal activity towards L8 ohe -
ighia colli and the lysis of sensitised sheep red oells. The
degree of inhibition/mg. nitrogen also differed in the two
systems. They claimed these inhibitions showed difYerences
in the complement eomponents since the eells had been exposad
%0 speclfic antibody. Confirmation, or otherwise, of these
obsoexvetions has yet to be made,

Pollowing the work of Gordon and Vormall (1928)
there was little doubt that complement was non-gpeeifiec in
1ts ameotion, but there was still uneertainty as to the degrec
of specificity shown by the natural serum sensitisers,

Twe techniques are applieable for showving the
presence of natural serum sensitisers, (1) serum bacteri-

cldal activity, (2) fixation of conplenent by baoterial
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suspensions, as shown by a fall in haemolytic complement
activity. The speclficity of the sensitising bodies parti-
cipating in both reactions ean be gaused by absorptlion
studies.

VMagkie and Finkleatein (1930), using the technique
of complement fixation, found that ecomploment was fixed
when normal animal sera were mixed with baeterial suspen-
sions. If the sera were absorbed with one bacterial strain
at O°, then activity was specifieally removed for that strain
only, full complement fixing activity remaining for unrelated
straing. The following year they carried out a similar
inveatigation of the serum bacterieidal reasction and once
again demonstrated quite elearly that sensltisers were
gpecifice

This view wes not supported by Gordon and Carter,
(1932) for they found that when normal rabblt and guinea
pig sera were absorbed with "heavy” suspensions of organisms,
the bactoricidal activity was depleted for both the homolo~
gous and heterologous streins. Absorptions did not remove
complement, since bacterleidal activity wus restored with
heated serum. They believed that the some serum component
mediated in the killing of all serum sensitive bacteria,
and that the observed variations in sensitivity were a
reflection of differences in the bacteria themselves., During

absorption thene non-specifie rfactors were removed and the

killing of the least sorum gensitive bacteria were effected
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first, presumably because more of the factor was requlred.

Later Jordon was to change this view and suggoest
that the sensitisers were in fact speeific. Agaln using
"heavy"” suspensions he showed that bacterieidal activity
wag depleted for both homologous and heterologous strains,
but that it was greatest for the absorbing strain. I the
dose was further inecressed, then complement was also dep-
leted., (Cordon and Johnatone, 1940).

The question of the degree of speclificity shown
by the sensitisers mediating normsl serum bactericidal act-
ivity has been clarified by investigations during the last
ten years. Adler (1953) investigated the specificity of the
gensitisers for S. typhl in different pools of heated guinea
pig serum. He provided complement in excess as absorbed
guinea pig serum, and sensitiser as heated gulnea pig serum.
The concentration of reagents in this system were so
arrongzed that any variations in the bacterieldal tltre were
a reflection of differences in the heated serum. The bacter—
ijeidal titres of tha different pools of guinea plg sera for
Se typhis showed eonsiderable variation indieating that the
1evel of sensitisers in the different sera were not constant,
He was able to show that absorption of normal rabbit, or
guinea pig serum, with suspensions of . typhl specifically
removed bacterieidal activity for the absorbing strain.
Some fall inm killing was recorded for stralins which shared

common antigens, but there was no effect on unrelated



bagteria,

Similar findings were reported by Muschel, Chambere
lin and Osawa (1958}, Thay absorbed human serum with strains
of Je Lyphi and found the sensitisers to be markedly specifia,
Absorption with elther smooth or rough straine resulted in o
loss of bectericidal setivity only for those strains whieh
were serologloally related. The sensitlisers for strains of
e ©01: In human serum were also specific. (Musehel, 1960).

lLandy and his oolleagues, using absorption and
inhibition vechniques, provided valuable evidence for the
exlstonce of strain specific mensitisers in mouse and human
serums Yhen normal human serum was absorbed with one strain
of gram negantive bacteria, the baectericidal notlvity was loast
Tor that strain, but not for serologieally unrelated straings,
Abmorption of human serum with either 3, coli or g byphi
removed the baeterieidal activity only for the homologous
straln, since specles from slx other genera were killed
equally well by the absorbed and unabsorbed sera.

The relationshlp between the quantity of absorbing
suspension and the removal of sonsitlser was studied. Mouse
serum was used as the source of sensitiser, and absorbed
human serum ag oomplement. A concentration of Q.17 of
bacterial suspension in serum (v/v) gave speeific removal
of sensitisers. The concentration had to be increased 500
fold before there was a loss of bacterieidal activity to

unrelated atrains. They added sraded amounts of lipopoly-
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saccharide %o mouse serum and determined whet effect thls
treatment had on the bacterioidal activity of the serum
extroatad. Bacterieidal agtivity was reduced only for the
homologous organism, sctivity for heterologous strains
being unaffectsd. One to 10 ug. of lipopolysaceharide/ml,
of seyum removed the bacterieidal aotivity for the homol~
ogous strain, s much as 100 ug, had no effect on heterol-
ogous bacteris. (Michael, Whitby and Lendy, 1962).

Prom the above studies there now seems 1little
doudt that the normal serum sensitisers, like immune anti-
body, are specles, or even straln, specifio. Thore is 1ittle
doudbt, also, that the controversy over thelr speecificity
arose because the sabsorbing doses of bacteria used in
attempts to define this epecifiecity were often too large,.

Having discussed the work whieh led to the cono~
lusion that s apecilic natural sensitiser mediated in
normal serum killimg, attention will vow be turned %o a
gonsideration of the nature of the antigenie sites on the
bacterial eell towards whieh the specifieity of the sensit-

igsers are directed,

The Sites on the Bacterial Cell towards
whioh the Bacterielidal Sensitisers are

Directed,

Bordet (1895) oestablished that immune antibody
increased the bacterieldal aetivity of a serum dut there
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wag no knowledge of the antigens on the bacterial cell
towards which this speelfieity was directed. Pelix and
Olitzki (1926), using normal rabbit serum found different
strains of J, typhi varied greatly in their susceptibility
to 1%s lethal actlon, a difference which must have been due
to variations in some component of the bascterial cell.
Using immune antibody, normal rabbit serum, snd s strain of
pe Yyphi resistant %o kllling by normal rabbit serum, they
showed a parallel between the strength of the bacterieidnl
roaction and the content of "small flaiking azglutinins",

or ag we now know them, (0 somatic antigens), as ahbwn by
the agglutination test. Yhen these agglutinins were removed
by absorption, the bactericlidal aectivity was also lost,
They further showed antibodies against the "large flaking
asglutining”, (H sntigens), exerted no bactericidal effect.

The extent of serum killing of other members of
the typhoid-paratyphoid group were also found %o be detor-
minad by asntibodies directed a@aiﬁut the smooth O somatie
antigens.

The development of techniques for the extraction,
and purification, of the somatic antigens provided a means
whereby the specifielty of serum killing could be invesie
igated by inhibltion tests. Thibault (1939) determined the
lnhibitory effeet of the glyeco-lipid anticen of shigella
shiga on the bacteriecldal aectivity of normal rabbit serum
for this baeillus, Thirty three mg, of the glyeo-lipid
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isolated from a smooth strain of gram negative bacteria
completely inhibited the killing of the homologous strain,
but had no effect against rough strains, or against other
smooth gram negative bacteria. Inhibition occurred only with
the intact antigen, the polysaccharide alone being ineffec-
tive, That the extracted antigen was responsible for the
observed inhibition was clearly shown by the reversal of
the inhibition by anti-glyco-lipid serum. Since there was
no fall in the level of haemolytic complement, the dimin-
Btion in killing could not be explained by complement
destruction,

A similar specificity for inhibition of bacteri-
cidal activity was found by Cundift and Morgan (1941) with
the Boiven type antigen. Antigens prepared from S. typhi,
8. enteritidis and S, paratyphi B, all inhibited the capa-
eity of anti-typhoid serum to destroy S. typhi, but less

antigen was required for homologous than heterologous
inhibition., The inhibition of killing of heterologous
8trains ocourred only with those strains which were anti-
Senieélly related as shown in the Kauffmann-White scheme.
An antigen prepared from the unrelated Priedlander's
bacillus was without effect, even when used'in high eon-
centration, They found thegaoiven;type antigen extracted
from 8, typhi wes sntigenic in the rabbit, the antiserun
Pradneod-haring a bactericldal activity equivalent to that
of antiserum prepared against the whole bacterial cell,
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These inhibition studies suacested that sensit-
ivity to serunm might be explained at least in part by the
surface structure of the bacterial cells If so, then an
alteration in the surtace structure of the cell might be
expected to alter the serum sensitivity. Adler (1950)
adsoried trichloroacetic acid (T.C.A.) extracts of S. typhi
and K, coli onto sheep erythrocytes which were then lysed
by high dilutions of immune serum to the adsorbed antigen
in the presence of complement., Normal cells were not lysed
under these conditions. Later ne showed that the sensiti-
Vity of bacteria to serum killing could also be cnangea by
adsorption of heterologous antigens to the cell surface.
He adsorbed the T.C.A. extracts of E. coli onto various
Salmonellae which were then killed by anti-E. coli serunm
and complement; a system to which the untreated cells were
resistant. Sensitivity always followed the adsorbed anti-
gen, e.g. adsorption of 3. typhi antigens onto various
unrelated gram negative bacteria always led to their
becoming sensitive to killing by S. typhi specific anti-
bodies, When the antigen from a rough strain was adsorbed
to a smobth bacterium of the same species, it then became
more susceptible to serum killing. However, foreign anti-
gens could not be adsorbed onto all bacteria, e.g. a mucoid
strain of Klebsiells pneumoniae was completely refractory.
(Adler, 1952, 1953a).

Adler's observations were confirmed and extended
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by Michael and Landy (1961a) using both the Boiven type
antigen and the lipopolysaccharides (endotoxin) of gram

negative bacteria. E. coli and Sh. dysenteriae were

cultured in broth containing S. typhi endotoxin and assayed
for any alteration in susceptibility to normal human serum.
The serum susceptibility of the treated bacteria varied
with the time of contact with endotoxin; contact for one
hour inecreased the serum susceptibility of E. coli fourfold,

and Sh. dysenteriae sixfold. After eighteen hours the effect

was reversed, the endotoxin-treated bacteria being resistant
to serum killing. Using immune antibody to the adsorbed
lipopolysaccharide, they demonstrated that the alteration
of serum sensitivity was a function of the toreign anti-
gen. They were unable to explain the increase in resistance
to serum killing when the time of exposure to lipopoly-
saccharide was increased to eighteen hours.

The following year Michael, Whitby and Landy (1y62)
showed thnat as little as one mge. of E, coli endotoxin, or
10 ng. of S, typhi endotoxin, inhibited serum killing of the
homologous strain, but amounts of 100 ug. had no effect on
the killing of heterologous bacteria from five other genera.
These studies leave little doubt that the O somatic antigen
is the site on the bacterial cell towards which the anti-
bodies mediating serum killing are directed. No theory has
yet ioon proposed, however, which adequately explains why
organisms of apparently similar antigenic composition, and
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content of lipopolysaccharide, should show sucn a wide

variation in sensitivity to serum killing.

The wftfect of the smooth to Rough Change

in Colonial Morphology on Sensitivity %o

Serum Killing.

The smooth to rough change in coloniali morphology
has been correlated with a decrease in virulence, and with
a2 decrease in resistaunce 10 serum xilling. Bordet and Renaux,
(1932) ifound thav rough sirains of . colli were iiore sensit-
ive to killing by zuinea pig and rubbit serum than were
smooth ones. In the same year, Thjgtta and Jaaler (1932)
found normal human, guinea pig and rabbit sera killed rough

strains of Sh. dysenteriae, but not smooth., A similar differ-

ence in gusceptibility to serum killing of smooth and rough

Strains of S. paratyphi B. and S. typhi were observed.

During the last decade, there has been a renewed interest

in the study of the variations in susceptipility to serum
killing of strains of bagcteria which have shown the colonial
morphological change from smooth to rough. Rowley (1956)
compared the killing by normal guinea pig serum, of six
Strains of smooth gram negative bacteria, with the rough
mutants derived from them. The rough strains were always
more sensitive to serum killing than their smooth counter-
Parts. He suggested that serum sensitivity might be corr-

elated with the content of somatic antigen, the greater the
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content the more serum resistent. Similar observations were
reported by Muschel, Chamberlin and Osawa (1958) when smooth
and rouch strains of 3. typhi were tested for susceptibility
$0 the bactericidal activity of normal human, guinea pig
and rabblit sera.

An interesting corollary to this work was provided
by Michael and Braun (1958). They found that different colo-

nial types of Sh. dysenteriae picked from a single plate,

showed variations in their resistance to killing by normal
human serum, }Michael and bandy (1961) determined the susc-~
eptibility +to normal serum killing of different colonial

types of Sh, dysenteriae and z. coli. These stirains were

Obtained by plating the parent culture on tryptose agar
and selecting colonies for subculturing which varied in
density and refractivity when viewed by oblique lighting.
These bacteria, although morphologically smooth, varied
greatly in their sensitivity to serum killing. The ui0st

sensitive strains of Sh. dysenteriae were xilled by a serum

dilution sixty four times greater than that at which the
resistant strains were killed. Similarly, the sensitive
strains of £. coli were sixteen times as susceptible as the
resistant strains to the bactericidal action of the serum.
Contrary to these findings, however, Thibault (1939) could
detect 1little difference in the sensitivity to normal rabbit
serum of smooth and rough strains ot Sh. shiga.

Michael and Landy (1961) attempted to correlate
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the sensitivity of their strains of She dysenteriae and

E. coli to killing by normal human serum with the potency
of the endotoxin, judged on the ability to sensitise human
erythrocytes, and to elicit an antibody response in rabbits
to a single intravenous injection. They found the serum—
sensitive strains were a less potent source of somatic
antigen than the resistant ones. The latter were also more
lethal for mice and had a greater capacity to evoke tumour
damage, However, certain strains which had similar levels
of endotoxic potency varied in their resistance to serum
killing, and these bacteria were shown to differ in their
capsular or other antigenic constitueuts. The amount of
endotoxin thus would appear to be only one of several cell
constituents which devermine the susceptibility of bacteria
to serum killing.

There is some evidence to suggest that some
bacteria are resistant to serum xilling in the presence of
antibody and complement. Muschei and .reifers (1956) found

Paracolobactrum ballerup to be resistant to killing by

guinea pig compiement and raobit immune antibody, a system
which was highly efficient in the killing of S, typhi.

This lack of killing in the presence of immune antibody

was also found by Michael and Landy (1961) for their serum
resistant strains. As these resistant strains had a similar
antigenic composition to some of the sensitive ones, it was

at first thought that the lack of killing might be a



reflection of an unfavourable ratio of antigen to antibody.
They claimed their results obtained using immune antibody
showed this not %o be so. Chanses in susceptibility to serum
killing have been observed, however, without any apparent
morphological change i1n the state of the bacteria. Alter-~
ations 1n e.g. type of growtii medium, temperature of growth,
age of culiure, have been shown to aifect the susceptibility
of bacteria to serum killing. (haalde, 1948; Michael and
Braun, 1959). Serum resistance thus can noc longer be
explained purely on a lacxk of antibody. Hesistance for some

strains at least, is determined by factors at present un-

known.

Range of animais in winicih Haemolytic

Complement has veen Demonstrated.

Haemolytic complement has been detected in the
sera of all vertebrate species examined, but until recently
there was some doubt as to the presence of complement in
the mouse. Mouse is the one animal whose serum has shown no
bactericidal activity for gram negative bacteria.(Ali, 1959),
several workers have now reported the demonstration
of haemolytic complement in mouse serum. McGhee (1952)
claimed that the usual techniques for assaying haemolytic
complement were not sensitive enough for the detection of
complement at very low levels, but if the sensitivity of the

assay was increased, by reducing the number of erythrocytes,
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then trace amounts of complement could be detected. Using
this technique she demonstrated haemolytic complement act-
ivity in mouse serum. zarlier, Brown (1943) investigatved the
haemolytic activity of serum from five invred strains of
mice, and one wild strain. He could find no naemolytically
active complement using the standard sheep red cell-rabbit
haemolysin assay system, but the addition of guinea pig C'2
formed a haemolytically active system from which he assumegd
that the mouse lacked functionally active C'2. Rosenberg and
Tachibana (1962) modified the standard haemolytic complement
assay system by increasing the concentration of haemolysin
relative to the red cells, and demonstrated haemolytic
complement in six of eight strains of mice. The haemolytic
factor was thermolabile, sensitive to E.D.T.A. and did not
lyse unsensitised red cells. Borsos and Cooper (1961) found
that by bleeding mice and immediately cooling the blood to
2-4°, all the complement components could be denonstrated

by using appropriate intermediates of the complement system,
The overall haemolytic complement activity was practically
nit,

It appears, then, that mouse serum contains
functionally active complement but that it is present only
in trace amounts due to some inherent instability of the
complex,

Mutant strains of animals naturally detiicient in

complement have peen found. Moore (1919) described 2 strain
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of guinea piges in which haemolytic complement could not be
demonstrated. Recently Rother and Rother, (1961) discovered
a strain of rabbits which were deficient in haemolytic com-

plement.

Interspecies Differences in the Complement

Complex.

The early literature relating to the occurrence
and nature of complement in different classes of veriebr-
ates was reviewed by Cushing, (1945 a & b).

Prior to the work of Cushing, complement activity,
as demonstrated vy the ability of normal serum to lyse
foreign erythrocytes, had been found among mammals, birds,
reptiles, amphibians and iish, but it was only in guinea pig
and human sera that the tfour components nad been demonsirated.

Cushing, (1945 a & b) showed that the optimum
temperature for complement activity varied between the
manmais, amphibians and Iisne. Guinea pig complement was nore
«wCtive at 370 tinan at 160, and completely inactive at 129,
Frog complement gave most rapid lysis at 370, but the ulti-
mate degree of lysis was greater at 160, and some activity
remained even at 1-2°. Fish (carp) complement lysed erythro-
cytes more rapidly at 16° than at 37°, and still showed
activity at 1—20. The four complement components of frog
and guinea pig complement were found to be similars. Carp

complement did not lyse sheep erythrocytes sensitised with
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rabbit antibody, but Lysed these cells wheun sensitised with
its own naturali or immune antibody. ‘he complement compo-
nents resembled those of the guinea pig, but the similarity
was not complete. Three of the components were similar, but
C'1 and C'2 could not be separated. Cushing's work indicated
thag complement was widely distributed among vertebrates,
wWwith species differences in the optimum temperature for
maximum activity, the range of temperatures over which the
complex was haemolytically active, and in the interchange~
ability of some components. It is now clear that for normal
serum killing to occur complement and specific sensitiser
are required. The position with several other serum factors
for which a role in serum killing has been proposed is not

SO clear. These factors will now be discussed.

The Properdin System, Lysozyme, and

Inorganic Ions.

Inorganic ions. The inorganic ions caleium and

magnesium have been shown to be necessary for normal serum
killing. (Landy, et al., 1960). Their precise role in

relation to complement fixation to the bacterial cell have
not been investigated. Magnesium is also necessary for the

biological activity of properdin.

Properdine. Pillemer, Blum, Pensky and Lepow,(1953)

and Pillemer, Lepow and Blum,(1353) found that in order to
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inhibit the inactivation of compleuent with zZymosan, the
serum had to be absorbed under specific conditions of temp-
erature, pH, ionic strength and in the presence of magnesium
lons. Pillemer et al., (1954) claimed that since the inter—
action of antigen and antibody was independent of these
factors, zymosan was not interacting with an antibody. They
called the factor with which zymosan reacted properdin.
Properdin was purified and shown to be a euglobulin cons-
tituting less than 0,3% of the total serum proteins.

In addition to its participation in the inactiv-
ation of C'3, properdin was shown to participate in the
serum killing of certain gram negative bacteria, neutral-
ization of some viruses, and the lysis of certain abnormal
erythrocytes,

An early difficulty in assigning a role to prop-
erdin in immune phenomena was to explain its apparent non-
Specificity of action. Properdin adsorbed to such diverse
and apparently unrelated substances as bacterial cell walls,
bacterial endotoxins and lipopolysaccharides, certain
dextrans and levans, and even to lipopolysaccharides and
mucins obtained from mammalian tissues, (Pillemer, 1956).
The common component of these substances with which prop-
erdin combined was later shown to be a polysaccharide of
high molecular weight, (Wedgwood, 1958). Wardiaw and
rillemer (1956) were able to show that susceptibility to

The properdin bactericidal system was a strain, rather than



a species characterisivice. They screened forty-four bacter-
ial strains oelonging to seven gram negative genera, aand
one grai positive genus, for sensitivity to the properdin
bacterieidul sysien. Twenty stiruins were killed by fresh
serum, but not by serum from which properdin had been
removed; fourteen strains were not killed by normal serum,
and ten were killed by serum from which the properdin had
been removed. In the first group of bacteria which were
killed by normal serum but not by serum from which prop-
erdin had been removed, the bactericidal activity was
restored by the addition of properdin.

The validity of Pillemer's interpretation of his
results were questioned by Skarnes and Watson (1957), and
by Nelson (1958). They disagreed with the claims of
Pillemer and his school that the observed results could
not be explained in terms of natural antibody.

Skarnes and Watson (1957) could find no evidence
t0 divorce the activities ascribed to properdin from those
of natural antibody. They recognised that the difficulty
with such an interpretation was to account for properdin's
apparent non-specificity, and the relative specificity of
natural antibodies, They believed properdin to be a specifie
natural antibody to a carbohydrate of wide distribution in
nature,

Nelson (1958) made a similar claim and provided

experimental evidence which he believed refuted Pllilemer's
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identity of properdin as a new serum protein, rather than a
natural antibody. He beliieved the combination of properdin
with zymosan leading to the inactivation of complement, was
in fact a complement fixation reaction of zymosan, its anti-
body, and a1l components of complement.

Wardiaw and rillemer (1956) proposed that prop-
erdin reacted directly with susceptible bacteria without
the meaiation of antibody. However, Muschel (1960a) found
that gserum absorbed with a properdin sensitive organism no
longer killed the absorbing strain, but was still equally
effective against other properdin sensitive strains. This
clearly demonstrated the requirement for a specific sensi-
tiser, and Muschel suggested the activating effect described
for properdin might, in fact, be due to a serum enzyme.,
This theory had already been proposed by Inai, Kishimoto,
Hirao and Takahashi (1958). They found that during the
Preparation of a properdin free serum (R P) there was,
together with a depletion of properdin, a fall in serum
lysozyme which closely paralleled that of properdin, even
%0 the greater removal at temperatures below 37°. They dig
not determine if the bactericidal activity of the serum
could be restored by the addition of lysozyme. Osawa and
Muschel (1960) investigated the effect of adding properdin
and egg white lysozyme to an RP. Although lacking in detect-
able properdin an RP still retained 35-50% of its bacter-
lcidal activity, even though the haemolytic complement hagd
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fallen by 50%. A 50% fall in the haemolytic complement
activity, they considered, could account for the reduced
bactericidal activity; a fact waich was often not taken into
account when assessing the fall in bactericidal activity of
an RP, The addition of properdin to this serum did not
increase the killing, but the fact was not overlooked that
this may have been due to insufiicient complement being
present to allow any stimulation. In the presence of excess
complement a stimulation of bactericidal activity of normal
serum, or an RP, by properdin aid occur but the possibility
that lysozyme or natural sensitiser in the properdin prep-~
aration was responsible for the increased activity could not
be excluded. The bactericidal activity of an RP could also
be partially but hot totally restored by egg white lysozyme.
Egg white lysozyme did not replace properdin in the inact-
ivation of C'3 (Hook, Carey and Muschel, 1960).

In a recent review of some current concepts of
the properdin system, Lepow (1960) suggested the partici-
Pation of a non-specific properdin with a specific sensit-
iser. The following observations were put forward to support
this hypothesis., When serum was absorbed with bacterial
cell walls, there was a fall in activity towards the homo-
logous organism which could be restored by specific anti-
body but not by properdin. With an RP, however, the bact-
ericidal activity was restored only by properdin, not by
Specific antibody. Further, after absorption at 0° by cell
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walls, inactivation of G*'3 occurred at 37° by zymosan, but
not by the homologous cell walls and conversely, if the
absorption was done witih zymosane. He conceived that the
properdin system was serclogically specific, the specificity
being determined by an antibody-like principle, while prop-
erdin and other serum constituents acted as non-specific
accessory factors. Properdin was considered to be distinet
from antibody, the "Properdin system" being conceived as a
group of non-specific ractors acting in a maunner analogous
T0 the participation of complement in certain interactions
of antigen and antibody.

Rowley (1963) pointed out that properdin was a
beta~macroglobulin and he suggested that the possibility
should be considered that " by this single word we include
a whole special class of antibody-natural macro-globulin
antibody." He then posed the question "™ is it not conceiv-
able that there are many macro-globulins of 19S or greater,
each with some specific antibody reactivity, but Possessing
by virtue of their very large surface area non-specific
adsorptive affinity for zymosan and other colloidal
Particles,"

Retention of the concept of properdin as an
entity seems to have little value; only future work will
determine the precise nature of the serum factors which
Participated in the various activities ascribed to properdin,

but it does seem that natural antibody will be found to have
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played a major part.

Lysozyme. Fleming (1922) discovered a substance
in various secretions and tissues of the body which was
capable of dissolving certain species of micro-organisms,

particularly Micrococcus lysodeikticus and some enterococci,

but without activity towards bacteria of the coli-typhoid
group. This substance he named lysozyme.

There was no suggestion for any action of lyso-
zyme on gram negative bacteria until Amano, et al., (1954)
found that in vitro leucocyte extracts, in the presence of

complement, accelerated immune lysis of Vibrio tyrogenes.

Egg white lysozyme in high dilution had a similar acceler-
ating effect, as did other tissue extracts containing
lysozyme. Lysozyme was active only in the presence of
immune antibody and complement. Further investigations
showed lysozyme was involved in the terminal stage of the
lytic reaction, antibody and complement first having to
Teact with the ce.l surtace, presumably exposing the
ilysozyme subsirate. Lysozyme, however, was not essentialr
for serum killing, only for iysis. Lysozyme under suitable
conditions also lysed some gram negative bacteria in the
absence of antibody and complement, but in their presence,
lysozyme was effective at much lower concentrations. (Amano,
et al., 1955, 1955a; Inai, Kishimoto, Hirao and Takahashi,

1958; Inoue, Tanigawa, Tekubo, Satani and Amano, 1959).
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The Japanese workers used immune antibody through-
out their investigations, but lysis also occurs with normal
serum. Michael and Braun, (1959) found bacteria were com-
pletely protected against lysis in a normally bactericidal
dilution of serum by 20% sucrose. (Brenner, et al., (1958)
showed that a concentration of 20% sucrose protected
bacteria from lysis). Both natural antibody and complement
were required for this lysis. They suggested the lysis was
enzymic in nature, but the active principle was not ident-
ified. Muschel, Carey and Baron, (1959) identified this
Principle as serum lysozyme. They were able to convert the
rough strains E. coli B and S, typhi strain lMrs. S. to
sphaeroplasts by fresh normal guinea pig and human sera in
the presence of sucrose and magnesium sulphate, Heat inact-
ivated serum was ineffective. Under these conditions smooth
Strains of S. typhi were not converted to sphaeroplasts,
They further showed complement (free of detectable natural
antibody, properdin and lysozyme) produced sphaeroplasts
of a smooth strain of S, typhli wnen O antibody, properdin,
magnesium and sucrose were added, but none were rorwed in
the presence of fliageila antibody. Since egg wnite lysozyme
would replace properdin, the suggestion was made that the
active principle in properdin was lysozyme. Muschel, Carey
and Baron, (1959) suggested, as had Inoue, et al., (1959),
that serum lysis was a two stage reaction. Firstly, anti-

body and complement brought about the death of the bacteria,
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and this was followed by the second stage of lysis of the
cells, or the formation of sphaeroplasts if conditions
were suitable,

The actual serum lysozyme level apparently did not
influence the extent of killing, as a patient with an abnorm-
ally high serum lysozyme did not show an increased bacter-
icidal titre. (Osawa and Muschel, 1960),

It seems clear from these observations that the
Serum killing of gram negative bacteria occurs independently
of the presence of lysozyme. Lysozyme may later bring about
the lysis of the dead cells, but presumably only if during
the process of killing, sufficient of the lysozyme substrate
has been exposed.

Having discussed the various factors pertaining
t0 normal serum killing in vertebrates, consideration will

now be given to a discussion of antibacterial factors in

invertebrates.

The Bactericidal Properties of

Invertebrate Sera.

While there 1s a mass of information relating
to the complement mediated bactericidal system in the
vertebrates, very little information is availaople relating
%o the possible existence of serum killing mechanisms in

that large group of animais, the inverteorates.
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The early literature relating to immune phenomena
in all invertebrates was comprehensively reviewed by Huff,
(1940), while Bisset, (1947) and Wagner, (1961) covered the
insects only. Insects have been used extensively in these
studies largely because of their economic importance, and
the ease with which they can be handled in the laboratory.
Some of the data from these reviews, relevant to the present
discussion, will be mentioned before going on to a consider-
ation of some more recent observations.

Much of our information relating to irmunity in
invertebrates stems from wark in France during the period
1920~35. Wagner, (1961) was somewhat critical of much of this
work, largely because adequate controls were not included in
many of the experiments. Wagner, (1961) also claimed that
the quantitative aspects of this work left much to be
desired, principally because the work was done prior to the
development of many of the currently used quantitative
techniques. However, not all papers fall into this category,
as many were purely descriptive, largely referring to the
uptake of particles by phagocytic cells. Some of these
observations relating to the phagocytic activity of urn
cells in a sipunculid worm were recently verified by Bang
and Bang, (1962).

The basic conception on whicih the study of
immunity in invertebrates has tended to develop, has been

to demonstrate the presence, in these animals, of mechanisus
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whien contribute to immunity in vertebrates. Many attempts
lave peen, and are still being made, t0 devermine whether
during infection invertebrates produce substantes analogous
to the immune antibodies of vertebrates. The reviewers ment-
ioned earlier were able to cite many instances where insects
in particular had resisted bacterial infection, but were
unable to find any conclusive evidence for antibody
production. In their view, the evidence pointed towards the
resistance to infection involving cellular rather than
humoral factors.

In addition to a species variation in resistance
to bacterial infection, insects also show individual var-
iation in resistance to disease. Pasteur (1870) found
individual silkworms differed in their susceptibility %o
the infective agent causing pébrine. He was able to show
that this variation in susceptibility had a genetic origin.
Huff (1940) cited further examples where individual var-
lation in resistance to infection had been demonstrated.

In addition to the examples quoted of increased
Tesistance to infection being transmitted to the offspring
as a stable genetic character, Wagner (1961) cited examples
where increased resistance had been produced by the injection
°f a homologous vaccine. Resistance in general developed
Within twenty four hours and persisted for a period of
four to five days. Immunised animals were resistant to only

Several lethal doses, larger doses being uniformly fatadl.
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With few exceptions, these studies were terunln-
ated within four to seven days. Chorine (1931), however,

followed the chanses in resistance to inrection of a

phasmid, Carausius morosus, atter wwo injections of Vibrio
comma vaccine. Enhanced resisvance persisted ror twenty
days, tnen decliined by tie end of a month. Those lnsects
which survived a challenge by living organisms were
resistant for an additional forty five to sixty days.
Repeated injections prolonged the period of heightened
resistance still further. This observation shows that at
least one invertebrate has a mechanism which enables it to
store immunological information for an extended period.
Huff (1940) could find no instances where compl-
ement had been found in an invertebrate serum, but he
referred to investigations in which natural haemolysins
had been demonstrated, e.g. the serum of Eupagurus
Prideauxii haemolysed normal sheep red blood cells. The
Observation was also made that the action of rabbit compl-
ement on a sheep haemolytic system was retarded by the serum
of Maia (spider crab) vaccinated against the red cells.
This inhibitary substance was called "opposing antibody".
In addition, Huff (1940) cited instances where non~specific
thermolabile natural antibodies capable of lysis, precip-
ltation and agglutination had been demonstrated in invert—

ebrate gera.

Huff (1940) also mentioned several instances
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where highly bactericidal substances were Ifound in the gut
of some worms and arthropods. These substances differed
from the vertebrate complement system in resisting drying,
tryptic digestion, temperatures up to 1200, and atlcohol
Or acetone precipitation.

Prings, Goldberg and usrentzen (1948) described a
bactericidal factor with similar properties in the blood of

the large milkweed bug, (Oncopeltus fasciatus). The blood

was bactericidal for Staph. aureus and one strain of

B, subtilus, but inactive towards nine other strains of

g€ram positive and negative bacteria. The serum could be dil-
uted 1/10,000 and still inhibit the growth of sensitive
bacteria in the plate assay system used. The substance was
water soluble . Most of the activity was lost by boiling
for thirty minutes, or autoclaving for ten minutes at
20 1bs. pressure. They showed that the active substance was
not one of the proteins precipitated by boiling, since
Temoval of the precipitated proteins after boiling a saline
extract did not reduce the activity. They suggested the
Substance had the properties of an antibiotic, but its
Chemical identity was not ascertained,

Work dquring the last two decades, relative to the
Present review, has centred mainly on investigations of body
fluids of several species of invertebrates for specific
natural substances, and attempted production of specific

active substances in response to the injection of antigens.
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Tyler and Scieer (1945), and Tyler and letz (1945),
found at least ten heteroagglutinins for sperm and biood
cells of various animal species in the serum of the spiny

lobster Panulirus interruptus. The heteroagglutinins were

specific. Electrophoresis snowed these specific subsvances,
wiich were n0st probably protein, to be distinct from
haemocyanin.

Triplett, Cusining and Durall (1y58) found natural
agglutinins for various species of red blocod cells in the

coelomic fluid of the sipunculid worm Dendostrum 2zoster-—

icolum. The level of these agglutinins were subject to
variation in the absence of any known experimental manip-
ulation. They investigated the ability of the sipunculig

to respond to foreign tissues. Pieces of skin or tentacle
from the same, or different worms, were placed in the
coelomic cavity of the sipunculid and the subsequent reaction
of the host followed. No difference was found in the ability
of the haemocytes to encapsulate homo- or auto-transplants.
When the worms were given a second transplant five days

after the first, encapsulation was slower. This they inter-
Preted as an inability to rapidly replace those cells used
for encapsulating the primary transplant, rather than an
immune response., Material from a foreign species e.g. anemone

tentacles were encapsulated in a similar manner.

Recent attempts to induce a demonsirable antibody

Tesponse in several species of invertebrates have not been



41

successful. Bernheimer, Caspari and Kaiser, (1952) were

unable to detect antivodies in the blood of Samia cecrophia

larvae tfollowing injections of heat killed L. co}i coliphage
L 2 and streptolysin O. Antibodies were nct produced to
human group O erythrocytes or crystalline egg albumen in

Citheronia regalis larvae. These workers deterriined the

time required for the Samia cecrophia larvae to reuove the

Phage rrom their circulation. Ninety % or more of the i1ajected

Phage disappeared from the hemolymph between the second and

the tenth hours after injection. Although the vhase was

removed from the circulation, repeated injections did not

lead to the production of any neutralising antibodies.
Phillips (1960) injected bovine serum albumen V

into Anthopleura elegantissima, (the marine intertidal

anemone), and subsequently determined the ability of this
"immune" serum to block the reaction between the antigen
and rabbit antibody. The anemones received two injections
at weekly intervals, and twenty days later were macerated
in a Waring blender, and the homogenised material extracted.
The extract had a highly specific blocking action giving no
cross reaction with human plasma albumen. There was no
direct precipitation of antigen. From preliminary observ-
ations he suggested a similar material misht be produced
by a mollusc and a sipunculid.

Recently the claim was made that a heat labile

lytic substance was produced in the blood of a sipunculig



42

following the injection of a ciliate. Bang (1962), and
Bang and Bang (1962) investigated the response of the

rnarine worm Sipunculas nudas and the spider crab Maia

squinado to a marine protozoan parasite, Anophyrs sarcophaga.

The ciliates were introduced into the coelomic cavity of
the worms and the subsequent reaction of the blood to the
ciliates studied in vitro. The ciliates were not affectea
by this trestment, but if introduced into the sipunculid

- in blood from the infected crabs, twenty four to forty
eight hours later a heat labile substance was produced,
which in the in vitro tests, immobilised the parasites in
one to two minutes, and brought about complete lysis in ten
to fifteen minutes. The capacity to destroy the ciliates
was also provoked in the worm by injections of normal crab
blood and of bacterial suspensions. The origin of this
Substance was unknownh. The high immobilising activity was
retained for five to eight days. Reinjection provoked an
accelerated response, but repeated injections did not
raise the activity. A small proportion (14%) of the spider
crabs had no resistance to the ciliates, succumbing to a

rapidly fatal infection.

The coelomic fluid of the marine worm Goldfingia

gouldii also destroyed injected bacteria of several unident-

ified species in vivo. In vitro the lethal factor was pre-

sent in both serum and cells, and was as active at 0° as at

room temperature.

The results of an extensive investigation into
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the ability of Galleria mellonella larvae to respond

immunologically to the injection of several bacterial
antigens was recently published. (Stephens, 1959; 1962 a
and b; Stephens and Marsnall, 1962). They found that normal
wax moth larval serum was bactericidal for non-pathogenic
bacteria, but had no activity against the larval pathogens

€8¢ Ps. aeruginosa. Twelve to twenty four inours arter

immunisation with a neat killed Pse. aeruginosa vacclne,

the larvae snowed an increased resistance to cinzllenge

wlth homolegous living orgzanisms. The resistance developed

was specific but lasted less than three days, and throughout
this period antigen could be detected in the blood. The immune
blood did not contain any demonstrable agglutinins by tube
tests, nor did the injection of sonic disrupted cells give
rise to precipitins.

The increased bactericidal activity of sera from
immunised larvae was specific for the bacterial strain used
for injection, and could not be provoked by non-specific
agents such as saline, nutrient broth or glucose. The
activity could, however, be removed from immune serum by
absorption with zymosan.

Normal and immune blood differed in ability to
melanize on exposure to air, and immune blood also had a
lower oxidation-reduction potential. Normal blood melanized
rapidly on exposure to air (1 hour), but there was no

melanization of the blood following immunisation with Ps.
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aeruginosa vaccine. There appeared to be an association

between the ability to inhibit melanization and pathogen-
ieity, since immunisation with a non-pathogen did not lead
t0 inhibition of melanization. Salt (1956) had found a

similar inhibition of melanization with pathogens for the

stick insect Carausius morosus.

Inhibition of melanization was suggested by
Stephens and Marshall (1962) to be due to a depression of
tyrosinase activity which also led to an increased apility
to withstand infection. They fractionated the blood from
immune moths by ethanol precipitation and resin adsorption,
The purified bactericidal material showed anti-tyrosinase
activity and gave in vivo protection wnen injected witn the
Organism used to elticit its production.

As the material rrom wnole plood passed through
a dialysis sac wnen dialysed against distilled water, they
suggested that the substance was of low molecular weight,
The substance was not inactivated by trypsin, and was stable
to heating at 100° at neutral pH for five minutes. These
Properties, they suggested, indicated the substance to have

8 relatively small molecular weight and to be non~protein.

SUMMARY .

Haemolytic complement activity has been found among diverse

Species of vertebrates taken from each of the five classes,
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The range of animals whose sera have been examined for
bactericidal activity has been restricted almost entirely

t0 mammals, but all those which have been examined, with the
exception of the mouse, have shown some bactericidal activ-
ity. The lack of bactericidal activity in this animal's
serum stems from an instability of the complement complex.
Although the ultimate result of both the haemolytic and
bactericidal activities of the various animal sera is the
same, the individual components making up the complement
complex appear to differ. There is a species variation in
optimum temperatures, range of temperatures over which
biological activity occurs and in the mutual interchange-
ability of individual components. Haemolytic complement
activity has not been reported in invertebrate sera.
Bactericidal activity has been reported in several instances,
but it does not appear to be mediated via antibody and

complemente.

AIMS OF THE PRESENT STUDY.

Our xnowledge of the mechanism of the complement mediated
bactericidal system in normal serum has been gained almost
exclusively from a study of this phenomenon in the sera of
man, rapbits and guinea pigs. Although haemolytic comple-

ment has been demonstrated in the sera of many other species
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of vertebrates, little is known of the distribution of
complement mediated bactericidal activity among these
species,

This study was initiated to further our knowledge
of the distribution of the complement mediated bactericidal
system in nature. The animals whose sera were first selected
for study were representatives of each of the major lines
of vertebrate evolution. A comparison was made of the
relative bactericidal activities of the sera and in addition
the nature and specificity of some of the components
mediating the killing were studied.

The finding that all the vertebrate sera had a
complement mediated bactericidal system prompted an invegt-
igation being made for the possible existence of similar
bactericidal mechanisms in invertebrate sera. The serum of
a crustacean was found to possess bactericidal activity ang

the nature and specificity of this mechanism was then

studied.
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CHAPTER 2,

MATERTALS AND METHODS.

Bacterial Strains and their riaintenance.

Bacterial Strains.

The bacterial strains used throughout this invest-
igation together with their sources, are iisted in Tapble 1,
The bpacterial strains winich were screened for sensitivity
to killing by normal yavbie serum were obtained from the
stock collection of micro-organisms in the Microbiology
Department, University of Adelaide, from the routine
bacteriology laboratory, and the Salmonella Reference
Laboratory, both of the Institute of Medical and Veterinary
Science, Adelaide, and from the Water and Sewage Laborat-

ories, Glenelg, South Australia.

Maintenance of Strains.

When received, the strains were freeze dried from
a suspension in sterile skim milk, of the centrifuged
deposit from an overnight broth culture, using a centrifuga)l
freeze dryer, (W.E.Edwards and Co.ytd., London - Model No,

5 PS.)e When received, the smooth and rough strains of

Se paratyphi B ( designated B.I.S. and B.I.R. respectively)



SOURCE OF BACTERIAL

Table 1.

STRAINS USED FOR INVESTIGATING SERUM BACTERICIDAL ACTIVITY,

Becterial strain.

Antigenic structure.

Reference.

Remarks.

Eo, coli I}il]..Yo

Ee coli BV,

Se txg%;murium
So yﬁghimurium

Se Zallinarum
9240

Se paratyphi BIS:
Se paratyphi BIE

I,

01113 B4;

v,

Iv,

H12,
V, HI: i, "1,2,30
V, XII: i’ -1,2,30
XII; - ~
Yo X1 D, -1,2.2

(

Wardlaw (1962)
Rowley (1954)

Furness and
Rowley (1956)

Maalge (1948)

Smith (1956)

Kr8ger (1953)

Rough strain.

Referred to as
strain E2206AV
Smooth strain.

Mouse virulent.

Strain 206
Maalge
Avirulent for
mice.

Referred to as
strain 9.exX.
R.C.T.C. 92404

The smooth
gstrain was
derived from
the rough,

Antigenic structure not known.
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were subcultured onto 25% horse serum agar plates, and a
typical smooth and roush colony, as viewed by oblique light-
ing, was used for inoculating the broth cultures for freeze
drying. The freeze dried cultures were kept at 4°, When
required the frreeze dried cultures were reconstituted in

0.5 mls of nutrient broth and from this suspension six agar
slopes and an agar plate were inoculated. If the culture on
the plate was pure, the siopes were used for routine sub-
culturing, if not, fresh slopes were subcultured from a
single colony on the plate. The agar slope cultures after
overnight incubation at 370 were stored at 40 for subsequent
use. Ten subcultures were taken from each slope, after which

it was discarded and a fresh slope opened.
Media,

Nutrient Broth and Agar.

The nutrient broth and agar used throughout this
investigation were prepared from Oxoid dehydrated culture
media, reconstituted as specified by the manufacturer.

The manufacturer's identification of these preparations
were Nutrient Broth No.2, code number CM 67, and Blood Agar
Base, code number CM 55. The reconstituted media were

sterilised by autoclaving at 120° for 10 minutes.

Minimal Medium.

The minimal medium described by Davis and Mingioli
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(1950) wus used as diluent for the bactericidal tests.
The salts were dissolved at ten times the reguired concen-
tration, dispensed in 100 ml. quantities, and autoclaved.

The composition of this concentrate was:-

KH2P04 30 gm.
K,HPO, 70 gm.
MgSO4.7H20 1 gm.
(M) 550, 10 gm.
Sodium citrate.BHzO 5 gm.
Distilled water 71000 ml.

The pH of the solution was adjusted to T.2. The medium wag
sterilised by autoclaving at 120° for 10 minutes. This
solution was diluted 1 in 10 in sterile distilled water
before use. For tests with E. coli Lilly a 50% (w/v) glucose

solution was autoclaved separately, and added aseptically

to a final concentration of 1%.

Frager and Jerrel's Medium.

This was the medium developed by Fraser and

Jerrel (1953) for the preparation of high titre stocks of

phage g X174.



Na,HPO, 105 gm.
KH, PO, 4.5 gm.
NH4Cl 140 gme
M,gSOAr 0«3 gme
M 03012 Oe3 ml.
Gelatin 1% solution, 1.0 mi.
Casawino acids. 15.0 gm.
Glycerol. JU.U gme
Distilled water. 1000 ml.

The medium was sterilised by autoclaving at 120° for
10 minutes. One ml. of a sterile 10% solution of magnesium

sulphate was added with the phage inoculum.

Preparation of Normal and Immune Sera.

Humane. 3Blood was obtained from persons of blood
group O bled at the Adelaide Red Cross Blood Bank. =mach

pool consisted of the serum from three donors.

Pig, Blood was collected from the excised

Jugular veins of ten to twenty animals slaughtered at the

abattoirs.

Embryo piglets. These were obtained from sows
slaughtered at thé abattoirs. The placenta was removed from
the sows, the embryos detached and bled by cardiac puncture,
Twenty embryos were bled for each serum pool.

Kangaroo (Macropus rufus).

These animals were
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shot on lianunda Station, via Yunta, in the northeast of
South Australia. The animals were bled from the excised
Jjugular veins. Twenty animals were bled for each serum pool.
Fowl. An inbred line of white leghorn fowls
were bled at the South Australian Poultry Station, Parafield,
South Australia. The blood was obtained with a syringe from
the wing vein. Each serum pool was obtained from approx-
imately fifty birds.

Lizard. {(Piliqua rugosa — "sieepy"iizard). The

animals were captured in the sandhills near Port Adelaide
Or along the River Murray in South Australia. The animals
were bled by cardiac puncture. Twenty or more animals were

bled for eacn serum pool.

Toad (Bufo marinus). The animals were obtained

from the sugar cane growing areas of Queensland. The animals

were pithed, a median incision made and the blood drawn

from the exposed heart. 3ixty animals were bled for each

serum pool.

Teleosts ( Tinca tinca - "tench"), These fish

were caught in the lower reaches of the River Murray, South

Australia. They were bled by cardiac puncture. Ten fish

were bled for each serum pool.

Elasmobranchs. (Emissola antartica - "gummy " shark),
The sharks were caught in Saint Vincent's Gulf, South Aust-
ralia, The tail was severed and the blood was collected into

& bucket., Ten or more sharks were bled for each serum pool,
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Yabbies (Parachaeravs bicarinatus - Gray). These

animals were captured either in Laxe Alexandrcna, South Aust-
ralias or in isolated ponds in the Liount Lofty Ranges, South
Australia. The animals were bled by cutting off the tip of

a large cheliped and collecting the dplood draining out into

centrifuge tubes. Twenty or more yavbies were bled for each

serum pool.

Method Tor Cbtaining Serum Irom the Whole Blood.

The plood rrom the vertebrate specics, except
kangaroo and risn, was clotted for one hour at 370, at'ter
which the serum was separated by centrifugation at 1,000 g,
for 30 minutes. The fish and kangaroo bloods were not
incubated at 370 prior to the serum being separated, as these
facilities were not available in the field.

The yabbie blood was allowed to clot for onevhour
at room temperature, and the serum then separated by centri-

fugation at 4,500 g. for 30 minutes.

Storage of Serume. The pooled sera were stored at
-20°. When required, an aliquot was thawed and used the
same day. The serum was not refrozen for future use, except
in those instgnces where it was necessary to dispense a

large volume of serum into smaller aliquots.

Preparation of Anti-Bacterial Immune Sera.

Rabbits were immunised by thirteen successive
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injections at three day intervals. The first injection of
5 x 107 steam killed bacteria was given intraperitoneally,
followed oy four intravenous injections with doses progresg—
ively increasing %o 5 x 108 bacteria. They were then given
three successive intraveunous injections ot 5 x 107, 108,
and 5 x 108 alcohol killed bacteria, followed by a similar
course of cells which had been disrupted for three minutes
in a Mullard ultrasonic disintegrator with a power output
of 150 watts and operating at 11 Kc./sec. Finally, three
injections of living cells were given, the tirst intra-
Peritoneally,

The animals were bled by cardiac puncture seven
days after the last injection. The blood was incubated for
one hour at 37°, after which the clot was allowed to
Petract in the cold overnight. The serum was separated by

centrifuging at 1000 g. for 30 minutes. The serum was

stored at ~20°,

Basic Technical Procedures.

Preparation of Absorbing Suspensions.

The bacteria were grown in nutrient broth, either
with shaking at 37° overnight, or for the water isolates ip
stafionary éulture at 30°. The bacteria were removed by
centrifugation, resuspended in saline and killed either by
heating to 60° for 1 hour, or by suspending in 70% alcohol

for six hours. The killed bacteria were wagshed three times
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in saline and finally resuspended as a dense suspension in
saline. The dry welght of the suspension was estimated

gravimetrically aiter allowing for the quantity of saline

present.

Serum Absorptions.

Sﬁffic1ent bacterial suspension to give the desired
dry weight of bacteria per ml. of undiluted serum was
pipetted into a plastic centrifuge wube, the bacteria
sedimented by centrifugation, and the supernatant discarded.
The bacteria were resuspended in serum and absorption allowed
to proceed overnight in the cold, after which the bacteria

were again removed by centrifugation.

Preparation of Phage 4 X174 Suspensions.

One hundred ml. of Frager and Jerrel's medium, in
a 250 ml., Erlenmmeyer flask, was inoculated with Q.2 ml. of
an overnight shaken broth culture of the propagating strain,
Ee c0li C. When the culture became just visibly turbid,
Phage was added to a final concentration of 105 particles/ml,
of culture fluid. The culture was shaken until clearing
occurred (about four hours). After centrifugation of the
lysed culture, any bacteria remaining in the gsupernatant

were removed by passage through a millipore filter membrane.
(045 1 pore size).
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Preparation of Sheep Red Cell Stroma.

These were prepared as suggested by Kabat and

Mayer (1961).

Preparation of Lipopolysaccharides.

Lipopolysaccharides were prepared using the
phenol/water extraction method of Westphal, L#tderitz and
Bister (1952). The ultra violet absorption of the iipo-
Polysaccharide, dissolved in distilled water and dialysed
Overnight in the cold against distilled water, was deter-
mined from 230-300 mu. There was no increased absorption
between 260 and 280 mu, which indicated no gross contam-

ination with nucleic acid or protein.

Preparation of Standard Bovine Serum

Albumin. (B.S.A.).

Crystalline bovine serum albumin (Commonwealth
Serum Laboratories, Melbourne) was reconstituted in saline,
and dialysed overnight in the cold against saline. An
aliquot of the retentate and of saline were dried to
constant weight in a vacuum oven at 60°., The difference
between these two weighings gave the amount of B.S.A.
Present in the solution. This stock solution of B.S.A.

was dispensed in ampoules and stored at -20°.
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Preparation of Inoculum for the

Bactericidal Tests.

Strains other than those isolated from water
were grown overnicht at 37° with shaking in 25% horse
serum broth, after which the cultures were diluted 1:100
into fresh serum broth and incubated for four hours. The
inoculum for the serum dilutions was prepared by diluting
this latter culture in basal medium. The inocula tor the

water isolates were prepared from nutrient broth cultures

incubated overnight at 30°.

Serum Bactericidal Assayse

The sera were diluted in minimal medium ( 1%
glucose added tor B. coli Lilly ) to give a tinal volume
of one ml. The serum dilutions were transferred to a water
bath, and arter ailowing five minutes for temperature
equilibration, 0.1 ml. (five drops with an 0.02 ml.
dropping pipette) of a dilution of culture, containing
approximately 5 x 104 bacteria/ml. was added. A diluent
control was included for each bacterial strain tested.

\ At time intervals, 0,02 ml. aliquots from each
tube were dropped onto quadrants of a nutrient agar plate,
After overnight incubation at 30°, the number of colonies
were counted, The percentage of bacteria killed was cal-

Culated from the number surviving at 90 minutes over the

number introduced at zero time.
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Haemolyvtic Complement Assay.

Diluent. The veronal buffer described by Kabat

and Mayer (1961) as "diluent 1" was used throughout,

Preparation of sheep erythrocytes. Sheep red

blood cells suspended in sodium citrate were washed three
times in the diluted buffer and finally suspended as a

5% (v/v) suspension.

Haemolysine The haemolysin was a product of the

Commonwealth Serum Laboratories, Melbourne.

Preparation of sensitised erythrocytes. An equal

volume of 10 minimai haemolytic doses of haemolysin was
added to the 5% suspension of sheep erythrocytes. After
mixing, the cells were incubated for ten minutes at 37°
and stored in the cold. The sensitised cells were used on

the day of preparation only.

Complement assay. Complement was assayed in

Ued ml., or jess of serum.

The reagents were added in the following order;
O0¢4 ml. of sensitised erythrocytes, sufficient buffer to
make the final volume t0 1.2 ml.,0¢4, Oe¢3, 0e2 and Oo1 ml.
Trespectively of an appropriate serum dilution. The tubes
were incubated inva water bath for 30 minutes, after which
the residual red cells were removed by low speed centrif-
ugation,

The optical density of the clear lysate, was

Measured against a diluent blank in a Coleman Junior
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Spectrophotometer at 541 mp. The 50% lytic end point was
determined by interpolation from a standard curve prepared
from the same bateh of sensitised red blood cells. The
complement titre was defined as the number of 507% haemo-
lytic units (C'HSO) contained in one ml. of undiluted

Serume

aAssay of Serum ILysozyme. (Wardlaw, 1962),.

The egg white lysozyme used was the crystallised
B grade product of Calbiochem, California, U.S.A. A suspen-

sion of Micrococcus lysodeikticus was prepared as the lytic

standard for all the iysozyme assays. The growth from lawn
Plates of M. lysodeikticus, incubated at 30° for forty

eight hours, was harvested and washed three times in saline,
and finally resuspended in the test buffer. This suspension,
in 2-3 mm. layers, was irradiated with ultraviolet light
for fifteen minutes, then dispensed in one ml. aliquots

and frozen at -20°, Dilutions of serum, and standard lyso-
zyme, were made in 0.033 M. phosphate buffer (pH 6.5),

ad justed to ionic strength 0.1 by the addition of an equal
volume of 0,045 M. sodium chloride, and containing 0.05%

gelatin. The concentration of the M. lysodeikticus susp-

ension was adjusted so that when 0.1 ml. was added to three
mle of buffer the optical density, read at 540 mu. on a

Unicam SP600 Spectrophotometer using a one cm. cell, was

between 0.60 and 0.70.

In the lysis tests, three ml. of serum or standard
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lysozyme dilution, was warmed to 37° in a water bath and the
optical density determined. 041 ml. of bacterial suspension
was then added and the optical density again read (Time 0
reading). The tubes were then incubated with periodic manual
shaking and the degree of lysis at the end of fifteen min-~
utes determined by reading the optical density (Time %
reading). The term lysis being used to denote a2 reduction in
the optical density of the suspension.

The per cent. reduction in optical density (0O.D.)
was calculated by the expression:~

O0.D., at time O - 0.D. at time *t.

A standard curve, relating percentage lysis to
lysozyme concentration was prepared for each series of
assays, using lysozyme levels from 0.25 to two pg./ml. of
reaction mixture. Suiltable dilutions of serum were tested
in parallel and the lysozyme ievel calculated from the

standard curve.

Haemagglutination Assays.

The technique used was essentially that describeq

by Crumpton, Davies and Hutchison, (1958). The veronal
buffer used in the assays for haemolytic complement was
used as the diluent.

Sheep red cells were washed three times in buffer
and finally suspended to a concentration of one %. Blood

from other animals was taken directly into the buffer to
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give approximately a one % suspension.

Serial twofold dilutions (0.2 ml. volumes) of the
sera were prepared in perspex haemagglutination trays and
to these were added 0.2 ml. of the cell suspensions. After

mixing, the trays were incubated for one hour at 37° followed

by overnight at 4°.

Assay of Phage ¢ X174.

0.1 ml. of serial tenfold dilutions of phage
suspension in nutrient broth, were added to three ml. of
molten half-strength nutrient agar (equal amounts of nutrient
agar and broth) equilibrated to 44°, Following inoculation
with five drops of an overnight broth culture of E., coli C,
the phage~bacterium mixture was poured onto the surface of
dried nutrient agar plates and allowed to set. In order to
keep the plaque size small, incubation of these layered
Plates was restricted to three to four hours at 37°.

Estimation of Serum Proteins Concentration.

Protein was egtimated by the modified Folin~
Ciocalteu method (Kabat and Mayer, 1961), and by measure-
ment of the optical density at 280 mu. in a Shimadzu Model
QR-50 spectrophotometer. The assays were made quantitative
0y constructing a standard curve reiating protein (B.S.A.)
concentration to light absorption. The concentration of
protein in the unknown solution was estimated by inter-

Polation from the standard curve.
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Chemical Procedurcs.

Starch Gel Dlectrophoresis.

For starch gel electrophoresis the method and
borate buffer system (pH 8.6) of Smithies (1959) was used.
The gels were subject to electrophoresis at four volts/cm.
for eighteen hours in the cold. The gel was sliced along
its length, and the exposed face stained with amido black
10B for one minute, to identify the protein bands. The
second face of the gel was stained for copper using 0.2%
Trubeanic acid (Decleir 1961).

The preparative starch gel was run similarly,
except that all but one of the wells were united, which
permitted the electrophoresis of a larger volume of serum.
On completion of electrophoresis, the segment of gel con-
taining the single well was sliced, stained, and used %o
localise the position of the various bands on the remain~
der of the gel as a guide to sectioning. The gel segments
were emulsified in the cold in a M.S.E. homogeniser, with
102 Me ammonium sulphate (pH 6.,8). The extracts were clar-
ified by centrifugation at 12,100 g. for ten minutes in a
Servall refrigerated centrifuge model RC~2., The gels were
re-extracted with 1.2 M. ammonium sulphate, followed by a
final extraction with 4M. urea buffered at pH 8.,6. The com-

bined extracts were dialysed overnight against 1/25 concefi-

tration basal medium, aﬁd concentrated againstv "Carbowax 26M»
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(Zdward Gurr, Litd., London) to 2 rinal volume of approx-

imately five ml. Each fraction was then assayed ior bacter~

icidal activity.

Paper Blectrophoresis,

Paper electrophoresis was performed in a Beckman
Model R paper electrophoresis cell.(Durrum type). The paper
strips, inoculated with 002 ml. of serum, were - dipped
either in 0.07 M. veronal buffer (pH 8), or 0,07 M.
glycine~sodium hydroxide buffer (pH 9.5). Electrophoresis
at pH 8 was run at 110 volts for 12 hours, and at pH 9.5
at 135 volts ror 9 hours. After this time the two end strips
were stained for protein with bromo-phenol blue. They were
then used as templates for localising the position of the
protein bands on the remaining strips. The test strips were
dried at 370, sectioned, and homogenised in a M.S.&. homo=-
genlser in buffer adjusted to one M. by the addition of
sodium chloride. after extraction for two hours at room
temperature, the fluid was removed by filtration through a
sintered glass funnel. The extracts were dialysed overnight
against 0.1 M. saline, and concentrated against "Carbowax"

to approximately 0.25 ml. The concentrated fractions were

tested for bactericidal activity.

Curtain Electrophoresis.

Curtain electrophoresis was periormed in a

Beckman Model CP continuous flow electrophoresis cell. The
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Serum was eluted with U.02 M. veronal buffer (pH 8.6).

A current of 00 volts was applied with a syphon setting
of %,7 cm. on the lett hand side, 62 cme. on the right
hand Sidé, and a buffer overflow setting of 7.5 cme Serum
Was applied at the rate of U.5 ml. per hour. After over-
night equilibration, the position of the fastest moving
Protein band was determined by touching the tabs with a
filter paper strip, and staining for protein. After ascert-
aining that the fastest moving protein was being eluted
from tabs 28-9, the .apparatus was equilibrated a further
8ix hours, and the eluates then collected. Each eluate was
assayed for protein by measurement of the optical density

at 280 mu., and tested for bactericidal activity.

Pyridine-Acetic Acid-Water Electrophoresis.
(Spiro, 1962).

0.1 ml. of serum, or purified serum fraction,

was spotted onto the centre of a 34 x 4 cm. strip of

Whatman No. 3 filter paper. After allowing the drops %o

dry in, the strips were transferred to a perspex electro-
Phoresis bath containing pyridine-acetic acid-water in the
ratio of 25:1:225 at pH 6.4, The paper strips were subjected
to electrophoresis for four hours at six volts/cm., dried

at 105° for 10 minutes, then sprayed with ninhydrin.

Tocalisation of protein on paper strips with

ninhydrin.
Electrophoresed paper gstrips were dried tfor
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30 minutes at 105° and then sprayed with a U.2% solution

of ninhydrin in water-saturated putanol. The sprayed strips

were developed at 105° for 10 minutes.

Density Gradient Centrifugation.

The sucrose gradients were prepared and sedi-
mented by the technique deveioped by Kunkel (1960) and
modifiead by Rowiey and Tufner (1964 ) Discontinuous suerose
gradients were made in Lusteroid tubes of the S.W./39
Spinco rotor, by successive layering of one ml. aligquots
of 40, 35, 25, and 10% sucrose in molar sodium chloride.
After standing for 24 hours at 40, one ml. of a one in two
dilution of serum in saline was carefully layered onto the
Sucrose gradient and centrifuged for 18 hours at 125,000 g,
in & Model L Spinco ultra centrifuge. The base of each
tube was then carefully pierced with a twenty five gauge
needle, and two drops of fluid taken off either into three
Ml. of saline for estimation of protein at 280 mu., or in

05 mi, aliquots for estimation of bactericidal activity,

Sephadex Chromatography.

Sephadex G75 and G50 granules, (Pharmacia, Uppsala,
Sweden.) were swollen overnight in 0.2 M. tris-hydrochlorie
acid buffer (pH 8.0), and 0¢2 M. acetic acid-sodium acetate
buffer (pH 4), respectively. The swollen graﬂules were
Tesuspended in the buffer, and after allowing the larger

Particles to settle, the finer ones and excess buffer were
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decanted. The swollén Sephadex was packed into wide bore
columns (40 ecm. x 3 cm.) constricted to 5 mm. at the base.
The Sephadex particles were prevented from passing through
the column by a glass wool pad overlaid with glass beads,
resting on the shoulder of the comstriction. During the
initial stages of packing, the outlet of the tube was
Plugged and only the rapidiy sedimenting larger particles
Wwere used to form'tne gele Slowly sedimenting particles and
eXcess puffer were decanted. When the column had been packeaq,
the piug was removed, and the column equilibrated againsf

@ continuous flow of the buffer overnight. A filter paper
disc was floated onto the surface of the packed Sephadex,
and the serum applied evenly over the surface of the paper,
Using a syringe and polythene tubiﬁg. Once the serum had
entereqd theﬁcolumn, puffer was carefully layered onto the
S"“1‘1'&7L<'-'e, and fractions were collected utilising a Locarte
traction collector operating on a drop counting basis. The
Optical density at 280 mu. was measured for each tube and on
the basis of the elution curve, aliquots were pooled and the

baCtericidal activity of each pool was estimated.
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CHAPTER 3.

BACTERICIDAL, AND HAEMOLYTIC COMPLEMOUNT

LEVELS OF VERTEBRATE SERA.

Introduction.

Our knowledge of the various aspects of serum
bactericidal and haemolytic complement activities, has
Stemmed almost entirely from work with the serum of the
common laboratory animals, and man., There are scattered
Teports in the literature dealing with the presence of
haemolytic complement in the sera of other species of
Vertebrates, and that the serum of some of these animals
8180 has bactericidal activity.

This chapter is concerned with a survey of
haemolytic complement levels, and bactericidal activity
for geven species of gram negative bacteria, in sera from

the Plg, man, kangaroo, fowl, toad, tizard and several

SPecies of rish.

Setection of wviluent for the Bactericidal

Assays.

For the estimation of serum bactericidal activity

% killing which occurs in a test system must be due solely
%0 serum factors. The diluting fluid used must not 1tself

be bactericidal, must not support a rapid increase in cell
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numbers, or be anticomplementarye.
Several fluids were tested for their suitability

to fulfil these criteria. Some difficulty was experienced

in getting reproducible titres using physiological saline
(0.85% sodium chloride). This was especially apparent with
Ee. ¢0li 1illy for which it was distinetly bactericidal.

One per cent. glucose in saline buffered to pH 7 with

0.001 M. phosphate buffer was little better. The basal
medium of Davis and Mingioli, or a 1/100 dilution in saline,
gave consistently satisfactory results with allrstrains
except E, coli Lilly which required, in addition, 1% glucose,

Basal medium with or without glucose was used as diluent

throughout the investigation.

Bactericidal Titres of the Various Sera.

The bactericidal titres,(dilution of serum which
killeq 50% of the inoculum in 90 minutes) of each serum
8gaingt a1l the strains are given in Table 2. In Table 3
these titres have been expressed as a ratio, using the

Sensitivity of S. gallinarum 9240 to human serum as an

8rbitary pererence value 1. There is no common pattern of
kKilling of the strains oy any two sera, nor is there any
Common ratioc of sensitivity ot any strain to ail the sera.
Of particular interest, since previous invest-
1gators (Rowley,(1956); Michael and Landy, (1961) found
SMOoth gtrains of bacteria were more resistant to serum

ki1ling than rough strains, was the observation that with



Table 2,

RANGE OF GRAM NEGATIVE BACTERIA KILLED BY THE VARIOUS NORMAL SERA.

Bacterial strain,

Reciprocal of bactericidal titre.

Normal Animal Sera.

Human Kangaroo Lizara Fowl Pig Shark Toad
B, coli BV, 10 20 40 20 20 0 2
E. coli Lilly. 300 30 60 5 100 20 40
S« Typhimurium M206. 50 20 100 40 40 0 40
Se typhimurium ¢5. 0 0 8 0 0 0 0
Se Zallimarum 9240, 2 0 20 0 0 0 0
S« paratyphi BIS,. 2 0 10 0 10 0 2

» paratyphi BIR. 80 8 10 0 40 0 2

The bactericidal activity of human, kangaroo,

estimated at 370, toad and shark at 25°,

0

= no killing at a serum dilution of 1/2.

lizard, pig and rowl sera were



Table 3.

SERUM SENS1TIVITY OF THE VARTIOUS BACTERIAL SIRAINS BXFRESSED aS 4 B

ATLO USLING THE

SENSITIVITY OF 5. GALLINAHUM 9240 TO HUMAN SEHUM AS HEFEHENCH VALUE

1

Bacterial strain, Normal animal sers.

Human | Kangaroo Lizard Fowl | Pig Shark | Toad
E. coli BV, 5 10 20 10 10 0 1
Eo coli Lilly, 150 15 30 245 50 10 20
Se typhimurium M206. 25 10 50 20 20 0 20
Se_typhimurium C5, 0 0 4 0 0 0 1
Se gallinarum 9240. 1 0 10 0 0 0 0
S Pparatyphi BIS, 1 0 5 0 5 0 1
S. paratyphi BIR. 40 4 5 0 20 0 1
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Some sera, rough strains were equally, or more, resistant
. to killing than their smooth counterparts. The titres of
human, pig, shark and toad sera for the rough strain
E:_ggii Lilly were much higher than for the smooth strain
E:_Egli B.V. The two strains were equally sensitive to
killing by kangaroo and lizard sera, while some pools of

fowl serum killed the smooth strain at a much higher

dilution than the rough. Lizard, shark, toad and fowl sera

were unable to kill the rough strain S. paratyphi BIR any
more effectively than the smooth strain BIS, while human,
kangaroo and pig sera had a much more effective bacter-
icidal mechanism for the rough strain. Next to E. coli

Lilly, S. typhimurium M206 was the strain most susceptible

%o killing by all the sera.
The two strains of S. typhimurium showed a great

aisParity in their sensitivity to killing by normal animal
Sera, The strain C5 was resistant to kiiling by all sera
except lizard, while the strain M206 was highly sensitive
%0 the bactericidal activity of all sera except Tish.
There now seems little doubt from the experi-

mental findings discussed in Chapter 1, that serum killing
Of gram negative bacteria only occurs in the presence of a
Sensitiser and complement. This conclusion sﬁggested that

€eg+ pig serum might not kill S. typhimurium C5 because

there were no sensitisers for this bacterium in the serum

Which were capable of fixing complement. Attempts were
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therefore made to determine if any such sensitisers were
present in pig serum. The serum was absorbed overnight in
the cold with 8, 4, 2, 1, and 0.5 mg. dry weight of living

Se typhimurium C5/ml. of serum, after which the bacteria

were removed by centrifugation and the supernatant assayed
for haemolytic complement. With absorbing doses in excess
of one mg. of bacterisl suspension/ml. of serum, all haemo-
lytiec complement was removed, with one mg. of bacterial
suspension/ml. of serum and less a proportional amount

was removed (Table 4). As complement was fixed, (and we
have no reason to doubt that sensitiser was necessary for
this fixation) this strain must have been resistant to the
final stage of the bactericidal mecihanism in which comp-

lement exerted its lethal effect on the cell.

Comparison of the Bactericidal Properties

of Different Fish Sera.

Serum from a fresh water teleost, Tinca tinca,

(Tench) was bactericidal only for E. coli Lilly with an
end titre of 1/10 at 25°, and 1/5 at 37°%

Serum from the marine elasmobranch, Emissola
antartieca, (gummy shark), like the other fish serum, killed
only E, coli Lilly. Some difficulty was experienced in
obtaining preparations of shark serum which had bacteri-
cidal activity. Some batches of serum contained a high
level of haemolytic complement, in others complement could

not be detecteds The concentration of urea in the blood



Table 4 .

ERPFECT OF THZ QUANTITY OF ABSORBING SUSPENSION OF

'S. TYPHIMURIUM C5 ON THE #IXATION OF COMPLEM:NT

FROM NORMAL PIG SZRUM,

Absorbing dose in Residual haemolyti~ comp-
mg/mL. of serum. lement, C'H5O/ml. of serum.

0 86
045 46
140 | 25
2.0 0
4ev 0
BeU 0
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of elasmobranchs is much hisher than in teleosts, and it
was considered that the lack of haemolytic activity in
some preparations of shark sera might be due to the decomp-
osition of the urea to ammonia, whiéh then inactivated the
fourth component of complement. To test the validity of
this theory, freshly drawn blood was dialysed for several
hours against running sea water to reduce the urea level.
The serum was then separated from the clot by centrifug-
ation. As a control, blood was taken and allowed to clot
without any further treatment. Both preparations of serum
had similar bactericidal and haemolytic complement titres.
The lack of complement activity in some serum preparations
was evidently a reflection of the lability of complement
in this serum. |

The haemolytic complement level of shark serum
decreased comparatively rapidly on storage at —200, there
being a four fold decrease in titre after one month, and
after three months complement could no longer be detected.
The haemolytic complement titres of sera from the other
vertebrate species showed Little variation after six to

twelve months storage.

Variation in Bactericidal Activity Between

Different Pools of Sera from the Same Species.

In a2 comparative investigation it is desirable to
use the same pool of serum throughout in order to obviate

possible pool to pool variations in activity. This i1deal
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could not be wdhered to, however, eitner vecause the comple-
ment level fell on prolonged storage, or insufficient serum
could be obtained at any one bleeding.,.

‘ Table 5 shows the variations in bactericidal
activity between some of the pools., The bactericidal titres
differ slightly from pool to pool, but the same bacteria are,
in general, killed by serum from the same species of animal
and in general to a similar degree. There were several
instances, however, where marked differences in titres

were found. The bactericidal activity of the second pool

of pig serum for E. coli Lilly was only a tenth of the first,
and an eighth of the third.(see Table 5). Two pools of fowl
serum had very low bactericidal activity for E. coli Lilly,
while the third was four times as active. In the third pool
bf fowl serum the rough strain of E. coli was equally as
sensitive as the smooth, not less sensitive, as had been

the case with the previous two serum pools. S. paratyphi BIS

was killed by a much higher serum dilution in the second
pool of human serum than in the first. These pool to pool
variations in bactericidal titre were due to differences in
the sera, since the bpbactericidal titres of control sera

were always reproducible.

Haemolytic Complement Levels of the

Various Sera.

The haemolytic complement Levels of the sera are

&iven in Taple 6., Some of these sera had been kept for a



POOL TO POOL VARIALION

Table 5 °

IN SERUM BACTER.LCIDAL ACUWIVITY,

Bacterial strain.

F. coli Lilly .
E. ¢oli BV.

Se typhimurium M2u6,"

So typhimurium C5.

Seo gaitlinarum 9240,

Se PpParatyphi BIS.

Se “p_aro.tyghi BIR.

Reciprocai of bpactericidalr titre.

Normal animai sera.

Pig. Fowl. Human.

Pool 1. 2, 3. Pool 1. 2. 3 Pool 1. 2
100 10 80 5 5 20 300 400

20 10 4u 30 20 2u 10 40

40 40 80 40 4u 40 50 200

0] 0 0 2 0 0 o) 0

0 0 v 4 0 0 2 0

10 10 2vu 2 v 2 Z 2u

40 20 40 Z v 0 80 80

0 = no killing at a serum dilution of 1/2.




Table 6.

HAEMOLYTIC COMPLELENT ILEVELS COF THE VARIOUS SERA.

Serum. Temperature at C'H5O/ml.
which assayed. of serum.
Human. 37 40
Kangaroo. 37 © 32
Lizard. 37 35
Fowl, 37 18
Pige. 37 25
Shark. 25 100
Toad. 25 150
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yvear at -20° berore the comparative assays were made, and
consequently the naemolytic complement leveis of several of
the sera were iower than originally found. Subsequent pools
of rowi and pig sera contained 24 C'H5O/ml. and 44 C'Hso/ml.
respectively. Although the haemolytic complement levels of
the new serum pools were higher than those assayed in the
originals, the bactericidal activities were comparable.
Both toad and shark sera contained high levels of
haemolytic complement, approaching that reported for the
guinea pig. Egqual haemolytic titres for shark serum were
obtained using normal sheep red blood cells and those sens-

itised with rabbit haemolysin.

Discussion.

The observations reported in this chapter extend
the range o0f vertebrate species whose serum has been titrated
for haemolytic complement, and bactericidal activity against
gram negative bacteria.

One of the surprising features of this investi-
gation was that contrary to previous findings (Rowley, 1956)
smooth bacteria were not invariably more resistant to serum
killing than their rough counterparts. The expected greater
sensitivity of the rough strain compared with the smooth,
was found with human serum, but with the other sera either
some or all pools showed equal, or reversed, sensitivities
for one or both of the rough strains. Fowl and shark sera

had no bactericidal activity at all for the rough strain
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Se paratyphi BIR.

It could ve inferred <rom the results presented
in Table 2 that shark serum lacked a highly developed
bactericidal mechanisn, but this apparent lack of activity
ﬁay well be only a reilection of the bacterial strains used
1o assay the activity. Tne sinark may never have come 1nto
contact with these bacterial species, and hence, may not
have produced sensitisers against them. The overall picture
may have been quite different had marine bacteria been used.
The relative lack of bactericidal activity in the fish sera
compared with, for example, lizard serum does not detract
from the importance of the observation that these sera

Possess a bactericidal mechanism.

Summagz.

All seven vertebrate sera examined possessed
haemolytic complement and were bactericidal towards one or
more strains of gram negative bacteria. The range of bacteria
killed, and the serum dilution to which they were killed
varied from one species of animal to another and in some
instances in the same species from one serum pool to another.

Contrary to previous observations rough strains
of bacteria were not invariably more sensitive to serum

killing than their smooth counterparts.
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CHAPTER 4.

THE EFFECT OF JEMPERATUR- ON THE BACTERIC.DAL AND

HAEMOLYTIC COMPLEMENWT ACTIVITIES OF SEVERAL VoRT-

EBRATE SBRA.

Introduction.

In the previous chapter it was shown that the
bactericidal activity of fisn serum wus greater at 25O than
at 37°, Cusning (19452) reported a variation in the optimum
temperatures, and the range of temperatures, over which sera
derived from warm and cold blooded animal species were
haemolytically active,

No similar investigations appear to have been
made to determine what effect variations in temperature
have on the bpactericidal reaction. This chapter is therefore
concerned with a comparative investigation of the effect
variations in temperature have on the pactericidal and

haemolytic complement activities of several sera.

The £ffect of Temperature on the Haemo- |

lytic Complement and Bactericidal Acti-

vities of Sera,

The haemolytic complement activities of pig,
lizard, toad and shark sera were estimated at five degree

intervals from five to 50°, A11 the estimations were made



on tne one duy usin~ the sene preparation of sensitised
sheep red blood ceils, Toad serum was not tested at 50 or
shark above 40°.

The bactericidal activities of piz, lizard and
toad sera were estimated at five degree intervals from
five to 45° with 2. coli Lilly as test strain.

The temperaturc-activity relationships for the
haemolytic complement and bactericidal zctivities of the
sera are shown in Figures 1 and 2 respectively. The optimum
activity temperatures calculated from these curves are
given in Table 7.

These results supported the observations reported
by Cushing (1945a) that there is a species variation in the
optimum temperature for haemolytic complement activity. For
a homeothermic animal (pig) the optimum temperature approx-
imated to the body temperature, for the poikliothermic
animals (toad, lizard and shark) the optimum temperature
was approximately ten degrees lower,

The sera also differed in the relative rates at
which they lysed sensitised erythrocytes at the extremities
of the temperature range over which lysis was rollowed, Sera
from the poikliothermic species were more haemolytically
active at the lower temperatures than pig serum, and vice
versa at the upper end of the temperature range.

The shape of the temperature bactericidal activity

curves for toad and lizard sera closely paralleled those



Figure 1.

EFFLCT OF TEMPERATURE ON THE HABErCLYTIC COMPLEMENY

ACTIVITIESs OF PIG, LIZaRU, SHAHRK AND TOAU SERA.

Curve 1. Pig serum.
Curve 2. Lizard serum.
Curve 3. Toad serum.
Curve 4. Shark serum.

The titres of each serum are expressed as a % of the

maximum titre for that serum.
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Figgl‘e 2o

EFFECT QOF TEMPERATURE ON THE BACTERICIDAL ACTIVITIES

OF PIG, LIZARD AND TOAD SERA FOR E. COLI LILLY.

Curve 1. Pig serum.
Curve 2. Lizard serum.
Curve 3. Toad serum.

The titres for each serum are expressed as a log %

of the maximum titre for that strain.
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Table 7 °

OPTIMUM TEMPERATURES FOR THE HAEMOLYTIC COMPLEMENT

AND BACTERICIDAL ACTIVITIES OF SERA FROM DIFFERENT

ANIMAL SPECIES.

Serume. Haemolytic complement. Bactericidal
activitye.
Pig; 35-40° Above 25°
Lizard. 30° 25°
Toad . 25° 30°
Shark. 29—30O -

not donee.
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for the haemolysis of r=d blood cells, with the optimum
activity occurring over the same temperature range.

These results would suggest that with these sera
the same components were rate limiting for both activities.

The relationship between the bactericidal
activity of pig serum and temperature differed markedly
from that of its haemolytic activity, and from the temp-
erature dependence of the bactericidal activities of the
other sera. Maximum killing commenced at 250, i.e. 10°
lower than in the haemolytic reaction, and the level of
killing remained steady over the entire upper temperature

Irange.

Determination of the Part Played by

- Complement Destruction in the vepre-

ssion 0f the daemolytic and Bacteri-

cidai Activities of Sera at Tempera-—

tures Above the Optimume.

In the previous section it was shown that with
the exception of pig serum, both the haemolytic and bacter-
icidal activities of the sera fell as the temperature was
raised above the optimum.

In a simple enzyme reaction, the decrease in the
overall rate of the reaction at temperatures above the
optimum, is the resultant of the interaction between an

increase in the rate of the reaction with rising temper-
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ature, and destruction of the enzyme. Since the complement
complex has enzymic properties 1t would be expected that
complement destruction would be responsible, at least in
part, for the decrease in both the lytic and bactericidal
activities of the sera at temperatures above the optimum.

The heat lability of toad and lizard serum comp-
lement was determined by heating the sera at 40° and 450
for thirty minutes, and then assaying the residual level
of haemolytic and bactericidal activity at 25°, These titres
were compared with those of normal serum tested in parallel.
The results of the haemolytic tests are given in Table 8.

Toad and lizard serum complement differed in
heat stability, thirty minutes at 45° led to the loss of
all haemolytic complement activity in toad serum; lizard
serum treated similarly lost T0% of its activity.

The haemolytic complement titres of the heated
sera, when assayed at 250, were less than those of normal
sera assayed at the same temperature, but greater than
those of normal sera assayed at the temperature to which
the sera were first subjected.

These results indicated that the decrease in
haemolytic complement titres at temperatures above the
optimum were due partly to complement destruction, and
partly to a decrease in the rate of the reaction.

There was a similar diminution in the bactericidal

activities of the sera.



Table 8,

EFFECT OF HEAT ON THE HAEMOLYTIC COMPLEMENT TITRES

OF TOAD AND LIZARD SZEA.

Serum. Serum treatment.

Normal. Heated gor 30 minuges at
40 45

Haemolytic complement activity estimated

at
25°  40°  45° 25°
Toad. 100 30 5 70 0
Lizard. 100 65 30 70 30

The naemolytic complement titre of the normal serum
at 25° was given the arbitrary wvalue of 100 and the

other titres expressed as a percentage of this value.
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Summary .

The optimum temperatures for the haemolytic
activities of shark, lizard and toad sera were beiween
25 and 300, that for the pig between 35 and 40°,

The optimum temperature for the bactericidal
activity of toad and lizard sera was 250, but pig serum
reached its maximum bactericidal activity at 25° with no
alteration in activity as the temperature was further
increased.

Complement destruction was shown to be respon-
sible, at least .in part, for the lowered serum bacteri-
cidal and haemolytic complement titres at temperatures

above the optimum.
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CHaPTZR 5.

SPECIFICITY OF SENSITISZERS MSDIATING TN NORMAL SERUM

BACTSERICIDAL ACTIVITY.

Introduction.

Serum killing of gram nezative bacteria can be
mediated either by irmmune 2antibody or by natural (normal)
antibody. There is no doubt thnat immune antibody is hishly
specific, reacting only with the antigen used to eliecit
its production, or with antigens which are very closely
related chemically. There has been no such unanimity on
the question of the degree of specificity shown by the
natural antibodies. There are many reports in the liter-
ature which claim to show that these antibodies are highly
specific, others by equally reputabie workers show them to
be non-specifice. The significamce of these observations
was discussed in Chapter I.

The term "natural antibody" has become somewhat
ill~defined, being used to describe proteins which parti-
cipate in a number of serological phenomena, often with
scant regard to the specificity of the tactors. The term
"sensitiser", (Muir, 1931) rather than natural antibody,
has been used throughout this thesis to deseribe the serum
factors mediating with complement in the killing of gram

negative bacteria.
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This chapter is concerned with investigations
designed to derine the specificity of the sensitisers.

Specificity of Serum Sensitisers for

Smooth Strains of Gram Negative Bacteria.

The specificity of the natural sensitisers were
studied by absorbing the serum with one bacterial serotype,
then determining what effect this absorption had on the
bactericidal activity towards homologous and heterologous
bacterial strains. Normal human serum was absorbed over-
night in the cold with heat-killed suspensions of E. coli

BV and S, typhimurium M206, at dose levels of 8, 4 and 2

mge dry welght of bacteria/ml. of undiluted serum. Follow-
ing the removal of the absorbing bacteria by centrifugation
at 4,500 g. fhe sera were tested for both haemolytic comp-
lement and residual bactericidal activity against E. coli

BV, Se typhimurium M206 and S. paratyphi BIR (Table 9).

With both absorptions, the bactericidal activity
for the homologous strain was reduced by more than 80%
without significantly atfecting the level against the
unrelated ones. Haemolytic complement was reduced following
ahsorption with E, coli BV but this had no apparent etrfect
on the bactericidal activity of the serum for the other
strains. The variations in the bactericidal titres of

lizard serum following absorption witn S. typhimurium C5

were more difficult to interpret.(Table 10). The titre

against the homologous strain was reduced by more than 75%



Table 9,

THE SPECIFICITY OF NATURAL SENSITISERS LN HUMAN SERUM.

(1) FPollowing absorption with E. coli BV,

Bacterial straine.

E. coli BV,

Se. typhimurium M206
Se paratyphi BIR

Ee. coli Lilly.
C'HSO/ml. of serum.

Reciprocal of bactericidal titre,

Dry weight of dbsorbing suspension/ml. Unabsorbed
of serum. control,
8 mg. 4 mge Z M.
2 2 2 10
50 50 50 50
40 80 80 80
200 200 200 200
25 35 35 35

(2) PFollowing absorption with S, typhimurium M206,

Bacterial strain.

E. coli BV,

Se. typhimurium M206
Se. paratyphi BIR

E. coli Lilly.
C'Hso/ml. of serum.

Reciprocal of bactericidal titre,

Dry weight of absorbing suspension/ml. Unabsorbed
of serum, control,
8 mge 4 mge 2 Mg
10 10 10 10
5 15 15 60
40 40 40 40
200 200 200 200
35 35 35 35




Table 10.

SPLCIFICITY OF THE NATURAL SEWSITISERS IN LIZARD SERUM.

Dry weight of absorbing
*

Reciprocal of bactericidal titre.

Control

Bacterial straine suspension/ml. serum.
of serum.
8 mg. 2 mge

Se typhimuriumC5s. 2 2 8
S. _typhimuriumM206 25 25 50
S. gallinarum 9240 10. 10 20
Se paratyphi BIS 5 5 10
Se. paratyphi BIR 5 5 10
e cOli BV 10 10 20
C'Hso/ml. 20 25 40

* Serum absorbed with S. typhimuriunm 05.‘
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following absorption with 2 mg. dry weight of suspension/ml.
of serum, and the fall was greater with 8 mg. The titre

against S. paratyphi BIS also fell by more than 50%, but

since these two strains share the same somatic antigens,
(I, IV and XII) this result was not unexpected. The titre

against S. typhimurium M206 was not arffected to the same

extent, even though this strain is identical with S. typhi-
murium €5, (I, IV, V and XII) as far as can be ascertained

by Salmonella antigenic typing techniques. The only known
differences between these two strains is in their virulence
for the mouse and their phage type.(Furness and Rowley, 1956).

This investigation has shown another manifestation
of the differences between these two strains of S. typhi-
murium, that of a greater susceptibility to serum killing
of the strain M206 compared with the strain C5. These differ-
ences in susceptibility to serum killing can only be due to
some as yet undetected variation in the surface structure
of the two cell types.

In these apsorptions there was a decrease in'the
level of haemolytic complement which possibly accounted for
the overall reduced bactericidal activity. The picture,
however, is one of specific absorption.

In the above experiments the minimum quantity
of absorbing suspension required to decrease the bacter-
icidal activity was not ascertained, but with pig serum

and E, coll BV this was between 0.1 and 0.5 mg. dry weight
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of bacterial suspension/nl. of serum. (Figure 3). That the
sensitisers in pig serum for T. coll BV were directed
against the somatic antigens, (lipopolysaccharide) was shown
by inhibition tests following the technique described by

' Michael, Whitby and Landy, (1962). Graded amounts of lipo-
polysaccharide were added to undiluted serum and allowed to
react for fifteen minutes at room temperature, after which
the bactericidal activity of the treated serum was assayed
in the usual way. The results of these tests are shown

graphically in Figure 4.

Restoration of Bactericidal Activity to

an Absorbed Normal Serum with Immune

Antibody.
If during absorption, antibody is removed from a

serum, then the bactericidal activity should be restored
with the appropriate immune antibody. The ability of rabbit
immune antibody to restore the bactericidal activity to

human serum absorbed with E. coli BV and S. typhimurium M206

was therefore investigated. An equal volume of a dilution

of the absorbed serum was added to serial two-fold dilutions
of the homologous immune antibody. The bactericidal activity
of this reconstituted serum was then assayed. The results

of these experiments are shown graphically in Figures 5

and 6, Immune antibody restored the bactericidal activity

to the absorbed sera over a limited range of immune serum



Figure 3.

THE EFFECT OF ABSORPTION OF PIG SERUM WITH VARYING

LEVELS OF E. COLI BV ON THE BACTERICIDAL TITRE FOR

E. COLI BV,

Bactericidal titre plotted as a % of the titre of

normal serum.
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Figure 4.

VARIATIONS IN THE BACTERICIDAL TITRE OF PIG SERUM FOR

E. COLI BV FOLLOWING INCUBATION W.iTH VARYING QUANTIT-

IES OF E., COLI BV LIPOPOLYSACCHARIDL.

Bactericidal titre plotted as s % of the titre of

normal serum.
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Pigure 5.

RECONS'WITUTION OF THE BACTERICIDAT ACTIVITY OF HUMAN

SxRUM ABSURBED W.ITH 4 mg. E. COLI BV/ml., OF SERUM

WITH RABBIT IMMUNE SERUM TO E., COLI BV,

Absorbed human serum used at a final dilution of 1/10,.



(=]
o
|

I N
o
1

% initial viability
1

~N
o
1

l .

! 1 1
1-0 2-0 3-0 40
log recprocal of immune serum diln.



Pigure 6.

RECONSTITUTION OF THE BACTZRICIDAL ACTIVITY OF HUMAN

SERUM ABSORBeD WITH S, TYPHIMURIUM M206 WITH RABBIT

IMMUNE SERUM TO S. TYPHIMURIUM M206.

1. Human serum absorbed with 8 mg. dry weight of
bacteria/ml. of serum and used at a final

dilution of 1/40.

2. Human serum absorbed with 4 mg. dry weight of
baéteria/ml. of serum and used at a final

dilution of 1/80.
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dilutions, killing being inhibited by excess immune anti-
body, and no killing occurred when the antibody had been

diluted to extinction.

Specificity of Serum Sensitisers for

Rough Gram Negative Bacilli,

Difficulty was experienced in specifically
reducing the bactericidal activity of both human and fowl
sera for E. coli Lilly, since with many absorptions, the
bactericidal activity was reduced or lost due to the inact-
ivation of complement.

When the pool of human serum used in the early
part of this investigation was absorbed with heat killed
suspensions of E. coli Lilly and S, paratyphi BIR, all

haemolytic complement activity was lost after several
minutes contact at 4°. This loss still occurred when the
absorbing dose of bacteria was reduced to as low as 0.1 mgo
dry weight of bacteria/ml. of serum. The loss of haemolytic
complement during absorption was a peculiarity of this °
human serum pool, since a subsequent pool was uabsorbed
with no loss of haemolytic complement activity. (To be
disoussed on page&B),

Because of the difficulty of carrying out absorp-
tions of human serum with E. coli Lilly without the complete
loss of haemolytic complement, the absorptions were

repeated with fowl serum. This serum was selected because

of its low bactericidal activity for E. coli Lilly which
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it was presumed indicated a lower ratio of sensitiser to
complement in this serum than in human serum.

Fowl serum was absorbed with 10 nge. dry weight of
Ee coli Lilly/ml. of serum for from 15 minutes to twenty
four hours at 40. The absorbed sera were assayed for bact-
ericidal and haemolytic complement activity. The bacteric-
idal activity of thé absorbed sera was not significantly
altered, although there was a progressive fall in haemo-
lytic complement as the period of absorption was increased,
(Table 11).

As it was not possible to deplete the bacteric-
idal activity of the sera for E. coli Lilly without a
reduction of the haemolytic complement levels, efforts
were made to show that sensitisers for this strain were
present in human serum by using complement depleted human
serum as a source of sensitiser and fowl serum as a source
of complement. The human serum was depleted of complement
by absorption with sheep red cell stroma sensitised with
haemolysin prepared in the rabbit, such that 0.4 mle. of
the treated serum gave no haemolysis in the standard haemo-
lytic assay. To serial two-fold dilutions of this serum was
added fowl serum diluted beyond its »0%# bactericidal end
point ror E, coli Lilly. This mixture or sera had bacter-
icidal activity for E. coli Lilly. When falling dilutions
of human serum were added to an excess of fowl complement

and the complex assayed for bactericidal activity, the end



Table 11,

THE EFFSCT OF ABSORPTION COF FOWL SERUM WITH 10 mg.

DRY WEIGHT OF E. COLI LILLY/ml. OF SERUM FOR VARY-

ING TIME INTERVALS, ON BOTH THE

HAEMOLYTIC COMPLE-

MENT EEVEL AND THE BACTERICIDAL ACTIVITY FOR E.COLI

LILLY.
Time of absorption C'Hso/mlo Reciprocal of
in minutes. of serum. | bactericidal titre.

0 27 5

15 20 10

30 13 10

60 12 10

120 12 10
240 12 5
480 9 5

24 (hrs) 6 5
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point of the titration occurred with the human serum dil-
uted to the same extent as it would have been had the titra-
tion been performed in the presence of its own complement,
This suggested that it was some factor in the humzn serum
which was limiting the extent of the reaction. In these
reconstitution experiments, fowl complement was three to
four times less efficient than the homologous human comple-~
ment.

The bactericidal activity of the reconstituted
sera was not affected when the complement-depleted serum
was absorbed overnight with 80 mg. dry weizght of Z. coli
Lilly/ml. of serum.

Levine, Cowan, Osler and Mayer, (1953) showed that
the uptake of complement by specific antigen-antibody prec-
ipitates could be prevented by complexing the serum calcium
and magnesium ions with sodium EDTA. The inclusion of barium
ions in the reaction mixture minimised complement destruct-
ions Full haemolytic complement activity was restored,
following the removal of the antigen-antibody precipitate,
by the addition of calcium and magnesium ionse. This technique
was used in an attempt to prevent the uptake of complement
during absorptions of human serum with E, coli Lilly. Sodium
EDTA, barium sulphate, and calcium chloride were made up to
a final concentration of 0.1 M, and‘magnesium sulphate to
0+15 M. Sufficient soaium EDTA was added to the serum to

chelate all the serum calcium and magnesium ions together
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with any which might be present on the bacteria. The barium
sulphate was then added, followed by the bacteria. The serum
was absorbed overnight in the cold, followed by the removal
of the bacteria by centrifugation. Sufficient calcium and
magnesium ions were than added back to compensate for those
chelated by the versene. Table 12 shows the relation between
the size of absorbing dose and the reduction in bactericidal
activity. The titre of the serum against E. coli Lilly fell.
progressively as the size of the absorbing dose was incre-
ased., These absorptions did not affect the bactericidal
activity of the serum for E. coli BV.

The bactericidal activity of this absorbed serum
was not reconstituted with E, coli Lilly rabbit immune anti-

body.

Serum Lysozyme.

There have been two recent reports which claimed
that rough gram negative bacteria were killed by complement
acting alone (Sterzl, et al., 1962), and by complement
together with serum lysozyme.(Wardlaw, 1962)., If either of
these reports mirror the true situation, then there should
exist a direct relationship between either the haemolytic
complement levels of different sera and their bactericidal
titres, or pbetween the pactericidai titres and the combined
haemolytic complement and lysozyme levels.,

The lysozyme level in the serum of each animal



Table 12

ABSORPTION OF HUMAN SERUM WITH DIFFERENT LEVELS OF

E., COLI LILLY IN THE PRESENCk OF SODIUM EDTA AND

BARIUM IONS.
" Absorbing dose of Bactericidal titre
E, coli Lilly. as % of control.

mg/ml. of serum.

— 100

8 50
25 25
50 12%
100 | 123

~——— ="nNot absorbed.
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species was assayed using the technique described by
Wardlaw, (1962). These levels together with those for
haemolytic complement and bactericidal activity against
Eeo coli Lilly are given in Table 13. The data presented
in this table shows no correlations between the bacter-
icidal titres for Ee. coli Lilly of sera from different
species and the haemolytic complement levels, or combined
complement and lysozyme levels. The folldwing are some
examples of this lack of correlation. The haemolytic
complement titres of human, pig, lizard and kangaroo sera
were all similar, but the bactericidal titre of human
serum for E, coli Lilly was eight to fifteen times greater
than the titre of any other sera.

Toad serum had more than twice the haemolytic
complement of human serum, but only 8% of the bacteric-
idal titre. Haemolytic complement could not be detected
in embryo pig serum, although the bactericidal activity
for Eo coli Lilly was half that of toad serum.

The lack of correlation between the bacteric-
idal titre for E. coli Lilly and the haemolytic comple-
ment level in fowl serum wuas referred to in an earlier
section.(page 84 )« It was shown that absorption with
Ee coli Lilly reduced the haemolytic complement level
wilthout arfecting the bactericidal titre. These tew examp-
les show that the observed speciles variations in serum

bactericidal titres for E. coli Lilly can not pe explained



Table 13,

RELATION BETWEZN THE BACTERICIDAL TITRES OF EACH OF
THE SERA FOR E. COLI LILLY AND THE LEVELS OF HAEMO-

LYTIC COMPLEMENT AND SERUM LYSOZYME.

! ]

Serum. Serum lysozyme Reciprocal of C'Hso/ml.
xg/mle of serum | bactericidal | of serum.
titre.
Human. 9 300 40
Pig. 0.6 40 53
Lizard. 11 20 43
Toad. <0425 20 100
Kangaroo. . 2 | 30 32
Embryo pig. £0.25 10 Not
detected.

All figures refer to tests made at 37°.
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solely by differences in the levels of haemolytic comple-
ment,

A similar situation exists when the bactericidal
titres are compared with the combined haemolytic comple-
ment and lysozyme levels. Both toad and embryo pig sera
contained no detectable amounts of lysozyme, yet they were
as bactericidal as lizard serum which had a lysozyme level
of 11 mg./ml. The embryo pig and toad sera also showed
greater than a hundred-fold variation in haemolytic comple-
ment titre. Human and lizard sera had similar levels of both
lysozyme and haemolytic complement but, as already mentioned,
the bactericidal activity of human serum for E. coli Lilly
greatly exceeded that of all other sera tested.

The addition of 10 mg. of egg white lysozyme/ml.
of toad and pig sera did not increase their bactericidal
activity for Es coli Lilly, although the levels of both
lysozyme and haemolytic complement were then equal to, or

in excess of, that in human serum.

Alterations in the Bactericidal Titre,

Serum lysozyme and Haemolytic Comple-

ment Le%éls of Human Serum Following

Absorption with E. coli Lilly.

Normal human serum was absorbed with E. coli Lilly
by the technique described by Wardlaw (i1962), i.e. three
fifteen minute absorptions at 4° with 50 mg. dry weight of
bacteria/ml. of serum. The haemolytic complement, lysozyme
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and bactericidal activities of these absorbed sera were
assayed in parallel with normal serumn. The bpbactericidal
titre decreased four-fold with the first absorption, but
showed no further decline with the subsequent ones; there
was a small overall drop in thé haemolytic complement level
but the lysozyme level fell progressively with each absorp-
tione. There was thus no correlation between the level of
serum lysozyme and ﬁhe degree of killing. The bactericidal
activity against E. coli BV was not affected. (Table 14)e

The bactericidal activity was not restored to the
absorbed sera either by lysozyme or by E. coli Lilly rabbit
immune antibody.

- The Bactericidal Activity of Embryo Pig

Serum.

The evidence on which Sterzl, et al.,(1962) based
their claim for the non=-participation of a sensitiser in
the killing of rough gram negative bacteria, was the inabil-
ity to deplete the bactericidal activity of embryo pig serum
by absorption, and the observations that the serum of the
embryo pig had no bactericidal activity for smooth gram
negative bacteriavunless fed colostrum.

These observations of Sterzl and his colleagues
were not confirmed in the present investigation despite the
fact that several pools of embryo pig serum were used. Smooth

strains as well as rough were killed by the embryo pig serum

as shown in Table 15, The titres against all strains were



Table 14,

COMPARISON OF THE LEVELS OF HAEMOLYTIC COMPLEMENT, LYSOZYME AND BACTERICIDAL ACTIVITY
AGAINST E, COLI LILLY OF HUMAN SERUM ABSORBED ONE, TWO AND THREE TIMES WITH 50 mg.

DRY WEIGHT E. COLI LILILY/ml. OF SERUM.

Serum treatment.' C'Hso/ml. of serum. Lysozyme ug/ml. Reciprocal of
of serum. bactericidal titre.
Normal. 130 Te5 160
Pirst absorption. 110 5.8 40
Second " 110 3.8 40
Third " 100 1.0 40




Table 1 5 .

COMPARISON OF THE BACTERICIDAL TITRES OF EMBRYO AND

- ADULT PIG SERA FOR SEVERAL SPECIES OF GRAM NEGATIVE

BACTERIA,
Bacterial strain. Reciprocal of bactericidal
titre.
Serum.
Embryo pig. Normal pig.
Ee coli Lilly. 10 100
E. coli BV. 2 20
Se typhimurium 10 40
M206.
Se typhimurium 0 0
C5.
S. gallinarum. 0 0
9240.
Se paratyphi 0 10
BIS
S paratyphi 5 40
BIR
C'Hgg/ml, | 0 53
of serum.
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lower than with adult pig serum, but 3. paratyphi BIS was the

only strain killed by the adult pilg serum and not by the
embryo serum. There is 1little likelihood that these results
could be explained by contamination of the embryo serum with
adult serum since the embryos were separated from the placenta
prior to bleeding by cardiac puncture.

Since no one doubts that a sensitiser is required
for killing smooth gram negative bacteria, there is no
reason to believe that sensitisers were not present in the
embryo pig serum for the rough as well as the smooth strains
despite the inability of Sterzl and his colleagues to deplete
the bactericidal activity of their embryo pig sera for

rough strains of gram negative bacteria by absorption.

sSummary.

A study was made of the specificity of natural
sensitisers in human serum to several gram negative bacte~
riae.

The sensitisers to the smooth strains were speci-
fically removed by absorption, those to rough strains were
also specifically removed, but the absorbing doses required
were approximately fifty times greater.

The serum lysozyme level in each serum was estim-
ated, and an attempt made to correlate the degree of bpacte-
ricidal activity against E. coli Lilly with the levels of

haemolytic complement and lysozyme. The extent of killing
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could not be correlated with the level of either complement,

or complement and lysozyme.

Summary of Chapters 3, 4 and 5.

Human, pig, lizard, fowl, toad and tish sera
were all shown to possess a complement mediated bacteri-
cidal system capable of killing some strains of gram neg-
ative bacteria. Evidence was obtained which showed that ‘
the killing was mediated by complement and a specifiec
sensitiser. No evidence could be found to suggest that
lysozyme participated in the serum killing of rough strains
of gram negative bacteria.

While each serum was capable of killing some
strains of gram negative bacteria and lysing foreign eryth-
rocytes, the nature of the complement complex mediating
these activities differed, since the optimum temperatures,
and range of temperatures over which the individual sera
were active were not the same.

These studies which demonstrated that the comple-~
ment mediated bactericidal system was ubiquitous in the |
sera of vertebrate aniﬁals prompted an investigation being
made to determine if similar bactericidal mechanisms were
present in invertebrate sera. The following chapters deal
wilth the demonstration of a bactericidal mechanism in the

serum of a crustacean and the subsequent investigations
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to define the specificity of the bactericidal factor(s)

and to determine its chemical nature.
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CHAPTER 6,

BACTERICTIDAL SPECTRUM OF YABBIE SERUM AND

SPECIFICITY OF THE BACTERICIDAL MECHANISM.

Introduction.

Our knowledge of the occurrence and nature of
bactericidal factors in invertebrate sera is wvery scanty,
but where killing has been observed it does not appear to
have been mediated by antibody and complement. Haemolytic
complement activity has not been demonstrated in the serum
of any invertebrate.

To further our knowledge of the phylogenetic
development of the antibody-complement bactericidal systen,
the range of animals under investigation was extended to

include an invertebrate, the yabbie, Parachaeraps bicarin-

atus (Gray), (Figure 7).

The yabbie is a crustacean found in fresh water
streams and isolated ponds all over Australia. This animal
is very similar to the European fresh water cray-fish. The
animals used in this investigation were netted mainiy in the
shallow iakes at the mouth of the River Murray. A small
number of animais were obtained rrom isolated ponds in the
Mount Lofty Ranges. The animals were transported to the
laboratory packed in moist weeds gathered from the shores of
the lake. Transported in this way, mortality was low, evén

if the animals remained in the containers overnight. On



Pigure 7.

PARACHAERAPS BICARINATUS (Gray) - THE YABBIE.
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arrival at the laboratory the yabbies were transferred to
plastic baths containing a shallow layer of water, constant-
1y aerated from a compressed air supply. Provided they were
not overcrowded, the animals lived under these conditions
for many months. The colour of the animals varied from
light green to dark blue and black. The larger ones were

up to 25 cm. in length and weighed up to 150 gm. The cheli-
peds of these larger specimens were almost as long as the
rest of the body with the protopodite measuring up to five
by three cm. The animals were bled as already described by
cutting off the tip of a large cheliped; it was from the
animals with the largest chelipeds that the most blood was
obtained. The animals which were bled weighed from 20 to
150 gm. and gave from 0.5 to 10 ml. of blood. The serum
obtained by the technique described approximated to haif
the total volume of the whole blood. Serum kept at -20°
showed no appreciable decrease in bactericidal titre after

six months storage.

Bactericidal Spectrum.

The yabbie serum was assayed ror bactericidal
activity against the seven strains of gram negative bpacteria
used in the earlier part of this investigation. The first
tests were made at 250, since it was assumed from work with

fish sera that this would be the optimum activity tempera=-

ture. The only strain killed was S. typhimurium M206 with a
titre of 1/40. At this temperature killing was not complete,



95

even in a 1/2 dilution of the serum; approximately 10% of
the inoculum always remained viable.
When the bactericidal activity of the serum for

S. typhimurium M206 was assayed at different temperatures,

maximum activity occurred at 350; 25° being nearer the
lower end of the activity range(Figure 8), When tested at
35° the titre of the serum was 1/320 and killing was
complete in the lower serum dilutions. When strains prev-~
iously tested at 250 were re-tested at the higher temper-
ature, there was no alteration in their serum susceptibility.

The finding that yabbie serum was bactericidal
for one gram negative bacterial strain posed several
questions. Was the activity specific? Was it etfective
against other gram negative bacteria? What serum compo-
nents mediated in this killing?

To provide an answer to the tirst two questions,
a number of organisms were screened for killing by a 1/10
dilution of the serum. The strains tested and the resultant
killing is listed in Table i6. The first strains tested
were from our stock coliection of micro-organisms and from
the Saimonella neference Laboratory. No killing was observed
even though rough strains were included which previously
had been found to be sensitive to all vertebrate sera. The

three gram positive bacteria - Staph. albus, Staph. aureus

and B. cereus, were also resistant to killing by this s&rum.

The bactericidal activity of yabbie serum for various
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Table 16.

BACTERICIDAL SPECTRUM OF YABBIE SLRUM.

‘Bacterial species. No. tested. | Reciprocal of
bactericidal
titree.

Staphe albus.

Staph. aureus,

Be. cereus,

Other gram positive bacilli.
Bacillus sp. No. 2.

Se typhimurium 1206,

Other S. typhimurium.

Se saint paul.

Other Salmonella species. 1
She sonnei.

Ee. coli,

Ps, aeruginosa.

Providence spe.

Citrobacter sp.

Arizona sp.

Hafnia sp.

Achromobacterium sp. No. 12.
Achromobacterium spe. Noe 13
Other gram negative bacilli.,

40
160

L JRNPEE N NN |\ Y Y G O O G O (SIS [ O 1 [ GO G
!

- = no killing by a 1/10 dilution of serum.




96

strains of bacteria, both‘gram positive and negative,
which had been isolated from water was then investigated.
Cne of six gram positive strains was killed to a2 serum
dilution of 1/80, and two of nine gram negative to a serum
dilution of 1/40 and 1/160 respectively. (lable 16).

The three water isolates, sensitive to killing
by normal yabbie serum, were kindly identified by Mr. J.
Harris, Division of Soils, Commonwealth Scientific and
Industrial Research Organisation, Urrbrae, South Australia,

as a Bacillus sp. (No0.2), and as Achromobacterium sp. (No., 12

and 13).

After several subcultures on laboratory media,
the Bacillus spe. became more difficult to grow and maintain
in culture and at the same time the pactericidal titre
tell trom /80 to 1/20. This change in sensitivity to
serum killing apparently refliected an alteration in the

surface structure of the cellse.

Specificity of the Serum Bactericidal

Activity.

While it nas now peen firmly estaplished that

the natural antibodies or vertebrates are specific, little
is known of the specificity of the serum killing factors

among the invertebrates.

Early in the investigation when S, typhimurium
M206 was the only strain known to be sensitive to the

bactericidal action of the serum, several attempts were
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made to define the specificity of the killing mechanism.
The serum was absorbed with varying quantities of S. typhi-
murium M206, and of several of the resistant gram negative

strains, and the erfect on the killing of S. typhimurium

M206 by the absorbed sera was determined.

Yabbie serum when absorbed with S. typhimurium

M206 at a dose level of 1 mg. dry weight of cells/ml. of
serum, completely lost its bactericidal activity for the
absorbing strain. There was a similar loss of bactericidal

activity for S. typhimurium M206 when the serum was absorbed

with B, coli BV or Ps. aeruginosa. Absorption with a coagu-

lase positive Staph. aureus or with Bs. cereus at 4 mg. dry

weight of cells/ml. of serum did not atfect the bacterici-
dal activity for S. typhimurium M206. Absorption with 4%

(v/v) sheep red blood cells also had no effect on the
bactericidal activity.

The lipopolysaccharides of 5. typhimurium M206

and S. paratyphi BIR when added to the serum at 10 mg/mi.

of serum completely inhibited bactericidal activity against
S. typhimurium M206, One ug. of lipopolysaccharide/ml. of

serum had no effect.

Although these absorptions could give no absolute
information on the specificity of the bactericidin they did,
however, provide two interesting facts. Firstly, the bacter-
icidin adsorbed to gram negative bacteria which it was
incapable of killing, and secondly that no adsorption
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occurred with gram positive bacteria. In addition, the
innhibition of killing with lipopolysaccharide suggested
that the specificity of the bactericidal substance was
direéted against the lipopolysaccharide of the bacterial
cell.

The isolation of further serum sensitive strains
made possible a direct comparison of the effect absorption’
with one serum sensitive strain had on the bactericidal
titre towards itself and other sensitive strains.

The serum was absorbed with varying quantities of

an alcohol~killed S. typhimurium M206 suspension, and the
titres of the absorbed sera for both S. typhimurium M206

and Achromobacterium sp. No. 13 determined. The experiment

was then repeated with Achromobacterium sp. No. 13 as the

absorbing strain. The eifect of these absorptions on the
bactericidal titres for the two strains are shown graph-
ically in Figures 9 and 10, The absorbing strain rémoved
the bactericidal activity towards itself and the hetero-
logous strain. There was, however, a quantitative differ-
ence in the amoﬁnt of absorbing suspension required to give
an equivalent depletion of the vactericidal activity
against the two strains. A greater dose of poth apbsorbing
strains was required to deplete the bactericidal activity

against S, typhimurium M206, than against Achromobacterium

Spe No. 13. When similar experiments were done comparing

the effect of absorbing the serum with S.typhimurium M206




Figure e

YABBIZ SERUM ABSORBED WITH VARYING QUANTITIES OF AN

ALCOHOL KILLED SUSPENSION OF S. TYPHIMURIUM M206.

Residual bactericidal activity assayed tor S. typhimur-

ium M206 and for Achromobacterium sp. Noe. 13

Te Se typhimurium M206.

26 Achromobacterium sp. No. 13.
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Figure 10.

YABBIE SERUM ABSORBED W.ITH VARYING QUANTITIES OF AN

ALCOHOL KILLED SUSPENSLION OF sCHRUMOBACTERIUM sp. No. 13.

Residual bactericidal activity assayed for S. typhimur-

ium M206 and for Achromobacterium sp. No. 13.

Te Se typhimurium M206

2 Achromobacterium sp. No. 13.
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and Bacillus spe No.2, on the bactericidal activity for

the two strains, the bactericidal activity was depleted
only for the absorbing strain (Figures 11 and 12). While
these results have to be interpreted with some caution due
to the limited number of strains which have been investiga-
ted, they do, however, suggest that yabbie serum contains
two separate bactericidal mechanisms, one effective against

gram positive, and the other against gram negative bacteria.

‘Haemoly}ic Complement.

No evidence could be found for the presence of
haemolytic complement in yabbie serum using the standard
haemolytic assay system of sheep red blood cells sensitised
with rabbit antibody, or with normal unsensitised sheep
cells. There was no lysis of sheep, rat, rabbit, mouse or
human red cells in the haemagglutination assays to be
discussed in a subsequent chapter. Normal unheated verte-

brate serum produced lysis of the red cells in these tests,

Effect of EDTA on the Bactericidal 4

Activity of Yabbie Serum.

Calcium and magnesium ions are necessary for the
biological activity of the vertebrate antibody-~complement
bactericidal systeme. Chelating these ions with EDTA dep—-
ressed all bactericidal activity.(Chapter 5).

The effect of rDTA on the bactericidal activity

of yapbie serum for S, typhimurium M206 was determined.




Figure 11.

YABBIE SERUM ABSORBED WITH VARYING QUANTITIES OF AN

ALCOHOL KILLED SUSPENSION OF S. TYPHIMURIUM M206.

Residual bactericidal activity assayed for S. typhimur-

ium M206 and for Bacillus sp. No. 2.

Te S, typhimurium M206.

2e Bacillus sp. No. 2.
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Figure 12,

YABBIE SERUM ABSORBED WITH VARYING QUANTITIES OF AN

ALCOHOL KILIED SUSPENSION OF BACILILUS sp. No. 2.

Residual bactericidal activity assayed for S. typhimur-

ium M206 and for Bacillus spe. No. 2.

1. S. typhimurium M206.

2 Bacillus sp. No. 2.
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EDTA was added to the serum to give a final concentration
of 0.5 M, which was in excess of that necessary to chelate
all the calcium and magnesium ions present. In these tests
the minimal medium described in Chapter 2 was used but no
magnesium sulphate was included, and in addition EDTA was
added to a final concentration of 0.1 M,

The bactericidal activity of the serum was not

affected by the addition of EDTA.

Individual Variation in. Bactericidal Titre.

A11 experiments (unless otherwise stated) were done
using pooled serum collected from twenty to one hundred
individuals, The day to day variation in titre of any one
serum pool, or between different pools, did not exceed@& one
two~fold dilution from a mean titre of 1/320. These titres
were independent of the locality from which the animals were
obtained, and the time of the year when they were captured
and bled.

Similar bactericidal titres were obtained for the

serum of six animals tested individually.

Plate Assay of Bactericidal Activity.

Experiments were made to determine if the bacter-
icidin was actlive in a plate assay system. There was no
inhibition of growth, when large loopstul of yabbie serum
dilutions rrom neat to 1/1280 were spotted onto the surface
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of nutrient agar plates seeded with S. typhimurium ﬁé@é,

or wnen lawn plates were used. Growth was not inhibited if
the serum dilutions were allowed to diffuse for one to
twenty four hours prior to incubation. The incorporation
of 10% yabbie serum in the agar did not inhibit the growth

of S, typhimurium M206 spread, or streaked, over the

surface of the plate.

Effect of Heat on the Bactericidal

Activity of Yabbie Serum.

Yabbie serum heated at 56° for half an hour was

not bactericidal when tvested at 250, and the titre was

only 25% of normal when tested at 37°. In addition, killing
was not complete in any dilution at the higher temperature.
The active fraction was more stable to heat under acid
conditions than in normal serum. The supernatant, (obtained
after precipitation of the serum proteins at pH 3.5) when
heated to 80° for thirty minutes still retained 50# of its

bactericidal activity for S. typhimurium M206.

Dose Response Curve,

The effect of variations in the size of the bact-
erial inoculum on the bactericidal titre of yapbie serum

for S. typhimurium M206 was determined in order to ascertain

if increasing the number of bacteria would bring about a

corresponding reduction in the bactericidal titre. The
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number of bacteria inoculated into each series of tubes
varied by ten-fold steps from 6 x 103 to 6 x 107. The
bactericidal titres for each dose ievel otf bacteria are
given in Tavle 17. The ralil in bactericidal titre is as
one would expect if the bactericidal factor was enzymic in

nature.

Discussione.

Yabbie serum was found to be bactericidal for
some strains of gram positive and negative bacteria. While
only tentative conclusions can be drawn from the absorption
tests due to the small number of strains studied, it appears
that different factors are involved in the killing of gram
positive and negative bacteria., Whether this conclusion is
valid or not can only be ascertained by investigating the
serum killing of a greater number of strains. The degree of
specificity exhibited by the factor responsible for killing
the gram positive strain was not ascertained, but from the
cross absorption tests the same factor appeared to mediate
in the killing éf all sensitive gram negative strains. The
bactericidin was also removed from the serum by gram negative
bacteria for which the yabbie serum had no bactericidal
activity. This interesting finding indicated that the killing
of gram negative bacteria by yabbie serum was probably a
two stage reaction. In the first stage the bactericidin

adsorbed to presumably the lipopolysaccharide of the bacterial



TABLE 17.

THE ZFFZCT OF VARYING Tils NUMBER OF BACTERIA IN THE

INOCULUN CN wHE BACTERICIDAL TITRE UF YABBIE SERUM
FPOR S. TYPHIMURIUM M206.

Number of bacteraa Reciprocal of
inoculated/tube. bactericidal titre.
6 x 10° 40
6 X 10° 80
6 x 10* 160
6 X 103 160
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cell wall and in the second stage the bactericidin exerted
its lethal action on the cell. The second stage presumably
only occurred if the surface structure of the bacterium
was 1n some as yet unknown way amenable to the lethal
action of the bactericidine. This situation is similar to
that recorded in Chapter 3, where it was shown that pig

serum possessed no bactericidal activity for S. typhimurium

C5, despite the fact that these cells fixed complement
from pig serum.

The yabbie serum bacterieidal system respons-
ible for the killing of gram negative bacteria differed
from the vertebrate antibody-complement bactericidal system
in several major respects. In addition to its non-specificity
of action (whieh has already been discussed) there was mo
divalent cation requirement, it was more stable to heat
and had a higher optimum activity temperature than would
be expected for an antibody-complement system derived from
a vertebrate in a similar habitat. The constant occurrence,
and level, of the bactericidal factor(s) among the yabbies
tested suggested that the factor(s) was constitutional
rather than induced. Attempts were therefore made to

determine if the level of the bactericidin for S. typhimu-

rium M206 could be increased by injecting the homologous
stfain into the yabbie, and whether the injection into.the
yabbie of a gtrain resistant to the lLethal action of its

serum would lead to the production of a bactericidin.
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The results of these investigations are recorded
in the next chapter, together with those of an investigation
into the ability of these animals to respond, in an immuno-
logically demonstrable manner to the injection of several

other antigens.

Sunmary e

The ability of yaobie serum to kill fifty-three
pacterial strains, both gram positive and negative, was
investigated. One or nine gram positive, and three of forty-
four gram negative strains were killed by the serum.

Absorption tests indicated that a different serum
factor mediated in the killing of gram positive and negative
bacteria, and further, that the same factor mediated in the
killing of all the susceptible gram negative bacteria.
These conclusions must be treated with some reserve, however,
due to the small number of strains which were involved.

The yabbie bactericidal system for gram negative
bacteria was shown to differ in several ways from the

classical vertébrate antibody~complement system.
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CHAPTER 7.

THE IMMUNOLOGICAL RESPONSZ OF YABBIES

70 THE INJECTION OF FOREIGN

ANTIGENIC MATERTAL.

Introduction.

Experiments were discussed in the previous chapter
which led to the demonstration of a bactericidal mechanism
for some gram negative bacteria in yabbie serum. As only a
limited number of bacterial strains were killed by the serum,
the question was asked, would a serum bactericidal mechanism
be induced for these resistant strains of bacteria by their
injection into the animal?

If the development of a pactericidal mechanism
was subject to antigenic stimulation, then the manner by
which the yabbie reacted to any antigenic stimulus might
give some i1ndication of the nature of the killing mechanism.

This chapter is concerned with various attempts to

elicit a demonstrable immune response in yabbies,

Titration of Yaobie serum for Natural

Haemagglutinins to Several Species of

Vertebrate Red Blood Cells.

Because of an interest in the possible immuno-

logical origin of the yabbie serum bactericidin, efforts
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were made to determine 1.7 the serum possessed any substances
with antibody-like specificitys. As the haemagglutination
assay system is one of the most sensitive techniques for

the detection of antibody, yabble serum was titrated for
haemagglutinins for human, sheep, rat, rabbit and mouse red
blood cells. The serum haemagglutinated the red blood cells
from all the animal species to a low titre (Table 18). This
result clearly indicated that yabbie serum possessed sub-
stances with antibody~like reactivity. It was therefore of
interest to determine if the level of these factors could

be increased by injection of red cell stroma.

Immunological Response of the Yabbie to

the Injection of Sheep Red Cell Stroma.

The demonstrable antibody response in poiklio-
thermic vertebrates has been shown to be temperature
dependent (Evans, 1963). In these studies with the yabbie
it was therefore considered desirable to immunise animals
meintained at different temperatures. Five animals, main-
tained at room temperature, were given five injections of
200 pg. of stroma 1in Uel mi. saline, at five day intervals.,
All injections were made into the soft tissue of a large
cheliped, the needle being inserted at the junction of the
dactopodite and protopodite. The animals were bled ten days
after the last injection. The haemagglutinating titre of

the serum was not raised, nor were haemolysins produced.



_’Eable 180

LoVEL OF NATURAL HABMAGGLUTININS I YABBIE SERUM

FOR SEVERAL SPECIZS OF VERTEBRATE RED BLOOD CELILS.

Red blood cells.. Haemagglutination
units/ml. of serum.

Human. 32
Sheepe. 16
Rabbit. 8
Mouse. 32

Rat. 16
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A rise in the serum haemagglutinating titre for
sheep red blood cells did not occur when inoculated yabbies
were meintained at 37°.

The possibility had to be considered, that the
lack of an immunological response was due to the antigen
being trapped at the site of injection, and never reaching
the tissues where antibody might be produced. The efficiency
of the injection technique was determined by injecting
methylene blue into a cheliped and visually following its
distribution through the animal. Almost immediately after
injection the gills and tail of the animal took on a bluish
tinge, which indicated that the injected material was in
fact going into the circulation.

Using the large cheliped as the route of inoc-
ulation had the disadvantage that periodically these limbs
were shed at the time of, or shortly after the injection
had been made. The site of injection was conseguently
changed and the injections were‘given into the abdomen at
the junction of the first and second segments from the
cephalothorax. The suitability of the tail as an injection
site was studied using carbon in 1% gelatin. The carbon
suspension (0.1 ml.) was injected into the tail and thirty
minutes and Iorty eight hours later animais were sacrificed
and the tissues examined macroscopically for traces of
carbon. Thirty minutes after injection some carbon remained

localised at the site of injection while the gills were
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considerably darker than normal. Some carbon was also
present in the digestive gland. After forty eizht hours
most of the carbon was in the digestive gland, little
remaining in the tail or gills.

Since the injection technique gave a rapid
dispersal of the injected material, it would be expected
that any particles introduced by this route would reach

sites where antibody production might occur.

Immunological Response of the Yabbie

to0 the Injection of S. typhimurium M206.

Normal yabbie serum contained no agglutinins at

a 1/4 dilution to S, typhimurium M206 ( the tests being

incubated at 56° for 18 hours). Five yabbies given five
injections, at five day intervals, of 20 mg. of an alcohol-

killed suspension of S. typhimurium M206, and bled ten

days after the last injection, did not produce any demon-
strable agglutinins, or show a rise in bactericidal titre.

When the injected dose was increased to 200 mge. all animadis

died overnight.

Injection of Living Bacteria into Yabbies.

It is well known that with many bacterial diseases
of vertebrates a primary infection often leuds to heightened
resistance t0 a subsequent cnallenge oy the same organism.
As no bacterial pathogens were known for the yabbie several

species of living bacteria were injected in an effort to
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find a pathogenic strain. Yabbies were injected with 107

viable B. coli BV and Lilly, S. typhimurium C5 and M206,

S._gallinarum 9240, S, paratyphi BIS and BIR, Ps. aeruginosa,

Staphe. albus and B. cereus, with no apparent injurious

effects. Fourteen days after the initial injection the

serum was not bactericidal for the injected strain.,

Rate of Removal_of Se typhimurium C5H

from the Circulation of the Yabbie.

Since the animals were resistant to infection by
this bacterium, either the bacteria remained in the circul-
ation indefinitely with no apparent ill effect to the animal,
or they were removed from the blood to some organ for subse-

quent disposal.

The time required for the removal of S. typhimur-

ium C5 from the circulation was determined. An overnight
broth culture was washed and resuspended in saline so that
O¢1 ml. contained approximately 107 bacteria. This suspen-
sion was injected into the tail and the subsequent rate of
removal of the pacteria rrom the circulation assayed by
estimating the number of pacteria in samples of blood
obtained by cutting oft a lege. A separate leg being used
for each count. Two or three drops of blood were taken
directly into 1 mL. of broth containing 1 mg. of trypsin,
The mixture was incubated for half an hour at 37° after

which the number of viable bacteria were estimated by a
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plate count, The tryptic dizestion was necessary to solu-
bilise the small gelatinous clot which formed as the blood
was taken. Control tests showed that this concentration of
trypsin had no effect on the viability of the bacteria.

The weight of the blilood was obtained by subtracting the
weight of the bottle plus trypsin, from that of the bottle
plus blood and trypsin. The density of the blood was assumed
to be one. In order to provide a basis for comparison, all
counts were adjusted to the number of bacteria which would
be expected to be recovered from one ml. of blood.

The curves for the rate of removal of the injected
bacteria with time are plotted in Figure 13. Six yabbies
were used., The curves drawn represent the average rate of
removal, together with those of the yabbies showing the
minimum and maximum rates. Less than one % of the injected
bacteria were recovered after the first hour, and the
numbers which could be recovered thereafter showed a steady
decline., Bacteria could not vbe recovered from a series of

twelve animals pled twenty four hours after injection.

Rate of Removal of Bacteriophage ¢X174

from the Circulation of the Yabbie,

The fate of injected bacteriophage was also
studied. These particles have been used very successiully
in vertebrates to detect antibodies during the early stages

of antibody proauction, The highly sensitive technique of



Figure 130

RECOVERY WITH TIME OF S, TYPHIMURIUM C5 FROM THE BLOCD

Curve 1.

Curve 2.

Curve 3.

CF YABBIZS,

Numbefs recovered from the animal showing
the minimum rate of clearance.

average number recovered from z2ll animalse.
Numbers recovered from the animal showing

the maximum rate of clearance.
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phage inactivation mermitting the demonstration of far
fewer antibody molecules than is possible by most other

techniques,

The yabbies were injected with approximately 107
phage ¢X174 and bled by the technigue previously described
for recovering bacteria. The number of phage particles
present were estimated by the agar layer technique of Adams
(1959) using E. coli C as the indicator strain.

Since there was no significant decline in the
number of phage particles which could be recovered from the
blood of the yabbies during the first twenty four hours
post injection, the fate of phage in the circulation was
then followed over an extended period of time.

The recovery of phage with time is shown in
FPigure 14. The average clearance values, as well as the
fastest and slowest values, are plotted. Of the twelve
animals injected, five survived at the end of three weeks,
and phage could still be isolated from their blood. Through-
out this period there was a considerable difference between
the number of phage particles which were recovered from the
animals showing the most rapid, and the slowest rate of
removal.

If the primary injection of phage particles into
the circulation led to the development of an immune mechanism
for their removal, then phage injected subsequently would be

expected to be cleared more rapidly. Twelve yapbies were



Figure 14.

RECOVSRY WITH TIME OF PHAG:E ¢X174 FROM THS 8LOOD

Curve 1.

Curve 2,

Curve 3.

CF YABDBIES.

Numbers recovered from the animal showing
the minimum rate of clearance.

Average number recovered from all animals.
Numbers recovered from the animal showing

the maximum rate of clearance.
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injected with phage as previously described, and the numbers
recoverable from the blood determined several times during
the ensuing three weeks; the remaining eight animals were
then given a second injection of phage. The animals did not
clear these phage particles from their ecirculation at a
significantly greater rate than those from the primary ing-
ection (Figure 15). Phage could still be reccovered in low

numbers, from two of the three remaining animals seventy five

days after the primary injection.

There was no indication from these results that
the animals developed an immune mechanism for the disposal
01 these particles. It was not possible to determine if the
decline in the number of phage particles recovered was the
result of a slow clearance by the animal, or to a gradual
fall in the number of circulating phage particles due to

death of the phage, independent of the yabbies defence

mechanisms.

Discussione.

The observations recorded in this chapter show
that the yabbie has an efficient mechanism for the clearing
of bacteria from its circulation and presumably for their
inactivation, since none of the strains of bacteria injected
produced any obvious signs of infectione. The inability of
these bacteria to produce a demonstrable disease would

appear to be a rerlection of the choice of organisms, since



Pigure 15.

RECOVERY WITH TIM® OF PHAGE ¢X174 FROM THE BLOOD COF

YABBIES FOLLOWING A PRIMARY AND SECONDARY INJECTION

OF 4X174.

Curve 1. Numbers recovered from the animal showing
the minimum rate of clearance.

Curve 2, Average number recovered from all animals.

Curve 3. Numbers recovered from the animal showing

the maximum rate of clearance.,
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it is inconceivable from our knowledge of the distribution
of bacterial disease among living organisms, that the yabbie
should be completely reiractory to bacterial infection.
Although all attempts to produce a demonstrable

1mmune response in yabbies were unsuccessiul, the experiments
with bacteriophage snowea that the yabbie has some type of
recognition mechanism, since it was able to clear bacteria
rapidly from its circulation, but not bacteriophaze. No

information was obtained on the possible nature of this

mechanism.
Another instance has been recorded where an animal

was unable to rapidly remove bacteriophage from its circul-
ation. Papermaster, Condie and Good (1962), working with
the hagfish (one of the most primitive species of the true
vertebrates) found that bacteriophage persisted in the
circulation for at least fourteen days after injection. In
addition to the inability to rapidly clear bacteriophage
from their circulation, both the yabbie and the hagfish
lacked serum proteins with the electrophoretic mobility of
¥~-globulin and in neither species could a demonstrable
immune response be elicited. It 1s premature at present to

speculate on any possible interrelationship of these

diverse observationse.

Summary.
An immune response could not be detected in

yabbies following the injeetion of living or dead bacteria,



or sheep red coll stromo.

Do ztrains of . coli, five Salmonellae, onz of

Pseudomonad, one Staphylococcus and one Bacilluc when injee-

ted at a level of 107 bacteriz did not produce recosniszable

symptoms of diseasc.
Se typhirnwurium C5 could not be detected in the

circulation twenty four hours after injection.

Phage ¢gX174 was still present in the blood three
weeks after a primary injection. A second injection of phage

was not cleared any more rapidly than the first.
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CHAPTER 8.

CHEMICAL PURIFICATION OF THE BACTERICIDIN IN

YABBIE SERUM FOR GRAM NEGATIVE BACTERIA.

Introductione.

Results were presented in Chapter 6 which led to
the demonstration of a bactericidin in yabbie serum for
some strains of gram negative bacteria. This yabbie serum
bactericidal system, differed rrom the classical vertebrate
antibody-complement bactericidal systen, by having a greater
heat stapility, being less specific, and naving no require-
ment for divalent cations. It was therefore considered
desiraple to gain some insight into the chemical nature of

this factor.

This chapter deals with the various purification

procedures which were employede.

Total Proteine.

The total protein concentration of yabbie serum,
estimated by the technique of Folin-Ciocalteu, was 30-35 mg,

per ml. using a B.S.A. standard.

Protein Absorption Spectrum of Yabbie Serum.

Before estimating the protein concentration in
yabbie serum on the basis of the quantity of ultra violet
light absorbed at 280 mm., a preliminary experiment was

done to ascertain that there was a specific peak of light
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absorption at this wavelengthe. The quantity of licht
absorbed by the serum was determined at five pu. intervals
from 230-300 mp. The absorption spectrun of the supernatant
from yabbie serum which had been subjected to acid precip-
itation and the pH subsequently returned to 7, pig serum
and B.S.A. were estimated in parallel over the same rance

of wavelengths. The optical densities of each protein at the
different wavelericths are shown graphically in Figure 16.
Maximum light absorption with each protein solution was at

230 mu. with the characteristic second peak at 280 mu.

Effect of Incubating Yabbie Serum with

Trypsin on the Bactericidal Activity

Against Se. typhimurium M206.

Yabbie serum was incubated with trypsin in order
to determine if the bactericidin was susceptible to proteo-
lytic digestion. An equal volume of Difco trypsin 1:250 made
up to a concentration of 5 mg./ml. in 0.2 M veronal buffer
pH 8.0, was added to yabbie serum. The mixture was incubated
at 40°.for 30 minutes after which the bactericidal activity
of the digested serum was estimated in the usual way.

The treated serum was no longer bactericidal. The
bactericidal activity of a control serum, with buffer added
but no trypsin, and incubated as above lost none of its

bactericidal activity.
This result indicated that the bacteriecidin



Figure 16.

EXTINCTION CURVES FROM 230 70 300 mm OF YABBIE SERUM;
YABBIE SERUM FROM WiHICH PROTEIN HAD BEXEH PRECIPITATED

AT pH 353 PIG S&RUM; AnD B.S.A.

Curve 1. Yabbie serum diluted 1/100.

Curve <. Supernatant from yabbie serum which had been
subjected to acid precipitation and the pH
subsequently returned to 7. Diluted 1/10.

Curve 3, Pig serum diluted 1/200.

Curve 4. B.S.A. 400 pg/ml.
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contained peptide linkages i.ee. was a protein or polypeptide.

Starch Gel Electronhoresis.

A starch gel electrophoretic analysis of the pro-
teins in yabbie serum was made and the positlion of the var-
ious protein bands was compared with those of the character-

ised components of pig serum (Turner and Rowley, 1963) run

in parallel.
The starch gel electrophoretic patterns of yabbie

and pig sera dre shown in Figure 17. There was no protein
present in the yabbie serum with an electrophoretic mobility
corresponding to that of pig serum )Y-globulin, but there was
some staining material left in the well. Seven distinct
bands were present, the fastest moving band corresponding

in position to albumen in pig serum. The fourth band from
the well was the only one giving a positive stain ror copper,

which suggested that this pand contained the haemocyanin,

(Figure 18) .

Preparative Starch Gel.

Starcn geli electrophoresis can also be used for
the preparative separation of proteins. After electrophor-
esis, the various protein ffactions are extracted from the
gel, and tested for bactericidal activity.

The gel was sectioned as in Figure 17, each
segment containing one protein band. Following extraction

of the gel segments, bactericidal activity was found only in



Figure 17.

STARCH GLL ELECTRCPHORETIC PATTERNS OF YABBIE AND PIG SiRA.

Yabbie serum on the right. Pig serum on the left,

Starch gel run at 4 volts/cm. for eighteen hours in the cold

at pH B.6.

The vertical numbers refer to the fractions of the preparative
starch gel of yabbie serum which were extracted and assayed

for bactericidal activitye.

Gels stained for protein with amido black 1UB.



- N M = W w oS

Bt W ks




Pigure 10,

STARCH GEL ZLECTROPHORETIC PATTERN OF YABBIEZ SERUM.

Stained for copper with rubeanic acid.
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the material remaining in the well. The recovery of activity
was approximately 10:5.

Three possibilities were considered which might
account for the bactericidal activity remaining in the well,
(1) the particle had no net charge at this pH, (2) the active
molecule was too large to migrate on starch, (3) it complexed
with the starch.

If the bactericidal activity did not migrate in
the starch gel because the active molecules had no net
charge at pH 8.6, then migration might be expected in a
starch gel run at a different pH, when the molecules would
be expected to carry a net charge.

Before attempting to run a starch gel at a lower
pH (3.5) the effect of this pH on the stability of the
bactericidin was determined. As the pH was lowered with
0.1 M hydrochloric acid, protein was precipitated. The
supernatant, following the removal of the precipitate at
4,500 g. for 10 minutes, contained 50% of the pactericidal

activity. No preparative starch gel was run on this material,
as the other techniques to be described gave a good separ-
ation of the bactericidin, with a higher percentage recovery
of activity. Experiments to be discussed subsequently

suggested that the lack of migration was due to the bacter-

icidin being adsorbed to the starch.
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Purification of the Bactericidal

Substance by Acid Precipitation.

Experiments with the starch gels indicated that
some degree of purification of the baectericidal factor was
possible by acid precipitation. However, when acid was added
directly to the serum, the degree of purification obtained
varied from a four-fold inecrease to no overall gain in
purity-equal percentage fall in bactericidal activity and
protein,

Retention of bactericidal activity, and ease of
removal of precipitated protein, was usually better when the
serum was first diluted one to five in basal medium. It was
also difficult, espécially when using small volumes of serum,
to ensure adequate mixing of the acid and so prevent the
formation of areas of very high acidity which might lead to
destruction of the bactericidine. When the supernatant from
the pH 3.5 precipitétion wés diluted directly into basal
medium pH 7, there was at the most a 50% fall in baétericidal
activity over that present in normal serum. If, however,
the DH of the supernatant was first brought back to 7 witnh
alkali, further protein was precipitated and the bactericidal
activity in the supernatant fell. Reducing the pH by dialysas
against 0,005 M citric scld-sodium citrate buffer pH 4 gave
only 50% removal of protein with nd £all in bdactericidal

activity,
The inability of this technique to give a reprod-
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ucible overall gain in purity of the active factor made it
appear unsuitable as a puritication procedure.

Serum partially purified as above was used to
determine if the bactericidal factor(s) was of very high
molecular weight. The serum was diluted 1:5 in basal medium,
the pH adjusted to 3¢5 with 2 M hydrochloric acid, and the
resultant precipitate removed by centrifugation at 12,000 g.
for ten minutes. The supernatant fluid was then centrifuged
at 105,000 g. for five hours in a fixed angle head in the
Spinco ultra centrifuge. The supernatant fluid was taken off
in four equal aliquots and each tested for bactericidal
activity. The activity was evenly distributed throughout the
tube, indicating that the active factor was not of very high
molecular weight, which might have been inferred from its

lack of migration on starch.

Paper Strip Electrophoresis.

The relative importance of the physical factors
which determine how a protein will migrate in starch and
paper electrophoresis differ., On paper lack of migration due
to adsorption is minimised. In order to determine if the lack
of migration of the bacteriecidin in starch gel electrophor-
esis was due to adsorption, and not toc a zero net charge,
the serum was subjected to paper strip electrophoresis.

The electrophoretic patterns of paper strips run

at pH 8 and 9,5 were similar. The major portion of the
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staining protein nmigrated 2s 2 single fast moving band
towards the anode, with sligsht trailing back to the origin,
(Figure 19). The bactericidal activity isolated from the
strips, sectioned as in Figure 19, and extracted by the
procedure previously described, was localised mainly in the
leading protein band, with some trailing of activity back
to the origine.

As the bactericidal activity migrated on paper
strip electfophoresis, it was thought that a preparative

separation of this factor might be possible by curtain elec-

trophoresis.

Curtain Electrophoresis.

In this technique, the protein solution is applied
slowly and continuously to a tab near the upper edge of a
sheet of chromatographic paper supported vertically. The
individual proteins in the mixture are separated as they
pass down the curtain under the influence of an electrical
field applied across the curtain. A slow continuous flow of

bufter down the curtain elutes the protein fractions into

collecting tubese.
The protein elution pattern from the curtain is

shown in Figure 20 where the optical density at 280 ma of
the contents of each tube multiplied by the fluid volume is

plotted against the tube number.
As with the paper strips, there was a slight



Figure 19,

PAPER ELECTROPHORESIS PATTERN OF YABBIE SERUM.

The paper strips were subjected to electrophoresis

at room temperature for nine hours at 135 volts.
Stained with bromo-phenol blue.

a. Lightly stained protein.

be Heavily stained protein.

Vertical numbers refer to the fractions of the paper

assayed for bactericidal activity.

Fraction 1 was the section of paper from rraction 2

to the cathode.
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Figure 20.

YABBIE SERUM PROTEIN ELUTION PATTERN FROM CURTAIN

ELECTROPHORESIS.

el OPE1cal densitye

[ | bactericidal activity.

One unit of bactericidal activity is contained in
the highest dilution of serum which will kill 504

of the inoculated bacteria in 90 minutes.
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trailing of protein across the paper, with a large protein
Peak near the point of maximum protein migration. The
contents of the tubes from this peak were bluish, and during
the electrophoretic run a blue band could be seen stretching
across the curtain, from near the point of application to
tubes 26-28 (Pigure 21).

After electrophoresis had proceeded for several -
days a yellow pigment was eluted from tubes 13=17. Tkis
pigment may be similar to the yellow pigment described by

Frentz (1958) in the serum of the crab, Carcinus maenas
(Leach).

The bactericidin was present in the eluate from
the leading edge of the major protein peak. Approximately
40% of the bactericidin put on the curtain was recovered.,
The bactericidal activity of the eluted fractions gradually
declined and after four days at 4°, they were no longer
active. The serum remaining in the reservoir was also in-
active after this period.

Although this procedure gave an overall gain in
purity of the bactericidin, the loss of bactericidal activity

with time made the technique unsuitable for large scale prep-

arations.
On paper electrophoresis the bactericidin migrated

at pH 8,6 which indicated that the lack of migration in
starch gel electrophoresis was not due to the particle

carrying a net zero charge. There were indications that the



Figure 21,

CURTAIN STAINED FOR LOCALISATION OF PROTEIN AND COPPER

AT THE CONCLUSION OF THE ELECTROPHORETIC RUN.

A section of the curtain was stained for copper by the
technique of Decleir (1961).

The remainder was stained for protein using bromo-phenol
blue.

1 and 3 stained for protein.

2 stained for copper.
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bactericidin wus not haemocyanin, since the bactericidul
activity remnained in the well in starch gel electrophoresis
and was found associated with only part of the haemocyanin
from the curtain., If the bactericidin was not haemocyanin,
then under the conditions of running the curtain, either the

two factors had similar electrophoretic mobility, or were

loosely bonded.

Sucrose Density Gradient Centrifugation.

Sucrose density gradient centrifugation separates
Proteins on the basis of molecular weight, shape, and density
differences. This technique is particularly applicable 1o
the separation of macro-globulins from other serum proteins.

Yabbie serum was subjected to sucrose density
gradient centrifugation to determine if this technique
would separate the bactericidal factor and haemocyanin.

The optical densities of the fractions, bled from
the tubes after centrifugation, showed that the major portion
of the serum protein was concentrated in the bottom 1.5 ml1.
of the tubes (Figure 22). Visually there was a clear line
of demarcation between the one to 1.5 ml. of bluisn fluid at
the bottom of the tube and the remainder of the supernatant,

| The bactericidai activity was associated with that
portion of the serum proteins which remained in suspension
2.5 to 345 ml. from the bottom of the tube. Between 50 and

75% of the bactericidal activity was recovered. No bacter-



Figure 22,

DISTRIBUTION OF THE O.D. 280 ru. ABSORBING FRACTIONS

OF YABBIE SERUM FOLLOWINy DENS1TY GRADIENT CENTRIFU-

GATION.

7 bactericidal activitye.

One unit of bactericidal activity is containea in
the highest dilution of serum which will kill 50%

of the inoculated bacteria in 90 minutese.
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icidal activity was associated with the naemocyanin.

This result clearly indicated that the bactericidal
activity was not associated with haemocyanin, and that there
was a probable molecular weight difference between the two
entities, the active fraction being the smaller.

The combined results of starch and paper electro-
and density gradient centrifugation, were inter-

phoresis,
indicate that in yabbie serum there was a loose

preted to
complexing of haemocyanin and the bactericidin. Such a
complex would be more stable under the conditions of elect-
rophoresis, i.e. alkaline pH and low ionic strength, than
when subjected to density gradient centrifugation at pH 7

in molar saline, a condition which would favour the dis-
sociation of protein-protein complexes, particularly if
non-specific. The ionic strengths of fthe buffers used in the

separations utilising Sephadex were also sufficiently high

to dissociate non-specific protein-protein bonding.

G75 Sephadex Chromatography.

The technique of Sephadex chromatography employs
the principle of gel filtration, separating proteins on the
bagis of molecular size, i.e. functioning as a molecular
sieve.

Chemically, Sephadex is a long chain polymer of
dextran with the individual chains cross linked. The porosity

of the network depends upon the degree of cross iinkage.
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The diffusion through the Sephadex grains of
solutes with moderately large molecular dimensions 1s rest-
rictea according to the porosity of the network. Large
molecules are completely prevented from entering the gel
grains and are eluted before smaller molecules which enter
the gel grains. With increasing porosity, molecules of
larger size can penetrate the grains. Therefore, by a jud-
icious selection of pore size, molecules of different dim-
ensions can be effectively separated. Unlike density gradient
centrifugation all proteins of approximately the same mole-~

cular size are eluted together, irrespective of their

density.
If the molecular weight difference between the

bactericidin and haemocyanin was as great as the density
gradient centrifugation suggested, then good separations
of the bactericidin from haemocyanin would be expected using
an appropriate grade of Sephadex. The first separations were
attempted on G75 Sephadex in 0.2 M tris-HCl buffer (pH 8.0)
at room temperature. Seven ml. of normal serum were layered
on a 250 ml. Sephadex column and the eluates, which were
collected in four ml. aliquots, were assayed individually
for protein by measuring the optical demsity at 280 mu,

Two protein peaks were obtained, the first and
largest passed through the column in the void volume, the
second smaller peak came through only after a column volume

of buffer had been passed. On the basis of the protein
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elution pattern, 1 ml. aliquots of each series of five tubes,
commencing from the oeginning of the naemocyanin peak, were
pooled aﬁd tested for bactericidal activity. Tne pools were
all inactive.

A repeat column run in the cold gave a similar
separation of the proteins, with bactericidal activity in
one pool of the second peak (Figure 23)e. A summation of the
optical densities of the eluates in the first and second
peaks showed the second one to contain 0.7% of the total
serum proteins. The total recovery of activity was low (9%)
with a rapid decline and complete loss of activity after the
fraction had been kept for forty eight hours in the cold,

The contents of the tubes from each peak were
pooled, dialysed against three one-hourly changes of dist-
illed water, freeze dried, and reconstituted in one ml, of
saline. The electrophoretic patterns of the concentrated

fractions were determined by starch and paper electrophor-

esis.,

Starch Gel (pH 8.6).

Normal yabbie serum, and the protein from the
first peak, gave similar patterns. No amido black 10B
staining material could be found from the second peak not-
withstanding the fact that the protein concentration esti-
mated from the 280 mu. optical density reading was suffic-
ient to stain. This figure for protein may have been high



Pigure 23.

PRUTELN ELUTION PAYTEHEN OF YABBIE SLRUM FROM G75

SEPHADEX.

- o— optical density.

7 bactericidal activity.

One unit of bpactericidal activity is contained in
the highest dilution of serum which will kill 50%

of the inoculated bacteria in Y0 minutes.



bactericidal activity units/ml.
of pooled eluate.
[=]

~ 2 < p

204

014
0

Aysuap jediydo

tube number



127

due to variations in extinction coerficients ( to be dis-
cussed on pagel!3i), or the dye pinding characteristics tor

amido black 10B of this rraction might have peen difrerent

from that of the other serum proteins.

Paper klectrophoresis (pH 8.0).

No dirference was found between the electrophor-
etic pattern of the protein in the first fraction and normal
serum when stained by bromo—phenol blue., With the second
peak, the only suggestion of protein was a very faintly
stained area at the origin.

More protein bands were apparent when the paper
strips following electrophoresis were stained with ninhydrin,
Fraction two lacked the leading densely stained band migra-
ting towards the anode in normal serume. Both had stained
material at the origin, and a pand 1.5 cm. on either side
of the origin. Fraction two had a green fluorescent band on

the cathode side of the origin which was not apparent in

normal serum (Figure 24).

Thus density gradient centrifugation, and G75
Sephadex chromatography, showed that the bactericidal act-
ivity could be separated from the haemocyanin, and further,
that the active fraction constituted only a small percent-
age of the total serum protein.

The protein loading capacity of a Sephadex column

is small, and hence the technique has limited applicability



Figure 24.

PAPER ELECTRUPHORESLS OUF- 1. PRACTION 2. FRUM G75 SEPHADEX.

2. NORMAL YABBLE SERUM.

Paper strips stained with ninhydrin.

1e Lightly stained band.
24 Greeh band.

3. Déeply stained band.
4, Band at origin.

5 Deeply stained band.

6. Deeply svained pand.



s

cathode

1

—~——
6__——
anode



128

as a preparative tool if the required fracfion is a small
Percentage of the total serum protein. The effective loading
capacity of a Sephadex column relative %0 a minor serum
component can be increased by removing a major portion of
the unwanted protein prior to the serum being put on the
column. An alternative is to run the whole serum on very
large columns, but in the present instance the instability
of the active fraction at aikaline pH, and the extended

period required for elution of the bactericidin precluded
their use. ‘

Pfecipitation of Inactive Protein at
Different pH and Ionic Strengths.

As a means of increasing the effective loading
capacity of the Sephadex columns relative to the minor
component, it was decided to re-investigate the acid preec-

ipitation of the haemocyanin under more carefully controllegd

conditions of pH and ionie strength.
Serum was dialysed overnight with continuous

agitation against buffers of ionic strengfhs 0+01, and 0,2,

at pH 4, 5, 6 and 7. (The ratio of serum to buffer was 1:100),

After dialysis the pH values of the retentates were measured,
followed by the removal of the precipitates by centrifugation
at 4,500 g. for ten minutes. The supernatants were assayed \
for bactericidal aetivity, and for totélupmotein by the
method of rolianiocaiteu. The actual pH reached during
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dialysis, total protein and bactericidal activities of the
supernatants are given in Table 19. The highest protein
removal of 68% occurred at pH 4 and an ionic strength of 0,2
with a loés of 50% of the biological activity. In later
preparations, the precipitate following dialysis was removeg
by centrifugation at 39,000 g. for one hour which gave g
removal of 85% of the serum protein with no further loss of
bactericidal activity. These results would suggest that the
difficulty experienced in getting reproducible removal of
protein and retention of bactericidal activity in the earlier

experiments, was possibly due to variations in the ionic

strength of the supporting medium.

G50 Sephadex Chromatography.

On G75 Sephadex at pH,8‘the bactericidin was
retained, which indicated that its molecular weight was lessg
than 50,000 and was possibly considerably less than this
figure due to the strong retention. Because of the strong
retention it was thought that a better separation might be
obtained with a Sephadex of smaller pore size. A further
séparatiéatof the active factor was attempted using G50
Sephadex. The eftective 1oading'dapaoity of the column,
relative to thg'éctive fraction was inoreased by using the
supernatant from the acid precipitation concentrated by

freeze dr&ing to a small velume.
The pre-~treatment of the serum and the details of



Table 19.

E K sT OF DIALYSING IE SERUM OVERNIGHT AGALNST BUFFERS OF VARYING pH AND IONIC

STRENGTH ON THE BACTERI1CIDAL TITRE AND REMOVAL OF PROTEIN.

pH of buffexr. | Actual pH of retentate.| Mg. protein/ml, serum.| / Reciprocal of
| | bactericidal titre.
0,01 M, 002 M, 0.01 M, 0.2 M. 0,01 M, Os2 M,
3 346 346 28 19 80 80
4 42 442 | 26 10 40 80
5 503 501 22 26 40 80
'6 6.7 6.0 24 - 25 40 40
7 7.2 7.2 25 29 80 80
Normal serum.| a 31 160
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running the column are given in Table 20. The main protein
peak was eluted with the void volume with a trailing off of
protein until a column volume of buffer had been passed
(Figure 25). Pools made with one ml. aliquots from each
series of five tubes, from the commencement of the protein
elution, were tested for bactericidal activity af#er return-
ing the PH to 7.5 with 12.,5% sodium carbonate.

Bactericidal activity was spread over 100 ml, of
the eluate with the highest activity in the centre of the
active band. The activity recovered approximated to 35%€ of
‘that put on the column. The concentration of protein in the
eluates showing bactericidal activity was estimated as a
percentage of the total protein eluted. This percentage was
calculated by assuming protein concentration to be equiva-
lent to optical density. 14% of the eluted protein was
present in the tubes vhich éontained the bactericidin. is
78 mg. of protein was applied to the column and the active
fraction contained 11 mg. of protein, it was caloulated that
the bactericidal activity was associated»with less than 2%
of the originel serum protein. Since the active material was

‘retained by the Sephadex, its molecular weight was probably

less than 10,000.
Chemical Con

The contents of all tubes containing’bactéricidél



ACID ?ﬁﬁCI?EE;EAQE ;au GSG SEFHADEX PURIPICGATICOR OF THE BACTERICIDIN 1H YAPRBIEZE SELUM
FOR ORAM NOGATIVE BACTuURIA,
cerum (20 mls) = 640 mg. prodeir,
3200 units of bactericidal acetiviiy.*
Jialysed overnight azsainst 0.2 XM aseiate buffer
il 4 followed by centrifugation at 39,100 g. for 1 hour.
Supernatant 102 mg. profein Jeposit - discarded

3200 units of setivity.

!
20 mc. withdraun for tests,. '82 mge freege dried,
Jeconstituted in 2 mls. distilled wazer.
@50 sephadex,
7? e Protein.
1?83 units of setivity,
“iuate %aken off in 3 ml, alicusis.
Fraetioﬂ 1s ?rac%ien 2e
€7 mge. protein.

i1 mze protein.
bacterieidal sctivity. 450 units of activity,

i
4 mz, Wwithdraun for iests.

* Ore unit of bacterieidal setivity is conizined in the highest dilution of serum

which will ¥ill 50° of the inoculajsed baeteris in 90 minutes,



rigure 295

FROTEIN BLUTION PATTENN FROM G50 SEPHADSK OF THI CONGHMN=

. - AT NPT T I s e P ) v AR ”;‘«:
IRATED SUPERNATANT APTSH ACTD PRECIPITATICN OF YARBIS

SEIUM AT pH 4 AND IONIC OTRUNGTH Oe2e

——8— optical density.

7 bacterieidal activity.

Une unlt of bacterieidal actlvity is contained in

the highest dilution of serum which will kill 50/

of the inoculated bacteria in 90 minutes.
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mgtivity were pooled, dialysed overnlght agalinst distilled
water, freeze dried, and taken up in 0.5 ml, saline,

The heterogenelty of this Traction was then
investirated by starech gel electrophoresis at pll 8.6 and
by paper eleetrophoresis in pyridine-acetlc agld=wateor

bulfer at pH 6.4,

Starch Gel R}guﬁrophorasis-

No amido black 10B staining band was found .

pyridine-icetic

vhen stained with ninhydrin the active fraction
showed five bands all migrating towards the eathode together
with some protein which remained at the origin.

The first three bands were present in whole serum
but the Pourth snd £ifth were not apparent. The whole serum

had a mueh grester concentration of protein at the origin

( Figure 26) ®

Digoussione.

Attempts were made voO igolate end characterise

the yabble serum gram negative bacteriecidin. iAs =& prelim-

inary to these studies, the protein concentration in yabbie
serum was eantimated. The values obtained were estimated

relative to & B.S+As standard using the technique of Folin-
n of ultra violet

Ciooalteu, and by measuring the absorptio
hiefly the

light at 280 mu. These sssay techniques measure ¢



PMeure 26,
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ELECTROTHORESIS OF PRACTION 2 PROM G50 32PHADEX AND
NORMAL YABBIE SERUM Ry

v T . AT il 2 VL ks 4
HLH PYI DT HDewACETI G AGTDwW AR pH 6

(1) Praction 2,
(2) noymal seYIm,

S%ained with ninbydrin,

1o Highest concentration of polypeptide - deeply stalned.

2o and 3, fgual intensity of stnining - about 1/5
Coneentration of 1,

4s Yellow band,

s Faintly stained shout 1/5 intensity of 2.

“pot at origin stained dlue,

The numbered fractions (except Ho.4.) stained pink.
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Pleure 26,

» . . : i By : W R PHADEX AND
PAPDH ELECTROTHORESIS OF PRACTION 2 FROM G50 SEPHADEX

" T e ey " . ey, v S wa A L AGTT W YN i 6 4"
NORMAL YABBID SEUUM RUN IN PYILDTHDeACETLC AGIDeARER pH Oefts

(1) Praction 2,
(2) Hormal serum,

Stalned with ninhydrin,

1s Highest concentration of polypeptide - deeply stained.

2s and J, Hgual intensity of staining - about 1/5
coneentration of 1,

4+ Yellow band,

9+ Paintly stained sbout 1/5 intensity of 2.

“pot at origin steined blue,

The mumbered fractiong (except No.4.) stained pink.



1

cathode

origin

anode




132

aromatic amine acid content of proteins sand thus 1T Tthere
is a veriation in the content of these aclds between the
standard and unknown protein solutlons, the true proteln
eoncentration in the unknown will not be estimated. Thus
the sbsolute concentration of protein in yabble serum may
difter from the value stated., The calculated consentration
of protein in yabble smerum is comparable, however, with the
values quoted by Engle and Woods (1960), for orustacean
BOTDe

The purifieation procedures utilising density
gradient centrifugation and Sephadex ohromatography oleaxrly
ghowed that the major protein heemoeyanin was devold of any
bactevicidal setivity for gram negative bacteria, and that
the bacterieidin was associated with approximately two 5
of the total serum protelins. While it 1s not possible %o
atate categorically if the pactericidin is a single or
multicomponent sysiem, several observations point towards
it being a single entity. If the baeteriecidin vas multie

component, then i1t lo unlikely that sll the eomponents

would have a similar molecular weight and size range, 28
the separstions utilising Sephadex chromatography and
density gradlent centrifugation guggest, particularly as
the molecular welght of the pacterieidin is less than 10,000,
The chemical nature of the bacterieidin is 2%ill
obsgures The observations that the bacterieidin in whole

gerum was inactivated by tryptle digestion, and that the
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moleoular weight was less than 10,000, auggemﬁ'thaﬁ the
gubstence may be a polypeptide, put further investlgations
will be necessary before the ghemieal nature can be firmly
established.

No protein with the elaotrnphorafic mobility of
plg serum ¥-globulin could be demonstrated in yabble serum,
Voods, Paulmen, Ungle and lert (1958) also commented on the
absence of these proteins from erusiacean SeXd.

The absence from these sera of proteins with the
electrophoretic mobility of vertebrate Y=-globulin cannot,
however, be taken as proof that these animels are unable %0
produce antibvody, =s 1% could well be that in these animals
proteins with antibody epecificity have a‘ditfurant electro-
phoretic mobility.

rotein with eleotrophoretic mobility gimilar %o
that of pig serum Y=globulin was not found inm yabbie serum.
The bagtericidin and haemceyanin could not be
geparated by paper electrophoresis. Yabble serum wWas sep-
. arated inte two protein fractions by denslty gradient cent-
rifugation and sephadex ehromatography. The najor fraction
gontained the heemooyanin and was devoid of any pactericidal

aetilvitye.
The minor fraction, whiech constituted less than

4 of the total serum proteins and had a molecular weight



probably less than 10,000, was baoteriecldal,
"he fraction containing the blologlcal activity
was heterogencous and evidence was obtained which suggested

1% was 2 mixture of protein and peptldes.

summaxy of Chaplers 6, T and 8.

The presence, specificity and chemical nature of

a bacterioidin in yabbie serum has been investigated.

The gerum killed both gram positive and negative
bacteria. Absorption tests suggested that two separate
bactericidal systems were involved, one for gram positive

and the other for gram negative bacteria.

Haemolyiic complement activity could not be
demonatrated. |

The bacbericidin was suggented to be a gingle
eomponent system with a molecular weight less than 10,000,

While all attempts to produce & demons trable

ippune response in these animnals were unsuccessful, the

presenge of some iype of regognition mechanism was SUgE™
ested by the ablility of the animals to olesr bacteria from

their olreulation, but not bacteriophage.
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QHAPTER 8.

PDISCUSS IO,

This study has heen oconcerned with a comparative
examination of some sspects of the bachericldal syetem for
eram negntive bactoris in sera from various species of
snimnls. The animals whose sera were chosen for gitudy inel~ .
uded representatives of alx classes of vartebrates and one
invertebrate. Jeveral of the animal epeoles whose gera ware
studied for bactericidal mohivity were native o Australia,
and ns far as %he present author could aseerisin, no infor-
mation on the baotericidal activity of these sera has been
published. The emphasis of this investigation has been
prineipally to attempt to define the nature and speelficlty
of the ¥illing mechanism in the different sera.

Gomparisen of the Bacterieldal Aotivities
of Sera from Different Vertebrate Species.

7he results of the aarmening tests for baocteri-

eidal aetivity deseribed in Chapter J showed that all the
sers were bagterieidal for at least one gtrain of gram nesg-
ative bachoria. Thors were variations from one preparation
of pooled serum te another both with respeet to the baot-
erial spesies which were killed, and %o the highest sexrumn
dilution whiech killed 50/ of the inooulated bacteria in 90
minuies, it must be emphasised that the gonparative resulte

obtained reflect differences in the bacterioidal activities of
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partioular babohes of sera for certain bacteria, Had the
bastericidal setivities of different pools of sera from
the same specles of animals been comparad, or had different
baoteris been used, then the overall pattern of kllling
may quite well have been changed.

pxemples of the variaticns Tound in the baoter-
jeidal setivities of different preparations of pooled sera
Prom %the same animal species were presented in Table He
Three preparations of pooled norasl fowl sera were tested
for beoterieldal setivity for the seven sirains of gran
negative bacteria, A1l soven bacterial strains were killed
by one serum preparatlon, four bacterial strainc by another
and the third serum pool was baecterieidal for only three
5# the baeterial strains., As these varlations in vactericidal
titres oeourred with different serun preparations from one

animal specles, it is obviously not possible to draw any

eonelusions relating %o the greater bacterieidal aetivity

of the serum from one animal species compared with that

obtained from another.
(ne of the interesting findings of the present

comparative study was that eontrary to previous observations

(Rowley, 19563% Michael and Landy, 1961) antigenieally

rough straine of grem negative bacteria were not uniformly
more susceptidle to serum killing than thelr smooth count-
erparts, This was particularly sevident with one preparation
of fowl serum where the baetericidal titre for the smooth
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strain (Zs coli BV) was 1/20 compared with 1/% for the
rough strain (Ee goli Lilly). ali (1959) also found that
fowl serwn killed these two strains %o essentially the same
titre. This congept of the greater sensitivity to serum
killing of smooth strains of gram negatlve bacteria compw
ared with rough variants has arisen through atudies with
mammalian sers and has been tacitly assumed to be true of
all vertebrate sers without studies being made toO verify
its general validity.

Miochael et aley (1962) showed that iﬁ noxrmal
serum, complement and a specilic sengitiser mediated in the
killing of smooth strains of gram negative bacteria. This
finding was eorrovorated ia the present study, and in
sddition, a speeific sensitiser was ghown to mediate in
the sexum killing of rough strains of 5ram‘nngat1ve bao b
erin. Landys Michael and Vhithy (196%) showed that there
was an apprecisble difference in the level of the sensit-
jgsers for smpoth strains of gram negative bacteris in
aifterent mammalian sera and it seems reasonable to assume

that the level of the gensitisers for rough strains of

gram negative bacteria would also differ. Such would appear

4o be the case from the present studye.
Hature of the paetericidal System for

Gram Negative pacteria in the Vayious

Vertebrate erte

The bacterioidal activity of all the vertebrate

gera investisated in the present study appeared to be
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mediated by complemsnt, sinee any treatment which led %o a
loss of haemolytic complement activity also resulted in a
loss of bactericidal setivity. Speeifle senslitisers were
demonstrated in human serum to the smooth straine I, Iyphi-
murium 1206 and E. coli BV and %o the rough strain s coll
Lilly. upeeific sensltisers were also present in lizard
serum for §s typhimurium M206. Theése observations thus
verify the report of Michael et al., (1962) that the serum
sensitisers for smooth strains of gram negative bacteria
are apedifin for individual bacterial serotypes. In addition,
1% was shown that sensitisers for rough strains of gram
negative bacteria wvere also specific for each bactorial
strain. The specifiecity of the natural gensltisers vere
desermined only in human and lizard sera. These studies
were not extended Yo the other sera since it seemed reason=-
able to sssume that as all the sera econtained complement
a speoific sensitiser would also mediate in the killing of
both smooth and rough sirains of gram negative bacteria.

1 feature of these absorpbtions was the marked
quantity of absorbing baeteria required

difference in the
to bring sbout a similar percentage decrease in the bacter-
feidal titre of human sexrum for !. goli BV and 1illy. lLess
than two mg. dry welght of [ oo0ld BV/ml. of human serun
reduced the bacterieidal fitre for the homologous strain by
804 but with Hs eoli Iilly the quantity of absorbing sus-—

pension had to be inereased to 50 mge dry welght of cella/ml,
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of serum in order tc produce a corresponding percentage
decrease in bactericidal titre for the absorbing sirain,
Despite thig comparatively massive dose of I, eoli Lilly
the abeorpiion was still specific, since the beoterieldal
titre for D, goli B3V was largely uneffected. Wardlaw (1962),
and Muschel end Jackson (1963) both used similer levels of
Ce goll Lilly %o deplete the bacterieidal and bacteriolytic
aetivities of human serum for 4, ¢oli Lilly and presumably
they alse found that no marked reduction of actlvity was
produged when smaller abgorbing doses were employed,

o experimental evidence was found in the present
gtudy for the participation of lysozyme in the serum killing
of pough strains of gran negative bacteria or that comple-
ment alone wae bactericidal for these rough strains.

stersl et al., (1962) claimed that their experi-
mental results indicated thalb complement alone was bacteri-
oidal for rough straine of gram negative bacterla. Thelr
evidence for this gtatement vas firstly that they were
unable to reduce the paoterieidsl activity of embryo pig
by absorption with the homologous rouzh strain and
that the sera had no haeterieidal activity for

geruam

saoondly,
smooth straine of gram negative bacteria. Thelr previous

gtudies had shown that gmooth strains of gram negative

bacteria were killed by = mechanism involving complement

and o sensitiser snd so Tthey interpreted the lack of =
baotericidal mechanism for the smooth strains tested to
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indieste » lack of sepuitisers for »ll straine of gram nes-~
ative bagteria. The vesults of the present atudy would Jnde
ioate that in their ebeorxptlon tests “herzl and his colle~
agues 4id not employ sufficiently leree quantlties of bact-
eris to bring aboud sny deorease 1n the bactericidal weti~
vity of ‘the absorbed sere for rough strains of grem negative
baeteria. Also the appavent luok of ary bactericldal
activity for smooth siralns of gren nezntive baeteria would
appear to be a refleetion of the particular sitrains employed,
rather than a complete luck of bacterinidnl activity for all
smooth atrains of gram negative baoteris. hus thelr reasons
for proposing that complement alone mediated the killins of
rough otrains of grem nagative baoteria do not appear to be

valide
Ta the nresent gtudy Wwo approaches were utilised

to detarmine if lysozyme payrtieipated in the normal serum

xilling of rough gtrains of gram negative baeteria. A oom=

parison hatween the pastericidal titre of enoh serum for

Lo goli ILilly and the 1evals of basmolytic complemend and

lysozyme failed to show any evidence that the levels of

gsernm sompleoment and 1ysozyme sonld be sorrelated with the

pacteriecidal titre. No enhancement of the hacterioldal

aetivity of human serum absorbed with L, coll Tilly or of

normal lizard and toad sers Was observed after adding esg

whits lysnzyme to a final soncentration of approximately

10 ug/mle 0of sorume
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negently iMmschel and Jackson (1963) showed tha¥ a

gensitizer mediated in the killing of Z. eoll Lilly W
normal human and rabbit sera. They elaimed that the addition
of egg white lysozyme %o these sers augmented the bacterie
gidal aotivity for E. goli Lillye. 1% 48 difficult to asgerw
taln wkat effect the additlion of egg white lysozyme to
normal rabbit serum had on the magni tude of the pacterieidal
activity for [, goli 1illy as their dala on thig point 1m
somewhat vague., With irmune antibody and rabbit serum abg-
orbed with 2, goli Lilly as & gourca of complement, €88
white lysosyme did significantly enbance the bacterioidal
activity of the system fo0X L goli Lilly. Howevery this
enhancement only occurred when the soncentration of egg
white lysozyme was in excess of that found in normal Seras

If lycozyme is to be shown o participate in

normal serum killing of rough strains of gram negative bagt~

exia, then surely an onhancement of bactericidal aotivity

must be demonstrated with connentrations of lysozyme within

normal physiologieal 1imits. Thus from the present work it

sppears that in normel vertebrate sera the addition of egs

white lysosyme within noymal physiologieal poncentrations
does not enhance the bacterieidal sotivity of the sern.

garum

the observed vuriations in the pattern of

to explain
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killing of gram negative bacherda. Vhat sorum factors limit
the megnltude of the bactericldal getivity and why 1t is
that gome baeteria are killed by one aerum and nod% by
anothers

/hile no investizations wexre made 1n the present
study to determine which serwum faotors limited tho bacter-

jeidal activity for individual s¥rains of bacteria, several

obpervations dld suggest that in some instances sensitiser

was limiting snd in others that 1% was the level of comple-
ment. The bacterieidal activity of fowl serum for H. eoli
1411y was apparently limited by the avallabllity of sensit-
iger aince during an absorotion with e eoll Lilly the
nasmolytic complement level was reduced by 75/ while the
vacterieidal titre for the absorbing gtraln was unaliered.
However, with lizard serum the lovel of complement appeared
o 1imit the overall extent of killing since a reduation in
the hasmolytic complement level from 40 %0 25 haemolytia
units/mls of serum led %o a 504 reduction in bpactericidal
aetivity. Those observations support the Pindings of Landy
et ale, (1962) that either sensitiser or gomplement may

14mit the magnitude of Uhe bacterieidal sotivity of normal

SEIUNe
Jhere now seems 1ittle doubt that the natural

gensitisers may arise in response to stimulation by anti-

geng absorbed from the digestive syatem (Michael et aley

1962 3 Sterzl et aley 1962)s The former workers also
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reported that the level of sonsitisers for Se Nyphly

e g0l and o Shigella ape wars differont in the sera of

the mouse and the rat. pifPerences in the 1evel of sensle

tiger from one preparation of
thus explain the obmerved variutioas in the‘macnituda of

pooled serum tO another could

killinge Howevalry the presence in o serum of sensitisers
able to fix somplement ln the prosence of a perticular
vitably lead to the doath of that
it was shown that in the presence

bacteriunm does not ine
bacterium. In Chapter 3
of S typhimurium 5 plg serum complement was fixed but

the serum was not paeterieidal for this partioular atrain.
that some sensitisers, although

fixing complement in the presence OF their homologous
1e to initiate the reactions

antigen (bacterium), are unab
Time while it

which lesd to the ultimate deanth of the ealls
are not killed by & parti-

Thig observation indicates

may well be that some bacteris

oular serum beosuse sensitisers are abaent,

Lixing aanmiﬁlaora can be preaent and yet killing may no%

ogoure The possibility that g&mgxggggggigg g5 ie for some
roason eomplelely refvachory to the gomploment gensitiser
vactericldal systom gannot bhe
pacterisl strain is killed by lizard serums A posaibie

explanation of this phenomenon may pe furnished by consid-
complement a3 propesed By

posed that in the Lirst

somplensnt

considered here as this

ering the mode af action of

Vardlaw (1963 s 19633). He pro

stage of the serum dessruction of gram negative bacterial
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colls sansitiser combined with sn O-antigen on the bacte-
rial eell walls This combination had Wwo &ffanta.‘tha overall
negative eharge on the cell was reduced and an snchoring
point wes provided for complement adsorplion. Complement

then combined either with the lipoprotein adjacent te the
antigon site or it formed = bridge with one end on the
sensitiser and the other on the oell wall lipoproteins
ﬁum?lﬂmenﬁ was then sssumed to dring about distortion of

the membrane whieh led %o the daath,of the oell.

If the eoncentration of sensitiser roxr D, typhi-
murium 05 in normal pig serum was gueh that the entire
pasterial eall surtace was covered with monsitlser, thon
although eomploment would be fixed it ls conceivable thatb
due to sterice hindrance a second attachment to the lipo-
protein of the eell wall would be impossible. Thus although
* the basteria would f£ix couplement in the presence of sons-
itiser they would not be killed. ' b

This situation appears unlikely %o be important
here sines normal pig sexum is baoterieidal for J, fyphi-
murius straln 11206 but not 05, both of which share similar
Kauffmann-White somatic antigens which Micheel et al.s (1962)
eleariy showed wore the sites on the basterial eells towards
whioh the speeificity of the bsctericidsl gensitisers were
directed. If the concentration of sensitisers vers insuff-

1edent to imhibit the killing of I, fyphimurium 1206 then
it seems unlikely that the eoncentration would be puffice
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jently high %o inhibit the killing of the strain CD.

e inhlbition of serunm killlag by excess lmmune
antibody may however be due te antibody completoly coverlng
the cell surface. As the coneantratlon of antibody in the
gyatem wes decressed, then killing would be expectod to
cocur ns complement would no longer be sterically hindered
from attoching %o the becterial eell wall. Such o revernal
of inhibition wans observed in the present study and has also
been reported by other workers.

The nature of the cell surface of 5. Gyphdgirdwnm
05 may be ons of the factors determining whether or not it
will be killed by a particular sorume If the partleipation
of complement in the serum killing of zram negative bacterie
is ss proposed by Vardlaw (1963, 1963s), Sthen the molecular
dimanmiaﬁa of complement and/or sensitiser could be of
importance in determining whether s partioular baclerdum
will be killeds If the molecular dimensions of senzitiser
and/or scomplement were such that 1% was imposnible fox
eomplaement although fixed to the gonsitiser on the basterdal
well surface to then attach to tae gell wall lipoproteln,
the bagterdum would not be killeds Thus 1t might well be that
lizard sexum kills J. typhimprium O5 beosuse the strugsiure
of its sensibtiser and complement are such that the comple~
ment after being fixed to the sensitlsers on the cell
surface can still unite with the cell wall lipoproteines
On the other hand, the melecular dimensions of the pig sexrum
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complemsnt and/or sensitiser may be sueh that this union
is sterically impossible.

There is no experimental evidence ¥o aupport the
validity of this hypothesis for bacterial resistance o
gerum killing. However, 1% was showa that there ls a
aifference between the complement eomplex in plg and lizard
gare . The eptimum temperatures for both the haemolytie
and baeterigicsl activities of the two sera differed as did
the range of temperatures over which the sera wers aotive
in these resciions. g these variations in optimum temp-
erature were observed in the haemolytic reasctlon where the
interactions of the different complament eomploxes with a
commen antibody were messured they refleet differences in
the nature of the complement complexs Olher workers inclwuding
Cushing (1945 & and b) and Bruntield snd romercy (1959)
have slso reported that all or part of the complement
eomplexes ‘lerived Trom different species of anlmels are
not mutually interchangeable in the lysls of sensitised
avythrooytes.

Tt thus seems reasonable to assune that specles
varistions in the nature of the normal serum sensitlisers or
of the complement somplex could be a factor in determial ng
whether serun killing of gram negative bacteria will ooours

In view of %he ubiquity of the complement mediated
bacterioidal system among vertebrate animels, a study was
made %0 determine if the serum of an invertebrate animal
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also possessed bacterieldal aebivilty.

Comperison of the Yabbie Serum Dagberieidin

ement lMedinted

In the latter part 6& this study an investigation
was made of o bactericldin in noxmal yabble serum which was
lethal for gram negatlve beoteria. Ovidence was obitained
which suggested that this bacterieidin differed from the
complement mediated bsctericidal system found in vertebrate
aers. |

In Cnapter 6 results werse presanted which showed
that yabble serum was bactorieidsl fox one of the nine gram
pogitive and three of the Torty four gram negative siraing
of bacteris which were sereened for killing by thie serum.

A feature of the bacterdieidal aotivities of the
vertebrate sera (Chapter 3) was the constant prosence of
bacterieidal setivity for the rough straln .. gold Lilly.
This strain, however, was nol killed by yabble serum.

ihgorption of yabbie serun with o suspension of
8 gram negative bacherium depleted the basterieldal aetivi by
only for grum negaitive bacterin having no effect on %the
baotericidal setiviiy for the gram positive strain, and
vige versz. “hus yabble serum possesscs at least two baot=-
ericidal systems, one killing gram paaiﬁiyu anl the other
arem negative strains of baeteria. Little work was done
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with the grem positive buoterieldin becauae the emphasis
of this study wes on sltoempting o dafine the nature of
serum killing mechanlsme o gram negative bacterin.
spsorption tests indiented that the come faotor
killed the two gram negative strains examinsd even though
thay were apparéntly unreluited. The bactericidin was ado-
orbed %o strains of gran negative baeteris for whioh it had
no bagteriocidal activity and homologous or haterologous
14ipopolysascharide inhibibed alike the bacterioidal agti-
- vity of the morum Zor gram asgative bacteria, These obser-
vavions sugcested that the yabble serum bactericldin may
adaorb %o the gram negative bacteris through some GomMON
constituent of the lipopolysaccharide moleeule. No inform-
ation wap obtained bo suggest why it was that sdeorption
of the buctericidin to some strains of gram negsilve
basteria led to thelr death while adsorpiion to other
gtreine produced no apperent 11l effects, This enigma may
bve olarified if the becterieidin c¢an be obtaiped chemboally
pure and ite noture and mode of action aseertsined.

The chemisal purification progedures dogsoribed
in Chapter 8 gave some Lurther elarifieation of the nature
of the bacterleidin. Hmemocyanin, which conztituted more
than 95 of the total serum proteins, was devold of
baotericidal setivity for the gram negative bacteria.
Jhether the bacterieidin was a single or multi-gomponent
systen was not conclusively demonstratied. However, in all
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the chemical manipulations bacterielidal aetivity was found
in saparate allgquots with no inerease in bactericidal
activity by the recomblnatlon of fractions which suggested
that the bactaerieidin waﬁ a aingle ecomponent syctem - pogs-
ibly 2 low moleeular welght poeptide.

4 surprising feature of the yabble serum hagtere
teidin was the constant level of aeilvity in differeat
geran preperations, The baeterieidal ¥itre was Uhe same S
sera from single animsls and the pools obtalned from twenty
%o onc hundred animals. The level of actlvity was independ-
ent of the size and the nge of the anlmals, Uho loeallty in
which they were captured snd the time of the year when they
‘were bled. Thic constaney in the bactericidal titre contr-
asted strikingly with the observations on the vortebrate
sera in which the magnitude of the bacterieldel activity
for any one boeterial strain ofven varied Lfrom Gne serum
pool to another (Table 5).

The optimum temperature for the complement medi-
ated bachterieidal system in vertebrate sera was found to
approximate to the body temperature of a nomeothermic animal,
and to the environment of & poiklicthermic animal. HO such
relationship was found with the yabble werum bactericidin.
The optimum setivity temperature (35%) was far above that
which the animal was ever likely to encounter in nature and
84111 survive whilst there was little or no activity a% those
temperatures which the animal would rormally encounter. This
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observation does not, however, dotract from The bacterieidin
having in vive functlon aings there are mady gramples known
where the optimum temperature Tor an enzyne ig grestly in
excess of the temperature at which the animal nornally lives,
Baldwin (1959) oited the exemple of a digesilve prolelnase
of Duthyum (seasquirt) which over s period of e hours had
an optimum temperature of 50", This temperature was well
alove the thermal death point of the species whieh noymally
1ives at temperatures in %the neighbourhood of 15°, Howevar,
the optimum temperature for this enzyme when determined
over a perioed of 55 hours was about 20° sugaesting that the
optimum activily temperature of the enzyme Wid, in fact,
adjusved to the blologieal requirements of the animal.

Throughout this study an in vitro phenomeacn
has besn investigated and no evidence has been produced W0
suggect that the pacterieidin is active in vivo. The studies
Just dimeoussed for the digestive proteinane of Tethyun
sugzest, however, that the obaarved high optimum temper-
ature of the ysbbie serum bagtericldin compared with ihe
Yemparature of ite enviromment doos not discount an in vivo
function.

There now geems 1ittle doubt that vertebrate
serun bactericidal sotivity arises as bhe resuld of antli~
gonic stimulation particularly from the gut flora and from
food antigens (Sterzl et mle, 1962) lichael et ale, 1962}
If the yabbie worum paotericidin was also produced in
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response to antigenie stirmulation then serum from indlive
idusl apimels would be expectoed %o show varlations in
activity. Cince there was no obaerved variation in the

level of baeterieidal sctivity in more than 20 poeled sorum
preparations and seversl individusl sera, the posslbllity
has o be considered that the bacterieidin is o constlituilive
gerum component,

In a further effort o determine whother the
yabbie serum bacterieidin was produced in response to an
antigenic stimulation, the demonstrable lmmunologleal
response of the animals to the injeoction of different antl -
genie substances was studied. Vhen yabbles were injected
with bacteria, basteriophage or sheep red cell sitroma, no
demonstrable serum immune response could be cbserved ten
duys after the last injection. No comprehensive gtudy of
the possible development of an immune response ab different
time intervals was made since the primary purpose of the
present investigation was to purify and identlfly the baot-~
aricidin already present in the aerum,

sespite the lunbility to demonstrete anything
resembling a vertebrate Type primary or secondary antibody
response, the yabble does, however, possess some type of
recogni tlon mechanism since 1% appears %0 differentially
¢lesr particles from lis oireulation. Dacteria were no
longer detectable in the elrculation 24 hours after

injection, whereas phage was gtill present 73 days alter
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injection,.

wo interpretations of these observatlions anpesr
posaibles. The yabble may remove particles from its eiroule
ation by a filtration meohanlom based on pertiole size ox
it may have a vertetrate type phagoeytic system invelving
opsonins and a retioulo-endothelial system. If yabbles do
possess an aotive phagoeytle aystem phace mey not be
¢leared Ifrom the olreulation because serum factors requlred
for ite opsonisation are absent. There is no experimental
evidence at present o support or relute the validity of
elther interprotation. Clarification of this point must
await further definitive experdiments in the future.

Bacterieidin and Cther oerum Hacteri.

oidiug,

Serum bsetericldal substances have been deseribed
whigh have similar properties to the yabble serum bacteri-
cldine Bactericidal substances have ln recent years been
reported in the blood of several insect specles (Prings
et al., 19483 Stephens and lMerahall, 1962). Unfortunately
these basterieiding were not fully characterised but both
appeared to be of low moleoular welght and that desoribed
by Stephens and Marshall (1962) was olaimed %o withs tand
heating at 100° for up to five minutes without appreciable

loas of azctlividy.
skarnes and Vatson, (1957) in reviewing the



1iterature relating to the deseription of antibacterial
Pactors in vertebrate sera and tlssue fluids described
geveral factors which were very similar to the yabble serum
bacterieidin, These substances were of rolatively low
moleculaxr weight and were protein or polypepilde in nature.
These factors were, however, active prineipally agsinst
gram posivive bactéria having little or no activity against
srom negntlve species.

The work presented in this thesis has thus
exponded the renge of vertebrate animals in whose sera the
somplement medinted bastericidal syetem has been demonst-
rated. Yobble serum was alse bacterdcidal for some specles
of gram negntive baoteria but the agtivity did not appear
to be mediated by complement and a sensitisaer.

Phis investigation has thue contributed %o the
knowledse of the phylogenevie distribution of serum killing
mechaniems. |t remains for fubture work to asceriain A%
what period of ovelution the complement mediated bacteri-

eidal eystem wag ovolved.



134

REFRRENCES o

Adams, MeHey (1952) "Bacteriophares", Interseience
Publishers, Inc.y New York, U.l.le
adler, Fuley (1950) Proc. S00. exp. Biol. (NeY.) T4, 561,
Mler, P.L.y (1952) Proc. Soe. exp. Biloles (H.7.) 79, 590.
Adlary Poley (1953) Je Dmmunol. 70, 69,
Alery, Puliey (1953a) Jo Immunols 70y T9e
234, MuWey (1959) The De Thesis, University of london, U.¥,
Amano, Tey ‘naly, Sey Sekd, Y,, Zashiba, Sy Pujlkewa, ¥.,
and Fishimure, S., (1994) Med. Je« Uszka Univ. 4,401,
tmanoy Tey “ekl, Y.y Xachlba, 5., Pujikewa, ¥., Orihara, M.,
and Mordoka, T.y (1955) Med. Je Osaka Univ, 6, 67,
Amano, Te, Morioka, Tey Seki, Y., Kashiba, S., Pujikewa, K.,
and lehikawa, S,, (19558)lede Jo Osaka Unive. 6,709,
Baldwin, Hey (1959) "Dynamie Aspeeis of Blochemistxy™
Thind dition, Univereity Preas, Cambridge,ingland,
Bang, P.B.y (1962) Nature, (Lond). 196,88,
Bang, T.B., and Bangy BaGey (1962) Cahe. Biol. Mar. 3, 363.
Bornheimer, felley Caspari, ey and Kaiser, A.D., (1952)
Ja Xps Z00Lay 113s 23e
Blesett, Keie, (1947) Je Hyge (Lond)e 43, 120.
Bordet, Jep (1895) Uited by Browninge
Bordet, Jey (1898, 1899 and 1920) Cited by Muair,
Bordet, J., and Henaux, H., (1932) Anne JInst. Pasteur,
49, 539.



Borsoa, Tey and Cooper, Mey, (1961) rroce.e J500. exp. Biol,

(530'}?«} (1% P 22T e
I‘-}Qmﬂﬁg ’1‘0' E?i;'il.p‘g:", HOJQ' and I'*iayar, l'""iu:i‘ie: (1?61) Je Imunﬁl.

Drennery Sey Dark, Feiey Gevhardd, Pe., Joynes, 1MeHa,
Zellenberger, ., ElienebergereNobel, ‘e,
Mooullleny Eay Eubimnﬁuartoa,vm., Salton, Meledey
Gtrangey Heey Tomosik, Je, and Veibull, C. (1958)
Hature, (Lond)s 181, 1713,

Brown, GaCey (1943) Jo Immunol. 46, 319,

Browningy CoHay (1931) " A system of Bactericlogy in
telation to Medieines V6. His Majesty's Stationax
(ffiomy Londone

Brumfield, HePey and lomeroy, B.ley (1959)y Proc. Soo. exp,
Blole (M.Y.) 102, 278,

Buchner, lee (1889) Cited by Ledingham,

Chorine, Vey (1931) Cited by Vagner.

Co0ay AeFay (1914) Lo Immun.~Forsche 21y 604

Grumpbon, Medey Davies, D.lele, and Hutchlson, A.7., (1958)
Je gene Mierobiol,, 18, 129

Cundiff, H.J.y and Vorgan, Hele, (1941) J. Imemnol. 42, 361,

Cushing, Jeley (19458) Je Immunols 30, 61e

Cushings Je ey (1945b) Jo Imemnole 30y 75

Davis, BaD.y and Mingloddy Zeley (1950) Je Bactey 60y 17

Dealeir, Wey (1961) Haturwissenschaflten, 48, 102,

Dunlopy Celley (1928) Jo Pathe Baote, 31 769



156

Bngle, Heley and Woods, K.y "The Plasms Proteins.” VII 1960,
Pde by Putnam, Pu'/ey Academle rems, New York, Uli.
ivans, ..y (19€3) Fed. Proo. 22, 1132,
Pelix, Ae, and Ulitzid, Ley (1926) Jo Imrmnols 11y 31
Parrota, A.y (1907) Cited by Browning.
Fleming, Aey (1922) Procg. foys 50¢e Be 93y 306,
Froser, Dey and Jerrel, D.hey (1953) Je Plol. Chems 203,291,
Preantz, Rey (1958) O, f. heads Sels (Parie)e 247, 2204.
Prings, Hey Goldberg, D.q ond arenﬁmen.‘J.c., (1948)
delenee, 108, 689,
Turness, G.y ond Bowlay, De, (1956) Js gone Mleroblol. 15,140,
Gowdon, Jey Jhitehead, H.i., epd Vormall, Ae, (1926)
Biochem. Je 20, 1028,
gordon, Jey ond Yormall, A., (1928) Je Path Daete J1y T53.
Gordon, Jey and Oarter, H.S., (1932) J. Pathe Bact. 35, 549,
Gordon, Jes and Johnstone, K.I.,(1940) J. Path. Bact,
50, 483.
Hook, Welsy Carey, Y.Fey and Musohel, I.He, (1960)
J. Tmmunol. B84, 569,
Huff, C.Gey (1940) Physlol. Dev. 20, 68,
Tnai, S., Fichimoto, Sey Hireo, Pe, and Takahashi, Hes (1958)
Meds Jo Dpaks Unive 8, 515
Inoue, L.y Tenigawa, Y., Takubo, !Mey Satani, M., and Amano, T,
(1959) Biken'ss Je 2, 1o
Yabat, Dehey and Mayer, Mide, (1961) "Uxperimental Immuno-

chenistry", Second ditions Charles C. Thomas,
jlli. noiﬂ ] U d\‘»:) i "



157

Krdger, Dey (1953) Z. Impmn.-Porsohs. 110, 414.
Kunkel, HeGey (1960) "The Ilasma Froteins" Vl. F.V, Putnam,
Academic Press, New York, U.bede
Landy, Mey Trapani, Re, and Hosen, F.5., (1960) J. olin,
| Invoute 39y 352.
Landys Mes Michael, JuG., and Whithy, J.L., (1962) J. Bact,
B3y 6314
Ledingham, J.C.0ey (1931) "A Cystem of Bacteriology in
Relation %o Medieine". V6. His lajesty's
Stationayy Office, London,
Lepow, Isiiag (19603 " Immunochemical Approsches o Problems
in Mlerobliology”. 1d. Heldelbergery M., and
Plesoln, Uedey The Dutgers Unlversity Press,
New Brunewlek, New Jersey, Usl.le
Levine, Ly Cowany slley O8lery Adle, ond Meyer, 11.Me, (1953)
Je Immunols Tl1y 359.
Liefman, Hey (1909) Cited by Drowning.
Lister, Jey (1880-1) Cited by Ledingham.
Maalge, Cey (1948) Aota. path, Mierobiol. seand. 25, 414.
Maokie, T.Jsy and Pinkelstein, il.Hey (1930) J¢ Hyg.(Lond),
30, 1e
Mackie, Teds, and Pinkelstein, Il.Jisy (1931) J. Hyg.(Tond),
| 31, 35.
MaGhee, l.Dey (1952) Proc. Joc. exp, Biol. (MN.Y.) 80, 419.
Michael, J.0ey Bnd Braun, W., (1958) Preoe. Soc. exp. Biol.
(N.Y.) 97, 104,



158

Michael, J.C., and Braun, ., (1959) Proe. oo, exp. Biol,
(F.¥e) 100, 422,

Michaely J.Gey and Landy, M., (1961) Jo infect. Dis. 108, 90,

VMichael, JeGey and Landy, M., (1961a) J. Dact. 82, 257,

lohaely, JeGeoy Whithy, Jeliey and Landy, Ve, (1963)
Je 0XPe Med, 112' 131,

Miyamay Aey llesdla, U.de, Braun, Ve, and Bjorkiund, Bey
(1962) Baet. Proe., M96, pdé,

Moorey HeDey (1919) Jo Immunel. 4, 425,
Muir, Rey aud Brownings CeHuy 11909) J. Path. Baot, 1 y 6.
Muir, Rey (1931) "A System of Bacteriology in lelation to
- Hﬂdinine“._?.ﬁc Hls lMajesty's Stavlonery Office,
London.
Musehel, L.ll., and Treffers, H.Psy (1956) J. Immunol, 16, 20,
Musohel, Lellsy Chamberlin, R.H., and Osawa, 3.,'(1958)
Proes Sos. exps Biol, (N.Y.) 97, 376,
Muschel, L,H., Carey, W.Fey snd Baron, L.Se«, (1959)
Te Immunole 82, 38,
Musehel, L.H., (1960) Proe. Soc. exp., Pel. (H.Y.) 303, 632,
Muschely L.Hey; (1960a) Anne K.Y, hoad. Sele 88y 1265,
Muschel, T.Ha.e and Jackson, J.0., (1963) 200. 500s exp,
Biols (N.Y.) 113, 881,
Nelson, Heiep, (1958) J. exp., Med. 108, 515.
Nuttall, G.H.Fe, (1888) Cited by Iedingham.
‘Osawa, Bey ond Musehel, L.H.e (1960} J. Immnol. 84, 203.
Papermacter, H./., Condie, I',M., and Good, H.iey (1962)
Nature, (Lond). 196, 355.



159

ragteury Tey (16T0) Cited by Huff,
hillips, JeHey (1960) Anne NHeYe Aoad, Selse 30, 760,
Pillemer,; Les and sekery D.ley (1941) Sclence. 94y 437
Pillemer, L.y Selfter, Je&Eeker, E.t., (1941) Js Immunol,
40y 99
Pillemer, Tes Blum, L., Pensky, Jey and lLapow, I.Hey (1953)
Je Trmmanols 71y 337
Pillemery Liey LOPow, I.H., ond Blum, L., (1953)
Je Imminols 71y 339, |
rillemery Lay Blutmy Ly Lepow, T.Hey H088y Csley Toddy Dulie,
and Vardlewr, A.Cey (1954) Sodence. 120, 279.
Pillemer, Ley (1056) Anne NeY. Aeade Sei. 66y 233
Rapps Hedey (19958) Seience. 127, 234
Ritzy ey (1912) Clted by Browninge
Hosenberss L.Tley and ‘nchibape, Deley (1962) Jo Immunol.
| | | 89, 861,
Rother, U., and fothery Koy (1961) L. Immune~Forsch.
d21y 224
Towley, Des (1954) Brite J. expe Pathe J3, 528,
Towley, Dey (1956) Brit. J. exps Pathe J7, 223
lowleyy Dey (1963) Symposium on —ndoloxins, Tutgexr's
University, Usdele
ROWLEYs Des BNd Turner, LeJes (1964) Immunology. Ty NOe 4, Sqlﬁ
Sachey Hey and Altmann, ey (1909) Cited by Browninge
Jalty Gey (1956) Proc. roye Soe. Bs 146y 93
Gkarnes, ReCey and Vatson, DJWey (1957) Baete flove 21, 273.



160

Smithy Heey (1956) Jo Hyg. (Londe) 54, 415.
Smithies, Uy (1959) Blochem. Jo T1, 585.
5piro, HeGey (1962) J. biel. Chems, 237, 382
Stephens, Julle, (1959) Cannde J. Miorobiole, 5, 203.
Stephens, Jelley (1962a) Canad. Jo Florobiol., 8y 491
Stephens, Je.isy (1962b) Cenad. J. Mliorobiol,, 3, 597.
Stephens, Jeile, ond Marshall, JoHe, (1962) Conade J
iiorobioley 8y 719
Sterzl, Jey Fostka, Jey and Lane, Ae, (1962)
Polia mierobiols, T, 155.
Thibault, Pey (1939) Amne. Inst. Pasteur, 63, 462,
Thigtta, The, ond Vaalery L, (1932) J. Bact. 24, 301.
Tripletty Deles Wsmw, denwy snd surally G.ley (1958)
imers Nate 92, 287.
’mrmr. Y.dey ond Rowleys Dey (1963) Austs Jo exp. Biol,
mede Sels 41y 595,
Tyler, Ae, and lietzy CuBey (1945) Jo oxpe Zool. 100, 387,
Tyler, Ae, and Scheer, B.Tey (1745) Blole Bull.,'/ood's Hole,
89y 193.
vagner, D.0., (1961) Bact, Deve, 23, 100.
Vardlaw, A.C., and Pillemer, Lasy (1956) Je¢ exp. Med.
d03s 553
Wardlaw, A.Cey (1962) J. exp. Meds 115, 1231.
Wardlew, A«Cey (1963) Carad. J. Microbiocl., 2y 41e
Wardlaw, A.Cey (ﬁgam}, Symposium on Dadctoxing,
Rutgerts University, U.Seie



161

Wedgwood, Reday (1938) Tediamtries. 22, 991,
Westphaly Uey TMderitz, Oy and Dister, Fe, (1952)
| Ze Haturforsek., Tb, 148,

Vhitehend, Hoies Gordon, Jep ard Wormall, As, (1925)
Bicokeme Jo 12, €18, |

Woodsy Keley Paulnany DaCay Dngley Beley and rorty Jodey
(195€) Delerce, 127, 51%.

Vormally Aey Yhiveohendy Haley znd Cowxdon, Jey (1925)
7o Tumnole 10, 587. -

Wrdght, Asley and Vindeor, Py (19C2) Ju Hyge (Lomd.)

‘ 29 385,



ACENOVLEDGEMENTS o

I wish %o express my gratitude to Trofessor
De Rowlay and Ur. P.ll. Heeves, of the Department of
Mieroblology, University of idelaide, Jouth ‘ustralia,
for their ocontimued help and eriticlem throughout this
work,

I am grateful %o mewders of the department
for their interest ard discussions throughout this
investigation, and in perticular %o Dre. 7. J. Turner
for helpful discussion relating te the chemienl puri-
fication of the yabbie serum bacterieidin,

T would also like to express my thanks to
those people who helped in the supply of the animals,





