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INTRODUCTION

Interest was flr,t aroused conccrnlng the action

of micro-organisms, notably chteria, .on fats soon after

acteriology ‘became an establlshed branch of scmence. .
Observations were made by Escherisch (1886), who
demonstratéd-that bectéria could act. On neutral fats,
splltting the fat molecule 1nto free Tfatty-acids dnd |
glycerol.'" In the same year, Neneki (1886) showed by
expcriments in vitro and in vivo thdt some bacterla are
very soctive in the utilisation of fats, but that they do
not play any significant part in the breakdovn of fats in
the intestine;of animals, It was, however, subsequently
found thot even in cases of disease of the pancreas, where
lipase secretfion is greatly reduced, a small but definite
proportion of fat ingested is split in the intestine, and
this splitting has been attributed to the activity of
intestinal bacteria; Stewart and bDunlop (1937).

' Nencki's observations, meGe at the very commence-
ment of studies in this field, had an important directive

influence .on subsequent worke. Literatuvre published

. during the next s1xty years chovws thot almost all

investigntions in this fleld'have been confined to
saprophytic and commensal micro-orgenisms, such as are

concerned‘with food~spoilage and the deterioration of



commercial products, in which processes micro-organisms
play a part equal in importance to that of light,
atmospheric oxygen, metallic catalysts and electro-

magnetic rays; Jensen and Grettie (1937).

A few investigators have recorded work
endeavouring to assocliate lipolysis with other
characters such as haemolysis, sssociated with patho-
genicity, but results of different workers tend to be
contradictory, and the reader has the impression that,
in general, knowledge of the practical importsnce of

bacterial lipolysis is unsatisfactory and confused.

In the work to be recorded the first necessity
was t0 compare the different techniques for demonstrating
lipolysis which had previously been described by various
workers . Then, usihg'the optimal method, end with such
modifications in the medium as were hecessary to support
the grouth of delicately growing orgenisms, a study was
made of as wide a ronge of bacterial species as possible
for the production of diffusible lipase. 1t was
further hoped to demonstrate lipase in culture Tiltrates
of gpecies giving positive results, and to study some of

the characteristics of these filtrable lipases.

During the course of the work several types of
media were developed which were suitable for demonstrating
bacterial lipolysis in diffefent circumstances, but only a

small number of species were found to produce diffusible
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lipases, the Staphylococci being the only group from
which significant pbsitive results were obtainedf‘ It
wvas, therefore, apparent that further work would have
to be confined to this genus.

When no definite relationship could be
established between lipolysis and éharacteristics
aggociated with pathogenicity in the Staphylococei, an
attempt was made to correlate lipolysis with the
saprophyfic mode of living in this and some other genera.
The results of this investigation were lafgely in
agreement ﬁith those published by other workers.

The final sections of this work were the
production of lipolytic filtrates from cultures of
Staphylococei, the production of antilipase in rabbits
by immnisation with these filtrates, and a study of the
immunological specifiecity of staphylococcel lipase.

Brief descriptions arce included in this record
of some properties of natural fats, to show the nature of
substrates provided for bacteria by the lipids, and of the
general properties of enzymes, and are followed by'é>short
account. of the theory of bacterial lipolysis as it has

been evolved by various research workers.



SOME__ PROPERTTIES OF HNATURAL FATS

Natural fats are esters of the higher
alcohols with saturated and'uhsaturated aliphatic
monocarboxyl;c acids. There are three types -~ oils,
fats anﬂ waxes - grouped togethar undér the term
*lipids' or 'Heutral fats'. By for the commonest
alcohol occurring in lipids is‘the trihydric alcohol
giycerol, C3H803, but other =lcohols such 8 the
sterols occur frequently, porticularly in waxes.
(Hilditch, 1949).

he fatty-ecids most commonly océurring in
fats have a.long straight chain of carbon atoms with
a single, terminal carboxyl group, the reﬁaining
valencies of the csrbon atoms being satisftied with
hydrogen; or closed by sn othyloene linkage, for

' example:
H L H
Rr%-C=L—CGOH

Very few fatty-ncids containing branched or ring
systems occur in natural fats, and very few with

an uneven number of carbon atoms, but a notable
exception to this rule is iso-valeric acid (csﬂlooz)’
which is found in the depot fat of dolphins and
porpoises. In the case of many fats originally
thousht to contain fatty-acids with an odd number

of carbon atoms, it has subsequently been shown that



the acid in question was an eqﬁimolecular nixture
oi othexr two sinplexr acidé; for éxample,_daturic
acid from dature oil, (017H3402)’ has boen ﬁhownvﬁo
be an enulmolecular mixture of 3ilmitic u01a, (C ? )
unt steoric acid, (CIPH5602) ' liost of the fntty-L01ds
occuxrring in natural fats belonb to the series

. £y ‘f"i“l M » YYD
012, 014, 016’ 018’ 020 ond 02?, and the gencrwl
formula for the soturated acids is CpHQnO’ vhere n
“id an even number, and Lor the Unéaturatcu aeids
. : . F‘ » EXaTe) ‘ mb‘
GDH2 202’ c ngn 4 o etc., depending on the nqmber of

v Jdouble bonds present in the molecule,

“the Chief thGY-oCLGB ot R~tura1 Fata.

“the saturated fatuy- cids occurr&ng in
fats three are of particulayr importance, n-laurie
acid,y n=gsteaiic acid and h—palmitic selds  n-Lauric
eid hag ﬁhe formula 012H2402 end is widely
disthibuted‘in'plmnt fatvs such as coconut end palm
oil, and occurs predominantly-in'sPérm whale head oil.
n—Stearié‘gcid.(claﬂgﬁog); ié'widely diéﬁrihuted and
forms 1-5% of total futty ncids in most fats, and
10-304 of lards and tsllows. n-Palmitic acid
(016H7‘0,)’occurs in fats from all éovrcps, being the

nosy ebundant of the saturatea fatty-acids,
of the unsaturated fattybaci&s the most
inportant nenber occurring in natural fats ds

9:10 oleic necid (ClﬁH3402). this 2cid existo
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in two isomeric forms having the structural formuls

shown below:

CH5(CH, ) ,CH CH3(GH2)7%H
HOOC (CH2)7CH | ' CH(032)7COOH
Oleic acid (cis form) ~ Oleic acid (trans form).

(Plaidic acid)

- Saturated and unsaturated fatfyuacids occur
together in natursl fats, the relative proportions
determining the consistency of the fat. The higher
the proportion of unsaturated acids present the softer

is the fot.

he Alcohols of Natural TFats.

Fewer types of slcohols than of fatty=acids
are combined in natural fats, the trihydric =lcohol
glycerol being by far the commonest. Glycerol
occurs in practically =211 oils and fats, but not in
wexes, end its decomposition product trimethylene

5lycol C3H802, has been found in fat from many animal

SOUrCes.
‘ Glycercl has the formule CH20H.CEOH;CH20H,
~and its esters can take the following forms:
FHZOR FHZOH‘ ' ‘?HQOR ?HQOR FHZOR
(i) ?HOH ?HOR (i1i) CHOR ?HOH (iii) CHOR
CHZOH CH20H CH20H CH20R CHQOR
- Monoglyceride - Diglyceride - Triglyceride

If each fatty-acid represented by R is
different, for example, Rl palmitic acid, R2 stearic



acid and 33 olelc acid, three isomeric diglycerides

and three isomeric triglycerides could exist:

?HzoRl | ?H20R2 ?HZQRII. |

(!)HOR2 ?HORl CHCH

CHZQH V,CHZOH CHQOR2
Diglycerides

CRAOR)  CHOR  OHOR

CHORz ’ CHOR3 ' | (I}I’IOR]_
CHpORy . CHyOR, ~ CH,OR,
Triglycerides

Honoglycerides have not been found to occur
naturslly in fats (Hilditch, 1947). Diglycerides are
founa‘in_nétural fats usually’after,some decomposition
has sef in. The triglycerides occuf most commonly,
usually as mixtures. Oleodistearin and‘oleodipalmitin
occur in cocoa=butter fat (Fitzweiler, 1902), and |
stearodipslmitin occurs in duck snd goose fat (Klimont,
1912). by using fractional crystallisation methods,
Borner,(1913) and Amberger (1913 and 1918) proved that
natural fats are composed of mixed triglycerides and
showed the presence, among others, of palmitodistearin
and dipalmitostearin in lard and butter fat respectively.
Certain mono=diethylenic alcohols cohtéining gsixteen,
eighteen and twenty carbon atoms in the molecule are
found in some animnl fats such as the oil of the sperm

whale, vhile a smell proportion of other alcohols of
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ag yet undetermlned molecular structare, but cle Aarly
resembling the terpenes, occur to a varying degree in
nost natural fats. The proportion 6f the latter is
usually less than one per cent of the total, except

in wool Tats end some liver oils vhere it is higher.

The alcohols found in waxes are moetlj
higher homologues of glyc;rol, usunlily swbnruted, and
conteinivng from twelve to thirty carbon aboms in the

molecule.

A few sterols have vaen identified in natural
feta. The phytosterols cceur in plant fats, and the
zoosterols, notably cholasterol, (L?l Qro.), in snimel

Tata.

the higher alcohols occurring most frequently
in lipids are cetyl (n-hexadceyl), u;octadecyl and n-
tetradecyl alcohols, in the saturated series, and
olayl (n—¢>9 octadecenyl) in the unsaturated sorics.
Theée correapond respectively ih carbon content and
chemical constitution with pqlmitlc, stearzc, nyristic
and oleic aclds. In the waxegs of plants ond insectas, the
characteristic a}cohols belong to the saturaled series,
and contain from twenty-six to thirty-six carbon atoms
in the molecule, for example, ceryl and melissyl alcohols.
It has been proved by synthesis thot these are formed by
the rcduction of glycerides, simple esters and free

fatty-acids, and also by the reduction of fatty-acid



esters {(Bouvesult =nd Blane, 1%04). The saturated,
hizher «liphstic alceohols usually occur as 2 complex
mixture, difficult to separate. Sometimes,
excepbionzlly, one particular alcohol is present to
the exclusion of all others: this is‘particularly
true of leaf wexes. soine exanmples of these higher

alcohols occurring in lipids are:

n=(lotecanol LI-(PH ) OH, occurring in porpoise ond
2 1U whale oil.
n=pexadecanol (ceuyl dlCOhOl) CH 5(CH )14CH20M, occurying

in whale and f£ish oil..
svon-numnbered alcohols C (H53UH to C. 56 730ﬂ occur in

vheat leives, enple cvtlclo and cottd n.
3! F? ) .
cud L 490H to u54 690 occur in beeswax

“he conplex @lcohol 15=keto-n-tetratriacontanol,
CH,(CH 2)1FLO(QH2)13LII2OH occurs in

cochlneal (Hilditch, 1947).

the Vitomins of laturel Fats.

#08% natural fats contain varying quantities
of the Tat—soluble vitawinzs, Vitamin A which is on
uns b rated alcohol of the curotene type, and Vitamin

U which is a triethylene alcohol.

LHE, DISPRIBUTION OF PAlS IU HATURE

ost nstural fnts are very complexn wiutures,
noatly of glycerol combined with fatty-ncidse. They
have been desceribed by Hilditeh (1947) as "mixtures of

mixed triglycerides"., Usually five or more fatty-
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acids are present in a fat, but in rere cases there
moy be only two. In cotton-seed and almond olil there

are six snd four respectively. -

Cotton-seed 0il  Almond oil

Myristic acid 5 o 0% 1.0%
Palmitic acid ' 20.06% 505
Stearic acid _ 1.0% : -

Oleic acid 30 .0% TT7 0%
Linodleic acid 45 0% O 17.0%
Arachidic acid 1.0% -

The same fatty-scids are widely distributed
throughout natursl fats; for example, the unsaturated

hexadecenoic acid (polmitoleic acid, GHB(CH CH:CH(CH,).,CO0H),

2)5 2)q
occurs in lower aquatic and land animals, in yeasts such

as Saccharomyces cerevesise, in the bocterium

Corynebacterium dinhtheriae end in the cry@togam

Lycopodium, In only a very few casés is a particular
combination of:ﬁttyeécids‘unique, but such unique
conmbinations do oeccur in cert;in plent seeds. This.
uniformity of distribution meéns that the differences
between individual fats, and theirhspecifié pfOpcrties
are due to the variation in the proportion of fatty- |
acids present rather than to the type of component

acids. It usually happens that, along with a particular
fatty-ocid its next higher and lower homqlégues are |
present also., |

From various aqalyses it appears that the
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nost Lrimitive orgunisms contain the most cmmp]ex
,mlxtures of fatty-ucids, while the fats of higher
'orpanisms contain fewer fatty-acids, or at least

fower of the chmef component onese

_ In the plent kinpdom most of the fats ocecur
: in the seeds end fruits, and the occurrence of
- nn01flc ‘ats depends mainly,upon the climatic
conditions which.control thc growth distr¢bution of
ple ntu over the carth. It ‘has been found tnmt, in
Aéenerwl, the fats from olnnts in tropical regions
| contaln a lower oroportlon of unsaturated fatty-acids
than do thoso of plants grow1ng in temperate zones,
probably as o Tosult bf the higher_températures, and
also a higher felatiﬁé’pfoportion of fattyéécids
containing less than s;xteen carbon ztoms in the .
molecule. The waxes bf plunﬁs are found éxtensively
on the'outer gskin ¢f lecaves, stem, flowers and fruit.
‘These waxes usually contzin hydroCafbons of»the
'puraffiﬁ"eries d wlones wvhere n covers the range 29
to 59, along with alcohols of the nhytostcrol series,
which may be free or combined with free fatiy-ncids
:ﬁnd hisher aliphétic alcohols such as‘céryl ralcohol
(Cpgtlz0H) o |

In the anims=l kingdom, fat veries slightly
in conmposition sccording to its position in the animal
body, the proportion of unseaturated fatty-acid

components decrecasing with increase of temperature,
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from the body surface inwards,'and also varies from
one animal to another in the species. - This latter
vapriation occurs because the composition‘of fat
aepends to some extent on the food inges ted, and on
the life hebits of the individual animal., but there
is usually some modification of fat ingested, by
breakdown‘and‘ra—synthesis, to keep the fat
charscteristic of the speciés fairly constent. The
milk fat of most mammals is similev, snd differs from
other animol and vegetable £ats in contﬂlnlng a low
percentage of butyric and the caproic =cids, i.e. .
butyric (C HQO )» n-caproic (06 1202)’ n-caprylic

(Gl 60 ) and n—cégric (Clo 20 2) dCluS. It has

8 l

been found bhub the aepot fats, or lards of. pigs,

cattle nnd shecp oxe qimil‘f,‘W1th smzll veriations

acccrdlng to dlfferenceu in diet in countries far

apart, as'in.differenf continents, - B .

The depot fats of oll terrestrial animsls show

g gradual simpliflcution of mixed fatty-acids, as

compargd with those of the aguatic enimnls. - In

the higher land animals the fatty-scids arve

predominantly saturated: pelmitic acid'((,l6 30 2)

forms twenty-five to thirty per cent, and stearic

acid (018H3602) formg five per cent, of the total

fatty—-ncids present. The chief unsaturated seid

ocevrring in these sources is olelc acid (Clﬁ 34 2).
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In mammals fat is the chief form of
reserve food material and it is contwined in enlarged
cells in'the gbnnective‘tissues;'wheré the protoplasm
of the cell has been altersd to form a thin membrane

gurrounding each fat'gldbule (Lovatt Bvans, 1945).

~ ihe wexes of animnls are present on the body
surfaces s well ns in the tissue cells. lydrocarbons
occuf>less frequently than in the plant waxes and the
phytosterols ere replaced by the choiesterols( The
highei aliphatie slcohols present usually contain
fewer cerbon atoms then do those in plont wazes,
generully having between sixteen wnd tﬁenty carbon

atoms in the wmolecule.

Fish oils are charapterised by having a
varyingproportion of glyccrides of highly unseturated
acids; containing twenty and twenty-two carbon atoms
in the molecule; end by the glyccrides of hexadeconoic
aciﬁ‘(016H3002). “his latter =eid occurs also in the

vhale and other marine animals.

In aquatic organisms the fats ars characterised
by a large proportion of unsaturated fatty-acids of the
016’ 318’ 020, and'c22 groups. Palmitic acid ig the
only saturated ncid vhich forms a major component of
these fats and it may account for eighteen to twenty

per cent of fatty-neids in aguatic fats,
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SOME PROPERTIES OF LIPASES

Lipases belong to the larger group of
enzymes known as Hydrolsses (Anderson, 1946). As
a group lipases are specific, and hydrolyse only
fats and esters, but within the group itself there
is relatively little specificity, most lipases
being able to hydrolyse almost any fat or ester.
Notable exceptions to this rule are the mammslian
lipases, such as liver lipase, which hydrolyses esters
readily and fats slowly, and pancreatic lipase which

has the reverse activity.

The lipases, like most hydrolases, are said
to be extracellular, being secreted into the surrounding
matrix, and their main function from the point of view
of the organism produecing them is to break down the
molecules of complex food material into smaller ones
which can be more readily utilised, snd consequently
relatively small energy chenges occur during their
activity.

Various theories have been put forward to
explain the action of enzymes, but no completely
satisfactory one has yet been found. In general,
enzymes are regarded as organic catalysts, and their
mode of action compared with that of inorganic catalysts.

These latter act either through the formation of inter—
mediete complexes which break d own to give the end
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product and the free catalyst, or as carriers, thereby
incerecasing the active concentration of one or more of
the reactants. The theories most widely approved for
enzynes involve the formation of complexes between the
enzyme and its'substrate, but there is much speculation
as to the nature of these complexes. Michaelis and
co=-workers suggested that the enzyme and its substrate
were in solution and that the reaction took place between
their ions, but Bayliss (1914), thought that the
substrate was adsorbed on the surface of the enzyme and
that a chemical reaction took place on the adsorbed
surface area. These theories both assume that enzymes
are identifiable substances, and in opposition to them
Quastel (1940), end his colleagues suggested thatv
enzymes are not particulate, but rather a property of
the cell surface. Using the theory put forward earlier
by Wieland that hydrogen in a molecule can be readily
activated, they suggested that electro-magnetic forces
of attraction were set up between adjacent or closely
situated molecules on the surface of a cell, and that
as a result of these forces a region of concentrated
energy is formed, which region is the enzyme itself.
This "active_cenfre" is then assumed to be able to
adsorb the aibstrate molecules, and to activate them by
distorting their electronic systems, and so render
them unstable, and in this unstabilised state the
molecules break down or alter to give the change



characteristic of the enzyme. According to this
theory the speeificity of enzymeS'depends upon the
particular molecular groupings which are aqtivated

in the cell surface.

The physical and ‘chemical stability of
someAbacteriél lipases was investigated by'Sohngen

}(1924); who showed thatﬁthe 1i§ases of Bacterium

unctatum, Pseudomonas pyocyansea snd Bacillus

liquefaciens albus were more stable to heat than
‘those ‘of Becterium 1ipéleticum (C._xerosis),
-Bacillus stutzeri, Pseudomonas fluorescens, Oidium
lactis, Asgergillﬁs}niggr, Penicillium glaucum and
Cladogporium butyri. He also found two types of

lipase, vhich differed in activity in the presence

of acid, and which he designated the alpha and beta
lipase.s
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PHis THEORY OF BaCTuRLAL LIPOLYSIS

Early workers on bacterial lipolysis found
that micro-organisms attack the fat molecules by
hydrolysis, the fat being split, and vater added on
to give a free fatty-amcid and glycerol. This reaction

could be represented hypothetically as

CH0-R - CH,0H
"CHOH  + HOH =—> CHOH +  R-OH
CH,,0H | CHZOHv_ |
Fat Wafer‘ ~ Glycerol Futty acid

The glycerol.fhus formed is generally utilised
as a'soupce of carbohydrate and broken down further,
usuélly‘ﬁo acetic ond forﬁie acids, sometimes with
the libegétion of‘earbon dioxide and hydrogen. The
fatty-acid is sometimes oxidised to an slcohol (von
Sonmaruga, 1894} Rubner, 1900; Schreiber, 1902). Other
workers (Rhan, 1905), considered that the fat molecules
required to be oxidised first, to prepare them for
microbial growth. Some workers, notably Walker (1906),
found that moulds were the most active of micro-organisms
in the utilisation of fauts. Meny years later Derx (1925)
continued Walker's work and observed that noulds
frequently utilised fats with the subsequent formation
of ketones. This could occur if fats were primarily

oxidised in the beta position in the molecule, znd by
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the splitting of the beta~keto fatty-scids thus

formed into methyl ketones and carbon dioxide. He

also found that up to and including nyristic acid in
the homologous series, the oxidation proceeded no
further than the fatty~scid, because the fatty-acids
forned were adsorbed on to the mould mycelium, thereby
hindering further metabolism.  Stokoe (1928) confirmed
berx' work on the cleavage of the fat molecule at the |
beta cuarbon atom, and showed that, when certsein noulds,

for example Penicillium gloucum, grow on coconut oil they

produce methyl, anyl, methyl-heptyl and nmethyl-nonyl
ketones. Later Taufel, Thalcr and Loweneck (1936)

fouhd that, wvithin certalin limits of secidity, Fenicillium

glaucun ond 4Aspergillus niger formed methyl ketones from

gome fatty-ocids but not from palmitic, stearic and

" oleic acids. Lhe results of these observers also ‘showed
that the mechanisam of breakdown of fat molecules by
micro—drganisms:is similar 0 that of man snd the higher
enimals, in vhom cleavage of the fat i:olecules takes
place at the beta carbon atem to give beta~keto acids.
These break down'further to give fatty-acids with two
carbon atoms fewer than the parent keto-acid, and an
organic acid which is generally acetic geid (CH3COOH).
From these fatty-acids kctones are formed, and along
with them, esters of ethyl and sccondary alcohols are
usually prbdaced. In the dog, for exemple, it has

been shown by Dakin (1908) +that the breakdoimn of
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fatty-acid in the intestine probably tokes place in the

following stages:

R+CH; .CH,, .COOH | Fatty-acid.
(beta carbon atom) i oxidation

'R.CH(OH) .CH,COUR A
i} oxidation

R.CO.CH2000H Keto-acid.
l decarboxylstion

R.CO. CHg - Ketone
+

R' .COOH. Fatty-acid

dome workers believe, however, that
desatuﬁation of the fatty-scid takes place first of all
with the formation of & double bond, before further
breakdown to the ketones and fatty-ccids (Leathes and

| Weddell, 1909). Their mechanism would thercfore be as

follows:
R.cﬁz.ca.chOH ~ Patty-acid
L degéturation
R.CH-CH.COOH
L + H.OH
R.CH(OH) «CH, .COUH A as sbove.

This mechanism seems probable, in theory at
least, but experimentally none of the intermediate

products has been detected in vivo, only the originsl
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@cids and the end-products, carbon dioxide and water,
being found, Because of this i} was concluded by
-Jenett and Quastel (1935) +that the breaskdown of fatty=-
acids was effected’by the oxldation of alternate
carbon atoms along the chain, for example:

R,CH, CH20H2 : CH20H2 : CO0H

Other workers, Mackay, Arne, Carne and Barnum (1941)
considered that the terminal carbon atoms were split

off first, to form acetic acid, the molecules of which
then gave acetoacetic ascid by aldol condensation.

Others again, Weinhouse, Medes and Floyd (1945)
invgstigated this nmechanism by using the heavy isotope of
carbon 013. They concluded that the chain of the fat
molecule is broken up in two ways, primarily into

smaller units of chains, of which some recondense, and
secondarily, and to a lesser extent, broken by |

oxidation of the chain at the beta cerbon atom.

The above inveétigations heve been repeated
by other workers, snd much more work done, on the
mechanism of fat decomposition, but nevertheless much
uncertainty remains.. ~ Silliker and Rittenberg (1951)
sunmarise the current opinion s in their papers on the
oxidation of fatty-acids by bacteria. They state that
fatty—acidé may be toxic, stimulating or major energy-
yielding substrates for bacteria, aﬁd that there are
three posaible operative se chanisns of breakdown, which

they designate by the terms beta, multiple alternste and
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omega oxidations, depending upon the position in which
the carbon chain of the fatty—écid rolecule is broken
by the bacterius. They sugrest that technical
difficulties in detecting very low concentrations of
suspected intermediates or tlie toxicity or low solubility
of these products, may be responsible for failures to
detect them in cuvlture {iltrates @ in mixtures from
analyses, It has, however, been established that
where the fatty-acids liberated are toxic, and they are
adsorbed by the micro—argénisms, 2s they frequently are
| by the moulds and fungi, an abnormal form of fat
decomposition is induced so that the orgsnisms can
obtain energy from the deposited fat, and the keto-acids
formed are decomposed to methyl ketones and carbon

dioxide.

The formtion of ketones by moulds was further
investiaged by Davies (1928, 1929, 1930, 1932). In
his first peper (1928) Davies divided lipolytic moulds
into two classes, the "Dry" moulds and the "Oily" moulds.
Moulds belonging to the *Lry" group modify their
metabolism as their mycelium becones coated with an
adsorbed layer of fat or fatty-acids. They utilise the
fatty~-acids by oxidising them at the beta-carbon atom
to give another acid lower in the homologous series,
having two carbon atoms fewer in the molecule. - This
decomposition process can then go further with thé

produétion of a methyl ketone and carbon dioxide.



For example, capric acid can be broken down a3z follows:

C10M0092 i.e CHg(CH,) ¢ .CH, .CH, .COOH.
Capric acid . - i - oxidation
oxy-acid S CHB.(GHZ)G;CHOH.CHZ.COOH
| - ]  decarboxylation
Methyl corbinol CHs+ (CH,)-CHOH.CHs + CO,
) oxidation
fiethyl ketone CH3.(CH2)6.CO.CH3 + H0

In the case of capric acid the ketone formed
is methyl heptyl ketone. Similarly, lauric acid,

fina et ' ‘ H..(C
012H2402 inally gives methyl nonyl ketone Cn3.(bH2)8CO.CH
Moulds belonging to the "Dry" group are strains of

3.

Penicillium, Aspergillus and HMonilia (Candida), and they

cen utilise fatty-acids containing up to ten carbon atoms in
the molecule., The "Dry" moulds have no apparent lipase,
and when growing on a fatty substrate behave as they

would on &an unfmvourable medium.

lMoulds belonging to the "Oiiy" group do produce
a detectable lipase, and ferment the fat ¥ith the
liberation of oleic acid; which gives‘the'matriX'an
oily appearance., = iXamples are strains of Qidium and
Oospora. This group grows well and ‘continues to.utilise

the fat to an advanced stage of its grarth.

In a later paper Davies (1932) sugmested two
expianations for the action of miero-orgenisms on fatty
substrates; |

(i) that it is the result of compotitive demand for
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oxygen for their respiration;
(ii) that it is due to the action of acids produced by

the vrgsnisms during their e tabolism.

The first mechanism ig importznt where the
preservation of the fatty subgstrate is concerned, because
activated or ionised oxygen wtmst be available before the
fat can break down. If there is insufficient activated
oxygen left over after the requirements of the micro-
organisms have been satisfied, no breakdown of the fa
occurg, and thercfore, the fatty substrotes have been :
protected from microbial action by the absence of oxygen.
If the second mechanism 1s the opersative one, however,
relatively small numbers of micro-organisms cuan produce
sufficient acid by fermentation to promote the breakdown
of the fat. The lactic acid produced in milk is an

example of this mechanism in = very active form.

In the following year Jensen and Grettie (1933%)
described two clessces of microbial enzymes for fatty
sibstrates, oxidases and lipases, ond they showed that
bacterie vhich have both types ezn jroduce free fatfy-acids
and oxidation products. Carrying this investigntion
further, Horowitz-llassowa and Livschitz (1935) found that
the majority of micro-organisms dydrolyse the fats first
then oxidise the products, but that a few species, for

example, Bacterium lactig aerogenes, are able to oxidise

thenm directly.
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The,oxygen taken up by unsaturated fatty-ccids
to form peroxidés was estimated guantitatively by the
liberation of iodine frdm potassiuﬁ op-barium,iodide,
using pQtassium thiocyanate and a stareh indiCQtor,‘
heeler (1932). "It has also been ,éstimated_ by photo=-
electric cqlou:inetry, by the oxidation of ferroﬁs iron
salts, and fhe sﬁbsequent formation of a coloured ferric

thioéyanate complex, Sumner (1943).

Hilditeh (1949), considering these and other
theories, states that moulds such as Penicillium and
Aspergillﬁs<which produée 1ipoclastié enzynes, that is,
lipases, 3plit the fats by hydrolysis with thetliberatién
of free fatty—acidé. Those organisms which produce
enzymeS'of fhe peroxidase type, oxidise saturafed as weil
as uns:turated fatty-acids, breuking the molecule at the
beta~curbon atom from the carboxyl group, with the
formation of ketonic acids, und ultimtely of mcthyl
tetones; for example: | |

RFCHQ.CHQ.COOH —> R~-CH(OH) .CH

LCO0OH — R—CO.CHchOH
oxidation

2 oxidation :

Saturated fatty acid = Oxy-acid Keto-acid

decarboxylation.l
R—CO.CH3

liethyl-kctone

This type of oxidatlion resction occurs in
conditions of moderate temperature end slisht humidity,
and most readily on fatty--cids containing between eight

and twelve carbon atoms in the molecule. While it is
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important among the actions of micro-orgenisms on fats
it is less common than the direct oxidation of unsaturated
fatty-acids in presence of atmospheric oxygen, with the
formation of intermediate unstable peroxides. The
exact mechanisms by which these peroxides subsequently
break down to give the final end-products have not yet
been established. Sufficient experimental evidence
hag, however, been obtained from fat chemistry‘tolshow
that micro~organisns do act upon fatty substrates by
means of their hydrolytic and oxidative enzymes.

Either type of enzyme may act alone or predominantly,
er both types may occur together, acting simultaneously
but independently.

These jprocesses have been rechecked and
sumnarised by Muckherjee (1951). They are stated by
him to occur in the following order: hydrolysis of
glycerides to free fatty-acids ond glycerol by lipases;
rapid oxidation of the individual components - the
lover satnrated'fettybacids = by scid oxidases; oxidation
of unsaturated fatty-acids by lipoxidases; desaturation
of saturated acids by dehydrogenases followed by
oxidation by oxidative enzymes. Secondary decomposition
'of the peroxides formed takes blace by lipoxidase action,
and by auto-oxidation by peroxidases. All these reactions
proceed simultaneously, making the resulting mixture

& very complex one.
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Bacterial Lipolysis in vitro

According to Collins and Hammer (1934), the
majority of micro-~organisms which can hydrolyse one
natural fat or oil, can hydrolyse most others. When
they tested ninety-two strains of different nic ro-
organisms on media containing ten different natural
fats, such as olive and linseed o0il, between 72% and
86% of the organisms were able to utilise all of the
fats. When simple triglycerides were used instead of
fats, however, there was a much greater variation in
the proportion of micro~-organisms which could attack
the different triglycerides. Collins and Hammer tested
one hundred and nineteen strains of micro-organisms
against thirteen tpiglycerides and found that, while
most strains could hydrolyse ali or most of the thirteen
triglycerides to some extent, 98% of them could hydrolyse
tripropionin, vwhile only 2% hydrolysed tripalmitin. This
showedvfhat some triglycerides are more readily hydrolysed
than others. |

Bacterial lipolysis can be demonstrated in vitro
in several ways, of which titration of incressed acidity
in fluid medium, and the appearance of a zone of clearing
or colouration round the colony on 20lid medium, are the
commonest and probably the most reliable. Other methods

. available include the use of fat emulsion agar with an
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indicator for acidity such as litmus or bromophenol

blue, as utilised by men& workers such as von .3ommaruga
(1894), Buchenan (1921) end Collins and Hemmer (1934).

The use of indicators such as Nile Blue sulphate, specific
for fatty-acids, was favmred by Smith (1908) and Turner
(1929), while the formation of bluec-green soaps with
copper eulphate}is described by Berry (193%). ILyre (1930)
added a suspension of erythrocytes to sugar-free fat-
emulsion broth filtrates, and'claimed that hasolysis

wags an indic:-tion of the presence of lipase in the
original culture, while Michaelis and Nakehara (1923)

used the stalagometric method of Rona and Michaelis (1911).
Published literature also contains references to the use
of the diphenylamine end nitric acid test for free
fatty-acids, and to the formation of coloured soaps
between fatty-acids and metal redicals, Jensen and

Grettie (1937); to the'electrotitriﬁetric;method of

Rona and Ammon (1927); to the gasometiic method using

the Varburg epparatus, Rona and Lesnitski (1924), and

to the nephelometric;method of Rona and Kleinmenn (1926).
Dialometrie methods, measuring vo lume chengee during

h ;drolysis have also been trled, but not found very
satisfactory. (Rona and Ammon, 1932). On solid medium

" whether the indicator of choice be a éone of clearing

or of colour development, dpends upon the fat incoreorated.
Some fats such as tricaproin and tricaprylin hydrolyse to

give products vhich do not stain well with fat dyes, and
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hence the hyaroiysis is more eagily observed by the
disappearance of the fat globules and the formation

of a cléar zone., With others, however; for éxamplé}
tricaprin, the reverse is true. The formation of a =
cleer zorné is preferable 1o a coloured one also iﬁ ‘
cases where the fatty-scids liberated by hydrolysis are
‘comparatively soluble in the matrik and diffuse rapidly
through it, because the colour produced with dyes ig less

intense owing to the dlffusion.

The method of 1ncorporating the lipid in the
matrix is of fundamental importance, as there is an
optlmum rather than a maximum surface area of the fat
globule which should be presented to the mlcro—organlsms.
A few triglycerides, for example tributyrin, are soluble
in water, but the maJority, along with the natural fats,
are not, and must be introduced into the medium as
suspeneions. ' The ease w1th which these suspensions form
decreases with increaée in the molecular weight of the
lipid. Various agents can be used as suspenders, but
when ‘the common organic solvents, such as éther, benzene,
petroleum or carbon tetrachloride are considered, their
possible inhibitory or toxic effects on bacteria must be
borne in mind. One of the safest and most efficient
emulsifying agenﬁs ié 0.5% aqueous agar, which gives a

uniform and stable suspension; (Collins and Hammer, 1934)f

The reaction of the medium in which lipases

have been found to act mey vary from pH.5.0 to PH 8.0
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but the optimum is on the alkaline side of neutrality.

. The temperature range over which lipolysis
occurs seems to be wide. Collins and Hammer-(1934),
corried out most incubations at 21° C., but according to
Chalmers (1945) 1lipolysis occurs most commonly around
1000. . Some workers studying lipolysis in products in
cold storagerhéve found it to occur below.freezing-point.
These obsepvations may in part explain the rarity with
which tipolyais is encountered-9mong parasites in species

which have a higher optimum growth temperature of 37°C.

When lipolysis is displaygd by a micro-organism
~all the fot globules surrounding the,colony may be
h&drolysed to the same extent, and stain uniformly on a
colour r¢action, when the lipolysis is said to be uniform.
If the surrounding globules are not all attacked
similarly by the lipase, the staining is unequal, and
the lipélys;s is said to be non-uniform.’ In both these
grdups there”is congiderable variation_in the extent of
diffusion of the lipase around the colony, some weakly
active lipolytic organisms confining their actiyity to the
matrix direcfly below the colony, while,stronglj active
organisms.produce a lipase which spreads around the colony

to agive a zone several millimetres in width.

The technical aspects of these latter
congsiderations will be described in more detail in -the

sections dealing with experimental work.



SURVEY OF PUBLISHED WORK ON BACTHRIAL LIPOLYSIS

Following the work of Escherisch (1886) and
‘Hencki (1886), already quoted, Sommaruga (1894) grew .
various strains of bacteria on solid medium in which was
incorporated 2% olive oil. He claimed that when the fat
wag hydrolysed by bacteria the fat globules disappearéd
from the area of the plate surrounding the colonies.
His work was followed up by Eijkman (1901), who poured
inoculated, nutrient agar over a thin layer of tallow
in a Petridish snd detected the Drmation of lipase by
the bacteria by the formation of a‘clegr.zone in. the
tallow layer immedintely below the colonies iroducing
the lipase. de Kruyff (1906) gave the name of
"Lipobacteria" to those orgsnisms producing o fat-splitting
enzyme and in 1908 investigoted their oxidative action on

fats.

Sahr, Rhan and Farrand (1908) were among-the
first to publish work in which dyes were used ‘o detect
1ipolysis; They uéed a guspension of butter fat in
sugnr-£free broth, to which they added agar and litmus.
The etion of bacterisl lipsse was shown by a chonge in

the colour of the litmus indicator.

In the seme year Smith (1908) published some
work on the resction between neutral fats snd free
fatty-acids and the eniline dyes, notably Nile Blue
sulphate. “his dys Y88 ghown to be pink vhen in contact
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with neutral fat, and blue with free fatty-acids.

His work was folloﬁed up latér by Boeminghaus (1920),
who studied the reaction between Nile Blue sulphate and
palmitin, stearin snd olein and their derivatives. He
- found that olein and its acids and esters gave much more

vivid colour reactions than did pelmitin or stearin.

In the interval between the work of Smith and
Boeminghaus, Wells and Corper (1912) examined strains of
Staphylococcus, Pseudomonas, Eschefiséhia, Shigella and
Mycobacterium, killed by toluene and suspended in medium
conta.ning ethyl butyrate, triacetin or olive oil. They
found these organisms to possess lipases in the above
order of decreasing activity. Onl& the first. two genera
showed lipolytic activity when growing on plates of fat
medium, but all genera showed it when the killed cultures

were suspended in contact with fats and esters.

Kendall, Day end Walker (1914) and Kendall,
Walker and Day (1914) studied the lipolytic action of
bacteria on milk fat, by cultural diffusion methods, and

found two active specles, Proteus vulgaris and Bacillus

megentericus. They also investigated the production
of lipases by various strains of Mycobsecterium, using
cultural diffusion and chemical cxtraction methods, and
described two types. One of these was retained in the
bacterial cell, as an endo-enzyme, and thce other was
secreted into the mediwm as an exo-enzyme. These

workers observed that the period of maximum production.



- 32 -

of the lipuse coincided with that of maximum vegetative
growth of the cells, and was proportional to the
luxuriance of the growth. Kendall and Simonds (1914),
using the same chemical extraction method, observed the
production of lipase by sone strains of Salmonellse.
Avery and Cullen (1920) investignted the enzymes of the
Pneumococcus, by chemical extraction methods, including
the action of its lipase on tributyrin. They estimated
the free fatty-scids liberated, by titration with O.1 I
godium hydroxide. They foﬁnd that young.cultures
contained no free lipase and that lipase was liberated
only by autolysis. This.lipase was thermolabile and
its production was unrelated to the virulence of the
organism as its activity peréisted after virulence had

-

been lost.

Stevens and West (1922) published results of
work on three enzymes of haemolytic streptococci, the
.peptase, the inveftase and the lipase. They extracfed
the enzymes by grinding the organisms in one-fifteenth
molar phosphate buffér and investigated their actioﬁ
in vitro. They found the lipase to have a maximum
activity in éolutions of pH 7.9 and to be thermolabile.

The lipases of moulds were investigeted by
Schenker (1921) using Aspergillus niger, and by Derx
(19243 1925), while Michuelis and Nekahara (1923) made

a wide search for a lipase in different spccies of
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bacteria and fungi. They used butter-fat and tributyrin
as gubstrates, éﬁd measured the lipolytic activity of |
the chemically exfracted,enzymes stalagometrically. |
They found that the acidity range over which the lipases
wefe active Varied from pH 7.2 to pH 9.0. The optimum
for yeast was pHYS.B to pH 6.2. Only some of the
lipases were thermolabile. These workers claimed~to
have demonstrated lipases in strains okaseudomonaé,
Streptothrik, didium, Peniciilium and Muecor, all of_whiéh
were isolated from soil souices, end also in strains of
Bacterium, Pséudomonas, Streptococcus and Micrococcus
vhich they isolated from facces of breast—fed infants,
and in stralns of Mycobacterium and of the pyogenic cocei.
They falled to demonstrate a 1ipase in strains of

Bacillus subtilis, or of the Corynebacteria, Pneumococci,

Salmonellae or Shigellae or in Bacterium from adults.

Orcutt and Howe (1922) sought for a relationship
between the haemolytic activity of staphylococel and the
presence of a lipase, using a medium contalnlng cream and
blood. They concluded that some strains were haemolytic
‘only vhen their 1ipaée wés'active, the haemolysis being
due to the lytic action of the free fatty-acids liberated,

Van der Walle (1927) confirmed earlier workers'
claims by finding that a lipase was present in cultures
of staphylococei and of Pseudomonas pyocyanea, and in
gsome strains of coliform and dyseﬁtery bacilli,. The
lipases were extracted chemically and their lipolytic
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sebivity sgaingt tributyrin neosured stalagometrically.

| Fur%her work wns then pﬁblished on the dye
{iilo Bluo aulphaté. Keufmenn and Libmon (1926) found
th/t it vould stain soturated and unéaturated faté,
while iettie (1931) eeparateé it into its two component
parts, Nile Pink:and Hile Blﬁe; of which only the latter

ig soluble in wvater.

Yorkers were at this time tending to seek for
a solid medium vhich would demonstrate lipolysis
“asctiofretorily.  Buchenan (1921) continued to use the
disappearance of the fat globules around the bacteriel
colonies as the eriterion of their 1ipolyﬁic activity,
but Hoksman and Davison (1926) favoured the use of
indientors to detect the free fatty-acids liberoted when
the bacteria hydrolysed the fat.

Turner (1928) used o golid nutrient agar medium
conteining an emulsion of,vnrious'triglycériﬂeg‘and
natural oils, and on aqueous solution of liile Elue’
sulphate, the properties of which he investigated.

Later (1929), in & compavison of the vrrious methods
available, he concluded that liile Blue sulphate nedium
gave the grentest.sharyness of differenti&tion, but

that, if « medium without the rresente of a dye wes
required, an emulsion of short-chained triglycerides,

or of un_oil'suh;as cottonseed oil, used in'bdnjunction

with bile a@alis, guave the b%at resulis, His summary
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Turner's work was later modified by Hussong .
(1931), who used on alcocholic solution of Nile Blue
sulphate, and emulsified the fat to be tested in one-

- half per cent agar.

Teill and Fleming (1927) studled the maltose
and lipase of Clogtridium botulinum by using the whole

,supornatant fluid of elghteenphour culbures and also
after extractlng the enzymes by alternate freezing and
thawing of the bacilli. They incubated the enzyme
preparations in contact wifh a suspension of 2.,0%
tributyrin in 0,1 molar phosphate solution at pH 7.8,
and after forty-eight hougs,estiméted the acid
liberated by the lipaée; by titration. They found
that the lip:se was extracellular, in contrast to the
maltase,~and thaet it did not deteriorate on exposure

o0 air.

Waksman (1929), in an 1nvedt1gation of soil
saprophytes found that fung* were more active as fat
splitters than bacteria, and that ketones were
frequently formed among their reduction products,
Anmong the lipolytic bacteria he isolated were strains

of Staphylococcus aureus, Chromobacterium prodigiosum

- Eseudomones pyocyanea and fluorescens and "B. lipolyticum."

Harden (19%0) contributed work on the lipolytic
activity of intestinal commensals and corroborated
Nencki's finding that they are not active in fat

nmetabolism in the intestine. He verified esrlier
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hydrolyse fots to glycerol ond fatty-acids, with a
| further decomposition of the glycerol and oxidation
Faa-: bPaden 0Ff the fatty-acids. He found that yeasts ond moulds

Yeviewed "“; are sctive, olong with bacterin, in the production of
N \ka ' bub J-.

nay P“’H‘-‘—I’J‘ I‘FJICidity-

o~ ik ' .

o sohngen (1930) found thot many bactoria ean
utilise fatas s3 their sole aource of earbohydrate,
provided they are given, the necessory source of
nitrogen, for exrmple, ammonium chloride.

: - hyre (1930) continued work relating hremolysis
SRA- YRE

relberved o PO 1ipolysis by adding red blood cells to filtrates of
Hhis *‘°°"“:1*‘, sugnr-free broth cultures of vorious argonisms, ond
nt did  nev :

levelop ik clained that heemolysis of the blood cells indicuted

the presence of a lipased

i new altoernative method for detecting bneterinl
lipoge was devised by Berry (1933), using C rnot's -nd
lawbin’s test (1918) for free fatty-acids. He
incorporatod the fot in a medium ond incubated the
inoeulated plates until pood growth was ob mined, then
poured a satirated solution of copper wulphate over the
aurface. Where the fat had veen hydrolysed, san insoluble
blue sonp formed between the free fatty-acids and the

cop;.er sulphate, around the colonies.

Collins snd Hamner (1934) published two papers

in which they ropeated Turner's work and conlirmed his
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conclusions. They found that many common bacterié,
genera unstated, were unable to attack fats, but of

those whlch could, all had much the s ame action on all
neutral and hydrogenated fats @ested. The blue,colour
given.by~Niie'Blue sulphate was again»shown 0 be due +o
the formation of soaps. The hydrolysis of simple .
triglycerides by bacteria was not appreciably éffected'

by ﬁhe way in which the fats were dispersed, nor by the
reactlon of the medlum w1thin the limits of acidity

pH.5.3 to pH 7.8y but it was shown to be progressively
more difficult for bacteria to hydrolyse fats with increase
in their molecular weight. In their second paper Collins
and Hammer (1934), using sapf&phytés from air: and water
and bacteria from dairy products, showed that there

-might be consideféble variation in the type of lipolysis

produced.

Anderson (1934) prepared a medium, tributyrin
agar (O.L%) which he claimed was highly selective for
lipolytic bacteria. He added various indieators,
bromo-thymol blue, bromo-cresol purple and phenolfredr‘
to detect acid production. Turner (1929) had found
that such a medium as this did not suppcrt growth well.

Horowitz-Wlassowa and Livschitz (1935) used
10.0% milk agaf aﬁd‘soya bean oil in an inorganic basal
medium. They made very careful investigations of the

" chemicel properties of the fats before wing them, and
looked for relationships between these properties and
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the readiness with which bacteria could attack them.
They found that if an organism produced both an oxidase
and a lipase, the lipase acted first. An exception was

Bacterlum lactis aerogenes, which oxidised the fats

directly. These workers detected lipolysis by the

formation of zones of clearing round the colonies.

Stark and Schréib (1936) used a modification
of Anderson's tributyrin agar, and tested four hundred
and eighty-six strains of orgenisms, Gram-pOsitive and
Gram-negative cocci,‘Gfamrnegative bacilli and Surecinse,
responsible for the splitting of fat and digestion of
casein in buttef. Of these, 96.0% were able to
hydrolyse tributyrin, a zdne of elearing round the
colony being taken as the indication of lipolysis.

Trussell and Weed (1937) examined the effect
of some staphylococei on pure triglycerides. Théir
aim was fo find sone correlation between the iipolytic_
activity of a staphylococcus and its virulence, but no
such correlation was found. They used a fluid medium
at pH 7.4 to 7.6, snd tcsted forty strzins of |
staphylococci and two strains of micrococei against
eight pure triglycerides. They used bromo-thymol blue
as indicator, with normal sodium hydroxide, in a
titrstion method. They found that practically all
the organisms tested hydrolysed the fot to the same
extent, and that the degree of lipolysis seemed

proportional to the profusion of the growth.
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Jepsen'and Gfettie (1937) in & review survey
the’work done and the knowledge gainé@ up fo‘that time
concernitig the lipolytic activity of micro-organisms.
They répegted an eérlier claim (Jensen and Grettie, 1933)
that the two classes of enzymes mainly responéiblg for
bacterial action on fats are lipases end oxideses end
they substantiated the work of Horowiis-Wlassowa and
Livschitz (1935). ‘“hey considered Turnerts methods
to be the most>practicable and Satisfactory, even although
the‘high content’of active oxygen present in the mdlecules
of the cOttonseed‘oil he used so frequently is inhibitory
to many bacteria. | Théy worked out their own medium
which closeiy resembled Turner's, but they used coconut.
0il with gum tragacsnth as suspender. They incorporated
Nile Blue sulphate as indicator, end frequently counted
the colonies on their plates, stating their results as the
number of lipobacteria per gram of fat. They also used
sodium oleate or taurocholste (0.1%) in prepariﬁg the fat

emulsion.

Birchﬁﬁirschfeldv(1937).continued the attempt
previously made td correlate lipolysis and haemolysis
in staphylococci. She tested thirteen strains for
lipese production on tributyrin, end for haemolysin
| production againét sheep red blood cells. She found
that the ratio of the amount of lipase to the amount of
haemolyéin produced was fairly constant, =nd she

deduced from this that these two enzymes had a common



origin.

Christie and Graydon (1941) inﬁestigated
the alpha lysin of staphylococci which can lyse both
sheep and rabbit red blood cells ond the beta Lysin
which gives hot-cold lysis of sheep red blood cells.
The orgénisms were grown on cream blood agar, and
haemolysis used as the indicator of lipolysis. ' In
‘a second series of experiments butter fat (0.1%) in
nutrient ager with neutral red (0.005%) as indicator, _
vas used. The partiqles of hydrolysed fat turncd red
after two days qf incubation at 37° C. They found that
lipase production was independent of haemolysin
production, which ig in disag?eément with Birch—Hirschfeld
(1937), but using coagul ase production as the criterion
of pathogenicity, they'found that lipagse production is
unrelated to pathogenicity, which is in agrecnent with

the views of frussell and Weed (1935)L

Knaysi (1941) carried ouu a survey of the use
of ba91o dyes ;or the denonstratlon of bacterisl lipase,
and found thet, provided the concentration of the dye
be kept below the toxic level, a number of baosic dyes
in which the free base is different in colour from the
salts, are equally suitsble. He sugzested Nile Blue
Sulphate, Jeutral Red, ilethylene Blue snd Malachite
Green. He emphasised that the.medium mst be neutral
or slightly alkaline, and completely free from

fermentable carbohydrates.
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Ciaccio (1944) examined various strains
of the'gonococcus using a chemical method, but found

"no esterase activity" in them.

Only a few other recent publications have _
been foﬁnd; one peper by Govan (1944) on the chemistry
of the dye Nile Blue sulphate stated that some of his
results wvere confusing, as the fat globules,‘although
pink wvhen first stained, became bluish=-purple bn
prolonged contact with the dye. Govan used~the dye
in a concentration of 0.2 per cent malnly for staining

histologlcal preparationse.

Jezeski, Halvorson and lay (1950) published
a paper on the uptake of oxygen by bucteria in presence

of lipid substrates.

Mukherjee (1951; 1952) published papers on
fat degradation'byvmicro-organisms. He gave a brief
review (1951) of work already published and stressed
thé'contfadictbry nature of results found by different
workers, and the irregulaf distribution of lipolysis
occurring "evén with one and the same species within
wide limits". He used the method of Turner (1929)
for demonstrating lipoljtic activity of the growing
organism, mainly species of Penicillium and Aspergillus,
and investigated the chemical nature of the intermediate
products formed when these moulds grew on butter-fat
and oh the pure gynthetic glycerides monobutyrin,

tributyrin, tristearin and triolein.
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~ Romakrishnen and Banerjee (1951; 1952)
ptudied the nction of mould lipszge on groundﬁut oil,
while Cutching, Dootsch snd Pelegar (1952) investigated
thé influeﬂce'of the composition of the medium on the
p:oduction.of lipase by straiﬁs of ?seudomonas and of
Alecalimenes viaqugg; they treated a fluid culture
with formaldehyde, and‘incubaﬁed it for twenfy—four
hours in contact with fabt or a triglyceride, énd
titrated ﬁhe’acid 1iberated.with alecoholic potaasium

hydrozide.

inenalysis of the published work on bacherial
1ipolyéis scens to indicate'thaﬁ the apparenﬁ
discrepancies among the resulis of dif{erent workers
nay largely ﬁe due to the faet fhat bactorinl lipuse:
can oceur either o8 on exo or an endo-enzyme, both
clasnes of enzyme occurring topgether in sone étraina,
nnd that this fact has not been fully recognised by
all workers, using different methods to demonstrate
lipolysis. It.would appear that the exo-cngye only
Ais demongbrated by nethods involving the development
of a zone of.ciearing or colouration round the
colonies of actively groﬁing organisns, or by titration

of acidity in growing cultures in fatecontaining medium.

The differentiaiion of lipases iqto two
clnsses is analogous to the well rocogunised clissifiestion
of boeterinl toring as ero or endo~toxing, although as with

theue, the distinction is not absolutes Owing to the



T~ 41 -

methods used in this work, only the lipases of the

exo-type have been studied.

The text~books consulted for the chemiétry
‘of fats and enzymes were Blcor (1943), Hilditch (1947),
Lovatt Bvens (1945), Sumner and Myrback (1950) and the
monograph by Jamieson (1943); for bacteriological
chemistry Anderson (1946) and Stephenson (1949)§ for
systematic bacteriology Topiéy end Wilson (1946) and
Salle (1943), and for some classification Bergey (1948).



- 45 -

RECORD OF FXPERIMENTAL WORK DONE

Part I.

1) REPRODUCTION OF TURNER'S WORK

Turner’s Medium.

Formula (Turner, 1929).

Basal medium:

Bacto agar (Difco) 30.0 grams,
Disodium phosphate 5.0 "
Beef infusion broth 1,000 millilitres.

The final reaction was adjusted t6 PH--Te5,
and the medium tubed in volumes of 5.5 millilitres

.and autoclaved.

Fat emulsion.
Cottonseed o0il (Wesson oil) 100.0 millilitres.
India gum 3.0 grams.

These were thoroughly mixed with a motor-
driven egg~beater, 200.0 ml. of hot distilled water
added at once and the suspension mixed at high speed
| for five minutes. The resulting emulsion was tubed
in volumes of 5.0 ml. and sterilised by autoclaving
for fifteen minutes at fifteen pounds pressure,

(approximately 120.0° C.).

This method, according to Turner, gave a
stable emulsion with most of the fat globules less
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than ten microns in dieme ter. This emulsion was
added to the melted agar just before the plates

were poured, in the proportion:

emulsion 0.75 ml.
basal medium .- 5.5 n
6.2 "

Dye solution.
Nile Blue sulphate 0.1 gm.

Distilled water 100.0 ml.

This solution did not r?quire sterilisation .

or refrigeration and was stored in a stoppered, dark
glass bottle at room temperature. It was added to
the medium just before pouring the plates, in the

proportion:
Basal medium and emulsion 6.25 ml,.
dye solution 0.75 ml.

([0 ml,

Lurner appears to have inoculated the
medium before pouring the plates and so obtained
colonies throughout. He usually prepared series
in duplicate, incubating one aerobically and the
other anaerobically, at 37%, for forty~eight hours,
and then re-incubating for a further two to three
days. The anaercbic cultures had to be left at
room~temperature for a few minutes for oxidation of

the leuco~base of the Nile Blue sulphate, with
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.consequent development of the blue colour. His
test organism was one isolated from the gastric
contents of a patient suffering from pellagra. 1t
was designatéd J.M.F. 6, but nof identified, His

negative control was a strain of Bacterium coli

found by prolonged testing to be non-lipolytic.

Strains ‘showing positive results producéd
a blue—colouréd colony, usually surrqunde@ by a clear
zone, coloured blue. In some cases the colour was
green of greenish-blue, Those strains wﬁich showed
a very bright blue colony produced a wide zone of
dearing in the medium round the colony, while tﬁose
which were paler in colour produced correspondingly
narrower.zones. Feebly lipolytic colonies tended to
show a zone of precipitation rsther than of clearing,
presumably due to incomplete hydrolygisg only some
- of the fat molecules around the.colonies bging
attacked by the lipase.

Turner found thsat the time taken for the
development of colour and zone of clearing by the
colony and in the'sugrounding medium varied with
the length oflthe carbon chain in the fat molecule,
being shortest with the shortest chains., An average
time was forty-eight‘hours. This time iag could be
shortened, even halved, by the addition of sodium
taurocholate.(ﬁ-o%). and with its use the zones
became crystal-olear,'insteéd of being merely trans-

lucent.



e oifered three QOinblo:explanntions for thig:

1) Bile salt my incroase the diffusion of ihe neutral
fat and provide smaller masses of fat and larger surface
OPreile

- 2) Bii@ solt may accelerate the diffusion of free
fatty-ncids and'éoaps formed and so promote thoir removal
from the viecinity once formed. A

5) Bile salt noy increase the growth of gome organisms.
1t hns been sugmested by later workers (Sumner and HMyrbeck,

1950) that bile salts functlon as activators for liprses.

Lurner voretimcs found that *he concentration of -
dye used wss inhibitory, B Acls] straina of Clogtridium welchii
and two of nt% loccccua aureus being irhibited by a
dilution of 1 in 8,000 of i le Blue sulphate in solid
nediume ile over cwme this by iloodinp tha surface of the

pleta vxth dye after 1ncubntion.

, Uaing{his Qrgqnism Jelle e 6, Turner corroborated
Eijkman'é view tht crganisms which produce much 2lkali in
their u@tubolism and can therﬂfore form soaps, do not split
fats by neans of this alkaii. ALlld producers which can

aplit fat 4o so by proﬂuclng a lipﬂse.

| durner ﬂntchad the actlon of bacterium J.l.e 6
on fat Vlobulcs 1ncorporuted in o 1qyor of agar medlum

contalnLn& 1e Blue sulphate ﬂnﬁ Ield bctween a

microscope elide and cover glip, nnd ne ‘ade photomicrosraphs
of hig observations. . He Lfound that lipase diffused from

the bacterium :nd hydrolysed the fat with the formstion
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of unsaturated free fatt;/-acids, which were stained
blue. Some of these fatty-acids, notably oleic and
linoieic, formed soaps, and these diffused into the
agar. The fat globule shrank and became crescent—
shaped, and in some cases fine crystals protruded from
the shrunken globule. Lhese crystals:were needle or
prism shaped, and varied ininumber; Sometimes they
were seen weil.removed from all fat globules. When
exemined with polarised light most were doubly refractile.
They were composed of éolid fatty-acids, palmitic and
stearic, or their derivatives, and were formed from

forty-eight hours of incubation onwards.

When investigating the coli-anaerogenes group,
using Nile Blue éulphate, Turner recorded the appearance
of brilliant blue or purple zones, which faded in one to
two hours. He found no gross disintegr&tion of the fat
globules in agar medium, and no incréase in the
titratable acidity when killed cultures were allowed to
act on tributyrin. He offered no explahation for these

temporary zones.

Attenpts to repeat Turner's work gave only
moderately satisfactory results.l This may have been
due to the fact that gum tragaéaﬁth was substituted for
India gum which was not readily available. The
substitution of digest and lab-lemco for beef infusion
broth, also provéd unsatisfactory. The medium preﬁared

was violet in colour, and changed little during aerobic
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incubation for forty-eight hours, but during anaserobic
incubation for the saume mriod its colour changed to a
rich violet brown. . The addition of sodium taurocholate

.was not found to be of any advantage. Lipolytic strains

of Staphylococcus sureus and albus formed blue colonies
as described above, and the blue colour persisted
unchanged when the plates were kept at room temperature

for ten days. Non»iipolytic strains of Staphylococci

showed no blue colour, but Bacterium coli D433, which
was not 1ip§1yti§ Qhen tesfed by other methods, produced
colonies which were faintly tinted blue, after
incubation for eighteen hours, although there was no

zone of clearing surrounding thé'colony. This
development of colour was ccnsidered to be a "false
rositive" result, snd expected to fadé rapidly, but it
persisted for forty-eight hours in the centre of the
“streak of growth end only faded gradually when the plates

were kept at room temperature for ten days. The colour

of .the colonies of Bacterium coli D433 was leas intense
than that of.the Staphylococeci, and also less so during

anaerobic than during aerobic incubation. .

The occurrence of false positive reactions had
been suggested by ‘urner (1929), to be due-to adsorption
of the dye by the bacteria. Similar effects were observed
in subsequent work to be described later (Part 1,3), when
stﬁdying strains of Brucella, Corynebscterium, Mycobacterium
and Clostridium. On the theory thot some organisms may



produce an endo-lipase whidh remains bound to the celis,
it seoms possible thnt this pheriomenon might ve due to
altergbion in the dye adsorbed on to'ﬁhé gurface of the
cells. mhis'change might be brousht ~bout by ﬁhe

-~ activity of endo~lipage bound to the cell surfnce er'
liberoted locally asfthe rasalt of aufolysis. -ﬁome
supﬁortifor this sﬁggestion is giveh by the observation
that, in some cultures, the bluc—colourcd zone is nost
ap;arent in ‘the centre of the colony, or in streak
culturcs along the centre of the streak, vhich presumably
containg the moot ageing cells, ~nd threfore thogo most
likely to produce vutolysis. nlthough‘there'was a
clearly defined difference in the intcnsity'und shrde of
colour of the true and false pogitive results in this
exgeriment, such & difference mny not have occurred in
2il canes, It is, therefore, conQQIVable that some of
the contradiétomy observations rccnr&eé'in published
literature, and the difficulty of verifying the clains
of some workers to have‘dembnstrﬁted baeterisl 11pases,
may be due to confusion cavsed by false positive
roactions which were not vrocoghised o8 such at tho tine

when the vork was done.

2) POl ODTRICATIONG OF TORNER'S i DIUN

(1) Inspissated Serum H.B.83. “iedium

This medlun vas developed for two reasons,

firsily to see whether serum would help to hoiﬂ the
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fat in susyenSidn.and so‘prevent the formation of
surface globules,land sécondly to promote:the‘growth
of more delicately-growing organisms. The following
medium wes finally considered fairly satisfactory:

Fat suspensionst

0il. (almond or arachis) . 27.0 ml.
" Hartley broth 180,0 ml.
Gun tragacanth o 0.9 gm.

Thé £un wés added to the o0il in a large
beaker and?mixed thorbughiy with a thin glass fod. The
broth was heated to boiling point and added gradually to
the 0il and gum with constant stirring,‘until 8 creamy
vsuspen31on was obtained. This was transferred to screw-
capped bottles and autoclaved for ten minutes at seven to
eight poun&s presoure (approximately 112 C), then shaken
for ten mlnutes in the horizontql shaker. The resultlng
suspen81on remalned stable durlng storage in the

refrigerator for several weeks.

Horse dSerum.

The standard productisupplied by Burroughs,
Wellcome and Company was used. lio advantage was found

 in passing it through a clarifying filter.

Nile Blue sulphate

Nile Blue sulphate (Gurr's) 0.1 gm.
Distilled water 100.0 ml.

The solution was heated gently to dissolve

the powder, and stored in the dark.



Conolote Dedium

The three components were mixed in the
following proportions:

Forse serun o T9.U5

¥at suspension - 20,05
‘bye solubion 1.000

The mixbure vas shalen atomatically for
tne minutes then kept in a water=bath at 560 }; for a
fow minutes, or until requirad. its reaction was pH T.4.
+he plates vere warned in the inspissotor and thewarn
medium poured into thom, twenty-five millilitres fc a
gseven contimetre diameter Petri~-dish. The tempoerature
of the inspisoator could vary from G to 90°C. but if
it wns below 60°C. draughts caused riprles ond a Braken
agupfizce on the plates, if the inspissetor wag opened
before the mediun set. ihe temperature wns roised to
9(YG. and held there for five ninutes, aﬁd the
insplssator switched off. 1t vog necessary to inspisaate
the plates with the lids partl&-open, to avoid water of
condensntion, vhich tended to drip on to the =medium and
pork the surfoce. | the resulting medium was white, with

a surface fatty layer, matt, and pale pink in colour.

The organiosnms to be tested were‘streﬂked acroas
the plates, and after incubsiion thosce which hydrolysed
the fat grve bluo colonies vhich were ~lso surrounded
by o reogion of blue colour. ihe positive conﬁrols.were'
imown linolytic orgenicms, the Oxford énd fiayo strains of

Staphylococcus asureug and a strain of Cerymebacterium




- 54 -

xerosis knovmn as "B. lipolyticum". The negative

controls for the mediunm were plates without fat, and

for the organismg, a strain of Bacterium coli which

wos found by repeated triel to be non-lipolytic,

Most 6rganisms grew well on this mediug, and
many experiments were done, but with continued use it
wag found to be unsatisfactory for the following reasons:

(1) 1t was technically difficult to prepare, and in
unsatisfactory batches the fat tended to separate out.
(i1) 1he serum varied . fron oné batch to another;*
(iii) It wes thought thet such a high concentration of
serum might be inhibitory to some bacteria, or tend to

suppress some of the enzyme activity of others.

Before abandoning the medium, however, human

fat obtoined post_mortem wes substituted for oil, and

incorporated in a suspension in the proportion of 2.0%.
Yhirty-two strains of bacteria wvere tested against
arachis oil and humanvf.t similteneously snd found to
have the éamé effeet on both. Human f£at was then
replaced by horse fat which is more similar in
composition to human fat than thet of eny other mammal
obtainable. Figurés fof;comparison of the fat composition,

from Hilditch (1947) are given in Teble II.
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Toble IT

Typical Component Acids (Weisht ¢) of Denot Fats of

Different Classes of Animals (Hilditch, 1947) . 105)

- Depot fat ~ Iodine

Seturated Acids Wha0

Unsaturated acids Wt.%

Ho. -014!016 plB 0329 ?otal 016%018101§§§§31020-22 otal
orse |Abdominsl | 8247 | - |28.0 5.0 |= | 35.0 | - [50.0 13.0 | -  63.0
x Peri- 45.2 |3.0/29.2 21.0/0.4 53.6 [2.7/41.7 1.8 (0.2 45.8

nephric : i : ! §
man ? 6704 509; 2500 5-8 "'. 6.745-4 ; 8.2 i1.8
! : ‘ %5.1 5 - . 64.6
? 6849 |27, 24.0 8.4 5404649 10.2 2.5 |

Horse fat was oblained from a retail dealer,

cut into small pieces and heated gently in a beaker in

an oven, the temperature of which was kept below 100°C.

The molten fat was poured off =nd tie tissue residue

compressed inside a square of gsuze to force out the

remaining fat.

The extr:cted fat was stored in small

volumes in Universal containers in the refrigerator.

Bacteria were found to have a similar action on horse

fat to that on the other fats tested,

It wis hoped to use pure triglycerides as well

a8 natural foets, but difficulty in obtaining these

prevented this investigation.

(2) Serum Pat, N.B.S. Agar.

This medium was used to replsce inspissated
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serun, owing td the disadvantages of the latter mentioned
above, when & good‘growth of delicatély growing organisms
wags required. The=forﬁula given below is the finel result
of many—variations in the proportions of the constituents
and it has bheen found to givé‘very satisfactory results.
Several susﬁending agents were tested in prepaiing the fat
emulsion, .Gum Tragacanth.(0.25%), absoluie dlcohol, acetone
and a solqtion}(lo.oﬁ) of Tween 80 (polyoxyethylene sorbiten
monocleate) were sll tried before the mechanical. emulsifier
was obtained. ‘This‘was a.hand—driven domestic modél,
menufactured by British Imulsifiers Limited, ond designated
"Cream Maker, Fmpire Series". The emulsion was prepared
as follows:

lelted horse fot 4.0 ml.
lielted aqueous agar, 6.0% 3.0 ml.
Boiling distilled water 17.0 ml.

These were passed through the machine and more hot distilled
water added gradually, up ©o 2 tobsl of 93.0 ml. 4 very
fine stable emulsion formed, and'was-steriliéed in freé
steam for ten minutes. <The emﬁlsibn was reheated
imediately before use, éhd the Qediﬁm wés prepared as
follovs: _ , | |

Beef infusion agar 7! 92.0 ml.

Fat emulsion | 7.5 mls
Horse serum 20.0 %
Nile Blue sulphate . 1.5 nl.

The final concentration of fat in this medium

was 0.3%. Plates were poured so that a Petri-dish
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(dismeter 7.0 cm.) contained approximately 25.0 ml.,
which wus found to give the optimum thickness. Plates
were dried thoroughly for‘one‘hour‘before'use. This
medium had the following sdvantages:

(i) it supported growth well;
(ii) it had a matt surface;
(1ii) it hed a pale greenish~brown colour when first
prepesred, which faded to buff during incubation;
(iv) i% showed relétively little variation from one
batch to another; ‘ ‘ '
(v) it was very easily prepared.

Lipolytic organisms growing on this gave the
typical apnearance characterlsed by blue colonles

surrounded by a zone of colour or clearing.

(3) Butrient Fat N.B.S. agor..

This medium was used in many;expefiments and
gave satisfactory results with practiéﬁily'all organisms
tested. It was prepared from the fofmulé givén for
geruin fat N.B.S. agar in (2) above, omitting the horse
serum. The appearance of orgsnisms growing on this
medium was very similar to that on medium (2), and is

jllustrated in Plate I.

(4) Nutrient Fat Agar.

In this wmedium both horse serum and Nile Blue
‘suiphate were omitted. It was developed to avoid the

posgible toxic effect of Nile Blue sulphate on the growth
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of some organisng. This, howover, did nol prove 4o be-

an important concidersticon, as whén the nedis were used

in pareallel, comparable results yere neorly always obtained.
fhe degree 0 lipelysis wao indlented solely by the extent
of elesrineg, which wos generslly more m: rked then in the
fefede=containing medin. The spuesrances are illustrated

in Plete 11, asmd Plate 111,

(5) Fluid redia

Muid vedia were tried oul and were found to
have two uisadvantoges:
i) the di.fficully of kecping the fat in suspension.

ii) the very poor colour eflfecta ob vinede

The ~edium was prepared in teat-tubes. lhe
bosisg was 10.0 nl. of Lab Lemco broth. To each tube was
adied Hile Blue mxlyhuté golution (0.05 ml.) and either
crude % (0.1 nls) or o suspension (0.5 ml. containing
0ol mle fat). The tubes were sutoclioved, ond when cool
inoculated with a 1{);59}31:.1 of o twenty-four hour ngar slope
culture of the orgomisnm to be tested, stoprered with

sterilisod rubber bungs, and incubated Tor foriy-eight

21,

hours at 37%. in a rotating mix
After incubation moat of the fat separated out
on the surface in both series. unly 8 very slight blue
tinting of the surface layer could be seen in some of the
tubes containing otophylococcus gureus ayo; none was seen

in the coliform controls.
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(6) Inorgonic Hediun

For further investigation of the lipolytie
activity of the Staphylococeil, a medium of known
composition was used. A basal solution was prepared

as followss

tiagnesium sulphate)(ﬂgsoq,VHQO) 0.7 gme
Sodium chloride (Wa Cl.) - 1.0 »
simonium chloride (HH401) 4,0
Perrous sulphate (FeSO4,7H20) 4 0,03 »
Buffer solution (KH2P04'M/5)‘ © 30.0 nl.
LI " (Na, PO, 1/5) 320.0
Vistilled vater to » 1,000.0

The solution was divided into portions of
100.0 mi, in serew-cap.ed bottles and ~utoclaved for
ton minutes ot ten pounds prsssure. The reaction was

then pH 7.2. Bacterium coli srow readily in this

nedin when incubated atv 57°C. overnight, The addition
of yeust extract (Gye, 0.5%) ensbled the medium bo
gsupvort the growth of Staphylococei poorly, but if
glucose (0.5%) was added as vell as the yeast extract,
good growth'of Staphylococeci was obiaincd. If fot
eimloion and lile Biue sulphate werc added, known-
lipolytic strains of Staphylococei formed biue colonies,
and, without the dye, dlgar haloes round the coionies.
In seﬁer&l bufches gsodium tuufocholate'(O.S%) was‘added,
hut it did not narkedly increage the clearing effects

(*urner, 1929).

this medium proved useful for organisms which

could grow in the bassdl portion and wns rcserved for
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such strains, while o more complex synbthetic medium was
?

developed for Staphylocoucei.

(7) Bynthetic iiedium for Stapnylococci.

tThis nedium wes used during the second part of
the worke. It was based on the amino acid medium of
Pildes and co-workers (1936) as wodified by .rildes and

Richardson (193%7), and was prepared as follows:
Bagsel Mediumg

Mutrient ‘eisht or Volume, Concentration
in Minal iedium,.

Potassium dihydrogen

vhosphate : B 4.5 pme

Distilled water . 55040 mle

Sodium Hydroxide }/1 26,0 v,

sealanine : 0e12 om. /1,500
g~valine | 0.5 " "
s~-leucine -'0.17 # ' "
s=glycine o Ue05 ¢ "
l-proline D07 " : "
l-oxyproline (not availeble)

s—aspartic acid 0.18 "
d=glutamic acid Ul09 ’ n
gs-phenylalanine 0.08 ¢ 11/4,0G0
l-tyrosine 0.05 ¢ "
d=arginine L -0.05 n
l1-histidine ' Q.05 ¢ _ "
g-lysine hydrochloride 0,09 : n

(s~ denotes the synthetic product).
The amino acids were dissolved, the reaction
adju ted to pH Te4 and the volume brought to 600.0.ml.

‘he solution was then distributed in volumes of 60.0 ml.
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in screw—-capped bottles and sterilised by autoclaving

for ten minutes at ten pounds pressure.

The remaining constituents were prepared and
stored separately, being a&ded agseptically to givé
multiples of 100,0 ml. of complete medium.

. Ferrous ammonium sulphate
(M/500 in M/50 hydrochloric acid, autoclaved) 2.5 ml.
Magnesium sulphate

(1/60, autoclaved) ; 1.0 "
Sodium nitrate

(/5, autoclaved) ' 1.0 »
s-aneurin |

(/2,000 in #/1,000 hydrochloric acid, 2.0 "

autoclaved, diluted 1/100)
gs-nicotinic écid

(11/200, autoclaved, diluted 1/10) 2.0 "
gs-methionine

(1/100, filtered) 2,0 "
1-tryptophane
- (M/100, autoclaved) 1.0 "
l-cystine _

(M/100 in M/10 hydrochloric acid, filtered) 2.0 "
Sodium hydroxide

(1/5, autoclaved) N 1.0 *
Glucose : :

(M/2, f£iltered) | 2.5 "
Distilled water | » | 23,0 "

Fat wes added to the medium in the proportion

of 75.0 ml. of emulsion to the litre of medium, giving
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approximately 0.3% fat. If the medium was to be made
solid, the 23.0 ml. of water was replaced by 23.0 ml.

of 6.0% aqueous agar fibre solution.

The formation of clear zones around colonies
~was the usual indicator of lipolysis on this medium.
When used simultaneously with nutrient fet agar agreement
between results was gdod,‘although lipolytic effects on |
the synthetic medium tended to be fainter than those on

nutrient medium,

(8) Maintenance of Stock Cultures.

All strains of micro-organisms for which
nutrient agar is an adequate medium were maintained on
agar glopes. ~ For more exacting strains blood or serum
media were used, VWhenever possible strains being -
invéstigated were dried for preservation (Stamp, 1947).
Later in the work milk was used in the hope that because
of its fat content it would preserve the lipolytic
activity of some strains which were losing it after
prolonged subculture over nearly three years, bﬁf the
milk was not found to have any such advantage. VWhen
using synthetic medium, stock strains were kept in -
fluid cultures of synthetic medium during the period
of the investigation.
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3) _ SYSTEMATIC INVESTIGATION OF GEMERA

The first two experiments were done on inspissated
serum medium, and 1ater repeated on serum fat N.B.S. agar
(Medium (2)). The organisms tested were a miscellaneous
collectioh of dried stock cultures, including eighty -strains
of the Corynebacteria. . With very few exceptions the
results obtained on serum.fat agar verified those on.
inspissated serum, All subsequent experiments in Part I

were done on serum and nutrient fat N.B.S. agar, (Media

(2) and (3))

In all experiments young cultures, (elghteen to
twenty~four hours), were used, and tested for lipolytie
activity by streaking across;the fat plates. Every
plate was inéculated with é central diametrical streak of
a known lipolytié orgﬁnism, to act as control. The Mayo

strain of Staph. esureus was used at flrst, and later

replaced by a more active strain of Staph, albus from a

throat—swab, and designated "476“. - Stock cultures‘of
Staph. albusg 41 retained their lipolytic activity

undiminished by weekly subculture for almost three years,
when the lipolytic power suddenly ceased and could not be
restored. All organisms being 1nvest1gated were cultured
on two dlfferent‘batches of fat medium, before a definite
result was accepted. lAnaerobic cultures were put up when
necessary. Incubation time was usually forty-eight hours

at 3700. followed by three to seven days at room femperature.
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Preliminary Study of a Few Strains from a Large Number of

Genera.

The organisms included in this test were, with
the exception of the genera Neisseria and Haem0ph11us,
subcultured from dried stock cultures. Although the
numbers of each genus were too small to be statlstlcally
significant, the results were considered as an indication
of thosé géﬁera likely to show lipolytic activity By-this
method. The results are given in Table III.

More detailed Study of Certain Genera.

1) Corynebacterium diphtherise.

These strains were subcultured from the dried
st@te, the gelatin discs melted in broth and subcultured
on to blood=-asgar and Downie plates, and on to inspissated

serum and gserum fat agar. Eighty strains were tested°

C. dightheriae gravis types 42
inter types 18-
mitis types 20

4 proportion of these strains were found to be virulent
as estimated by the intradermsl injection of guinea pigs

(Mackie and McCartney, 1948).

On inspissated serum medium (Part 1. 2,1), four
gravis, five inter and two mitis strains produced colonies
with & blue colour3after forty-eight hours of incubafion,
which faded on continued incubation up to ninety-six hours.
It seemed possible fhat this development of blue colour
might be due to lipase production, but the result was not



Genus No. of Strains Lipolysis
legted Arachis oil ' Human and llorse Fat
Clostridium ‘ 8 - -
Bacillus 7 - | -
Streptococcus -
pyogenes 5 - -

" vyiridans 1 - -

"  faecalis 1 - -

"  pneunoniae 3 - -

"  annerobic 1l + +
Staphylococcus '

aureus 8 L+ +++ in all.
" _salbus > __ + L
Micrococcus 3 ; + + in two
Sarcina N 2 - -
Neisseria - 4 - -
Coliform 12 - -
Salmonella 5 - : -
Shigella 3 - | -
Vibrio 6 - trace
Haemophilus 3 - -
Pasteurella 4 - -
Brucella 3 Colonies pale green in colair;
| 7 due to adsorption of dye.

Chromobacterium 1 - | -
fiycobacterium | 1 S - ; -
Corynebacterium 10 . .+ 4+ in one

._ | | (B. lipolyticum)
Yenst o 1 | - | -
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confirmed using serum fat agar mediuvm. It wvas thercfore
concluded to be a false positive resction, such as hns

been described earlier (Part 1, 1).

Diphtheroids.

One hundred and thirty strains of dried stoek
cultures of diphtherocids, originnlly collcected from
‘routine 1abor&tory plate culturéé, were tosted for”the
production of diffusible lipnse on serum fat ager. The
strains were grouped according to their fermentation
renctions in glucose, sacchmrose and dextrin (tlackie and
iicCartney, 1948). |

C. Xerosis 49 strains

C. hofmenni 26 strains
Other types 5% strains

A1l strains grew well, but none ﬁroduded e diffusible
lipase.

| The negative results observed in this genus
agree with those of eurlier workérs, notably ichaelis

and Hakahara (1923).

2) Bacterium coli.

rany of the organisms ih'this group had becn
igolated from cultures of urine from patiénts with
cystitis, in order to include streins for which fhere is
some evidence of pathogenicity. Somé normal faecal

gtraing were included in the test,

hichaelis and Hakahara (1923) claimed to have
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isolated lipolytic straing of Bact. coli from the fzeces

of breast-fed infants. They used a chemical extraction
method, which probably liberated an endo-enzyme.

Attempts were nmade to determine whether any similar strains
éould produce diffusible lipuse on nutrient fat agar medium.
ilore recent work by laylor, Powell and Wright (1949) showed

thnt specific serological types of Bact. coli are agsociated

with infantile diarrhoea. A number of strains vere,
ther:fore, isolated from the faeces of premature and very
young infants in Hamnersmith Hospital, during and after on
outbreak of infantile diaxrrhoea, dome of these strains
were collected by Dr. D.is Barry and a subculture of the
strain D433 ﬁas kindly given by Dr. Joan Tuyior. Among
the straeins collected by Lr. Barry, sixteen out of sixty-
two were agglutinated by the serun of a rabvbit immunised
against the strain D433, and theréfore were concluded to
belong to the serological type believed to be associated

in sone wusy with infantile diarrhoea.

A1l strains were identified by means of their
fermentation reactions in glucose, lactose, dulcitol,
mannitol, saccharose and salicin and their ability to
produce indole, and give the Nethyl Red and Vosges~Proskauer

Hesctbions.

The streins were tested for the production of
diffusible lipase on serum and hutrient fat egor, with and
without the addition of Nile Blue Sulphate (medim 2, 3 and

4), and on simple inorganic medium (medium 6). No evidence



of diffusible lipnse production was found.

When the straing vere tested in duplicate, one
set of plates being incuboted anaerobically, there wos
again no evidence of lipase production. Cultures of
the Ytaphylococcus control incubated anaerobically were
gimilar to those grown under aerobic conditiong.

The strains of Bact. coli tested were grouped
ag in Teble IV,

Table IV,

Btraing of Coliform Bueilli Tested for Produetion

of Diffusible Lipase.

gource of strain !Ho. of straine| Luctose ' Non-lactose

tested fermenters fermenters.
Cases of cystitis 135 121 ! 14

Faeces of

prenature infents | 88 o 88 ; none
lormal Pfaeces ? 25 { 20 ? 5

3) Salmonella enteritidis.

Subcultures from forty-one strains of Salm.

enteritidis were kindly miven by Dr. ¥. Hayes, and tested

 for lipolytic activity on nutrient fat agar. ihe strains

were as follows:
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valm, enteritidis Jena 8 strains
Danyz 1 strain
Lasen 2 struins

Chaco 30 strains (included 5 originsl
gstrains isolated
from men in the
Chaco war.)

The test was repeated on a sccond batch of medium,
but no evidence of diffusible lipase was fouﬁd in either
test. A8 no claims to have demonstrated diffusible
lipases from the Selmonella have been found, this negotive

result was considered to verify those of =arlier workers.

%a) Saprophytic Gram-neg:ative Bacteria.

Strains of Gram-negntive becilli isolated from
vater were examined to determine whether lipolytic activity
wvas more characteristic of saprophytic Grem-negotive

boeilli, as had been reported by Collins and Hemmer (1934).

& smaple of water was taken from the River
Thawes near Putney Bridge and from this sample twelve
strains of Gram-negative bacteria were isolated. Three
were found to be lipolytic. They were non-lactose
fermenters and biochemically inert when cultured in
fuurteen different sugar wedia and litmus milk and on
gelatin, and the indole, Methyl-Red and Vosges-Proakauer
rcactions were negative. Two of the three strains
utilised Koser's citrate medium. Their optimal temperature

of growth was about 22%.



‘It would appear, therefore, that amongst the
Gram-negative baecilli, diffusible lipase is produced only
by strains which are biochemically relatively inuctive. -
The reverse observation was made among the Staphylococci
studied later (Part II,2). Lipase production may also be
related to the temperature at which optimsl growth occurs,
an aspect which has been studied in much greater detail in

a later section (Part 111).

4) HMycobacterium tuberculosis.

I'or this group serum fat agar sand serum fat
H.B.S. agar media wvere rcinforced with glycerol (5.0%).
The médium was sloped in Universal containers. The
cultures were incubated at 37°C. for four months, being

exanined at two-weekly intervals.

One hundred strains of Myco.tuberculosis, human

type, were collected from cultures on Lowenstein-Jensen
medium, grown from specimens sent to the lsboratory for
routine investigation. Light other strains from

different sources were included in the test.

On serum fat agér, twenty-strains (18.5%),
developed blue~coloured colonies, between the fourth
and eighth week of incubation, and the blue colour
persisted until the cultures were discarded. All blue
colonies were filmed, and the films stained by Ziehl-
Neelsen's method. lione of the one hundred and sixteen
strains tested showed ahy zones of clearing on nutrient

fat agar mediumn. The observations are shown in Table V.
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Table Ve

Fycobacteria Iested for the Production
of Diffusible Lipase.

flo. of strains Source . | Yype | Ho. of strains showing
; ¢ Clzar zones Blue colour.
tegted. :
58 |Sputum | Human | 0 oon
22 | Laryngeal | Human . | 0 | 3
. | swabs '
E ' :
5 ' Pus Humsn 3 | o 1
§ : Bovine 2 - _ ; 0
8 1 Urine Human ] 0 ? 2
T
3 - iGastiric Human H - 0 : 1
cjuice : ' ; )
% —t g
4 | Pleural Hunan 0 g 0
{fluid - o | :
. | , E
1 HeCollaCo | B.C.G. o - 0
— ! 3
1 Stock H 37 | 0 § 0
Humon i : ;
|
B x : | | ,
1 ' stock . H 37 Ra 0 ! 0
: ) | Human g
:j ' !
P | . : L
1 . WsCeTsC. : Baprophyte 0 ! 0
1 . H..D.C. | M, phlei 0 0

Almost all the strains grew well on both media, but
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a few pgrew poorly. Since‘no evidehce of lipase production
was found, s estlmated by clearing of the medium, it was
concluded that the proportion of strains developing blue
colonies were giving felse positive results, such as have

- been described carlier. (Part 1, 1)..

5) Clostridium welchii.

Cl. welchii was more extensively studied than

any other species in this gfoup, because of its ability

to produce lecithinuse, to which it secned lipolytic
activity might be related. ive strains wvere obtained
from dried stock cultures, one of vhich was designated
6719, =nd wes known to be highly toxigenic ond lethal to
robbits. Sixty-nine strains were isoleted from gpecimens

of faeces, end identified as Cl. welchii by their colony

formation, the p%oduction of a'"stormyvclot" in litmus
milk, and the ilngler reaction (llagler, 193%9; Hayward, 1941,
1943). TFilms wére nade of doubtful strains. Single
strains of several other species of the Clostridia were

also tested. The observations were as in Table VI,

Further tests were carried out to confirm that

Cl. welchii did not produce a diffusibie lipase, 'The

medium was modified by

I) heating the,hprse serum before adding it to the medium,
and replacing it by Fildes' extract;

2) varying the omount of dye;

3) varying the pH.

No positive results were obtained.
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Table V1
Clostridia Tested for the Production of Diffusible Lipase

on hutrient Fat Agar

Species TSource "No. Of Stormy ! Nagler  |Lipolysis
s Strains clot  reaction ‘
Cl. welchii - Stock 5 + + | -
Cl. welchii ' Facces 59 4 + =%
Unidentified : Faeces 10 - o+ - -
Clogtridia i
. |
Cl. oedematiens | Stock 1 / / FW
« . I
Cl. Oedemstiens : Government Research : 1 / / -
Albiston  vaboratory, Porton
Cl. botulinum Stock 1 / / .
Cl. botulinum Government Resesrch 1 / / +++
Type A. 4587 Laboratory, Porton
Type B, BEANS Government Research & 1 / / +4+4
: Laboratory, Porton _
Type B, OKRA n "1 / / -+
Type B, NANAINO " L A | / / -
Cl. histolyticum ; Stock i 1 / / -
| ; | — A
Cl. tetani ¢ Stock ; 1 y / -
%
Cl. septique Jtock 1 / / ; -
i : }
Cl. tctenomorphum Routine laboratory 1 / / 5 -
Staph. albus 476 Control 1 / / b

* Abnormal greenish-yellow colour in 58 strains.

the mediume.

No coloured zone in

The appearance of these colonies was somewhat similar to thot observed
with strains of Brucella (Lable 1I1I. p. 64a), which were reported as
false positives, and described earlier (Part 1,1).



Attempts were next made to produce diffusible

lipase from these strains by growing under different

~conditions, namely in a fluid medium such as Robertson's

cooked meat medium. Forty-eight hour cultures were
centrifuged, and the supernatant fluid distributed into
porcelain cylinders embedded in nutrient fat agar. Mo

élearing'of the medium appeared round the cylinders.

6) Hiscellancous Ananerobes.

J-K Nagal
Buccal
Throat
Cenvical

Vag iwal,

A search was made for enaerobic lipolytic
bacteria, by rubbing various swabé*across the surface of
fat agar plates in a single streak. The plates
were incubated at 3700. for forty-eight hours, and kept
at room temperature for five days théreafter, and exomined
for colonies coloured blue or surrounded by a blue zone.
A1l such ¢olonics were subcultured aerobically, filmed

and clasgifiede.

No lipolytic obligate anaerobes wefe foﬁnd, all
positive colonies proving to be either Staphylococci or
Micrococci;.and in two cases, Gram-negative cocco-bécilli.
Twenty-four 1ipdlytic strains were isolated from a total

ot one hundred and twenty-nine swabs examined.

In addition, six strains of anaerobic Gram-negative

baeilli from abdominal wounds and nine strains of Bacteroides

(kindly given by Dr. G.I.l. Ross), were examined. For the
Bacteroides laked blood (0.5%) was =dded to the medium.

fone of ti:ese organisms was found to have any lipolytic
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aCEAViLY e

T) Gram=_o0sitive CocCle
31t LS

Strains wverc subcultured from stock cultures and
from plate culturss of swabs, sputum, pus, focces, urine nnd
blood culbures. 41l ‘*aphylococci vere tested for the

oduction of coggulase (ilackie and YeCartney, 1948). The
orgenisms were testeu for the produection of diffusible
lipase on ser o and/or mutrient a1t agar, incubated
acrobicnlly at 370“5 for forty—eight hours, ol kept at
room tempx ﬂﬂtarﬂ for severel doyn theﬂuafter. The

obaprvutioms hﬂvp baen grouped in 7T ble Vi,

In this group, and ga“tlcu1q~ly amoﬁg the
Atﬂphylococci, dlfforencos in the dogree of ii;olysia
vere very clearly naricd. zhe effects observed vere
similspy to thoso deseribed in the section on Tﬁrner's work
{(Yart 1, 1),-n§mwly variations in the depth of blue
colour of the colonies cnd in the width of the surrotnding
mone of cloaring. In the mejority of strains testod the
1ipolysis wags Uniform, all colonies on the plate Showing'

imilor snebiviiy.

“yenty-{four und“forﬁyueight hour culture
filtrates of ﬂOVOT&l straing vere cxumined for lipolytic
activity, using the plate and cylinder technigue, but ~11
gave negative rosults.  dhis wvoeg probnbly due to the
period ond other cond:2ivions of grouvth, in view of the

" . frart IV,2?).
positive rosulits to bo dGoOPlbOd in 2 later sceetion.
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table VII

Gram—positive Coceci Tested for the Production of
' Diffusible Lipase.

ol

Orgenisn . 1o. of ‘ No. of strains ‘;No. of strains
: strains ! 1lipolytic. . ‘non~lipolytic.
Tosted.  Coage P0oS. | Coame NoZ. COBZ. P0S,.!00aK. NEE
) ] . : " T
Staph. aureus ‘ " 48 | 39 2 | 5 2
Staph. ©1bus 38 11 18 3 g 6
Staphe citreus 2 -1 0 0 , 1
.
Micrococcus 13 0 10 0 | 3
Sarcina o 1 7] 4 ) 4
Strep. pyogenes 38 [} ] 4 ! 38
Strep. viridans 4 ¢ Xf & A
Strep. faecalis 1 ) 0 g y 4
Strep. pneumoniae | 9 ') B g 1
Hon=-haemolytic : e
streptococei 5 ,6 X‘ ﬁ' )4
% ! ' %
Potel 159 . s1 | =g g 124
flo. tested, Proportion lipolytic
Starh. aureus 48 41 (85.4%)

Staph. albus 38 29 (76.3%)



- 76 =

8) Airborne iiicro-organisns.

4 number of plates which were kept at room
temperature for ﬁeriods of several weeks were found to
have developed‘cqntaminant‘colonies. A total of
thirty-three colonies weré examined. ~ Of these, nineteen
proved to be-fungi, none of which gave a positive result.
Of the fourteen bacterial colonics examined, two were
lipolytic, and both of these proved to be Gram-positive

coccli.



Swimary and Conclusions of Part I.

‘the work reported in this section hag shown
that the production of diffusible exp-lipases is not
characteristic 6f'pathogenic micro-organisms, and is
confined to one or two species only. In these, as for
example the Staphyldcocci, there did ndt appear to be
ony correlation between lipase production and specific
biolog;cal characteristics such as haemblysin ané
coagulase production, since it was demonstrated in a
number of slbug strains and liicrococei, and also in some
coagulase-positive atrains of Staph. aureus, éresumed to
be pathogenic. On the other hand, it was more commonly-
found in strains with morked fermentative ability than
1n>weakly fermentative strains. The reverse appears to
be the case among the Gramsnegative bdcllll, in which
lipolysis was demonstrated only in strains of saprophytic

origin,'showing little or ho fermentative ability.

The techniques employed wvere only suited to
the detectlon of lipases capable of diffusing from the
actively growing cells, this may explain in part the
failure to demonstrate lipolytic activity in some species
which, in the hands of other wérkers, ﬁsing chemical
extraction methods, have given positive resulis. It
iy notewbrthy that only two of these species have given
what have been referred to as "false positive regults®,

in which the blue or green colouration produced by the
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action of fatty-acids on the Nile Blue sulphate was very
siiggh"o and con‘finéd to the grbwth; This may be due to
the lipolytie setivity of enzymes-bound‘ﬁo the cells,
and libersted ohly to 2 slight extent as the result of

autolysis.



Part II.

FURTHIR 1NVESTIGATION O STAPHYLOCOCCI PRODUCLEG LIPASE

In this section a study wss made of lipuse
production in relation to the other metabolic activities
of Staphylococei, including pigment production, general
biochemical activity, the pgrobable production of
enterotoxin and thc production of haemolysis on blood-
agar plates. InbadditiOn, individuel strains of
lipolytic and non-lipolytic Staphylocécci ﬁere
‘investisated for the presence ofv;utants, and atiempts
were made tO‘develop or increase the number of these
mtants by successive subculbupe in medie with and
without fat. The effects of incorporating fat in sub-
optimzl media on the degrée of growth were utudicd, znd
attempts were made to determine whether any metabolites

were essentiel for lipase production.

Before proceeding with these experiments, a
comparison wes mede of the solid medium technique for
denonstrating lipolysis, vhich had been used previously
and £luid medium techniques. fThese included titrution
of aci&ity produced in fat;containing‘broth, as

described by Trussell and Weed (1937).

1) Comparison of Holid ard ¢luid iedium Yechniques.

The solid medium technique used was that
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described in Part I (7), using nutrient fat sgar. The
fluid medium technique was as follows:

. Beef infusion broth in aliquots of 50,0 ml. was
sterlllsed in conlcul flasks, capacity 250.0 ml. To
half of thnse was added the aqueous agar suspension of
fat already described, to give a finz1 concentratlon of
Oe3 per cent fat. Thébflasks vere inoculatéd ih rairs,
one with fat and one without, with C.1 ml. of a twenty-four
hour infusion broth culture of the organisms to be tested,
and incubated at 37°C in the mechanicel shaker. Trussell
and Weed (1937) found that tWenty4four hours of incubation
in a shaking machine wes sufficient for completion of

lipolysis, bat in the conditions obtaining in this
experiment, forty-eight hours was found to be the optimum

time. ‘ B

| After incubation the flasks were diluted with
an equal volume, 50,0 ml. of distilled water, and the
indicator, 0.5 ml;‘brdmo;thymol blue added to each fiask,:
" The cultures without fat turned green in colour, while
those with fat, in which the fat had been hydrolysed
turned yellowigh, d%ing to increase in acidity following
the liberation of fatty-acids. The cultures with fat in
which"thé ot had not beeh:hydrdlySed, were the same green
colour as the éontrols. ihé cultures showing'hydrolysis
were then tltrated with sodium hydroxide (0.1 i), until

the colour matched that of the controls. Dxamples of the
figures obtained in the titrations and their correlation

with the results on s0lid medium are given in Table VIII.
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iable VIIX

Hicrococcus Lipolysis as indicated :LlpolySlS as indicated
, - on solid medium,. by titretion: millilitres
o ‘ of /10 sodium hvdrox1de
. bt ‘ - 7 5
M7 O Y N ,
o1 . T 2.6
o2 DR gy
s - e T 2
SS_WNMWWM,_“:TWN  , il
105 —;M;ﬁn B . Mhihiimwpu.
141 ot _ mil
Negative 96 - B nil
controls 2 - N '_nil |

It wes found that he rosults of the two
methods, on solid and in iluid med iun ugreed well in
most cases. TWheri the organism was actively lipolytic
both methods seemed fairly sensitive ond equmllj sﬁitaﬁle,
but in cases where the orgenism was only slightly
lipolytic the development'of‘zones of cleariﬁg or of
colour was ore eadlly recognlsed than were ulthi |

" changes in the shade of the 1ndlcator in fluld medlum.-

Tor this reason the use of solid media secmed preferable.

2) Lipuse Froduction in Relation to Pigment Production.
Reference has already been made (Part 1, 7,

Table ¥II), to the fect that 85.4% of aureus otreins



- 8;_?‘-

and T6. 3 % of glbus straing of Ytaphylococci were
lipolytic. The ulbus strains should, howvever, be
divided 1nto Lhose which have a rencral biochemical
sctivity equul to Ln t of aurecug- strqlns, and may be
rerorded as plbug veriants of gureus straings, and thooge
with ﬁeakér powers of fermentation, comprising the |
heterogencous group of white Staphylococci and the so-

called riicrococci.

Twelve strains of Staph. aureus were gselected,

having o high degree of biochemical activity. They
fermented glucose, lactose, saccharose, mannitol, maltose
end glycerol, but notduleitol, inulin, raffinose nor
solicin. They produced seid in litmus millk, 1iquefied
gelatin within gix days and gave a positive Hethyl Red
renction and a variasble Vosges—froskauer reaction. Nine

of these twelve strains (75.0%) were found to be lizolytic.

Six strains of Ytaph. glbus heving @imiln?

»ermentztlon resactions, were tested for lipolytic ectivity,

and of these four (66.6%) were 11polytic.

In the relatively small'number of strains studied,
lipase production would, therefore, appear Lo be unrelated

to xlgment produetlon.

3) Lipoge Production in Relation to Gencral Biochemical Activity

Seven strains of Staph. albus hoving much wesker

ferment:tive a2bility, were compared with the 2lbus strains

in section (2) ambove, Thesc weakly fermenting straing
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fermented glucose cons tantly, 1acfose, saccﬁmrose
and mannitol in a modérafe proporiion of cascs, ond
naltose and.glycerol rarcly. All produced =zeid in
litmus milk;'ahd a few liquefied gelatin and gave
;ositive fiothyl Red énﬁ'Vbsges-Proskauer reactions.
flone of these was found to be lipolytic,

It would oppear, therefore, as has been
suggested from preﬁious work (Pert 1, 7), that

 lipolysis is co..moner among straing of Gram-positive
cocei with 2 high degree of metabolic activity.

4) The lnvestigotion of Some Sirains of Stavhylococeil
Agsociated with Outbreaks of Food=Poisoning for Eipolytic

It is well lmown thut certain strains of
Staphylococci aere able to produce a heat-stable
enterbtoxin, which is responsible for a considerable
prpporﬁion of cases of "toxie" type food poisoning,
(Burnet, 1930; Farish and'01ark, 1932).

. fhe ability to produce enterotoxin has not
been shown to be related to any other biologieal
characteristic of the Staphylococci, althoush Slanetz

(1942) sugpested that enterotoxin amd beta-hacmolysin
night be identical, Woolpert and Dack (1933) hed

concluded thatvcnterotoxin was distinet from the other
toxins of thc Staphylococei. It seemed of interest,
therefore, 1o study the lipolytic activity of strains
of Staphylococci isolated from staphylococcal food-

poisoning material, to determine whether any specific



relationship existed between enterotoxin production
and lipolytic activity.

‘The difficulty of proving the presence of
enterotoxin in culture filtrates, by methods such as
the intraperitoneal injection of kittens, (Dolman,
Yilson and Cockeroft, 193%6; and Davison, Dack and Cary,

1938) and the feeding tests of Jones and Lochhead (19%6)
and Palton (1936), made it necessary to rely on

presumptive cvidence for its productioﬁ. It was,
therefore, ascumed that, as the orgenisms had been
isolated from material associnted with cases of food-
poisoning, they had produced enterotoxin., It was |
realised, howover, th:t this assumption wag not wholly

justifiable.

Twenty-five strains of Staph. aureus associated

with outbreaks of food-pdisoning were kindly supplied by
Dre RefeOe Williems of the Central Public Health Laboratory,
Colindale, London, and by Dr. J. darks of the Public Health
' Laboratory, Cardiff. Althoush strains of Staph. albus

have been claimed to produce enterotoxin, (Stirtar and
Jordan, 193%5), no albus strains were included in this

test.

These strains were tested for the production
of diffusible lipase, along with an equal number of
strains of comparable biochemical activity from routine
pathological sources, and from samples of inocucus |
foodstuffs, isolated by the method of Masitland and

Hartyn (1948), using cooked meat medium containing
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10.0 per cent sodium chloride. .Lipuse produection on
solid mediunm was verified by the titration method
described in Part II, 1. The biochemical activity of
all strains wos tested as described in Part IL, 2, using
glucose, lactose, saccharose, mannitol, maltose and
glycerol.

All the strains associated With food=-poisoning
were found to be actively lipolytic, while only twelve
of thosc of compurable fermentative ability from
inocuous foodstuffs were lipolytic. But, as necarly all
the control stfains obtained from other pathological
material, hving a similar high degree of biochemical
activity, werc also lipolytic, no deduction could bve
made as to any specific relationship between lipase and

enterotoxin production.

A comparison of the two groups of organisms

from pathological material is set out in Table IX.
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Table X,

Comparison of the Lipolytic Activity of staphylococci
I'rom Outbresks of Food Poisoning with that of Yimilar
Strains Isolated from Routine Pathologicel Specimens.

 nege tive)

Source of %Ho. of [No. of 0. .0Ff Noe. Ho. Lo
Staphylococel | strains sugars  strains |producing|liquefying:haemolytic
tested fermented lipolytic|cosgulose|gelatin on blood-
agar.
Food=poisoning , ;
- material 25 6 : 25 25 25 25
1 " . _
Pathological 20 | 6 L 19 20 20 9
specimens (coagulose - | §
: pogitive) ! g
JPERERETE ; |
i 1
5 6 1 5 o 2
(001gulose {




5) The Relsationship Between Lipase Production and Haemolysis
- On Blood-Agar Pisnteg:—~ The Posgible Interreclationship of

Lipase and Haemolysin

- The lysls of red blood corpuscles of dlffcrent
animal sPecies can br brought about by many substances
of differént Cheﬁicai‘stfucthre; ‘These vary from simple
»‘molccules such as phenol, to the complex molecules of b
vegetqble alkdloids, animal poisons such as snake venom
and the bacterial toxins, but in all cases, the appearance
of the resulting heemolysis is the same. In view of this
variety in chemical structure, it seems possible thet many
substances produced by bacteria might be atlk to lyse red
blood corpuscles, in addition to the specific subsiences
called éggmq}ygins. It wésisuggested by Williams and
Harper (1947) that lipase is associated with the delta=
neenolysin of Staphylococei. Zhe 1ipid content of human,
bovine, shecp snd equine red blood corpuscles has been
demonstrated to be similar by a group of workers (trickson,
Williams, Bernétein, Arvin, Jones and iacy, 19%8) and shown
to consist of phospholipid 60.0 per cent (50.0% cephalin),
free chulesterol 30.0 per cent and cholesterol csters and
neutral fat 10.0 per cent. If lipsse does produce
haemolysis by breaking down the lipids in the red cell
envelcpe, "then 1ipolytic strains could be expected to be

consistently haemolytic.

Parallel tests for haemolysin production on

blood asgar plates and lipase production on nutrient fat

agar were, thercfore, carried out to test this hypothesis.
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"It was found that nineteen out of seventy-two

1ipolytic strains of Staphylococei were non-hacmolytic,
vhich suggested thet lipase is not concerned in bringing
-about lysis of red blood cells in normal circumstances.
- It is possible, however, that lipase might produce
haemolysis in abnormal circumstances, in which excess
of fat is present in the biood-~agor plate, by indirect
méans, that is, as the result of free fatt /-acids
~roduced laking the red blood cells. ' This posgibility
was tested: by carrying out parallel tests for the
development of zones of haemolysis on blood-~agar plates,
ond on blood-agar plates containing fat (0.3%), with
seventy~two lipolytic strains of Staphylococci. Two
out of fifty-three strains were found to produce beta-
haecmolysis on fotecontaining plates, but not on ordinary
blood~s2gar. = This suggested that when fat is present,
lipolytic but ordinarily non~hacmolytic strains may

- produce a haemolytic zone, probably due to lysis of the
red blood cells by the free fatty-acids liberated,

(as was put forward by Christie and Graydon, 1941).

This zone of;haemolysig is in no way different from

that produced on fat-free blood—agar.

6) The Occurrence of Mutants in Llpollec and_Non-—
Lipolytic Straing of btaphylococci.

The existence of lipolytic mutants in
apparently non—lipolytié strains and vice~versa, was

investigated.



(i) Demonstration of mutants by plate culture method.

Strains were examined for the presence of
lipolytic and non-lipolytic variants by growing for
twenty-four hours in infusion broth, with and without -
fat, and plating out to obtain éingle colonies. (This
was done by ailuting‘the culture and delivering drops
of + x 1/108 dilution on to the surface of nutrient fat
agar plates, by means of a "50" dropping pipette) .
After incubation at 37°C. for forty-eight hours, the
plates were examined for mutant colonies. When these
vere fouhﬂ, they were subcultured through fluid medium -
to nutrient fat agar plates, to determine whether the
variation would remain constant throughout subsequent

subcultures.
Four strains were investigated, two of which

were iipolytic, Staph. albugs 29 and 476, and two none
lipolytic, Staph. slbus 59 and 96.

The two lipolytic strains were found to
remain consistently lipolytic, all colonies appearing
t0 have the same degree of lipoclastic activity.
Single colonies subcultured throush proth, with and
without fat, and back to nutrient fat ager, remained

fully lipolytic through ten subcultures.

The two non-lipolytic stirains produced a small

number of lipolytic variants. Staph. albus 59 produced

2 variants in 23,00Q colonies, one grown in nutrient

- broth with fat, the other in nutrient broth without fat.



Both of these produced golden pigment and retained their
lipolytic activity unimpaired during transfer through
five subcultures. Staph. albus 96 produced 3 lipolytic

variants among 59 000 colonies, one from a culture in
nutrient broth with fat, and two from cultures 1n nutrient
broth without fat. COnly one of these variants produced
golden pigﬁent. \Its sugar fermentation rezctions were
the éame as those of the original strain.  All thrge
variants retaincd their }ipolytic power unsltered

through five successivé subcultures, of each of which

epproximately one thousand colonies were examined.

It would thus appear on the basis of the
examination of a very limited number of str-ins, that
lipolytic strains are more stable, and do not produce

mutants with the seme ease as non-lipolytic strains,

(ii) Selection of mutants by "tr11n1np" by a tube cultvre
method. :

Attempts 'were made to develop or incrcase the
frequency of mutants by prolon ged subculture in media with or
without fat. One strain ir which no mutents hod been
observedvin the'previous experiment (i), was used,
namely the lipolytic strain Staph. albus 476, and the
non-lipolytic strain Staph. albus 23. In addition the

two non~lipolytic strains of Staph. albus 59 and 96, which

had been shown to possess rare lipolytic mutants, were

sublsitted to the same procedure.
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Full strength inorganic medium was used for
this test. A duplicate‘series of test-tubes of medium,
one of which contained 0.3 per cent fat, was vsed for
each strain tested. Subcultures were made daily ond
every sixth subculture was plated out on nutrient fat
agar and the coloniee cbgserved for lipolysis.

The lipolytic strain Stagg.‘albﬁs 475'continued
to produce fully 1ipolytic‘eolonies thfoﬁgh fifty-five
subcultures in synthetic;medium‘contaihing fat. In
the»medium without f£=t, the‘same'reeult was obtained
threugh forty-five subcultures. During a further ten
subcultures, however, individual colonies showed an
equal but gradually decreasing degree of lipolysis,
until lipase production finally ceased. ‘The strain
was thereefter.consistently nonylip01ytiq through twelve
subcultures. The last subculture was then inoculated’
beck into':tmedium conteining fat, to determine if the
pfocess could be reversed, and the power to produce
11polytlc colonies restored, but after seventy—two
subcultures the organlsm wasg stlll completely nonsllpolytlc.
This loss of 1ipolyt1c wctxv1ty would appear to be due
to a different mechanlsm from.that brought about by the

gelection of mutants.'

Staphe. slbus 23 was pa eed through thlrty

subcultures w1thout showing any evidence of the

development of 11polyt1c colonles.

There is no evidence, therefore, from experimnts
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with these two strains, thwt mutant colonies can be
developed by subculture uhen they are not evident in

the parent culture.

~ On the other hand, after subculturing the
non—llpolytic Stagh. albus 59 through twenty—six
subcultures in medlum containing fat, 100.0 per cent
lipolytic colonies were produced on plating out, After
a further seven subcultures in fat-confaining mediﬁm;
the lipolytic activity of individﬁal colonies was
maximal; This lipolytic mutant wes then subcultured
into medium containing no fat, to determine whether non-
lipolytic matants would be produced. There was no
change after elghteen subcultures, ‘but after a further
twelve subcultures, lipolytlc activ1ty, although ‘similar
in individual colonies, showed some decrease, and was

entirely aboent by the fortieth subculture.

Staph. albus 96, the other straln whlch showed

rare 11polytic mutants 1n the parent culture, was
submitted 1o the same procedure, but in this case the
development of a Tully lipolytic culture wss not brought
about, although the proceés was continued throush

seventy-one cultures.

The first series of experiments showed thet,
among the very iimited number of strains studied,
lipolytic strains of Ytaphylococci may be more stable
than non-lipolytic ones. No>non;lipolytic variants

were found in the two lipolytic strains, but the non-



- 93~

lipolytic strains were found to produce relatively

rare lipolytic mutantsg.

The second series showed that these rare
lipolytic mutents could be increased in number as the
resglt of subculture in fat—contaiﬁing media; until the
culture appeared to be fully 1ipolyt;ci- a process of
selection discussed by Dubos (1940).- Lipolytic and
non-lipolytic strains which appear to haﬁe no matants
in the parent culture could not, howevér, be induced
to prodgbe eny by this method. Lipolytic strains .
subcultured for relatively ioqg periods (eighteen to
thirty-six subcultures) in medium without fat, underwent

a gradual loss of lipolytic activity.

7) The Effect of the Addition of Mot to Diluted Medium
on_the Growth of Stephylococei.,

These experiments were based on the expectation
that, when growing in deficient‘médium, organisms which
do not normally act upoﬁ fat might be induced to utilise
it as a source of fermentable 6érbohydrate. ihe first
experiments were donelby,growing;the'test organisﬁs'in
infusion broth diluted 1 in 10 with distilled water. To
half of these tubes fut suspension was added to give a
final concentration of 0.3 per cent fat. Jihe orgenisms
were subcultured daily through both series/tubes,-with
and without fat, in parallel, and opzcity estimations

carried out, along with viable counts on agar plates, made
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by the dilution method. This latter technique was
introduced owing to the difficulty of estimating
differences in opacity, bvecause of the slight turbidity
in the nedium caused by the fat.

No differeﬁce'was'obserVed in the density of
growth in cultures with and without fat, the growth in
all cases being equally profuse. Likewise, no

gsignificant difference in viable counts was found.

When the test was repeated using a 1 in 10
dllution of qynthetic medium, a simllar result was

_obtalned.

lt was apparent, therefore, thot fat dld not
help the growth of elther the 11polytic or the non-

lipolytic stralns uestea
L B B |
8) The liffect of Varying the Constituents of Synthetic

Nedium»on,Growth and Lipase Production.

Thls experiment was d391gned to determlne
which, if any, of the constltuents of synthetic medium
vere essentlal for the production of llpase. The medium
uped was based on that of Flldes and Richardson (1937),
Part I, 2, 6e Since a great number of verlqtions
would be possible in an aqueous medium with twenty-four
constitﬁehts; the experiments were qarfied out in two.
groups. Ih the first, the basal “part of the mééium _
was unaltered,‘ and the addltional amino-acids omitted

in turn. In the second group, the basal part of the
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cedivn wvas nodified, and the additionsl emino--acids
adided op for the conpleto mnedivnm. In all mocifications
the total volure ragulred was mede vp by the addition of

dictilled wter.

It wag found by prelimincry oxperivents thot
a nurbor of strains vould still ST0W Cven ulthomﬁh
gevernl constituents wvere omitted si{ﬁuitemeously.
supporting cvidence vag providec“l by ;;ﬁum;ollé (1L937),
that sbophylococei grow ol produce enterotoxin iﬁ
synthetic media in which the number of Emino=neids
' provent voriced from bwo 10 s;i..iteen, provided that ¢glucose
weg prosest s a sonwree of crrbohydrites  the two amino-
aelds which proved adequate were nmvinine ond cyntine.
In view of this evidence, and becau...:é thocy were SO
actively lipolybtic, three enterotoxic strains of IDiaph.
aureug were used as besb organisms for this experiment.
in the Lirvst group of oxy erimenf{;s the basal part of the
mediun wvag proparod ag for the caﬁxg;le‘bé} edium, ond
distributed in 0LULO mle guantitico. The ecoix tituents
to be added wore digsolved in this and the volune nude
up 0 L0064 mle with distilled watere  whe noedium woas
then divided into iwo porbtiong Yo one of whien fub
suspension wag edded to a final concentrition of 0.3
ver cend, and tests were carriczd out in porsllel. This
was aone to find out vhether, in the absence of ony
snecii’ic amino-acid, Prig night have a growvth-promoting

effect. dmall volumes were withdrawm Trom sach bateh
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of moditfied medium to test for growth in fluid medium,
then aqueous ogar vag cdded. FPlates were poured énd‘
dried thoroushly before inoculation. They were

incubsted at 3700; for one week, and examined daily.

A1l these modified media except one, showed
8004 grdwth and lipolysis as indicated by zones of
cleafing, after geventy~two hours of incubation.  The
excepﬁion vas that lackinﬁ'aneurin;'and it seemed that
aneurin misht be an essential mutrient. Corroboration
for this'theofy was prdvided_by fhé evidence“of Peters
and Nelson (1951), that thiamine chloride (smeurin

chloride), was essential for the production of lipase

by Candida lipolytica when growing in synthetic mediw.
However, the essential role of aﬁeurin‘in‘the' |
eiperimental conditions obtaining wés not subSQQuentlyﬁ_
established, although medium lacking only aneuriﬁ‘did '
not support'grdwth of tnese‘Staphylococci well; and the
clearing whiéh appeared sfter five days of incubation

was very slight.

Further alterations in the medium sérved to:
show thatnonly cystine was an essential nutrient for
the prbdﬁction.of,libase by ﬁhgse strains, in the
conditions of the experimsnf. Cystiné was one.ofythe
amino-aéids foﬁnd by Sﬁrgells (1937) to be esseﬁfial

for the production of enterotoxin by Staphylococéi.

'No evidence was found in any of these

experiments that these strains of Staphylococeli could
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“he conclusions drawn from the individusl

exporinents were ag followss

(1)

that go0lid medin are more sermtlve thon £fluid ones

for demongtrating lipolysis, parbtlculsrly with
weakly lipolytic organismg.

that there is no relationship between glment
and lipoge productione.

that lipase occurs more frequently in strains
with o high degree of biochenmical activity.

- thut there is no specific relabionship between
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thet non=lipolybic obreli.ol ooy :ocuce lipolytic
mbants whicin eon be increussed in ununmber by
subcuiture in mediuvm conbaining fat, vhile
lipolytic svrains oay lose their sebivity after
prolonged subculture throush medium without fat,

that Pat has no enhancing effect on tie riowth
oi stophylococel in ailuted or deilicient medium,
that eyotine is the only essential amino-scid
for the. production of Utaphylococcol lipnse.
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rart 111,

A SIUDY OF THE OPPINMAL GROWIH TLIPLRATURES OF

VARIOUS PARASITIC AND SAPROPHY4WIC SPECIIS, IN

RELALION 10 LIPOLYTIC ACTIVITY

The results of the first parts of the

- experimental work carried out in the course of this
‘investigation have shown that the production of diffusible
lipasge is relatively infrequent among perasitic bacteria,
which have an optimel growth temperature around 37 .

It is, however, a property vwhich is more comuon among
micro-organisms which can grow as saprophytes, whether
these be the true saprophytes found in air, soil and
water, or the commensals'and potentially pathogenic
heterotrOphs fourd growlng on varlous commercial products.
From publlshed 11terafure it would appear that lipolytic
activity is largely confined to organisms growing at

. low temperetures, frequentlj those of the range used in
refrigeration, epproximetely -5 to +10°C, (Vickery, 1936).
These obeervetione'sugﬂeeted thet temperature might play
an imnortant role in the development of lipase by
bacteria, and also raised the guestion of whether normally
parasitic bacterla, if they could be cultivated at
temperatures lover then the usuvual renge, wouid produce

lipase at these temperatures, although they did not do
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so when growing at their optinsl temperature of 3708‘

Y0 investigote some of these possibilities,

stroains of Tacteriiue coli which hed been proviously

examined (Part I, 3, 2), vere retested at different

temperatures. JStrains of Iseudomonas pyocyanes isolated

from routine pathological specimens, and saprophytes
isolated from snmples of s0il, water and raw millk,
vere ainilerly testeds The Iiter included strains of
acteriwus, Bseudomonas, hLchronmobirotor, Chromobacterium,
Boeillus, Staphylococcag and Eicrocoécus, all of which
had been foﬁnd by earlier‘workers such as Hendell, Day
and Wolier (1914) ond Jensen amn Urbain.(1936), to be
1ipolytic. The genud Efoteus which wns also shown by
Keﬁdali, Doy and ualker (l914) to be lipolytié s 1ot
houever,uincluaéd in this study, since the spreadins
pFOQEfti&QvOf zny otrains ﬁeuld resuire  aodjustment of
the agar conbent of tho medium, 3hﬁ such adjustment
~ywould introduce a vafiable in the conditions of the

experiment.

srpordimentel fechnione.

Four incubutors were uced at temperatures of
3?00,_3090., 22%. and 8°C, the losest of these being
kept iﬁwﬁﬁe réfrigeration room#y iutrient fat agur
mediun was used for all tests, no speeisl nedium for
saprophytes being introduced. ihe plates were incubated

for ono week at 37 and BOOC.; Yor three wvecks at 22°ﬁ.,
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and for four weeks at 8°C., to ellow for slower growth

at lower temperatures.

The degree of growth of different orgenisms
at varyihg temperatures was estimated by measuring the

diameter of well-separated colonies with dividers.

All orgenisms Were identified as for es
possible by.colony formation and the usual bioghemical

tests,

 Semples of soil were collected by the method
sugzested by Salle (1943), but in this case the
suspensions were prepared in nutrient broth insteed of
water. The supernatant fluid was subcultured on to
nuﬁrient agar, and the plates and bottles of soil
suspenéion incubated at 22°C. Colonies were then
subcultured on to nutrient agaf slopes which were
incubated for three days at 22°C. Some strains
were lost at this stage, as they did not survive

subculture on nutrient nmedium.

Samples of natural water were taken by methods
similar to those of Byre (1930) and Taylor (1942). The
organisms isolated from them were tested in the same way

as those isolated from soil samples.

Samples of raw millk were kindly given by
permission of the Director of the United Dairies Central
Research Laboratofy, hondon. Tach sample was plated

out on nutrient and blood agar, and the plates incubsted
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at 300 and 22°C. for twenty-four hours. Colonies
were then subcultured to agar slopes. They were
tested biochemically and for lipolytic activity as

deseribed above,

Two lipolytic strains of Staphylococcus aureus

were used as positive controls.

2) Organisms Igolated from Routine Pathologicel Material.

i) Strains of Bacterium coli.

Pifty strains of Bact. coli were retested on
matrient fat agar, at the four temperature levels being
studied. Growth was good at all levels, but

progressively slower atgthe'lower temperatures.

No evidence of lipase production was found,
either at the optimal temperature of 37%°C. or at any

of the lower temperatures used.

ii) Strains of Pseudomonas puocyanea.

Ffteen strains of Pseudomonas pyocyanea

isolated from pleural fluids, sputa, urine, pus and
the lungs of experimental rats, were tested for the

production of diffusible lipase.

All strains showed an optimal growth
temperature of 37005 Most strains grew more slowly
at the other temperature levels, three only very

poorly at 8.
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There was no evidence of 1ipolyt1c activity

at any of the temperatures studled.

)Organisms Isolated from 3011, Water and Milk.

i) Soil Bacterias.

Seven samples of soil were culbtured, and from

these the following thirty-five organisms were isolated:

Pgseudomonas pyocyanea T strains
Achromobacter ; 2 strains.
Bacillus subtilis types 14 strains
Bacillus mesentericus types 1 strain
Bacillus anthracoides types 7 strains
Staphylococcus - 1 strain
Mierococcus 2 strains
Corynebacterium 1 strain

All strains except one grew well at all
temperature levels used; but showed optimal growth at
22%. The‘exception'was a strain of Achromobacter

which failed to grow at 8°C,

Three of the thirty-five strains isolated
'showed lipolytic activity, one of which was the sirain
of Achromobactéf which failed to groﬁ at 8°C. This
strain showed a comparable degree of 1ipolysié at 370,
30° and 22°C. The other two lipolytic orgenisms were
strains of Bacillus subtilis, which.showed slight

lipolytic activity at 30°C, that is, above the temperature
optimal for growth, but not at the other temperatures of

incubation.
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i1) Water Bacteria

| Sixty-eight organisms were isolated from
twelve samples of water from rivers and ponds. These

strains were as follows:

Bacterium coli ‘ "% gtrains:
Bacterium lactis aerogenes 2 strains
Pseudomonsasg ocyanea 1% strains
Achromobacter species 6 strains
Chromobacterium species 9 strains
Bacillus subtilis 8 strains
cillus anthracoides 3 strains
Staphylococcus albus 4 strains
tlicrococei , ' 1% strains
Corynebacterium species 5 strains
Yeast : 2 strains
63 strains

All but six of the gixty-eight atrains grew
weli'atrthe four.temperéture levels used. - The six
exceptions failed to grow at 37%., The optimal -
temperature in all cases was 22°C., but in most cases

growth was equally good at 3090.

Ten of the sixty-eight strains showed lipolytie
activity at one or more of the temperatures of
incubation, most frequently at the optimal temperature
for growth. .- Two strains of Pseudomonas pyocyanea which
showed lipolytic activity only at 3700., had been
isolated from'a pond at the controlled temperature of
85°F, (29.5°C.). - The observations made on these ten

lipolytiec strains are shown in Table X.
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Table X.

Growth and Lipolytic Activity of Bacteria

‘Isolated from lWater

a1

Organism Temﬁerature at which . Temperature at which
growth took place i lipolysis was 2prLaRs
Pseudomonas pyocyanea 80; 220; 3000. 2200. only
Pseudomonas pyocyanes 411 four 3700.'only
Pseudomonas pyocyanea A1l four 3700. only
Aghromobacter All four 30°C. only
Chromobacterium o
~prodigeosum All: four i 22°C. only
Chromobacterium o
-ochraceum All fouxr 22°C. only
Staphylococcus albus | All four 22°, 30°, 37°%.,
Micrococcus A1l four 22%., only
Microéodcus A1 four ,"3000 only.
iicrococcus A1l four 122, 30%.
Staphylococcus eureus | e o o |
controls four 1227, 307, 37°C.
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1ii) Milk Bacteria.

| ' Twenty-two samples of raw milk were examined
and from these one hundred and eleven organisms were
igolated. These were identified as in Table XI.
. Table XI
Micro-Organisms Isolated from Samples of Raw Milk

Type of organism Humber isolated.
Bacterium coli types o 14
Bacterium lactis aerogenes ' ‘ 11
Bacteriugffaecalis alkaligenes 1
- Pseudomonas pyocyanea .1
Achromobactéf B et -
Chromobacterium o o 1
Lactobacillus | E 1
Bacillug subtilis -
‘Staphyldcoccus | ”‘; 15
Streptococcus - ! 10
Micrococcus o Mﬂﬁffﬁhwﬁﬁm'lr; 21
Sarcina o B
Corynebacterium ‘ R 3

| All strains grew equally well at 37° snd 30°C.,
moderately well at 22°C., and more slowly at 8°C.,‘
Fifteen strains failed to grow at 8°C. The average optimal

temperature for growth wvas found to be 30°¢C,

Twelve of the one hundred and eleven strains were
Tound to be lipolytic. Some details of the lipolytic |

activity of these strains at different temperatures are
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shown in Table X1I,

Table XII

Growth and Lipolytic Activity of Bacteria
-Isolated from Milk,

Organism %Temperature-at which%Temperature at which .

%ggowth took place. f;;pplysis occurred.,

Pseudomonas pyocyanea, | . § o

.two strains o All four | ;8 C.
Pseudomonas pyocyanea All four 220; 30°¢C.
Pseudomonas byocyanea All four 8%, 30°, 37%.
Achromobacter A1l four 22°, 30°, 37°%.
Bacillus subtilis All four . 30°¢C.
Staphylococcus (unpigmented) 22°, %0°, 37°C; 22°, 300, 37°C.
Staphylococcus (unpigmented)|22°%, 30°, 37°%. 309%.
Miecrococcus, two strains All four 300,'3700.
Micrococcus, one stréin All four 23000.
Micrococcus, one strain All four : '§8°, 2290.

Staphylococcus aureus

" controls fAll four '22°, 30°, 37°.



- 108 -

Sunnary of Part I1I.

The majority of the two hundred =nd. eighty-
foﬂr gtrains studied grew over the usunl wide range of

tenpe rature.

| Twenty-two of the gtrains (7.7 per cent) showed
lipblytic activity at one or more of the temperatufes of
inéubation, and iﬂ the majority 6f‘cases, the degree of
lipolysis was comparablé et all temperatures at which
growth occurred. In stréins which showed 1ipoiytic
activity at one temperature only, this temperature was
nearly always'foundvto be the optimal temperature for

grovth.

There was no evidence to show that organisng
‘which gré ordinarily hon—lipolytic £t their optimal
growth temperature, were capable of producing lipase

vhen cultivated at other temperctures.
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Part IV.

THE DEMONSTRATION OF LIPASE IN CULTURE FILTRATES

OF STRAINS OF STAPHYLOCOCCI AND A STUDY OF ITS
IMMUNOLOGICAL ACTIVITY

Strains of Staph. aureus isolated from food-

poisoning material, which hsad produced very marked
lipolysis on nutrient fat agar (Part.II, 4), were
investigated further for their ability to produce

a filterable lipase when grown in suitable conditions.

1) Preperation of Culture Filtrates by a Method Used

for the Production of Staphylococcal Toxins.

The method recommended by Mackie and McCartney
(1948) for the preparation of staphylococcal toxin was
used. Semi-solid agar (0.8%), was mwepared by adding
aqueous agar (6.0%), to nutrient broth which was then
transferred either to glass bottles stoppered with
cotton-wool, or to small conical flasks, in volumes of
25.0 ml. This volume was selected to give the maximum
surface area to the culture. Fach container was
inoculated with 5.0 ml. of a twenty-four hour broth
culture of the orgenism to be tested. The cultures
were incubated at 37°C., in an atmosphere of 25.0 per
cent carbon dioxide, for three days. A buffered peptone
broth was prepared by adding peptone to.the broth used

in the semi-solid agar, to rzsise the concentration to



- 110 -

approximately 4.0 per cent, (usually 3.0 gm. of

peptone were added for every 100.0. ml. of broth),

and mixing this peptone broth with an equal volume

of a one-fifteenthimolar solution of potassium
dihydrogen phosphate. The buffered peptone broth

was added to‘each culture in the proportion of 5.0 ml.

to 25.0 ml, semi-golid agar, and the cultures reincubated
as before, for a further three days.

The cultures‘were harvested oy filtering
first through filter paper to remove the semi-solid
agar, and then through Chamberland filter candles.
Seitz filters were not used because of their tendency
‘ to adsorb some of the toxin (Topley and Wilson, 1946),
although they were used without apparent loss of ‘
activity by Burnet (193%0) and Parish and Clark (1942).

Several different media were used for the
preparation of the oultures, and Varying periodl of
incubation were tried out., These will be described

in section'3 below.

2) Testing of Culture Filtrates for Lipase.

Three techniques were used to estimate the
lipolytic activity of the filtrates; a test-tube
method using semi-golid agar, the platc end cylinder
method and the drop method.

. (1) “he Test-—tube lMethod.

This method.utilised semi—solid agar, Qith
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and without the addition of Nile Blue sulphate.
The filtrate was layered over the surface of the
semi-solid agear, and the tubes were incubated at

37°C. for periods up to ninety-six hours.

A positive result was indicated by the
formation of a clear blue band between 1/8 and 1/4 inch
below the 'surface of the médiﬁm, with a narrow'cleaf'
band immediately below and sbove it. The results
were optimal after forty-eight hours of incubation.
‘then the tubes were kept at foom temperature for a
week or longer, diffusionvcontinued and the blue_baﬁd
spread downwards, forming a series of separate rings.
The rcason for this phenomenon was unknown. When dye
was omitted from the medium, clear bands replaced the
blue ones, but as these were much 1ess-distinct, the
dye was used in all subsequent tests. ‘The controls

were heavy living suspensions of a lipolytic strain

of Staphs cureus and of the non-lipolytic Bact. coli
D 433, and one of the filtrates heated to 100°C. for -

forty-five minutes.

This technique’had one serious disadvantage
due to the fact that some batches of the medium did
';ﬁot decolourise during incubation, but remained green.
A sharp differeﬁ%iatiOn between the blue band:
characteristicvdf'a positive result, and the remainder
of the nedium was therefore not obtained. Other batches

were partly decolourised when first removed from the
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incubator, but rapidly regainéd their green colour
from the surface downwards, when left on the bench

at room temperature for thirty minutes or longer.

This reversible 10ss of the green colour of the medium
was considered to be due to the formation of the
colourless leuco~base of the de, and subseqﬁent
're-oxidation to the coloured form by atmospheric

oxXygen.
Several variations in technique were
introduced in én effort to eatablish a stable

decolourised form of this medium.

Concentration of the semi-solid nutrient fat agar.

The -concentration of agar in the semi-solid
nutrient fat agar was varied over the range 0.2 to
2.0 per cent, and 2.0 ml. filtrate layered over .
10.0 ml. medium. The optimum concentration was

found to be 0.4 per cent agar.‘,

Concentration of dye solution.

The usual agueous solution (0.1%) Nile
Blue sulphate ﬁas»used, 1.0y 1.5 and 2.0 ﬁl. being
added to 100.0'ml.'semi-solid nutrient f=t agar.
The optimuﬁ‘concentration‘ was‘fouhd to bé'the Sane
as that used in all plates, that is, 1.5 ml. per
100.0.m1. medium.

Addition of Sodium thioplycollate to the medium.

Sodium thioglycollate vas added to the
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semi=-golid nutrient fnt agar to establish roducing
conditions vhich, it was thouzht, might bring sbout
greuter decolourisation of ﬁhé mediunm. Varying
concertrations over the range 0.1 to 1.0 per cent
wore tested. 41l rendered the medium yellowishe
greeh during incubation, except at the ourface layer
vhich remainsd green, but on removal from the
incubator, the greén colour rea;. eared rapidly from
the surface downwnrds, The sodiunm thioglycollate
pecned to have the effeet of making the blue bnnds

Tormed by lipolytic filtrates less clearly defined.

Addition of sodium taurocholate t0 the mediun.

sodium teurocholate was added torthe medium
(with or without dye), in view of the claims of
Tgrner (1929} and Pgrsky! Ravin, Jacob and Seligmann'
(1951) that it made mediuﬁ'cleared_or rendered blue
by lipase, trangparent. Althoughrauch ef:ectas had
not been observed in eorlier experiments (iart I,
rcproduction of Turner's work), sodium taurocholate
wag now added to the nedium to give final
concentrations of 2 and S per dent. It produced no
enhancing effect, ond wos found to turn the nedium

very dork brown in coloure.
Yrom the results of these'experiménts it
was concluded that sufficient decolourisntion of

nutrient fat agar containing dye, to show clear
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contrasts between positive and nezative results,’could
not be obtained by this layering technique, in which
the medium had to be used in deep columns in test-tubes.
The method was, therefors, abandoned, and attenpts made
to demonstrate lipolytic activity of culture filtrates

‘using yplates.

(ii) The Piate snd Cylinder Hethod.

fhis method wes besed on that of llestley (1944)
for the assay of penicillin. Plates of nutrient agar
containing dye, were prepared and dried for an hour.
Sterile porcelain cylinders were hested in a bunsen flame
and embedded in @he agar. Five cy.inders were placed on |
cach plate, the central position being rcserved for the
control fluid.  The filtrates were transferred to the
cylinders by capillary pipettes. ‘he plates were
incubated at 3790. for varying periods, aqﬁ.during
~incubation the fluid filtered out and diffused through
the medium. ‘The control was a filtrate of a known
lipolytic organism, the activity of the filtrste having

been degtroyed by heating at 100°¢. for forty~five minutes.,.

All filtrates from lipolytic strains produced blue
zoneg round the'cylinders after incubstion for eighteen
hours. As incﬁbotion proceeded u:; to nihety-six hours,
the zonecs enlérged slightly, and concentric rings formed.

On further incubation the zones shrank, and contr:acted

gradually with ageing and deterioration of the medium,.
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The zones produced by soll active filtrates
showed a comparableupattern in their‘conCentric rings,
a ring on a plate corresponding to a band ia the test-tube
method (i) above. The central ring, or area immecdiately
round the cylindér was'deep blue and relatively opaque
and sométimés éhowed precipitatidﬁ resembling the
depoéitioh of fa%ty—acid crystals, eilter ninety-six hours
of incubation. “he ring immediately surrounding this
srea wns clear ond transparent, ususlly violet in colour
but sometimes colourless. In some cases this ring divided
into two, one of which was blue in colour. The third band
was always the‘narrowest and wag clear znd colourless, or
had o pale pinlk tint. somctimes enother poorly-defined,

cclourless band ¢eveloped outside the pinkish one.

The size of the zoneé_produced by diffcfent
filtrates was compared by‘méasuring the diameter of each
concentric ring by means of dividers, tho‘size and intensity
of the zone being taken as an indicntion 6f the potency of
the lipolytic factor in the filtrate, or of its
diffusibility. Tests were set up in duplicate, two
sets of mewsurements being obtained for each filtrate,

If Nile Blue sulphate was omitted from the

mediun, zones of clearing without colour formed but

differentiation into rings was much less distinct.

The effeects are shown in Plates IV and V and

typical examples of measurements of the diameter of
I [ ,
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zones of activity ere given in Table XIll.
ible XIIT

The Lipolytic Activity of the Filtrate of a Culture of
Staph. sureus W3 as Estimsted by the Diesmeter of the
Zone of setivity lessured ot Varying Periocdsg of

Incobation.
Filtrate Bateh of | Growth Colour ! Diemcter of zone or band (mm.)
Hedium | Time of iffeet
' | culture " 24 hrs. 48 hre,. 96 hrs. 120 hrs.
 Digest |6 days Blue | 11.0 11,0 11.5  11.5
aureus W3 | Droth ‘ sone | ) :
. 2 i H i ’
L violet | 13.5 - 14.0  1%.5 . 14.5
pink | - ; :
‘band = 1 18.0 419.0 _..20.0
Control  Dimest | 6 deys nil nil  |nil  nil nil
Broth 1 : ' S T

(iii) The DUrop iethod.

Ihe third method used wes one in which the
cylinder wés‘omitted from the platés, end drops of the
filtrates wvere spotted directly on to the surface of
the medium, from a pipette graduated to delivef fifty
drops pér ml. This method was used only on medivum
contoining Nile Blue sulphate, and the plates were
dried thoroughly'before use. Positive results were

shown by & blue zone in the mediumvhere the drop of
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filtrate had becn absorbed. These zones were
differentinted into concoentric rings (Parf Iv,fﬁi),
similer td those observed when usinz thé plate and

cylinder techniques

Filtretes were titrated for lirolytic cebivity
by diluting in normsl seline over the ronge from neat to
1 in 5,600, The titre of a Tiltrate was teoken =8 thet
dilution which just failed to show differentiation of
fhe’zone into concoentric rvnﬂs, after fhe nlnte had b@@n
incubated for forty—-eight hours. Thxs end-noint was
nearly elvays somae four to éight tines the lowest -
dilution showing demesﬁrable linolysis. 1in lower
dilutions there wos little voriation in the size of the
zones, but as the dilution approached thc end-point, the
size and intensity of the zones tended to decreanc.
Repeatsed tests showed a variation of one two-fold dilution
in some cayes, ©0 the avernge of triplicﬁte resulls vas

taken as the titre.

“he zones of activity Tormed by linolytic
filtrates tested by this method are shown in the mounted
colour-film photonicrograph ~nd in Plate X. I'::':X:-:mples
of the neasurements of the diamber of zones from culture
filtra%es 0of two lipolytic strains of Staphylococeci after
diffusion for forty-eight hours, are givecn in luble XIIIa.
The activity of two other strnlns of Staphylococei, in

much higher dilutions, is shown in Flate Vi,



MAXIMUM DIAMETER OF ZONES
PRODUCED BY DIFFERENT

™ DILUTIONS OF LIPOLYTIC
O FILTRATES
o,
l'-__um STAPHYLOCOCCUS AUREUS o—e—e
IR o 4 STAPHYLOCOCCUS ALBUS 840-0-0
2
20
.
/
S
§N O 17171

2 4 B 76 37 &4 728 156 300 400 6 554&&5&4«0.{0& ‘
DILUTION OF FILTRATE
Plate VI.

The lipolytic activity of filtrates from a strain of
Staph. aureus aend glbus in high dilutions.

EFrrabum 2 Mt ’ C/\Ith" of  scala l‘h 1'1\1.5 table s o we (o

Hoe (ombinakem of fThe pesults of seveval

c¥pe rlwmenwbs .
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Lable XITi(a)

fleximum Dismeter (nm.) of %ones Formed by Dilutions of

Cultures Miltrates.

Dilution of filtrate.

Filtrate .
O 1/2 1/4 1/8 1/16 1/3%2 1/64 1/128 1/256

Stoph. guroun 20.0° 20,5 20,0 20.0 19,5 16,0 15.0 13.0  12.0

1/512

Staph. 6lbus 16,0 16,0°15.0 14,0 14,5 12.0 11.0 11.0 = -
8 f ; ‘ : , . :

From Table XIV: Titre of Stoph. aureus M-3 is 1/256

Pitre of Staphe. albus 8 is 1/128

The results showed that the plate and cylinder
method of assay was more reliable than the semi-solid

agar one. The drop method, however, gave the most

satisfactory results, and was,therefore, used in subsequent .

experiments.

3) A study of the Optimal Conditions for the Production of

Lipolytic'Culture Mitrates.

Pour experiments were done to determine the

optimel conditions for produecing lipdytic filtrates,

(1) Length of Growth Period. -

The time of incubation of the cultures was

'increased from six to twelve and twénty days, the
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buffered peptone broth being added to the semi-solid agar

after six and ten days respectively.

he zones of activity

of three filtretes of Staph. aureus W 3 are shown in Plate

VII and examples of measurements of the zone diameters are

given in Table X1V,

The Llpolytlc Act1v;ty of Culture liltrates of Staph. aureus

Iable XIV,

5] 3_grown for leferent Periods of Time.

Filtrate Growth time  iledium ‘Colour effect . Diameter of
' of culture _ | zone (mm,).
1 6 days " Digest 'Blue zone 12.0
broth, batch 3 Videt band 15.0
 Pink band , 2245
‘ - r—— % »
Control 6 days Digest broth |Nil : kil
‘ _batch 3 L :
S ; ! E
2 - 12 days ~ Dbigest broth |Blue zone - 11.5
: " bateh 3 . Violet band. : . 2345
_ é . 'flnh band L 245
Control | 12 days ' Digest broth | nil  omil
5 : !b steh % o
! ] i
3 20 days ’Dlgeut broth |Blue zone 16.5
: | batch 3 iVielet band 19.5
EPink band 24 .5
Control 20 days 'Dijgest broth | Hil Nil

“bateh 3

The results of this experiment*showed that no increase in

lipsse production could be brought about by growing the

organisms for a lon-er period of time then that recommended

for the production of staphylococcal toxins.
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The time of growth was then shortened to
twenty~four snd forty-eight hours td/determine whether ‘
lipage would appear in culture filtrates after standing,
as a result of cdnvérsibn’from its precursor if this
were.already present in the filtrate, as was observed
by Elliott (1945; 1950) with streptdcoccal proteinsse.
Reducing'condifions'were'established in the medium by |
adding sodium thioglycollate to give a finel concentration
of 0.1 per cént.' The hydrogen‘ion concentration of the
medium wes varied by adding glucose in final concentrations

of 0.5 snd 1.0 per cent.

Three sets of cultures were prepared, two of
which contained glucose. All were filtered without the
addition of buffered peptone broth, end the pH end
lipolytic ectivity of each was measured. lLach filtrate
wvas then divided into two parts, and sodium thioglycollate
added to onc. lLiech part was then divided sgsin, and one
half‘stored'at 4°C. and the other at room temperatvre for
one week. The filtretes were then reteated for lipolytic
activity;

Only one of three fiitrates tested showed any
lipolytic activity after growth for twenty-four and |
forty~eight hours, and that was very slight, the zones being
small and poorly differentiated. uafter storage for one |
week the activity shown at twenity-four hours had been

lost, while that showing after forty-gight hours was
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retained but not increased. In no cose was activity

~ developed or increased as the result of storsge. A

typical example of the results from one of the filtrates

is given in Yable iV.

Lipolytic Activity of Twenty-four and Forty—~eight Hour

Culture Filtrates.

Filtrate | Time of

heated

: g of PH of Dlaneter of zone of llpoljtlc activity
| culture - glucose filirate, (millimetres)
% added. 1nmedlaue Adter storage ior one week.
i ‘Hiltrote: blltrftﬂ’bllt— Filtre:
; ; + gsod. rate [+ sod.
| _ _thio. ; athio.
Staph. | 24 hrs. nil 8.0 31.5 . mil | nil nil  nil
aureus | 0.5 5.5 1%.5  pil  nil  nil  nil
M3 1 1.0 5.0 nil nil :nll nil nil
|48 hrs. nil 8.0 13.5 15,0 14.0 13.0 |15.0
j 1 1’.0 16 5 16.0 *¥ 116.5
0.5 7.5 '14.0 15,5  17.0 g1 15.0
: | 15.0 0 180 180 18.0
| 1.0 © 6.5 10,0 12,0  mil - nil  19.0
Gontrol 56 days nil 17.0  19.0  18.0  19.0 19.0
M3 ‘ 18.0 121,0 12040 - 21.0 20.0
Control 16 days ‘nil jhiirr“ “Enii  ?nil nil il

The results did not indicate the freec exigtence of

the precursor of the lipase in the filtrate, as demonstrated

by its spontaneous conversion to active 1ipése. Ir,

however, the precursor was present in the filtrate, there
I :

was no evidence that its conversion to active lipase could
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be stimulated either by the reducing conditions
established by ad&ition of sodium thioglycollate, or
by an increase in the hydrogsn ion concentration of

the medium,
(ii) The Production of Filterable Lipase in Different
Batches of Infusion and Digest Bro

A strain of Staph. aureus w 3 was grown in

five different batches of semi-solid agar for six days,
in an atmosphere of 25 per cent carbon dioxide, at‘37°C.
The filtrates were assayed by the plate and cylinder
technique, to determine which medium produced the most

. active filtrate. The inoculum for each culture was

5.0 ml, of a twenty-four hour culture grown in the same

broth as that used to prepare the semi-solid agear,

The semi-solid agar was prepared from the
following batches of broth:

A) beef infusion broth, giving a final pH 7.6 after
growth for 24 hours.

B) beef digest broth giving a flnal pH 8.2 after
growth for 24 hours.

C) beef digest broth glving a final pH 8.0 after
growth for 24 hours.

D) beef digest broth giving a final pH 7.9 after
growth for 24 hours.

E) beef digest broth giving a final pH 7.0 after
growth for 24 hours.

Batches of medium C, D and ¥ were found. to be
satisfactory, growth being equally profuse in all.
Batches A and B gave less potent filtrates. Examples

of measurements of the zones of diffusion produced in



- 12% -

forty-eight hours, by filtratés of Staph. eureus W 3
grown in batches A, B and C, are shown in Teble XVI.
Plate VIIivshows the zones of activity produced by these
filtrates énd by a heated control.

When the tests were repeated, varying the
concentration of Nile Blue sulphate in}the nutrient fat
agar plates from 0.0015 to 0.004 per cent, similér

results were obtained.

Batch C was the medium used in all subsequent
experiments.

Table XVI.

. Lipolytic Aetivity of Culture Filtrates of
S aph. aureus W 3

Grown in Different Batches of iMedium.

. : |

Piltrate. Bateh of medium,  Meximum diameter of zone,

, - (mm) .

Staphe aureus W 3 A 12.0

' B 15.5

C - 21.0

D 18.0

E 20.0

Controls A, B,/C, D, B, nil.

(heated)

(iii) The Production of Lipolytic Filtrates in Large
olunmes of liediume. :

An attempt was made to incresse the volume «f

filtrate produced in each culture. This was done by

groving the organism in 500.0 ml. of semi-solid agar,
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in a conical flask (2~litre capacity), stoppered with a
rubber bung through which a glass tube was fitted. The

flask was inoculated and incubated in the usual WaY «

Repeated attempts showed that the flltrqtes of
bulk cultures had only a small proportion of the activity
which they had when grown'in small volumes of medium. The
zones of activity were faint in colour, poorly defined and
undifferentiated.  An example of the activity of one
filtrate, estimated by measuring the diameter of the
zones of activity is given below.
Filtrate of bulk culture: 6 days, diameter of zone of
- activityeeeceoveees 12,5 mme
12 days, w i " non 3130 mm,e
Filtrate of 25 ml. culture‘ 6 days, diesmeter of zone of
- acthJ.ty..--..o‘--.. 22 0 MQ
12 days v ronwon 2l. 5 mmn .,
From these results 1t was agparent that

satisfactory lipolytic. flltrates could not be. obtained by

culture on a large scale.

(iv) The Lffect of Growi gg Cultures in Absence of barbon
Dioxide on Lipase Production.

Investigotion of the experimental conditions
for the production of haemolysins by Staphylococei, was
made by Burnet (1930), who showed that while carbon
dioxide was.eésential‘during culture for aureus strains,
albus strains and albus variants of aureus'strainé.ébuld
produce haemolysins without the addition of carbon
dioxide, provided that the reaction of the medium was

on the acid side of neutrality. -
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| The effect of these conditions.on the production
of lipase was 1nvest1gated as follows. Digest broth and
seml-solld agar were used simultaneously, the reactlon of
both belng adjusted to PH 6.0 and pH 8.0. The medium was
inoculated and incubated at 37° C. for six days, buffered
peptone broth being added to the semi-solid agar after

three days., The test organisms were‘Staph; aureus W 3
and M 3 and Staph elbus 39 and 84. The cultures were
filtered through Chamberland candles and the filtrates ‘

tested for llpolytic actxvity.

Flltrates of btaph. ureus and albus both
showed some 1ipolytic actiV1ty after culture without
carbon dioxide. In both cases, however, the -Zones - were
smaller, paler in colour and poorly defined, compared
with those formed when the culture was supplied with
carbon dioxide. It was, therefore, concluded that,
although carbon dioxide is not essential for the |
productlon of dlffusible 11pase by Staphylococc1,‘1t
_should be Supplled during culture if the maximal actlvity

is to be obtained,

An example of measurements of the diameter of
. the zones of eetivity of two of the strains studied, is

given in Table XVII.
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Table XVII

Maximum Diameter of the Zone of Lipolytic Activity of
Filtrates from Cultures Grown without Carbon Dioxide.

Organism Medium Reaction of Diameter of zones (mm)

medium (pH)
Staph.  Digest broth 6.0 | 12.0
W % - f L
Semi-solid | 6.0 16.0

agar 8.0 13.0

Control i Semi-~-solid . '
. agar with T8 24.0

: carbon dioxide ,
Heated | nil
Stoph. | Digest broth 6.0 14.5
albus 8.0 15.0
39
Semi-solid 6.0 20.0
agar 8.0 o 14.0 .

Control |Semi-solid %
agar with P T8 204+ 5
corbon dioxide

Heated nil




=127 -

4) Some Physical'Pererties of Stophylococecal Lipase.

(i) Heat Resistance.

The heat stability of staphylococcal lipese
was tested by heating the Tiltrates at different

temperatures for varying periods of time.

‘Filtrates heatedffor short éeriods of time
produced zones of lipolytic asctivity which differed
little from those of unheated filtrates. Illeating for
' longer periods of tine resalted in partlul inactlvbtion
and moalflcetion of tne zZones produced. The zones uf
lipolytic actlvity roduced by heated ;11tr<tes were
usually maximal ter forty-elght hours of 1ncubat10n,
"but occdsionhlly very faint, undeflned blue zones
dGVﬁloped up to ninety-six hours of lncubatlon. These

were dlsregarded for comparatlve nurposes.

The. activity of culture filtratss of four
strains of Stahylococei heated at 56°, 70°, 85° end 100°C.

for varying periods of time, is shown graphically in Plate IX.

~The results indicated that, compared with the
majority of enzymes vhich are totally inactivated at 65°C.
staphylocqcéal lipase is relatively heat stable, when in
golution &t or near pH 8.0, In this respcet, it resembles
crystalline trypsin which in acid solution is not vwholly
destroyed by heating at lOOOC. (Swmer and Myrbaclk, 1950).
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(ii) Stebility of Staphylococcal Lipase on Storase.

The period of time for which a lipolytic
culture filtrate retained its activity was measured by
storing the filtrate at 4°C. and testing at intervals of
several weeks., The tests were made using the plate and

cylinder method of assay, and continued over nine months.

Nineteen filtirates from three strains of Staph.
aureus and five strains 6f Staphe. albus, from cultures

grown in different batches of medium, were studied.

- Thoge from one strain of Staph. aureug and two strains

of Staph. albus lost all theif lipolytic activity during j

the first month of storage, while those from another -

strain of 3taph. aureus lost their activity after storage.

- for four months. The remaining eleven filtrates showed
only a very gradual loss of lipolytic activity, which
was epparent more by loss of differentiation of the

zones produced than by decrease in their size.

Lxemples of the measurements of the zones
‘produced by the filtrates which retained their lipolytic
activity largely undiminished througsh nine months of

storage, are shown in Table XVIIiI.
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Table XVIII

Diameter of Zones of Lipolytic aActivity of Culture Filtrates
of Staphylococci during Storage at 4°C. (mm.)

Culture Filtrate “ Time of storage at 4°C. (days)
o 30 9 150 225 275
Staph. aureus W 3 23.0 24.0  16.0 | 15.0 | 15.0 | 14.5 °
Staph. aureus 18,0 21.0 . 20.0 18.5 | 17.0 | 1640
_ c25 | ‘ |
Staph. albus 8  20.0 © 18.0 | 18.0 | 16.0 | 16.0 | 16.0
Staph. slbus 84 - 17.5 18.0 . 17,5 = 17.0  16.5  17.5

(1ii) The Lipolytic Activity of Fractions Isolated From
| Staghyldcoccq; Filtrates by Means'ofﬁgpeéipitation

with Ammonium Sulphate and Paper Electrophoresis.

Preliminary expériments were carfiéa out in an
attenpt to achieve sepafation and some purification of
the lipase from the crude filtrate by precipltation with
ammonium sulphate (80.0%) and by paper eleetrophoresis,
using techniques recently developed by Strain (1939),
Consden, Gordon and iartin (1941), Dent (1946), Flynn
and de Mayo (1951) and Sophian and Conolly (1952).

Precipitation of the Protein.

Culture filtrates of lipolytic, enterotoxigenic

strains of Staph. aureus were prepared as described in
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Part IV, 1, end mixed with four volumes of saturated
~ammonium sulphate. The precipitate ﬁhich formed was
separated by centrifuging, and washed in saturated
ammonium sulphate solution. The washed precipitate waé
dissolved in water, and thevsoluﬁion tested for lipolytic
activity by the plate and cylinder technique, using 8
control for the ammonium sulphate. The ammonium sulphafe
was then removed from the solution by dialysis agsinst
distilled water. [orty-eight hours were necessary for
the complete removal of the ammoniuﬁ'sulphaté a8 estimated
by the use of Nessler's iteagent. The dialysate was then
tested for lipolytic activity and found to be almost es
active as the wholé filtrate, It was then évaporateé

to dryness over phosphorous pentoxide in a dessiccator.
The precipitste was weighed and the yield found to be
170.0 mgme from 1,000 ml. filtrate. Nearly all the
precipitate (90.07%) redissolved in 3 ml. distilled water.

The lilectrophoretic iApparatus.

The apparatus used consisted of & shallow
perspex tray with two troughs to hold the buffer
solution, sodium burbitnrate pH 8.6. The paper used
was Vhatman's filter paper, No. 1 end 31 (extrabthick).
The thinner'paper proved easier td hahdle and stain, but
the thicker one macerated more easily and therefore
elution of the adsofbed.énaterial was more complete,
karrow strips of the paper were stretched over perspex

rollers between the carbon electrodes with the ends
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dipping into the buffer solution. The electric current
was spplied from a dry battery, and the potential applied

was 120 volté.;

BElectrophoresis

TheAdried'precipitate was dissolved in the
minimum volume of distilled water (3.0 ml.) and & Xnown
volumé'(Oal ml.) was distributed eVehly from a pipette
along & pencilled line drawn acfoss'thelpaper strips,
about six centimetres from the cétthe end. The tray -
was covered with a glass plate and left to stand until
the buffer solutiorn had satursted the peper strips.

The poteﬁtigl was then applied, and meintained for periods

varying from six to sixty hours in different experiments.

The Distribution of Lipase on the Paper Strips.

(a) As Shown by the Elution Method.

Lach peper strip was divided into two parts,
and one part was cut into twelve pieces, the first of
which wes on the cathode side of the pencilled starting
line. Hach of these twelve pieces was put intc 1 ml.
diétilled‘water in a test-tube, macerated with a glass
rod and left at room-temperature for sixteen hours. The
supernatanté were then pipetted off and tested for
lipolytic activity by the plate and cylinder technique.

Some examples of the measurements made are given in Table XiX.

(b) As Shown by §taininq Methods.

The other half of the paper strip was treated by
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various staining methods. These included the ugse of the
ninhydrin action (Abderhalden and Schmidt, 1913) as
modified by Consden and ilartin (1944); Gomori;s method
for the detection of lipase in tissue sectlons (Gomorl,
1944), ‘and the use of alpha-naphthyl acetate and the
diazo reaction (Seligman, 1948) : Thls 1atter method
was the only one Whlch gave moderately successfui results,
all the others being completely unatlsfactory.

This method was modifled from that of Machlas and
- Seligmsn (1948) for the histochemlcal demonstratlon of
esterase. The substrate was‘prgpared byfdissolving A
50.0 mgm. of alpha-naphthyl acétate in 0.5 mi. acefone, and
making the gsolution up to 50.0 ml. with sodlum phosphate
buffer solution, pH T.4, then addlng 50.0 mgm of ortho—
dianisidine. The solution was filtered and immediately
thereafter the strips were immersed in it for three
minutes. During this time, the alphe-naphthol 1iber@teq
by the lipase from the substrate, coupled with the
diazoniun ¢cmpound'and an insoluble purplish-red pigment
appeared on the paper,  When the strips were washed in
distilled water and dried, a dark purplish-red area,
approxinately 8,5,cm,,in length, extended along the paper;
No coloured area appeared if the dislysate wes boiled for

forty-five minutes before electrophoresis.
When the strip of paper was divided, end the

two halves examined for lipolytic activity by different

methods, the coloured area developed on one half
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corresponded to that on the other half showing lipolytic
activity by the eiution method.

Two' other compounds; beta-néphthyl acetate
and alpha-naphthyl laurate, were substituted for alphe-
naphthyl acetate, but neither of these substances gave &

colour reactlion,

-The alpha-naphthyl acetate and alpha-nsphthyl
lourate were kindly given by Dr. A.G.E. Pearsé, and the
beta~naphthyl acetate by Dr. J.C.S. Paterson of the
Postgraduate Medical School of London.
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Table XIX
" Lipolytic activity of Eluates of Precipitated Protein

Material from 3taphylococcal Culture Filtrates, After
Paper Llectrophoresis.

" Position on Intensity of - Diameter of zone of activity after 48 hours.

Paper strip colour of | \ (mm, )
zZone . Strip 1 Btrip 2 @ Btrip 3 I Strip 7

(potential (potential (potential | (potential
applied 6 applied 18 applied 32 . =2pplied 60

! hours) hours); 'hours) ; hours)
-1 nil . nil >{'n11_‘ “‘nil nil
+ 1 ?Very gfﬁg 11.0 _ j 13.5 - 11.0 ? 13.5
2 EIntense blue  11.0 13,0 120 1200
3 Less intense  10.5 12.0 12.0 1 11.0
blue SRE— f —_ —
4 Paler blue  10.0 11,0 11.5 nil
5 Faded blue = nil 10.5 10.5 nil
6 nil -’ -; nil ‘% nil ' é nil ' nil
7 nil i m.l nil | nil
8 nil ‘nil . nil a1 nil
9 nil ni1 i ni1 nil © o na1
10 nil '? nil | % nil ? nil .| nil’
11 nil ' pil ’ nil nil nil
12 nil nil t nil . nil nil
Controls: : E ; , é
Precipitate . L E
- undiluted | Very deepblue #6.0 - 17.5 . 17.5 ' 1645
hegged at  nil nil ‘nil nil - nil

100 °C.
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The protein fraction was found to travel
fairly rapidly »nd to spread half-way along the paper
strips, as estimated by both the elution and the staining

method.

The experiments were not, however, proceeded

- with further, for two ressons. Mirstly, the gtaining of
the material on the paper strips proved technically very
difficult. Secondly, ot that time, no quantitative
method for egtimeting lipsse such a8 that used later
during the production of snti-lipolytic antibodics, had
becn developed. Although the plate and cylinder method
of agsay, developed for undiluted filtrates, was used for
precipitates end eluates also, it was realised that this
method would inevitably givé only = rough approximation
of the.rclative potency of different fr&dtiong of the

filtrates.
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Part Vi

THE PRODUCTION OF ANTI-LIPOLYTIC adTIBODIES IN
RABBITS AGALNGY BTAPHYLOCOCCAL LIPASE, AnD 4o
SUUDY OF THE sNTIGHNIC BPLCIFICINY OF THE LIPASEH

No references hove been found in published
literature fo the production of anti—lipase in Dnimnl
sera, as the result of 1nocu1atlon w1th bacterlal lipase.
Nitzescu and Benetato (1933), however, claim to have ‘
brought about a decrease in the lipolytic activity of the
serum of rabbits by the intravenous injection of three .
increaging doses of an extract of gwine pancreas; They
sugzested that this decrease might be due to the

formation of an anti-lipase,

In the present work attempts have been mde to
nroduce anti-lipese in rabbits, firstly by immunisation
with living cultures of avirulent 1ipoly£ic strains of

Staﬁh.‘albus and secondly by inoculation with filtrates

of these strains and of lipolytic strains of Staph. aureus.
*

* 1) %he Production of Anti-Lipolytic Antibody in Rabbit

e d”t?‘jj' Serun by Immunisastion with living Cultures of Steph. Albus
wWus owsewv . e e

hebween the

anhscvu Pu‘m. cJ
hy ‘higc"”fh ot

Before inoculation samples of serum werc taken

. W from each rabbit and set aside for examination for
”,,q Cta uveg

of allus Shairgitynally occurrlng anti-lipolytic activity.
and I‘o\o propnvu(
{::om I’Ll C““‘V\N-
C Colbrabes SF thece

(hrains digest broth, then diluted 1 in 10 and inoculated

Cultures were grown for twenty-four hours in

intravenously into rabbits in a dosage of 0.1, 0.2, 0.3
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and Oo4 mle, On Successive days, followed by four days
of rest, This procedure was repeated the following
weals ond in twvo subgequent weeks, when undiluted cuitures
wore nsed. Sﬂﬁplas of blood were taken four days after
the lest iimunising dose. inree robbits vere used for
each culbure.

2) he Production of sinti-livpolytic Antibody in Rabbit
Serum by Immunisation with Culture ifiltrates of

Stoph, aurcus snd olbusg.

Filtrates were given on three successive days
in & dosage of O.1l. 0.2 and 0.5 ml. followed by four
“days of rest. This procedure was repeated the following
week, snd in two succeeding weeks when the Jdosage was
increased to 0.5, 0.75 and 1.0 ml. #iltrates of surcus
straing proved too toxic to Le used without troatment
" with formolin. This was, therefore, done usirg the
method of Dolmen and Kitching (1¢35), for the production
of stéphylococcal toxoid. Formslin was édded to the
filtrote to give a finel concentration of 0.15 per cent
end the filtrate incubated at 37°%. pamples were tesﬁed
¢t intervals for their hazemolytic activity zguinst rabbit
erythrocytes,’and:the‘bulk filtrate kept in the incubator
until the undiluted szmple czused no haemolysis of a 0.1
per cenb suspénsion of rabbit eryfhrdcytes in one hour
at 3700. Filtrates were inactivated in this way after a

period varying from one to three weeks.
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Rabbits were then injected intravenously with
the formolised filtrates, in the graded doses, and by the
method given sbove. Lhe series of injoctioné was given
four times, with intervals of obout two weeks between,

bofore the sora wore used in the test to be describede.

3) Titratioﬁ'éf Culture Filtrates for Lipase.
 Filtretes were tltrated for lipolytic activity:
by making doubling ¢ilubions in normal saline, up to 1 in
512, and delivering. drops Sy meens of a 50 ml. dropping
pipette, on to the surface of nutrient fat agar containing
Nile Blue sulphete (0.002%), which had been overdried for
one hour (as'described'iﬁ Paft IV, 2, iii). The platés
were incubated in the usual position at 37°C. for forty-
eight nours. A positive result was shown by a blue zone
in‘the medium where the drop of filtraute had been absorbed.
These zones were differentisted into’ concentric rings.
(Part IV, 2, iii). In lower dilutions there was little
variation in the size of the zones, but a3 the dilution
apprdached the end—goint,ithe siée and intensity of the
sones tended to decreasc. iAn afbitrary degree of lipolysis
was chosen cmpirically a8 the titre of the Tiltrate and was
that dilution which just feiled to show differentiation
into concentric rings. This was some four to eight times
the lowest dilution showing demonstreble 1i§olysis on the
plote, ‘‘he titre of the Tiltrote shown in the uppef left
hand quadrant of Plate X (to be described in section 4

below) is 1 in 128. ‘Iriplicsate tests showed a variation
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of one two-fold dilution in some c=z ses, 0 the aver:ge

of triplicate results was taken as the titre.

4) Titration of Immune Rabbit Sera for antilipolytic Activity.

Bera were titrated for anti-lipolytic activity as
followg: serisl dilutions of the homologous filtrate were
prepared and delivered on to nutrient fat agar plates as
above (3). Drops of undiluted serun, and of serum diluted
from 1 in 5 to 1 in 40, were mixed thoroughly with the drops
of filtrate before tnese had hed time to absorb, and after
absgrptiOn, the plates were incubated as before. Duplicate
plates were used in all titrations for ﬁntl—llpolytlc
antibody. Two controla werc used; the first was dllutlons
of the filtrate alone, the gecond dllutlons of the filtrate
mixed ulth undlluted normal rabbit serum. Lyplcal results
ere shown 1n Plete X, The control plate (upver left hand
quadrant) and the plte With drops of a mixture of ‘the
filtrate and undiluted normal rdbbit serum (upwer rlght-
hand quadrant), show identicsl results. Lo evidence of
any naturally—occurring anti-lipolytic antibody_in rabbit"
gserum was found. Undlluted irmune serum mlxed with drops
of the f;ltrate (1ovnr left hand quadrant), caused psrtial
neutrallsatlon of_the filtrate undiluted and diluted 1 in
2, and complete neutralisation in all higher dilutions.
When the immune serum was diluted 1 in 10, it neutralised
the lipolytic activity of the filtrate only in dilutions
highér than 1 in 16. With further dilution the anti—

lipolytic activity of the immune serum decreased rapidly,
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until no appreciable effect was observed at 1 in 40.
The effects described in Plate X can be ‘more clearly
seen in a colour photomicrograph, which for technical

reagons camnmot be included in this thasis.

Other examples of the anti-lipolytic asctivity -
of rabbit serum against the homologous filtrate,
following the third series of injections in the course
of inmunisoation described above, are shown in Table XX.
It will be seen from these results that neutralisation
is not always ass complete as that shown in Plate X.

Sera withdrawn during théicourse of immunisation did not
neutralise the lipolytic acfivity of the filtrafe. |
completely when used undiluted, and in sll dilutions from
1 in 5 to 1 in 40, showed only moderate or slight anti--

lipolytic activity.

ifter a fourth seried of inje ctions -wndiluted
immune rabbit serum wes found to neutralise the lipolytic
activity of some Tiltr tes COmpletely.‘ There was no
evidence of sny pro-zone of inhibition of lipolytic
activity with low dilutions of the anti-gerum, such as
has been observed in other anti-engyme reactions, for
exnmple, the dqsfruction of non-specific inhibitors in

normal ferret sera by‘filtrates‘of Vibrio cholerae (Iszacs

end Bozzo, 1951). = The anti-sera were therefore used

undiluted in subsequent tests.
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Table XX.

inti-lipolytic Activity of Normal and Immune Rabbit<5erum

after ihree gserics of lnjections Against the Homologous

ulpolytlc Fllurqtes.

Dllutlon of‘'lh"l.l.trate.,l

+ +

Filtrate Anti—serumeilgﬁion 1 1
snti- 0 1/2 1/4 1/8 1/16 1/,2 1/64 328 256 512
— f serum :
Staph. 0 - Mot | +++ +Hv +++ e i++ § + +  bmee
§u§eus - Tormal §) et | +*+ ot +++. ++ A+t |+ + "
. control : f R ?
;Immune W5 0 + |+ tme - = e e - - -
i 1/5 ++ + i treE = - - - -
} 17107 R++ ' ++ - + | + | + tree - - - -
: TI720° B+t |ttt A+ +F |+ +  eoce  wice = -
| v 1740 e+ +++ ++ ++ |+ + [ + | " hmee -
Staph. | 0 - T o A =
gu;eus imormal 0 e e D+ + o+ R - =
| control I i v i i
" Immune M 3| O + 1+ o+ tpcp» - - -] - - -
| 1/5 H+ o+ 4 tnxw - - - - -
f 1/10 et |+ 4+ D+ o+ | tr=ce = -
‘ 1/20 ﬂ‘++ R an st o SRR & +4+ 'tr*ce itr'aceg n pay -
% , C1/40 A | A e+ 4 i R
S5taph. 0 - EE | FEE T A+ 4+ e -
albus 8 fNormal ' 0 R R R + o+ " -
‘control . SR .
‘lmrune 8 ) 0 0 14 |+ ‘Trme: - | - = - - - -
: "1/5 |4+ +  + twce traceimoe - - - -
1710 "+ | ++. + + o+ W feee - - -
P 1/200 et L o 4+ T+ 3+ T+ + - -
‘ CL/40 0 Wt Db o+ D+ + - -
Staph. 0 - 4k | kD 4+ 4+ 4+ tmee | - - -
albus 39 ‘Normal © -0 At ++i ++ o+ L+ o+ n T - -
.Control n ' i i :
Immune 39 ¢ O T+ i+ 1m e treer - - L - - - -
175 + 1 + o+ + tmme'hxne - P - - -
: - . 4
TI7I0 Fir e+ #F o+ o+ = = = -
: v | : }
T17207 e A R+ 4 Tece | - - p
1740 +++  ++ +H o+ L -
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5) She sntigenic Speeificity of Stuphylococesl Lipaoe.

Thirty filtrates were nrenered fron strains of
-~

Staphylococei, sixteen from strains of Staph. sureus «nd

fourteen from Steph. slbug. The lipolytic sctivity of the

filtrates was assayed by the diop method as deseribed above.
‘The most potent Tiltrate had a titre of 1 in 512. 41

those which had a titre of less than 1 in %2 were diﬁcarded.

lwo filtrates from strains of Siaph. aurcus and two from

Stophse_albus were cmitted from the wmein test for this reason.

Bight other filtrates from strains of Staph. albus were also

omitted beczuze they showed no lipolytic activity, althbugh |
the orgonioms themselves were'fairly'active on nutrient fatb
'agar., Abéesce 9f<activity in these‘filtrates may hive been
partly due to adsorption of the lipase during filtrution. |
1t is probable, however, th:t it wus miisly Gue to the
lability df the énzyme,pfoduced DY some stf&inq, since the
'activity of come, but not o211, tée:filtrates_of olbug streins

showed rapid deterioration on storege (Part IV, 4, il).

Pive anti-sera were prepared, Lo rocingt otroins

of Staph. clbus using the living orsunism ond the enlture

filtrate, =and three sgainst stroine of Stavh, aurcus,using

formolised filtratea only. Thene vere tested amaiast the
eightecn filtrates, Tourteen of which were from atroing of

Staph, sureus =nd fovr froa 3taph. slbusg.

Jodivm thioglycollate wes amnin ad.ed o the edium

kAt

as in earlier experiments (Part IV, 2, i), but wrs ot found

e
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1o huve any enhencing efiecet on the action of {the lipase
in the filtrotes such .8 it was observed vy L1lictt (1945,

155G) to have on treptococcwl proteinasce.

& summgrjqed rocord of the = results of these
LA‘G?iLOﬂtS, shovwing only thoue obtained with Uﬂdl]Uu@@
envi-sera, after the completed course of 1WmU””SdLlOﬂ9 is

given in Lable XXI.
Yoble XXI
ﬁnti-lipolytic setivity of five Anti-sera against Bighteen

Culture l4"1‘1;1"4,.‘0.'#‘)&3 of Lipolytic Strains of Staph. asureus and albus

4.:

Ztre of Filtvate .after mixzup with uoolluted cntl-serun

Anti- #ron sureug stroins 'rom albus strainq
SeTWD W AW 3V 4 U 7.7 0 vi0 Vil Ul3 T35 a8 1 1A B 116 20 39
Conmbrol| I 1 L. ga<_;b i1 1 L i1 11 11 d711_ 1
{250 256 128 128 356 138 6% 32 67 nglzagja; 54,128 %2 %2 64
T3 TS TS U ST S0 - S ST
l i . »,’ i | j4 ’
W4 e ll = = U = U = U U U - =« -1 1 4™
M 3 101!« U 1L L U = = ==U=uU =90 =
4 |2 2 2 ; ! j . ]
8 v ll -« - U 1 -« =il 8 - = =T0=-"UJ.1 1
Ik 2 o T2
39 . L L.~ = U 0 = U0 LU0 = ="Uu- 17U =
7 8 & S -

U = urdiluted filtrate.



These rosulis showed that, in some coces
undiluted rabbit anti-zerum neutrzlised the lipolytic
setivity of the homolomous Filtrate completely, the
titre of filtrate 74, for eiample, being lovered fron
1 in 128 to nil, = in other c:ges, however, the 1lipolytic
netivity was not completely neutralised, the titre of
filtrate W 3 for example, being reduced from l}in 256 to

1.

then the antie=gero wvere tcsted agoinot
heterologous filtrotes, cinilar regults wero ébtuined.
The titre of {iltrate ¥ 4, for exsomple, wac lowvered
from 1 in 128 to nil by -1l heterologous rati-cora,
while thot of filtrote ¥ 3 wag lowered from 1 in 256 to
1 in 2 by three heterologous anti-sera cnd %0 1 in & by

the fTourth.

The results of the cross-neutralisation teosts,
therecfore, susggented thot staphylococeal lirmses ave
not highly specifiec snd shoed thogsce of tho‘relativoly
op=ll nunmbey of strains studied to be sntie-genically

homogeneous «
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Discussion.

The first stage of this work was the
establishment of a satisfactory medium for the rapid
demongtration of a diffusible lipase produced by bacteria
during the first forty-eight hours of growth in culture
mediuﬁ. ' In published literature refeiences were found
to approximately twelve different methods for
demonstratiné lipase production by bacteria, and these
have been described in the sectibn entitled Bacterial
Lipolysis in vitro. Only two of these methods
demonstrated lipase production during the phase of active
growth of the organism. One was the titration method of
estimating the free fatty-acids liberated, favoured by
Trussell and Weed (1937), while the other utilised solid
medium in which the fatty substrate was incorporated with
or without an indicator. —This latter method was the one
favoured by Turner (1929), Collins and Hammer (193%4) and
Jensen and Grettie (1937). A reproduction of Turner's
medium did not prove satisfactory and various other media
were deVeloped and tested. A modification of Turner's
medium, in which the suspension of fat was prepared with
the help of a mechanicel emulsifier in place of a gum
‘base, and in which the quantity of Wile Blue sulphate
dye was reduced, wns finally selected as fulfilling all
the requirements of a rich and sensitive medium. Results

‘on this medium were compared with those obtained by the



titraticn method in fluiq medium, and it was found that
agreement was good for actively lipolytic strains.
Agreement was not so good with strains which were only
feebly lipolytic, and for these so0lid medium was found
to be the more sensitive. Nutrient fat agar, with or
without dye, (Part I, 2), was, therefore, used as the
standard medium for demonstrating the production of

diffusible lipase.

A preliminary investigation of a &mall number
of strains of seventeen geners, indicated that the
Staphylococei were 'the chief producers of diffusible
lipase. This observation was confirmed in the systematic-
investigation carried out (Part I, 3), which showed that
among potentially pathogefiic bacteria, the only genus in
which the ability to produce diffusible lipase is wide-
spread is the Staphylococei. In the other genera of
pathogenic importance in which it was demonstrated, namely
Pseudomonas and Clostridium, it was encountered ohly in a
small number of strains. ' In view of this result the later

parts of the work were confined to the genus Staphylococcus.

Lipage Production in Relation to Pigment Production
and General Biochemical Activity,

A comparison of the percentage of strains
producing lipolysis, encountered among aureus strains
(75.0%), with those among albug strains of Staphylococci

having a gimilar degree of general biochemical activity,
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including the production of congulase, ond which might
be regarded es glbus voriants (67.05%), showed that
1lipolysis was not related specifically to pigment

production.

. & comparison of the percontage of lipolytie
strains in the latter goup with thot of other glbus
stroins with moderate fermenting nbility (17.07), and
with weak fermenting ability, sugrested thet lipolysis
runs parallel to general biochenicel activity, and is

but one nanifestation of it.

Lipsge Production in Strains of %tqphylococci ABBOC Vc
uitH Tood Poisoninge ,

i collection of streins of irphylocoeci
isolated from material associated with outbrecks of
food=poisoning, were exemined for lipolytic activity.
1t wes assumed; but not proven, that the majority,
if not all of these strains prodnecd onterotoxin, and
itiwus hoped to determine whether any relstionship

existed betwecn lipase ond enterotoxin production.

Twenty-five of these strains weore tesited for
the production of diffusible lipsse, ~nd for their
nbility to forment carbohydrates and to produce
congulese and haemolysin. Utrains of Staphylooocci'
of comparable biochenical activity iscinted from other
pothological material and from innccuous foodstuffs,

wore uwed as controls.
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All the strains associated with food=poisoning
were found to‘be veryractively lipolytic, while only
approxinately fifty per cent of those from innocuous
foodstuffs were iipolytica But, as nearly all the
control strains from other pathological material wefe
lipolytic also, no déductions~cou1d be made as to any
‘specific relationship between lipase snd enterotoxin
production." | o | |
" The Relationship Between Lipese Production and Heemolybic
- Activity on Blood=agar Platesi— 1he Production of

Heemolysis by Lipase.

The possibility that lipase might be concerned

.. in the production of haemolysis,on blqod-agar plates by
Staphylocpcci, by breaking down the 1ipida contained in
the cell envelope, was inVestigétpd in the‘experiments}

described in Part II, 5.

Seventy=two lipolytic strains of Staphylococci
were grown on blood=-agar and on nutrient fat agar. A
considerable proportion, (19 out of T72), were found to
be non-hoemolytic. This sugrsested that lipase does not

produce lysis of red blood cells in normel circums tances.

In subséquent expéfiments the same strains were
grown on ordinary blood-agar and on blood-agar containing
fat, Two oﬁt of fifty-three strains produced beta-
haemolysis on fat-containing plates, but not on ordinary
blood;agar. This obsgservation suggested that when fat is

present, some lipolytic strains which are ordinarily non-

-
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haemolytic, may sroduce e haemolytic zone, probably due
%o lysis of the red blood cells by the fatty-acids
liberated by the lipase. This zone of haemolysis did
not appear to differ in any way from that produced on
fat-free blood-agar. | ‘

The Oceurrence.of Mutents in Lipolytic and Non=Lipolytic
Strains of Staphylococci. '

The presence of mutants in lipolytic and non-
lipolytic strains was investigated by plating out and
studying individual cclonies for lipolytic activity.
(Part II, 6). |

Two lipolytic strains did not produce any non-
lipolytic colonies among 30,000 atudied,-while two non-
lipolytic stréins producéd lipolytic mutant colonies in
the proportion of 1 in 11,500 and 1 in 13,000 colonies
respectively. This‘suégested that naturally occurring
- lipolytic strains may possibly be more stable then non-
lipolytic ones.

The possibility of mroducing 6r increasing the
proportion of mutants by a process of selection brought
about by repeated subculture in conditions favourable to‘

their -development, was studied.

A lipolytic straln was subcultured repeatedly
over fifty—flve transfers in fat-free medium, and the
resulting strain was completely non—llpolytic. This

would not, however, appear to have been produced by a
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pfocess of‘seiection of nohplipolyfic varimmts from the
original culture since the loss of lipolytic activity |
occurred uniformly in all colonies examiﬁed during the
'proéess of subculture; Moreover, the loas sppeared to
be permaﬁent, éince*no lipolytic variant colonies were
encountered frqm this strain after seventy-two further
gsubcultures in medium containing fat. This artificially
induced‘nonﬁlipolytic gtrain, therefore, appeared to be
more stable then the naturally occurr ng one investigated

above,

" Three originally nqp-lipolytic strains were
subcultured in fat;containingfmedium. Two of these ﬁere
those found to produce fare}lipolytid-muﬁants, described
above. in one of these fhe proportion of lipolytic |
colonies was incréaséd by‘this procedure,.after'fwenty—
8ix subcultures fhs'éulture'appearing to consist entirely
' of lipolytic mutants. = This would spuear to have been an
example of true seléction. - Transfer of this strain to
- fat-free medium, aﬁd‘subsequent subculture, resulted in a
completely non—iipolytic variant, as occurred with the
originally lipolytic strains. ' Repeated subculture of
the two other originslly non-lipolytic strains in fat-

convaining medisa, failed to produce lipolytic variants.

The production of 1ipolytic variants by a-
process of true selection in media favouring their
produétion‘has, therefore, been demonstraied inconstantly,

and then only with one strain in which they were rresent
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although rarely, in the original culture. The variation
obgerved in other strains wéuld‘appear to be similar to
that deseribed by Dubos (1940) and Topley and Wilson (1946)
as aelection over a large number of bacterial generations,
and is distinct and.séparate from'true bacterial adaptation,
which according to Karstrom (1930), Yudkin (1938) and
Stepheﬁsoh (1949) among others, appears without delay,'dr
with only a short log period (Gale, 1943).

the lLiffect of the Addition of Fat to Diluted Hedium, And
of Verying the Constituents of Synthetic liedium, on Growt
and _bLipase Productione ' :

" FPat suspension was added to different types of
diluted medium, to determine whether it would have any -
enhancing effect on the growth of lipolytic Staphylococci,
a8 meagured by opacity estimations and a viable counting
technique (Part II, 7). No enhencing effects were

demonstrated by either of the methods used.

' Constituents of the synthetic medium vere vafied,
and duplicate sets put up with and without fat;'to
detérmine whether eny single constituent was essential
for lipase prbducfion by Staphylococci, and whether fat
would augment their growth when deprived of other nutrients.,
The only single constituent of the medium found to be
essential for lipase production by the strains studied,
was cystine (Part II, 8). This observation corresponded .
with that of Surgella (1937), who hed found that cystine

was one of the amino-acids essential for the production

of enterotoxin by Staphylococci. There was again no
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evidence that fat augmented the growth of the

Staphylococei..

A Study of the:thimal Growth Temperatures of Various
Paragitic and Sapro tic 8peecies, In Relation 1O

Lipolytic Activity.

Ali‘tests for lipase production had been carried
out by growing the orgenisms at their optimal growth -
temperature_of 3700, The following experiments were
sugiested by the frequent.references found in published
work to the formation of lipases by bacterie living as
saprophytes, or at thé low temperature range of cold-
storage.' Fiom the obgervatidhsvof eaflier workers it
seemed pbssiblé that organisms which did not produce )
diffusible lipase at their optimal growth temperature of
37°C. might do so if they were cultured at lower

‘temperatures.

Stiains of Bacterium and Pséudomgnas alreacdy -
studied were, therefore, retested simultaneously with a
nuiber of similar species‘nnd of species from other genera,
isolated from sémples of soil, water and milk. Cultures
ﬁere put up in quadruplicate andvineubated at four temperature

‘levels, namely 37°, 30°, 22° ¢nd 8%. (Part III).

Two hunéred and eighfy—four strains were tested,
the majority of which grew at all temperatures of
incubation. Only tﬁenty—five of these strains (7.79),
shoved lipolytic activity at one or nore tenperature

of incubation. A1l of these werc isolated from
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saprophytic sources. In cases where lipase was
produced at one tempersture level only, this was nearly
always found to be the optimal for growth. In those
where if'was‘produ¢ed'at;severa1 levels, thé degree of
lipolysis was nearly slways approximately the same.

There was, théfefore, no evidence to éhow that bacteria
which do not produce diffusible lipase at thelr optlmal
growth ﬁempezature, will do 80 when cultured at any other
temperuture. The rbstrietlon of lipolytic act1v1ty to
saproPhytlc m;eCLes or strains belonging to these genera,
vas confirmed.

The Demonstratlon of Llpase in Culture Piltrates of Strains
of phylococci. anﬁ a_Study of ;ts Immunolo zical Jctivity.

ihe wide zone of diffusion of 11pase produeed on
nutrient fat agar by food-poisoﬁing strains of Staphylococci
sug*eated that it might be possible to obtain lipase in a
filterable form. These stralns vere, therofore, cultured
under Vdrying condltions, and filtrates tested for 11polytic
act1v1ty.  These condltlons were the same as those nocesqary

for the groductlon of staphylococcal toxin (Part IV, 1).

Lipolytic activity in culture filtr-tes was nmost
satisfactorily assessed using the'drop nethod of assay
involving serisl diluti@n of the filtrate (Part IV, 1,‘iii).
The plate and cylinder method used in earliér experiments
gave only foughly quantitative results, differenceé'inA
potency of 1esé then one thousand-fold not being

congistently demonstrated by measurcment of the diameter
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of the zones produced. The areas. of activity produced on
nutrnent fat N.B.S. agar by the dr0ps of filtrate uhowed
difmerentlation 1nto concentric rings, similer to those
produced in the plate and cylindep technique. An

arbitra:y degree of lipolysis was'taken as the titre.

StaphyloCOccal lirase was found to be relativély
stable to heat, boiling for forty to fifty minute bnlng
required to destroy the activity of the.flltratg completely.
It is difficplt to compare these figures with those given
by MacFarlane and Xnight (1941) for licithinase, as
experimentol condltions were different. These workers
used dilutions of 1 in 80 in water and borate buffer, and
found that boiling for thirty minutes was neCessary‘fori
ébmﬁléte destruétion'of 1e¢ifhinase aétivity,'and thot
after boiling for ten minutes, 8.0 per cent of the acfivify_
persisted whén the diluent was wéter,}ahd 45,0 per cent when

it was borate buffer ot pH 7 be

1he maaority of 1ipolytlc culture filtrutes of
Staphyloqocci were found to be stable after storage at
490,‘for nine months. of thcsevwhich were not, some lost
all activity durlng the first month of storage, while those _>
of one strcln lost all activity after four months of

sbrage.‘
Preliminary experinents were naie to separate
the lipase from crude culture filtrates by precipitation

with ammonium sulphate and by paper electrophoresis.
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These were only moderatcly successful, and vere not
continued farther (Part IV, 4, iii). ‘Lhe protein
uoterial precipitated from the culture filtrates appeared
t0 have slmost the same degree of lipolytic activity as

the whole filtrate.  This, however, could only be assessed
approximutely by the roughly quantitative plate and
cylinder method of assay in use at the time, for estinmating
the activity oi eluates from paper strips, after electro-
phoregis. Staining of the paper strips proved

technically very difficult. By using the method of
lachlas and Seligmen (1948) & stained arca 8.5 cm. in-
length could be demonstrated on the paper strip, but. no
aporeeclable variation in the‘depth of staining wes

apparent,

ihe Production of inti-lipolytic Antibodies in Rebbits.

Anti-sera were produced.in‘rabbitsuby meang 6f

injections with 1living cultures of Staph. albus and with

culture filtrates of Staph. albus and sureus, (Part V).
These were found to neutralise the lipolytic activity of
ﬁhe‘homologous filtrate and of a wide range of -
heterologous filtrates. ~ The meximel neutrslisstion

was given by the undiluted anti-gserum, against a range of
dilutions of the filtrate, unit volumes of the most potent
anti-sers neutralising two hundred and £ifty times the
omount of lipase contained in that-dilubtion of:homologous
filtrate taken as the titre. Dilutions of these onti-sera

of 1 in 5 and 1 in 10, neutralised sixty ond sixteen times
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the amount of lipase contained in the titre, respectively.

Staﬁhylococcal 1ipa$e differed from some of the
dher bacterial enzymes which have been used as entigens,
notébly catalase and urease (Sumnér and Myrback, 1950),
in that neutralisa%ion by heterologbus anti-serum was
almost, if not entireiy, as marked as with homologous
anti-serum. Cross neutralisation has been‘observed,‘for
example, between the anti-serum to ox liver catalase and
ox énd horse liver catalase, in which a much greater
volume of anti-serum was réquired to neutraliselthe
heterologous than the homologous catalase (Cémpbeil and
Fourt, 1939). ‘“he cross-neutralisation tesfs carried
out with staphylococecal culture filtrates ond antisera
prepared'from a relatively small number of sfréins, gave
consistent results, and the eﬁidénce obtained suggested
that the lipases of Staphylococei are anti-génically

homogeneous.

fThe reaction between lipase and anti-lipase
also differed from some other anti-enzyme reactions, in
the fact that no pro;zone‘of,inhibition of lipolytic
activity with low dilutions of the anti-serum, was
observed, such as was encountered by Isesacs and Bozzo
(1951); using normal ferret sera and filtrates of

Vibrioc cholerse.

Normal rabbit serum was used as a control for

the imnune serum, and no evidence was found of any naturally

occurring anti-lipolytic antibody.
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SUITIARY AND CONCLUS3IONS

The results of the experimental work can be

very briefly swmarised as followg:

1)

2)

3)

4)
5)

6)

7)

8)

9)

A solid medium is the more sensitive for demonstrating

diffusible 1ipase'produced by growing bacteria.

Among parasitic bacteria the only genus in which the
power to produce dlffusible lipase is w1deSpread is

the’ btaphy1000001.

The productlon and demonstration of diffusible 11pale
was not found to be influenced by:

a; the anserobic cultivation of aerobes;
alteration of the ox1datlon-reductlon potential
of the medium by the addition of sodium thioglycollate;
e) the addition to the medium of sodium taurocholate
or horse serum.
Diffusible lipase is produced only when the bacterium

is grown under optimal conditions.

The amino-acid cystine is an esgen 1tial metabolite
for lipase production. ’

The production of diffusible lipase by Stephylococei
does not appear to be specifically related to- any
other characteristic.

The formation of lipolytic mutants was observed in two
non-llﬂolytic stralns of Staphylococei. These were
increased in number by subculture in fat—contalnﬂng
medium.

- ALl enterotoxigenic strains of Staphylococei tested

showed marked lipolysis.

Host strains of Staphylococei which produced diffusible
lipuse on s0lid medium showed lipolytic activity in
their culture filtrates, provided that the cultures
were grown in conditions favourable to the production



© 10)

)

12)

of staphylococcal toxins. _
llo purification of lipase was obtained by
precipitation of protein from the filtrate with

ammonium sulphate followed by paper electrophoresis.

Stabhyioéddeél iipéée in culture filtrates is fairly

. .stable to heat and .to storage. ...

.naturally occurring antilipolytic antibody was

found in normal rabbit serum.
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