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ABSTRACT.

The biological, chemical and immunological‘properties

‘1} of four strains of Staphylococcus_saureus L-forms have
been investigated. Three of the I-form strains used were
induced into the‘Lpphase by the action of penicillin and the
fourth strain by the action of D-cycloserine. All four
IL-forms produced typical colonies on agar with added sodium
chloride and serum proteine Growth in liquid medium was
accompanied by production of large amounts of extracellular

- DNA«

4 The L-forms were osmotically sensitive and susceptible
to surface acﬁive agents. Chemical anaiyses revealed a major
cell wall deficiency in that no muramic acid could be
detected, thus indicating the lack of cell wall mucopeptide.
The L-forms lacked not only the rigid layer of the cell
wall but were also deficient in cell wail ribitol teicholc
acid; and thére were indications of the lack of glycerol
teichoic acid.

Although the normal means of identification of the
L-forms as being derived from Staph. aureus had been lost,
1mmunqlogica1 identity was established between the bounding

membrane of the L-form and the cell membrane of the
staphylococcus. Aéridine orange fluorescent staining, which
showed the L-form cultures to be heterogeneous not only in

-regard to size of elements but also in nucleio acid content,



provided an insight into the development of cultures; and
indicated the existence of a possible growth cycle when
combined with éeparation techniques, Granular elements
isolated from I-~form cultures proved to be viable ahd'to be

capable of reproducing the normal L-form 6u1ture.
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Section 1
HISTORICAL SURVEY
As  Eirst Isolations of L~form

During studies on the organisnm Streptobacillus
moniliformis, Klieneberger (1935) discovered a variant
in normal cultures; The variant organism would grow

only in the presence of large quantities of serum, but

was consistently 1solated from the original culturé.

It could be freed from contamination with the normal
bacterial form by repeated subculture on to high serum

medium. The morphology and growith characteristics of

 this variant differed markedly from those of the bacterial

forme The variant growth daid not contain bacterisl forms

but consisted entirély of soft protoplasmic elements and

. minute granules and for this reason, was regarded as being

entirely unrelated to the bacterial form.

- The variant, called L1, was assumed by Klieneberger
to be a symbiont of the normal hacterial form. The
poseibility that this Ll orgenism was a growth phase of
S,‘mgngliformis'was considered but "seemed very audacious
at the time and full of far-reaching implications" |
(Klienebérger-Nobel'1951). Similar growth forms were
also isolated by Klieneberger (1936) from other strains
of §tre2tobacillus and all the wariants isolated bred true
and showed no tendency to :evert to a bacterial form

on subculture.
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| -Nbﬁ all of the later workers in this field accépted

. the symblosis explanation for the Ll organism and evidence
to the contrary was presented notably by Dienes (1939,19&3,
1947) end orekov (1942). "It was shown that, far from being
an enﬁirely separate organism from 8, moniliformis, the Ll
was very closely related. Reversion of some of the big L
bodies to bacilli was shown by Dienes (1943) and Dienes &
Sﬁith (19&2,19&&). These findings were later éonfirmed

| by Klienébergev—ﬂobel (1949) end on the strength of these
findings, the symbiosis theory was abanﬁoned in favour of
the view that the two forms were different phases 4n the
growth of one crganism.' Since these early observations, -
other reports have appeared confiraing the relationshxp
between members of“various bacterial species and their
derived Le-forms. erorms have been defined generally as
that growth, derived from bacteria. which consists of soft
protoplasmic elements with no defined morphology
(K1ieneberger-Nobel,1960)« The I-forms should be stable
on agar and should no longer contain rigid bacterial

forms or revert to thems The colonies produced on
appropriate'media are characteristic, having a dark

centre embedded in the mediﬁm and a lighter periphery

of large round cells.
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l‘methods of Indnntion

Early methods used by Klieneberger (1935,1936) and
Dienes (19&7)3fo: the isolation of L-forms from

N Streptobacgllus 522., Bacterocides ggg. and a

Flavobacterium spe. employed simply serum enriched
media. Purification of the isolated L-form was achieved

by repeated subculture on to the media, which provided
growth conditioné~advantageous to the I~-form. 'The Leforms

produced remained stasble on solid media but subculture

Yo liquid media 1nitiated reversion to the bacterial form.

Dienes (19&8) showed that the I~-forms of some. Bacteroides

SpRe could be subcultured and maintained in Brewer's.

medinm supplemented with ascitic fluid and ccntaining 0.2% .

agar¢ The 1mportance of agar in the growth of the L1

organism has been stressed by Dienes & Weinberger (1951).
In 1942 Pierce observed that the L1 organism was

penicillin resistant whereas the parent bacterium was

'penicillin sensitive; this offered another method by which
I~forms could be 1solated. Subsequently, I~forms of many
 ‘.Gram~négative ahd some Gramopositive baateria were prodnced

by Cuitivating thé‘bacteria in,the ﬁresehce bf penicillin‘f

The L#fdrms‘most comprehenéiveiy studiéd~a§aft from théae-
of Streptobacillus sppe and'gacteioidgs Spp. were mainly |

derived from Gram-negative bacteriae
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Exposure of S. moniliformis to penieillin (Pierce,
19&2) produced L-form similar to the spontaneously
. occurring Ll. Both of the L-forms are extremely
resistant'to peﬁicillin, up to 10,000 units/mle,
whereas the parent bacillus is inhibited by only 0.02 units/

, ml.' The pleomorphism of S. moniliformis is less apparent
in brdth4than it is on agar, and conversion of the bacilli
| to the L-form has not been observed in broth, even with
pgnicillin. | '
|  Members of the genus Bacteroides have been grown
'in the L-form, Whiéh’wés pro&uced both spontaneously
(Dienes & Smith, 1944) and by gﬁcwth in the presence
.of penieillin"(Klienebergernﬁbbel, 1947; Dienes, 1948).
‘Morphologically, the L-forms of Bacteroides spp. resemble
| very Vclosély the Li isolated from S. moniliformis. Studies
of these Bacteroides L-forms were‘undertaken by Dienes (1941,
"1948) Dienes & Smith (1944), Smith (194%), Klieneberger-
Nobel (1947) and Smith, Mudd & Hillier (1948). The Lsforms
were found to have several points in commbn; such as growth
.only under anaerobic conditions, production of gas in
' Brewer's medium and the characteristic faecal odour

indicating similarities in their metabolic processes.



As with the Ll‘organism, L-forms of Bacteroides are
produced only on agar, prolonged incubations or subculture
in broth containing no agar yielding bacilli. Whether

the L-forms were isolated spontaneously or in the presence
of penicillin; the phenomenon of reversion to bacilli

- when‘subculture to broth was observed. Some irregularity
in L-form production was noted in Bacterg;ges even under
the influence of penicillin and in general, the more
pleomorphic the original strain, the more likely it is to
rroduce L-~forms (Dienes, 1948). The observation of the
reversion of the L-form to bacilli, which was well
documented supports the relationship hetween the I~form and
the bacilli in Bacteroides.

Broteus sps, I~forme have been thoroughly studied by
Dienes (l9k6,19h995'Tulasﬁe (1949) and Freundt (1950) .
'Some spontaneously pleomorphic cells are often seen in
young cultures of Proteus strains; and various stimuli,
such as transfer to tap water or ascitic fluid, are said
to increase the'propoftion of these pleomorphic cells,
These large cells are viable and on subculture can produce
either baecilli or, in the presence of penicillin, small
L-type colonies. ExXposure of Proteus strains to penicillin
in broth results in swelling of the viable cells, but no
further growth occurs. On transfer to agar, the large
swollen cells produce either normal bacterial colonies

or, in the presence of penicillin, L-form colonies.
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Development on solid media follows the same course

except that after swelling of the bacterial cells,
furﬁher growth occurs and small L-colonies are produced.
Hoﬁever; in addition tb the very small colonles, a few
larger (1 to 2 mem.) colonies also appear. Dienes (1949a)
designated the sma11 colonies 3A and the lavrger ones 3B
The form of the two types of colony is similar and both
resemble the colonies of L-forms from other bacterias

The potential development of the two types of coiony’

is different; the 3A colohy is, capable qf beihg
subcultured in the L~form even on peniciilin-free media,
but reversion to bacilli does occur on prolonged
incubation, The larger 3B colonies, on the other hand,
vhen transferred to a penicillin-free media, revertto .
bacilli within a few hours. This rapid reversion ocours
e#en after prolonged cultivation in the presencevof |
penicilling '

Similar properties have been noted for the penicillin-

produced I-form of Salmonella sps The two types of colony
“have “een produced from.gg;gxpgiggg;gg and S. enteritidis,
" but only the 3A type was produced from S. typhi (Dienes &
Weinberger, 1951). .



15

'The colonies from these organisms showed thé_same
‘characteristics, in respect to reversion, aé the L—forms ,
of Broteus. However, baci;li were not recavéred.»eithen
on agar or in broth from the 3A L-colonies of Salﬁgnella.
'An interesting aspect of this work on Salmonells strains
was the ability to produce L-forms from S. typhi under the
~ influence of antibody to the bacilli. Although a2 smaller
proportion‘of the bacilli produced IL-forms than was founh
with penicillin.vtypicalL—typg colonies resulted. Amongst
otheg agents aléo éapab1e"of 1ndﬁéing the growth of L~form
1n,sélmonellé were glycine.”bL~methioh1ne. L#phenylalan;ne
and‘bacﬁeriophage (DieneQ;'Weinberger & Madoff, 1950).

Strains of Shigell a have also been reported (Weinberger,
Dienes & Madoff,, 1950) to produce Lprorme on penicillin.

 put although typical colonies were produced, they failed

to grow on subculture. Lederberg & St. Clair (1958);
using pénicillin. were able to'prodnce L-forms of
Escherichia coli and to pronagate them in subculture.

An earlier raport ‘of Dienes & weinberger (1951) had
td.escribed the production of apontaneoua L~farms of

E@Q er ch’a, but subculture waq'pot possible.  The _
production of LfférmAcb;oniea‘ffom aéteurellasiﬂbisseria
\and.gaemophilu etraihs:has alsb'béen'reportea (Dienes,
~ 1951), but 11ttle further study on thedir prcpagation

. has heen done.-
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Relatively few reports have appeared until recently

‘on production of I~forms of Gram-positive organisms.

The earliest reports were made by‘DiéneS‘(l9u9b,l95o)»

on the production of L-form from Clostridium tetani

and other Clostridium Spp. and two organisms belonging
to the genus Bacillus. Some of these organisms produced,
on penieillin agar, I~form colonies similar to the

3A type produced by various Gram-negative bacteria, but
in none of these cases was reversion to bacilli observed.
During later work on L-form production, Dienes (1951)
‘observed that the morphology of penicillin-sensitive
staphylococel, streptococci and diphtheroids was unchanged
in the present of penicillin and that no lL-forms were
broduced. N ‘

Sharp (1954) provided a stimulue to the interest -
in I~form of Gramepositive bacteria by his introduction of
a medium which proved successful for the production of
L-forms from Group A streptococci: The medium contained
a2 high concentration of sodium chloride together with
serum and penicillin. On this medium, the colonies of
the streptococcal IL-form resembled closely fhose of

iI~forms produced from Gram-negative species,
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A slight modification of this medium was‘suggesfed'by ‘
Hijmans & Dienes (1955) who were abie, by substituting
phosphate for chloride in the original Sharp medium,
to produce Le-forms from oneyin foﬁr‘of’the oL - haemolytic
strepto&océi,eiam;ned. A fotal of 29 strains of
streptococei, all belonging to Lancefield Group D,
were stuiiéd by Hijmans & Kastelein (1960) using -
Sharp's medium with phosphate. L-form growth was
‘observed in 19 of the strains tested angd production
of L-growth Tound to‘be reproduzibie. None of the L-forms.
proved to be stable in ﬁhe‘absénce of penieillin and
even after 12 suhcultﬁres in the I~fofm, reversion>to
cocel was seen in penicillin~free media. |

An enzyme isolated from a phage lysate of Group C
streptococci was used by Gooder & Maxted (1958) and later
by Freimer, Krause & McCarty (1959) to induce IL~-form |
growth in Group A streptococci. This enzyme wasnshown
| to affect the cell wall of Group A stréptococci causing
lysis of the cells.. When the enzyme was allowed to act
in an osmotically protective medium the resuiting
protoplasts were capable of producing L-form colonies on

suitable media cnntaining serum and a high salt concentration.
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Penicillin was found unnecessary for the production of
the I-form colonies, but when penicillin was incorporated
in the medium. the colony morphology remained the same.
The Group A streptococcal L-form was also obtained in
bnoth’culture by inoculation of agar blocks containing
L-colonies, ‘and remained stable (Gooder & Maxted, 1961).
Induction of meorm growth of Group A streptococci has
also beenachieved with D—cycloserine (Michel & Hijmans,
1960) and by bacitracin (Gooder & Maxted, 1961).

The FPirst reports of growth of staphylococci in the
; L«form were provided by Dienes & Sharp (1956) who described
briefly the production of staphylococcal I~form by penicillin.
More comprehensi#e reports were produced by Schonfeld (1959,
1961) giving details of production of the L-form with
penicillin and subseqguent fevereion to coceci on anfibiotic-
 free media. The L~fcrms were found‘to revert to cocci even
after mofe than 20 passagee in.the I~-phase and one strain,
described in the second of the two reports, reverted even
after 200 paeeegee in the L;fobn. The formation of
staphylococcal L-forms under the influence of penicillin
was also described by Marston (1961a,b), who succeeded in
growing the I-form in a liquid medium.
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Reversion to cocci was shown by these I-forms even after

13 paSsages on penicillin~containing mediume No‘reﬁersioh

~ to cocei occurred after growth in liquid medium, even

on transfer to penicillin-free medium containing a
slightly lower salt concentration than that used for
1nductibno

Spontaneously occurring L-forms from staphylococci

were ﬂeseribed by Mattman, Tunstall & Rossmoore (1961) who

established L-growth on specially purified med1a. The

| transformation, by penicillin, of 21 strains of

Staphylococcus aureus into the I-form was described by
Williams (1963)e It was found that many of the early foci
of swollen cocei on the primary transforming medium failed
to develop and produce typical L-colonies. The ratio
LI colonies/coccus proved very variable at least on the
medium used, and prevented accurate quantitative analysis
of transformation.

Morphology anﬂ.Development.

one of the striking characteristics of all I-forms so far
isolated from many different bacteria, is the morphology
ofvthe colony. All reports on the growth of L~form colonies
have emphasised the characteristic colony form (Dienec &
Weinberger, 1951; Klieneberger-Nobel, 1960).
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The L-forms, grgwing on suitable solid media, produce small
round colonies having a pronounced darkcentre and a lighter
periphery,. Micrbscopic study shows the‘dark céntre porfion
of the colony to Qonsist of_masses,of‘granular maferiai,
which by differential focussing can be shown to penetrate
the surface of the agar. The peripheral éone of the colony,
which consists mainly of large globular cells, remainsas a

surfade'growth‘ o .

'.‘ Razin & Oliver (1961) studied the development of
colonies of various Mycoplasme sppe and of I-forms of
bacteria. Their results suggested that the unique type

of colpny prbdueed by these organiéms is a consequence of
the«small‘sizé of some of the viable elements présent in
inocula, 1t was suggeéted thati;hesg small particles wére
drawn into‘thejagar matrix by cepillary attraction and that
development within the‘inte?stiéss of the agar gel produces
the dense granular centre portion of the colonies. When
this growth reaches the agar surface continued réproduétion
ih thé th*n ffeé water £ilm on the surface of the agar.
produced the peripheral zone typical of mature colonies.

, Growth in 11quid medium has not been achieved for
I-forms isolated from all bacterla, but where it has been
'possible, the growth produced is usually granular 1n
appearance. either adhering to ‘the walls of the culture

‘vessel of sinking to the bbttom.
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There are exceptions to this, particularly in the case
of the I~forms of Proteus wvulgaris (Dienes, 1953), which
form a pellicle on the surface..

The microscopic appearance of liquid cultures of
all L-forms so far studied is similar. The elements in
these cultures range in size from large globular bodies,.
sometimes up to 15 or 20 p in dismeter, to very small
gramiles near the limit of visibility in the light
microscope. Between these two extremes,. the elements
form a more or leéss continuous size spectrum. Some of
the globular cells contain inclusions and very often
vacuoles. Phase contrast micrcscopy shows thé granular
elements to be very numerous in these‘cultures; they are
phase dense as are the inélusions in the large bodies.

This marked pleomorphism of Ieforms in agaflcultures
and-ﬁﬁmé especially in liquid cultures, has given rise to
two main theories concerning reproduction in these organisms.
Controversy has arisen over therole taken by the very small
granules produced in cﬁltures, hot only of I~forms, but also
of pleuropneumonia-like organisms. The presence of the
granular inclusions of the iérge globular bodies has been

confirmed in the case of Proteus L-form (Thorsson & Weibull,

1958) and in Streptococcus L-form (van der Hoof & HiJmans,
,1959) by the use of ultrathin sections viewed in the electron

microscope.
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There seemﬁ to be generél égréemenf that lysis of such
large bodiés releases numefous granules into the culture
medium. What is nbt agreed 1s whether the release of these
granuiea ﬁlays a part in the continued reproduction of the
organism.,

Klieneberger—Nobel (1960) and Dienes (1960) hold the
viéw.that the granules released by lysis of the large cells
are viable and reproducse the large cells, under favourable
conditions, by swelling. They have proposed a growth cycle
| involving alternate stages of granules and large bodies.
The main evidence availablé‘for the viability of the small
 — granules is from filtration experiments. One criticism |
. which might‘applyvto such‘experimeﬁts, particularly when
performed on cells as plastic as those found'ih L-form
" cultures, is the possibility of contamination of the |
filtratee by large cells being forced through the peres
| of the filter.

An alternative view, ‘held by’Roux (1960) and
‘Liebermeister (1960), is that the grapnles released in
the culture medium are "chondrioids" or cellular debris
and that reproduction of the L-form takes place by &

: progess of sprouting from the large bodies.
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The granules are regarded as having no part in the
reprqdnctive process in the L-form. Various monphological
eiidgnce has been produced in support of this theory,
particularly by Roux (1960) whb, with the aid of
micromanipulation, isolated both the large bodies and
granules from cultures of Proteus I~forme On transfer

to so0lid medium, colonies were produced by one out of |
two large bodies, bﬁt in no case was growth observed by
subculture of granules released from large bodies. The
conclﬁsion'drawn by Rbux was that multiplication takes
rlace exclusively by division of 1érge bodies.

The Terms "L~phase" and "I-form".

Canfusioﬁ has arisen over thé'precise meaning which should
be attached to the term "L-form" (L for Lister Institute),
which was originally used to describe the morphologically
distinct organisms derived from cultures of Sitreptobacillus
moniliformis (Klieneberger, 1935). The term was restricted
to describingAcharacteristic colony produced by these
organisms and was not 1ntended to describe the individual
elements present in cultures of bacteria growing in the

I=forme



The "Réunion sur les formes L et sur les formes évolutives
des bactéries" (1957) stated that the term *L-form" should
be reserved forthe grgwth form arising, either
spontaneously or by aiimulation, from bacteria and having

a characteristic colohy with dense centre and lighter
periphery on media not ébntaining the stimulatory substancese.
It was further suggested that the‘térm be restricted to

those cultures which dé,not assume the morphology of the
parent bacterium.

This suggested definition serves to describe all the
stable L-form as far isolated from both Grame=negative and
Gram~positive bacteria. Within this definition, however,
there are differences between L-formse. The spontaneously
‘arising L~-form of S.moniliformis was propagated in media
containing salt concentrationsnormal for>bacterial growth}
vhereas penicillin induced L~forms of other bacteria required,
at‘least cn‘primary isolation, some form of osmotic protectio:
uéually provided by increased salt concentration. Growth of
~ some of these I-~forms has subsegpently been obtained in
| media,;containing more normal salt cohcentrationvby serially
decreasing the osmotic protect;on avallable. -The result
~ 1s that L-form such as L1 and some Proteus strains, cen be
subcultured in low salt concentration media and are described

as salt non-requiring Leforms.
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Meny otherviSforms; although capable of growth in lower
salt concentraﬁions than were reqﬁired for transformation
into the L~form, still reqpiré some measure of osmotic
protection. Thgse salt-requiring L-forms can be
propagated only ih media containing a'high salt or
sucrose conéentration.

L-forms of bacteria have Some,propébties in commén
with protoPIaSts, spheroplasts and also pleuropneﬁmbnia-
1ike orgenisms (PPLO)., The first two of these terms have
been used fathér loosely by some workers, necessitéting
the definition of these terms.

It was agreed in 1958 (Brenner et al.) that the term
"protoplast" be used only for structures derived from
vegetative bacterial cells by the rémoval of the entire céll
wall. A list of criteria, such as gbsence of>cell wall
components, antigens,_pyage~ﬁeceptorsvetc.. was;drawn up
and it was recommende&kthat‘ohlyrétructures conforming
to these criteria shoﬁld'be regarded as true protoplasts. ,
True protoplasts, although capable of limited growth in
ligquid media,‘doﬁnot produce colonies éVen on osmotically

prdtectivc solid medium (McQuillen, 1960).
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Both L~forms and PPLO produce z similar type of colony
vith e central dark and a lighter peripheral part. This
-similarity between the two forms epplies also to growth
in‘liguid culture; although the macroscopic picture of
groﬁth is somewhat different, the elements seen in the

. éuifures are strikingly'similar in apﬁearance. Both
cultures consist of a range of cells from small granﬁlés
to large bodies, althoﬁgh in general the large bodies

6f the Léforﬁ.are bigger than those of theﬂPPLO.vahe
gfénules found in IL-Torms are said to be twice as large

as those. of the PPLO‘(6.15O mi.), (Klienébefger—ﬁobel,1960).
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Section 2.
QQQILAL_ EQPERQQS OF L-F@_@.
Ae Chemical composition.

(1)

Protein, Amino scids and Sugars,
Investigations into the sugar and amino acid content

of L-forms have been almost wholly concerned with those
sugare, amino sugars and aminc acids commonly found in
the bacterial/c ell wall. Weibull (1958) and Weibull &
Beckman (1960a) found the I~form Proteus L9 to contain
ol € diaminopimelic acid, an amino acid associated with
the cell wall, but to contain smaller amounts than in the

parent bacterium. The general non-cell wall amino scid

‘composition of the salt-requiring streptococcal L-form,

AED-L was found to differ in seversl respects from that of
the parent coccus (Panos, Barkulis & Hayashi, 1959), but
more striking differences were found in the contents of
amino acids common in the cell wail. The sugar and amino
sugar composition of these svtreptocoecal L-forms was also
investigated by Panos gt _8al, who confirmed the earliexr
findings of Sharp,, Hijmans & Dienes (1957) that the Leform
contained little or no glucosamine and rhamnose, and no

group-specific polysaccharidee. \
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McCarty (1952) had demonstrated that this group-specific
substance constituted a significant part of the cell wall
in this organism. The observation that the L-form lacked
this materiai provided good evidence of a major structural
alteration resulting from the transformation to the I~form.

- The I~-forme of Proteus _spp. did not provide such a clear
cut distinction, since they were found still to possess
significant amounts of somatic antigen although reduced
when compared to the amounts found in the bacterial form
(Sharp & Dienes, 1959) .

More»direct evidence concerning the amino sugar .
contents qf I-forms of various bacteria was provided by
Sharp (1963)« It was found that, whereas the L-forme
derived from streptococel and staphylococci contained

"wvirtually no muramiéiacid. those derived from Proteus sp.
did contain this unique cell wall amino sugar. Whether or
not the muramic acid was present as a stiructural compﬁnent
‘or as a precursor in the cytoplasm was not established.

(11) Lipids. o |
Smith & Rothblat (1962) in a survey of the lipid contents

‘dflhoth salt-requiring and salt non-requiring L—fofms,

found a greatly increased lipid content in the I-forms when

- compared to their parent bacteriae.
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They concluded that in the salt-requiring L-forms, the
increased lipid content, two to three times that of the
parent bacterium, feflected_the 1oss of cell wall material,
'thereby~redﬁcing the total 301id~¢ontent of the L~-form
‘compared to the bacterizl form. The salt-pbnrréquiring
L-form, Ll, had at least five times more total lipid than
its parent bacterium Streptobacillus moniliformis, The
difference,between total lipid content in the other salt
ndn—requirihg I-form, 18-L and>ité parent bacterium,
grbtéuele was only two fold}lsimila: to the salt-
reqnirihg strains. Langenfeld & Smith (1963) found in
their investigations that in general, salt non-requiring
I~-forms possessed appreciably greater lipid phosphorus.
contents than did the salt-requiring strains.
(111)Nucleic Acids.
Kandleﬁ, Zehénder.& Hiller (1956), investigating the
salt non-requiring L-forms of Proteus and Streptdbacillus,
found the total nucleic acid contents of these organisms
ﬁo fall in the stationary phase, due to a reduction in the
ribonucleic acid (RNA) contents of the cellse. Weibull
(1958) found a total nucleic ec¢id content of 14 to 19%
of dry weight in these organisms“and attributed the

low values of‘KhnélerAet al. to losses of nucleic acid

during manipulation.
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. Langenfeld & Smith (1963) found the strain 18L, derived
from a-Proteus spy to contain 8% and L1, derived from
. Se moniliformis, 107 total nucleic acid. |

Pands, Barkulis & Hayashi (1959) presented results
on the salt-requiring Leform, AED-L, derived from a |
@ «haemolytic streptococcuse Total nuclelc acid accounted
for 1z% of the dry weight of the L-form, The values
for other salt-requiring L-formé, derived from sfreptococci,
'diphtheroids and a staphylococcus, were considerabiy‘
lower, only 0+6 to 3.4% (Langenfeld & Smith, 1963).

Mahy of these apparently diverging resuits co@ld be
explained not only by strain variaﬁion‘but also by the age
of the‘culture useds The decrease in RNA in the stationary
phase (Kendler gb al, 1956) and the possibility of cellular
disruption could‘account for such discrepanciess Another,
possibly more important, reasoﬁ?guggested by the results
of Mandel, Sensenbrénner, De@Gregorio & Bader, (1959),
who shewed a wide range in the tatios of RNA to
deaxyribonucléic‘acid'(DNA) in differentvsiZé.elements

in a culture of the L-form of’gmnteus‘la./



N
-

The highest RNAtDNA ratio was found in thé bodies ranging‘
from 149 40 3.8n diameter and it was concluded that these

. bodies represent the actively growing part of the culture,
since they also showed the highest respiration related |
to DNA content (Mandel, Terranova, Sensenbrenner & Feo,
1959). The fraction donta;ning the very smali'grénular
bodies (0el=0431. diameter) was also‘studied by Weibull &
Beclman (1960b).- Whereas Mandel, Terranova eb al. (1959)

found these small bodies to contain substantlal amounts

of DNA, Weibull & Beckmen showed their DNA contert to very
gonsideréﬁly andﬁto_be very low. Forthis reason, the

~ gramules were regardéd asvbeing cellular debris, althpugh
they exhiﬁitéd»catalase énd suceinic dehydrogenase activities
: comparéble to the unfractionated cﬁltures. However,;
"mechanically disintegrated L—form showed at best only very
low respiration. ,

Deozyribonucleic acid rsprcsents between 1.57 and L.0%
of the dry weight of L-forms (Kandler, Zehender & Muller,
19563 Weibull, 1958; Panos, Barkulls & Hayashi, 1959)
and as in bacteria remeins reiatively constant thboughout
the growth cycle (Kendler gt al, 1956; Weibull & Beckman
1960a). | |
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Be Mﬁtrition and MetabolicSme

Studies on the nutritiorn and metabolism of Leforms
have been difficult since there has yet to be devised
a strictly defined medium which will support adequate
growth of any of the L-forms currently studied.
Medill & 0'Kane (1954) described a defined basal
solid medium for Proteus I~-forms, which was reported
to support better growth of the organism than crude mediae.
tbrams (1953) further improved this medium and obtained
good growth of the Proteus I~form in a liguid medium
containing emino acids, salts, vitamin-free casamino acids
and nicotinamide, |
Even less well-defined media have been described for
other possihly more fastidious I=forms. Edward (1953)
was able to grov the L1 organism in media supplemented
with bovine ‘serum albumin or an acetonefinsgluble l§p1d
fraction of egg-yolke. This same organism is also capable
of growth on tlie semi-defined medium of Razin & Knight (1960),
containing vitamin-free casamino acids, cystine and
tryptophan; but growth was obtained only in the presence of

se_rum.
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In the media of Abrams (1955) and Razin & Knight (1960),
glucose fulfilled the energy requirements of the IL-forms

concerned, Vitamin requirements in the Proteus L-form

were satisfiéd by nicotinamide in Abrams' mediume.

No reports have appeared on the optimal tempe rature
for growth of L-forms and it has generally been assumed
that the optimum is the same as that of the parent
bacterium. Much the same situation exists with regerd
to optimum pH of growth media for IL-forms, although 115
has been stated that IL-forms require alkaline pH to
multiply (Diénes & Weinberger, 19513 Sharpy 1954). A
more. recent report by Banville (1964) on growth of I-forms
of Staphylococcus sureus, recommends an optieal pH on
s0lld media of 6e5. : |

The osmotic requirements of IL-forms appear to vary.
with the particular organism but in general growth occurs
over a range of sodium chloride concentrafions of 0.25 to
1.1 K (Sharp, 1954). Various other salts have been used in
place of sodium chloride to provide osmotic prptection,
e«.ge potassium, ammonium, calcium and magnesium chlorides

or potassium dihydrogen and disodium phosphates.
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Panos & Barkulis (1959) concluded that the protectiVe\

~effect of high salt concentrations is not merely an

osmotic cne but may involve also stabilisation of the
cell membrenc by cation binding on to phospholipid residues.
211 the Imforms so far investigated Tfor their
oxidative properﬂies’have been shown to possess essentially
the same properties as the pmrent bacterium. This is
true of Proteug L-forms (Kandler, Zehender & Miller, 1956
Handel, Terranova, Sensenbrenner & Feo, 1959) and Weibull
& Hammarberg (1962;1963) were able to show that the
catalase activity of various Proteus L-forms was equivalent
to that in the parent bacteria. The one salt-requiring
L~form studied, that derived from a streptococcus, showed
come differences from the parent bacterium (Pasnos, 1962).
The L-form showed greater meitabolic activity with galactose
rhamnose and variousAcompounds of the {iricarboxylic acid
cyecle than did the pareht cocecus3 but lower éctivity with
glucose, glucesamine or N-acetyl glucosamine as substratess

Immunoclogical Properties

The immunological properties of the L-form of Stfegtdbacillus‘
moniliformis were first investigated by Klieneberger {1942).
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It was found that an antiserum to the baeilli, vwhen
absorbed with the L-form was still capable of agglutinating
the bacilli, although to a lower titre than the unabsorbed
~ serum. All agolutinine were removed frdm'an L¥form'
antiserum ebsorbed with eitner IL-form or bacilli. The
results indicated the presence of an antigen in the bacilli,
vhich wags gbsent from the L-form; the significance of this
finding was not:at the %ime realised, Simiiar results

were reported by Dienes, Weinberger & Madoff (1950) for
Proteus I~forms and parent bacilll and the main differences
’between antisera to the two férms was in agglutination titreses
The agglutinin titres to the L-form were founa to be 16wer
in most cases than those t¢ the bacilli. Neither of these
studies gave ény indication of eny structural changes in

the L-form. . | ,

The precise location of the group-specific polysaccharide

in the cell wall of Croup A streptococei by McCarty (1952)
provided a criterion in the study of the L~forms dérivedvf
from these orgénisﬁs. Sharp, Hijnans'& Dienes (1957)

found that Group A streptococcal I~forms lacked the group
specific polysaccharide, indicating the changed neture qf

the cell envelope.
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Because the group~snecific polysaccharide constitutes
only a part of the cell wall in these streptococci, it
was not poesible to distinguish between total 1oss of
cell wall and loss of onlyra bart of the stfucture.

The L-form of Proteus 18 was found by Sharp & Dienes

(1959) to contzin a somatic antigen which could normally
be found assoeiated with the cell wall of the bacterial

form« There was some doubt, however, as to whether this

antigen'was present on the surface of the L~form or in

‘the cytoplasm. Group D streptococcal I~forms have been

studied by Hijmans (1962), who failed to find serological
evidence for the presence of either cell wall antigen or
the group D antigen. The group D antigen, which has been ‘
identified with the so—called 'intracellular' glycerol
teichoic acid {E1liot, 1962; Wicken, Elliot & Baddiley,

- 1963), . has been said to be 1ocated between the cytoplasmic

membrane and the cell wall (Shattopk & Smith, 1963).

Pathogeniiity and the "Persistor Stateh,

None of the L-forms so far ibOlated has heen shown to
ybe pathegemic in its own right, eithough reports have

appeéred‘dn infections caused by reversion of IL-forms to

bacilli in vivo (Klieneberger-Nobel, 1960).
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One feature used to distinguish between L-forms and
Excoglagma organisms is the lack of pathogenicity of

the former. However, some L-forms appear to possecs
potential pathogeniclity at least, in that they are
capgble of producing sdbstalceeawhichg ;n the'parent
bacterium, are assoclated with pathogenic processess.

One example of this is the‘finding; of coagulase in Le-forms
of staphylococei (Mattman, Tunstall & Rossmoore, 19613
Williams, 1963)« Group A streptococcal I-forms continue
to produce M-protein, which is released into the culture
medium (Sharp, Hijmens & Dienes, 19573 Freimer, Krause &
MeCarty, 19593 Gooder & Mexted, 1961). The presence of
neuraminidase hag been reported in the L-forms of ¥ibrio
cholerae (Madoff, Annenberg & Weinstein, 1961); and
toxigenic L-forms have been described from Clostridium
tetani (Ruhio-Huertos & Gonzalez-Vazquezs 1960).

Much interest has centred on the so-called "persistor
state” in bacterial infection; and the ILeforms of bacteria
have been mentioned in this connectioh (Mcngrmott. 1958) .
It is not uncommon, with many different bacteria for apparent
cure of an infective lesion to be effected with antiblotics,
but for a recurrence of infection to develop algost

immediately the trocatment is discontinued.



No difference in drug resistance or other characteristics
can be found between the organisms isolated in the primary
infection and those isolated 1:1 the recurrent infection
(Gunnison, Fraher & Jawetz, 1964). Guze & Kalmanson (196L4)
studying experlimental ente'rococcal pyelonepﬁritis in rats,
were sble to show en apparent cure o‘f- the infection by
administration of large doses of penicillin. Bacterial
counts on normal medis showed the kidneys to0 be clear of
infection after 3 weeks of treatment; Counts produced on
osmotically protective media (containing 0.3M sucrose)
however, demonstrated the presence of organisms even 13
weeks after antibiotic 'therapy. The conclusion drawn was
that the bacteria were persisting in the 7rat kidneys in the
"protop:l ast“ form and so requ:lred. the presence of an
osmotic stabilizer for their demcnstration.

Gunnison et gl. (196&) reported ‘the persistence of
ta@glococcus auregs in penicillin ia vitro. They f ound
0.1% of the exposed bacteria survived treatment and showed

the same sensitivity as the ori'ginal populatione The
persistors were Jjudged not to be spheroplasts, since t hey
were not osmotically fragile; or ,..-forms, since t hey
produced normal staphylcccccal colonies within 24 hr. after

the removal of the penicillin,
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Since penicillin, in common with other antibiotics, is
B effective only against actively proliferating bacteria,
it was concluded that persistors arise in a population
because at the time of exposure 1".0 the antibiotic, they

were in a non-~susceptible state,
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Section 3.

A.

- THE BACTERIAL CELL WALLs
Studies on the cell walls of bacteria and other related

organisme date back only to 1950. At that time, interest
wae growing in the morphology and chemical structure of the
outer layers of bacterial cells. Since then the developmenf
‘of new techﬁlques particularly in the field of biochemistry
has increased the knowledge of the structure and also the
Iﬁosynthes;s of the béqter;al cell wall,

Isglation and Qgggos;tion of Cell ﬁalls.

Verious methods, both chemical and mechanical, have been
devised for the isolation of cell walls of bacteris. Among
the mechanical methods available, disruption of the cells
with glass beads first étuaied by Dewson (1949) and Salton &
Horne {1951), has'been‘widely used. -Disintegration of cells
by such treatment or with abrasives and shearing forces, as
in the Hughes press have also been used for preparation

of cell wall fractions. One of the end products of all these
méthods is an insoluble reéidué. which under thg electron
rieroscope can be shown to consist of structures having the

same shape as the original cells,
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The residue inmediately after disruption contains
the cell well contaminated to some degree'with.various
eellular proteins, some of which can be removed by
centrifugation, Other contaminating materials can be
renoved by washing of the crude ce;l walls with M sodlium
chloride solution or phosphate buffers, and subseguent
treatnment with trypsin fo remove protein (Salton & Horne,
1951). Cumming & Harris (1956) employed more extensive
enzymetic treatment of the cell walls in an effort to
remove mucleic acids and proteins the'crude cell walls
being treated with ribonuclease, trypsin and pepsine. Cell
walls prepared by either of these two methods can be
shorn by electron microscopy to be free of any gross
contamination. Other criteria for the purity of cell wall
preparations coﬁsist of ultravioletﬁabsorptibn'at 260m1 .4
for nucleie acids and, at least in the case of certain
Gramsposittve organisms, the finding of a limited range
of amino acids on acid hydrolysié‘of the walis.

Cell walls of Gramenegative organisms, prepared by
. disruption methods, prove rathef more difficult to purify,
eince large amounts of'profein nave been shown to occur in

the cell wall itself (Salton, 1953d.
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Consequently, removal of contaminating intracellular
proteins presents a problem, and no general criterion

. of purity exists for these preparations. Studles on the
walls of Gram~negative bacteria have been largely concerned
with preparations of particular parts of the cell rather
than with the whole structures.

Chemical methods of extraction of wall material have
been employed more for Gram-negative organisms than for
Gran~-positive, but of the methods avallable for Gram-
positive organisms, the extraction procedure of Park &
Hancock (1960) provides wall material admirably suited
to comparative study. The final residue from the procedurs
represents the hot trichlorocacetic acid and trypsin-insoluble
portlons of the whole cell. This insoluble wall material has
been shown, at least in Staphylococcus aureus, to consist
chiefly of the mucopeptide, the other components having
been remcved during acid treatment.

Most of t he wall isolation procedures for Gran=-
negative orgaﬁisms have been based on chemical rather than

mechanical methods,.



The various layers associated witht he cell wall in
Graﬁ-’negative spécies have been isolated free from other
‘components by Weidel &'Primosigh (1958); wWeidel, Frank &
Martin (1960) and Mandelstam (1961, 1962). All of these
@ethods’ produce isolated structures from the cells and,
combined with electron microscope studies, have yielded
' valuasble data on the strugturai relationahips existing in
the complex cell envelope of Gramé-negative bacteria. |

In both Gramepositive and Gr@negétive bactéria ,
" .the cell wall serves the important function of maintaining
the structural integrity of the cell.r' This implies the
property of rigidity of the wall, or at least a part of it.
This 13 horne out b,v electron microacopic studies of 1solated
‘cell walls, which even ‘after sometimes rigorous mechanical
‘or chemical treatment, retain to smne degree the shape and
dimensions normally associated with the whole cell (Salton &
Horne, 1951) . Extenaive extraction proceé.ures carried out
on cell walla from Gram—positive or Gram-hegative cells
leave é residue \mich 1s msoluble 1n a variety of solventa
such as hot formamide, 90% phenol and sodium dodecyl
Hsulphate (Salton, 19610-). ' ’ '
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However. examination of such a residue in the electron
microscope shows it still to possess the shape of the
organism from which it was prepared. Chemical analyses
of such residues have shown them to consist of a restricted
number of amino acids and amino:sugers. This new elaag of
structural polymers, called mucocomplexes (Salton, 1956)
or mucopeptides (Mandelstam & Rogers, 1959) has be@ found
in all Gram-positive and in most Gram-negative ba::tgria 80
| fgr examined. The exceptions are the Mycoplasma organisms
(Plackett, 1959) and Halgbacterium halobium (Brown &
Shorey, 1962). A , ‘

All of the mucopeptides so far examined have been :_
found to contain the two amino acids alanine and glutamic
acid, both in the D-configuration, together with either
I-lysine or ol €-diaminopimelic acid (DAP) (Work, 1949, 1951).
In mucopéptides isolated from certain organisms other amino :
: écids} such as glycihé, seriné _oz{ aspartic acid sppear. |
Although qualitstive identification of amino acids has been
performed on mucopeptides from a wide range of Grén-—poaitiv_e
species, the data availsble for Gram-negative bacteria have
been limited by the dit‘;‘icﬁlties met with in preparing

mucopeptide free from wall or membrane proteins.
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~One very important finding, following the discovery
of large amounts of hexosamine in Gram-positive cell walls
and lesser, though still substantial, amounts in Gram-
negative cell walls, was the detection of an unknown
amino sugar in spore peptidés by Strange & Powell (1954).
A similar compound, with identical properties had been
described by Cummins & Harris (1956) in hydrolysates of B
cell walls. Subseguently, Strange & Dark (1956) were able
to-isolatg this unknown amino sugar from both spore peptides
and cell walls; and its structure was determined as
3=0=-carboxyethyl glucosamine (Strange, 1956)+ The name
Ymuramic acid' was proposed for this new sugar. Since
then various methods of synthesis of muramic acid have
been evolved, among thém those of Strange & Kent (1959)
and Gigg & Carroll (1961)., Park & Strominger (1957)
identified the previously unknown amino sugar reported
in nucleotides accumulated by Staphylococcus aureus treated
with penicillin (Park, 1952), as muramic acid.

Muramic acid has to date been found only in

mucopeptide fractions of cell walls or in nucleotide |
structures isolated from cells treated with certain

antibiotics.,



This amino sugar has been shown to be a constituent of
cell walls of all Gram~pqé:lt1ve and of most Gram-negative
baqteria so far examined and is also present in cell walls
of blue-green algae (Salton, 1960) and Rickettsiae
(Perkine & Allison, 1963). Muramic acid has therefore
come to be regarded as a distinctive 1ndicatqr; and its
presence in any cell is teken to be evidence of the presence
of cell wall mucopeptide. |

In addition to muramic acid, cell wall mucopeptides
also contain glucosamine, which unlike muramic acid may
also be present in cell wall polymers other than mucopeptides.
Enzymatic studies on isolated mucope;pt.‘gdés have indicated
that most of the amino sugar in these structures is present
in the form of N-acetyl compoundss |

The other major cell wall polymers discovered, in
addition to mucop‘ept;!.deé, were the teichoic scids (Baddiley,
" Buchanan & Carss, 1958). In Gram-positive orgenisms, these
polymers can represent a large proportion of the total cell
wall ‘mate‘rial.' The teichole acids, however, do not
spparently contribute to the rigidity of the wall structure
since their remowsl from the wall leaves the rigid
muicopeptide intact (Archibald, Armstrong, Baddiley & Hay,
1961) | | |



Since the first reports of t;hese compounds were made
in Gram-positive organisms, most of the subsequent work
by Armstrong, Baddiley, Buchanan, Davison, Kelemen &
Neuhaus (1959); Salton & Pavlik (1960); Haddiley (1961)
and Ikawa (1961) has been done within this group. Only
one report by Lilly (1962) has appeared on teichaic acid
isolated from cell walls of a Gram=negative speclesy
Escherichia coli, strain 26-26,
‘ Two forms of the polymer have been found to exist
in cell walls, one containing ribitol, phosphate, alanine
azid a sugar or amino sugar; the other form of the polymer
containing glycerol in place of ribitols Both of these .
types have been found in cell walls, but only in
Streptococcus faecalis hés evidence been found that both -
might be present in the wall of the same organism,
(Armetrong et _al, 1959; Ikawa, 1961). A great deal of
structural data has been produced on teichoic acids from
various organisms and some of the proposed structures
confirmed by chemical synthesis. The exact functions of
these polymers in the cell wall are not clearly understood,
although a number of thetries, such‘as regulation of passage
of ions across the cell surface (Archibald et al, 1961),

have been put-forwarde.



~The more complex cell envelopes of the Gram-négativer
bacteria possess, in addition to micopeptide, other
‘cdmpiexeé mainly accounted for by protein, lipid and
poiysaécharidei Large pblymérs'belonging to all three
classes, alone and in compination as lipopolysaccharides,
11p0pr6te1né eté.; have been isolated from surface
structures of a large number of Gram-negative organisms
(Weidel & Primosigh, 1958;'Weideljzmnartin, 19603 Salton,
1960). Gradually, more information regarding the
inter-relationships of the layers going to make up the
whole cell wall is being accumilated. The position at
present,‘however; is far from clear and much information
is neededto reach the stage existing in the study of
walls from Gz-ampositive speciess

Bs mhe Cell Wall of Staggzlgcoccus aureus
Much of the 1nformation gained on eell wall structure
in Gram-positive bacteria has been the result of studies
on isolated cell wells from strains of Staphylococdus sureus
(Selton, 1964). I -
(1) Mucopegt;de'

The mucepeptide »f Staphe aureus -cell walls has been
shown to0 consist of a relatively few amino acids, glutamic

acid, aslanine, lysine and glycine; and two amino sugars,
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glucosamine and muramic acid (Hancock & Park, 19583
Rogers & Perkins, 1959; Strominger, Park & Thompson
1959), although amall amounts of serine have also been
| reported (Salton & Pavlik, 1960) in some strains. The
presence of large ambunts of glycine in the isolated |

mucopeptide from Staphe. aureus Copenhagen led Mandelstam &

Strominger (1961) to the view that the normal short
peptide chains found in mucopeptide are, in the case of
Staph. aureus, cross-linked by bridges of polyglycine.
Some support for‘this view was afforded by Perkins &
Rogers‘(quoted by Rogers,1963) who found glycylglycine

in strong aqid‘hydrolysates'éf\éeil walls of strain 5244/SC
Staph. aureus. The polyglycine cross-linking is said to
occur between the free amino group of lysine in onev
peptide chain and the carboxyl group of glutamic acid in

the next chain.

Although the.complete cell wall of Staph. sureus is.
resistant to lysozyme, the isolated muéopqptide,'free
from teichéic acid, is\sblubilized’by,the énzyme. Analysis
of the lysozyme digestion products (Ghuysen &‘Strominger,
1963) showed that most of the muramic acid residues present
in the mucopeptide carry peptide chains; It would appear

fronm these results that there is a high degree of cross-

linking in the mucopeptide of Staph. sureus and Rogers (1963)
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has proposed a nét-like arrangement of mucopeptide forming
a strong rigid framework. . o
(11) Teichoic Acid.

The teichoic acid isolated from cell walls of Staphe
aureus H was shown by Armstrong, Baddiley, Buchanah, Carss &
Greenberg (1958) to be a ribitol phosphate polymer with
side chdins of Neacetyl glucosamine and D-alanine. .The
more detailed structure of this teichoic acid was studied
by Baddiley, Buchanan, Martin & RajBhandary (1962) who
showed’the N-acetyl glucosamine side chains to be attached
to the ribitol phosphate 'backbone' at the L-position of

“the r ibitol. The ester-linked D-alanine was assigned to the
hydroxyl: groups at positions 2« or 3= of the ribitol units.
In teichoic acid from cell walls of‘Staph. gureﬁs.
Copénhagena cn the other hand, Saudérson, Juergens & -
Strominger {1961) suggested that the D-alanine residues
were tc be found on the N~acetyl glucosamine side chains
and not on.the ribitol. Similar differences between
teichoic acids from cell walls of other strains of

Staph. aureus might also exist although no deté.iled
studies have yet been carried outs The so-called
'intracellular' teichoic acid of Staph.sureus H is a
glycerol phosphate poiymer cohtainiﬁg D=-alanine and

N-acetyl glucosamine.
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Detalled structural work has not been carried out on
‘glycerol teichoic ncids from other strains of Staph.
aurcus apart from strain H (RajBandhary & Baddiley,
1963)

The precise relaticnships of these teicholce acids in
the oell is not known with certainty. |
Action of Antibiotics on Cell Wall.

Park (1952) isolated and characterised several nucleotides
accunulated in Staphs aureus under the influence of
penicillin, At that time, tho identity of the 'unknoun
anino sugar' was in doudt, but the work of Strange &
Powell (1954) snd Cumnmins & Herris (1956) led to its
reéogx;&t;on as mﬁramic acid, (Park & Strominger, 1857) «

It was subsequently found that these nucleotides consisted

of uridine diphosphate (UDFr) nolecules to which were
attached N-acetyl muramic acid and a short peptide chain of
amino acids normally fdund in cell wall mucopeptides.
These findings offered strong circumstmntisl evidence that
these uridine compounds might be precursors of cell wall
micopeptides st:‘orciizigar & Threnn (1959) showed that the
quantitative as well as the qualitative annlyses of these
peptides agreed with figures produced for cell wall
preparations,
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The accumulation of these UDP compounds and of
cytidine diphosphate (CDP) compoundshas been reported in

‘bacteria exposed to a varlety of agents such as penicillin,

bacitracin, novobiocin, vancomycin, D=cycloserine, gentian
violet and S~fluorouracil. Ssukkenen (1961) was able to
show a massive accumulation of' nucleotides in penicillin-
treated Staph. aureus, with large amounts of CDP~ribitol
being produced,

If current theories on the naturé of these nucleotide
compounds as precursors of cell wall structures are true,
then it seems certain that the agents which cause the
accumulation of these compounds are acting by interfering

with some stage in the biosynthesis of the whole cell wall,
Cell Wall Antigens in Staphylococcus aureus.

In 1934, an antigenic 'polysaccharide A' was isolated

from pathogenic staphylococei by Julianelle & Wiéghard.
During later work on this polysacchaiidc. Haukenes (1962)
found it to consist of a complex of two components; cell wall
mcopeptide and cell wall ribitol teichoic acid. The cell.
wall teichoic acid formed thevgreater part of the purified j
'Polysaccharide A's The inhibition of the agglutiration of
cell walls of Staph. aurecus Copenhagen had been reported by
Sanderson, Juergens & Strominger (1961) by the addition

of known parts of the teichoic acid structure.
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The results mdicated tha'b an this particular organism,

the scrolog;,cal 81)3011'101'{34 was due to the presence of
oL-N-acetylglucosaminyl nib:.tol residues in the cell wall.
This finding was confirmed by Haukenes (1962), although

in the strain used, no o =linked residues could be detected
in one of the preparaticne of teichoic acide i
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Section 4

AIMS OF THE PRESENT INVESTIGATI ONS

.VS1nce little previous work has been done on L-forms of
 Staphylococcus sureus, spart from studies of induction and

growth morphology, it is thought important to attempt a

i muée general investigation‘of the properties of these

1.

2e

nférms. It is proposed that this investigation should include

both chemical and immunological aspects of these Le-forms
together with further morphological studies. In this way

1t may be possible to establish a relationship between
~ the arganism in the I~phase and in the bacterial phase.

The main interest in the chemical composition of the Lﬁform

is stimulated by reporis that in L-forms derived from

other bacteria, especially Gram-positive species, at4¢east '

part of the normal cell wall is believed to be absent .

 The projected chemical comparison between the L-form and the

staphylococcus will serve to elucidate this possibility '

' with.regard to the staphylococcal L-form.

In taggﬁlococcus aureus, the immunological properties

are to a large extent related to the chemical composition

of the cell wall. Consequently, any deficiencies in cell

wall structure in the L-form should also be evident in

resulte from immunological studies,
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The L-form of Staphylococcus aureus possesses an unusual
morphologys not only in the macroscopic colony form but

aiso microscopically. With the use of various separation
and staining techniques, it is hoped to be able to

investigate aspects of the growth and reproduction of
the L-form.



METHODS ~AND

© MATERIALS
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Section 1

INDUCTION AND GROWTH

Bacterial Strains and Media.

Four strains of Staphylococcus aureus were used in this
investigation. Three dr these strains, 1iily, 6 and 42E
were sensitive to penicilliﬁ; a'traixi 14kl (phage type
3B/+) was a routine isolate from clinical haterial and
strains PS6 (NCTC 8403) and PS42E (NCTC 8418) were
propagating strains from the routine phage-typing
set (Blair & w1lliams, 1961)+» The fourth strain,
sta;gmloéoccus aureus strain Rogers (phage type U2E) was
isolated from clinical material and was a penicillinase-
producer, |

All four strains were induced to grow in the L-phase,
strains 144y, 6 and 42E by exposure to penicillin and strain
Rogers by exposure to D-cycloserine.

1~form colonies were produced on a solid medium
having the following composition: | |

Difco brain-heart infusion béoth

'(containipg 0.5% (w/v) NaCl). 37 8e
Sodium chloride S 30 ge
Sterile normal horse serum 100 ml.
Agar (Noble) 13 ge

Distilled water 1000 ml. -



.'I“he“basal medium, containing all the gbove materiéls,
| except the serum, was prepared, sterilised and allowed
40 cool to 50°o The sterile horse serum was added and the
medium mixed by gentie' agltation. _.Fo;fr induction of
‘penicillin-sensitive staphylococecl, penicillin G (sodium
benzyl penicillin, Glaxo Laboratories Ltd.) was added to
the -warm medium to a concentration of 60 ng/ml. The now
comple te medlue was zently mixed and diSpensed in 20 ml
amounts in sterile plastic Petri dishes. Solid medium
for the induction of straln Rogers was prepared in the
same way'except that 40g of sod,igm‘ chloride were added per
litre and penicillin was replaced by D+cycloserine
(E. Lilly & Coes Ltd). at a final concentration of. 500 pg/ml.

. Liquid medium for the growth of the established L-form
strains consisted of the above braineheart infusion mediunm,
but withcut the added agare

In later expsriments, the horse serum was replaced by

0e5 (v/v) Difco PPLO serum fraction, 0.5% (v/v) bovine
serum albumen fraction 1 (Armour) or 1% (w/v) granular
charcoal (British Drug Houses). The first two supplements
were added as sterile solutions to the sterile basal medium.
The gramular charcoal was sterilised in the liquid medium.



Method of Induction into I-~phase.
All the strains of Staph. aurecus were obtained in the. _

L-phase as described by Williams (1963)« Overnight
cultures of the staphylococei in glucose broth were
centrifuged and the organisms washed three times with
physlological saiine; The washed cells were resuspended
in fresh broth at a concentration 10 x that of the
original culture and 0.5 mle. of this suspension spread
on the surface of a plate of the complete medium. The
inoculum was allowed to absord into the surface and the
plate incubated at 37°. All plates were contained in |
plastic bags to lessen moisture loss 'byv evaporatione.
Plates were examined daily under a piate microscope until
typical IL~colonies could be seen, usually after 2 to 6. |
days incubation. |
The L=-colonies were examined by cutting blocks of
agar from th: plates and placing them, colonles uppermost,
on microscope slidese A coverslip wgs spread with a mixture
of 1% (w/v) ethanolic methylene blue and 1% (w/v) azure IX
and allowed to drye. The coverslip was placed over the
L-colonies, which took up 2hd retained the dye. The
L-colonies were then viewed under low-power magnification.

in the microscope.
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Propagation @nd gGrowth in I-phase. »
Suitabie I~form cultures on primary plates were transferred

"$o0 fresh solid medium using an agar-block method. Blocks

of agar, containing fully developed IL~-colonies, were cut
from the primary plates and inverted on to fresh medium.
The plates were incubated for 18 hr. at 37° eand then the

blocks moved over the surface of the agar. Where the

" blocks had been originally placed, small foci of growth

could be seen. Further incubation for 18 hr. at 37°
yielded typilcal I~colonies. This method of ﬁrbpagation
was used in all preliminary growth experiments.
Esteblishment of I-form growth in the 1iquid medium
was achleved by transfer of agar'blocks containing
colonies to small volﬁmes of éomplete'liquid medium.
Growth in broth could be established only with difficulty,

" and the results obtained were irregular. Disintegration
of the agar blocks and inoculation of broths with a

-suspension of colonies and agar produced the same

irraguiar results. Eventually, all four strains were
obtained in broth culture. Incubation of the broth for

2 to 3 days at 37° prodnced 'stringy' growih of the

1-form adhering to the agar block, Gentle agitation

_féeed the growth from the agar and therecafter subeulture

could be performed using normal methods., Large scale liquid



D.

61

culture of the I-form at first proved difficult but by
serially 1ncreasing the culture volume. half—litre ‘cultures
were eventually obtained.

Harvesting of I~-form Cultures.
I-form cells were harvested from liquid culture by highr

 speed centrifugation. Although the 'stringy' growth '

could.be sedimented from the broth at only 1,000 x g
for,l5,m1n., the‘supernatqnt from such treatment atill
contalned appreciable numbers of qelis., It was found

‘that centrifugation at 27,000 x g for 10 min, was raquired
to sediment these cells which were 'f.hen added to the pellet.

from the low speed cenirirugation. The harvested cells
were washed with sodium chloride solution, L45% (w/v)
for L-Rogers and 3.5% (w/v) for the other streins, and
resedimented at 27,000 x g for 10 min,.

The washed L-form vas resuspended in O.5M sucrose

solution (0.75H in the case of LéRogers) containing 042

- mg/ml. of deoxyribonuclease (grade By california Biochemicals)

and 0.005M ngcla., The suspension was incubated at 37
for 1 hre and the cells recovered‘by centrifusing at
70,000 x g for 30 min. The pellets from the high speed

| éehtr;fugation_wére ﬁrained. resuspended 1n.dist111ed water
' and dialysed overnight in a Visking membrane sace



The dialysed suspensions were freeze-dried and the
dry material transferred to tightly stoppered containers.
When preparations of I(-fdz_'m were required for
growth‘experiments, waéhing of the déposited cells and
deozyribdnucleaee tréatﬁént ﬁere carr‘i.‘ed out in fresh
sterile culﬁure medium. The enzyme-freated cells were
recovered at 70,000 x g for 30 min. énd résuspended in
liquid mediume | '
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Section 2

A.

B.

LYTIC ACTION OF OTONIC SOLUTIONS
SURFACE~ACTIVE AGENTS.

Preparations of L-form cells.
Broth cultures of the L-forms were harvested and treated

with deoxyribonuclease as described in Section 1leDs The

suspension of evenly dispersed cells in 0.5M sucrose

- was centrifuged at 70,000 x g for 30 mins. and the pellet

resuspended, with gentle agitationg in 0.,5M sucrose solution,
The density of the suspension was adjusted so that 0.5 ml.,
when diluted with‘u mle of 0.5 sucrose, gave a reading

of approximately 0.5 optical density units at 500 mp,

using 1 cme cells in a Unicam SP.500 spectrophotometer,
Suspensions of washed bacterial cells were also prepared to
give the same oﬁtical densitye. | |
Preparation of Protoplasts of Staphylococei.

Staphylococecl were grown overnlight in glucose broth"at

370! harvested at 1,000 x g for 15 mins; and washed three
times with physiologlcal salt solution. After the final
washing, the cells were resuspended in 0.5M sucrose
conteining 0.01M scetate buffer pH 5.7 (Hash, Wishnick &
Miller, 1964). Chalaropsis B enzyme (Lederle Laboratories)
was added to give a final concentration of approximately

50 pg/ml. The suspensions were incubated at room temperature

oﬁernight to effect conversion of the bacterial cells to
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6émotically sensitive forms, which were collected at

-25,000 X g_for 30 min. The protoplasts were resuspended

in 0.5M sucrose solution at a density such that 0.1 mle

of the suspension diluted with L ml. of O.5M sucrose

gave an thical density reading of appfoximately 6.5

at 500 m. o

Lysis of Staphylococeil by Chalaropsis B_enzyme

Suspensions of washed staphylococci were ﬁrepared both

in 0.5M sucrose solution containing 0.0lM acetate buffer

pH 5.7 and in buffer alone. The initial optical densities
were adjusted to approximately 0.5 at 610 mp in a 1 cm.

glass cell. Four ml. volumes of each suspension were
pipetted into glass spectrophotometer cells and Chalarcpsis B
enzymé added to each to give a final concentration of 50 pgﬁﬂ4
A control suspension of staphyloccesi in buffer containing no
enzyme was also prepared. Optical density readings at 610 mp
(Hash et _al, 1964) were taken of the control and the two test
samples at intervals. All readings were made using & buffer
blank.

Lysis in Salt and Sucrose Solutions.

A series of solutions of sodium chloride (British Drug

Houses) were made to give a range of concentrations from O

to Le5% (w/v)s Four ml. quantities of each of these solutions
were dispensed into each of two tubes, and 0.1 ml. of the

IL-form suspension added to one set and 0.1 ml. of the
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bacterial suspension added to the second set. The contents
of the tubes were gently mixed and. allowed to stand.ab
room temperature Tor 30 min. Optical densities of the
suspensions were read at 500 mp using 1 cm. glass cells in
the Unicam SP 500 spectrophotometers.

Similar procedures were used for determining the‘
extent of iysis in sucrose solutions of varying concenfration.
Sucrose (Keffoot & Co) solutions were prepared to give |
a range of concéntrations from O to O.75M. Each of the
solutione was dispensed ih 4 mi. amounts into each of
three test tubes. At timed intervals, 0.1 ml. of the
suspension of L-form was added to one set of tubes, O.1 ml. of
the protoplast suspension added to a second set and to
the third sét. 0.1 ml of bacterial suépensiqn. All the.
tubes were allowed to stand at room temrerature for 30 mine
af ter the édditidn of the suspensions and then the optical
densities of the mixtures read at 500 mp in 1 cme glass cells
using a water blank.
Lysis by Alcohols. |
Solutions of each of the primary alcohols, ethenol, .
n-propanol and n-butanol (British Drug Houses) were made
in O.5M sucrose to give a range of concentration. The
solutions.of ethanol ranged from O to 7.5M, those of .
n-propanol from O to 3.0M and of n-butanol from O to b.BM



alcohols Each of the aleohol solutions was dispensed in

L ml. quantities into each of three test tubes. At timed
intervals, O.1 ml. quantities of'suspensiOns‘of L-form,
‘staphylococeal protoplasts and bacterial celis were addéd to
each set of tubes. After 30 min. incubation at room |
temperature, optical densities were read at 500 mp in

1 cm.‘ceils.
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A,

ISOLATION OF CELL FRACTIONS

Preparation of Cell Walls,
Cell walls were isolated from staphylococci by the

method of Saiton & Horne (1951), usihg a Mickle tissue
disintegrator and No.12 Ballotinl glass bedds (Chance Glass
CoeLtde)s | | |
‘Staphylococci were grown overnight at 3?° in
Nutrient Broth No.2 (Oxoid) containing 0.1% (wn/v.) glucose.
The cells were harvested at 1,000 x g for 15 min. mashed
once with physiological saline end once with distilled
water.‘ The peilet of cells was resuspended in distilled
water at a density equivalent %o approximately 16 mg. dry
weight/ml., and 6 ml;ﬁpdrtions mixed with an equal volume
of'glass beads in the gléss Mickle cups. Rubber bungs,
covered with thin cellophane were used to seal the cups,
which were vibrated at maximum amplitude. Ih prelimindry
preparatiohs, disruption of the cells was followed by Gram
staining of smears made at intervals, Vibratibn fdr 15 min.
was found sufficient to produce over 90% disruption of the
cells in the suspension, as Judged by loss of Gram-positive
staining property. Suspensions of disrupted cells were

freed from glass beads by filtration through a grade 0O
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sintered-glass filter (Scientific Supplies, Ltd) and the
‘beads washed several times with distilled water, The thick
suSpensions, contalning cell walls, membranes, 1ntrace11u1ar ‘
'contents and some whole cells, were centrifuged at 5,000 x g
for 10 mine in a>8erva11 'Superspeed'! centrifuge ( I, Sorvall
& CosLtd.) Supernatant fluid wes removed and stored in the
:refrigeratér fbr future use,

The pellets, consisting of two distinct layers, |
vere washed three times.with cold M sodium chloride solution,
end then three times with cold distilled water, Washing
with SOdiuﬁ chloride removed'much of the adhering cellular
~protein from the cell walls, The crude cell walls and whdle
cells were resuapendéd in M/15 phosphate buffer pH 7.4
containing 1 mg@/ml. of trypsin (British Drug Houses).

A few drops of toluene were added to the SuSPension, which
was incubated ovcrnight at 37 . w

The trypsin-digested cell walls and any whole cells
Werelsgdimented at 12,000 x g for 10 min, and washed three
times:on‘thé éentrifuée with cold M'sodium chloride éolution.
Whole cells and cell walls vere separated by repeated
centrifugation from distilled water at 1,000 xg for 10 min,
After each centfifugation, a pellet consisting of twoiléyers
was obtained, The lower,.grey~coloured layer consisted of

whole cells and the upper, white layer of cell wallse
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Each time; the 1ayér of cell walls was carefully removed f
from the whole cells and recentrifuged. This process

was repeated until no whole cells were detected as a separate
layers. The cell walls were ﬁashed thoroughly with colé
d;stiiled ﬁater to remove sodium chloride, the supernatant
fluid being tested for thé presence of chloride by the
addition of silver nitrate;’ Three washes in distilled water
were usually sqfficient to remove all traces of éalt. The
purified cell walls were resuspendeéd in the sriallest possible
volume of distilled water and freeze-dried.

Preparation of Cell Membranes.
The supernsatant fluid from the first 5,000 x g centrifugation

of the cell walls described in Section 3A was recentrifuged

at 5,000 x g for 30 min. to remove any particles of cell

wall.. The resulting supernatant was then centrifuged at

20,000 x g for 20 mine in the Servall 'Superspeed’

centrifuge and the pellet containing the membrane fraction

recovered, the supernatant being stored in the refrigeratbr’

for future use. ‘ |
The pellet was washed three times bn the centrifuge

with cold physiological saline and incubated at 37° for

30 mine in ¥100 phosphate buffer, pH 7.4 contalning 0.04M

HeCl, 04005 M MgCls and 0.02 mg./mle of both deoxyribonuclease

(grade B, California Biochemicals) and ribonuclease (2 x ‘

oryst, Califorhia Biochemicals) as described by Freimer (1963)
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The inséluble membrane fraction was collected by
centrifugation, washed twice in cold ¥100 phosphate
buffered saline pH 7.4, twice with cold distilled water
and freeze-~dried from distilled water. The final product
consisted of a buffe=coloured powiGer.
Membrane fractions from L-form cells were prepared
by a modification of the above method. The lL-forms,
previously harvésted and washed once with the sappropriate
strength sodium chloride solution, were lysed by suspension
in M/60 phosphate buffered saline (0.9%w/v) pH 7.lL. To
- allow time for‘complétion of lysis, suspensions were storéd
at 4° for approximately 16 hr. Deoxyribonuclease, 002 mge/
ml. and 0.005M MgClo were added to the lysed suspension,
which was incubated at 37° for 30 min. to reduce the
viscosity caused by the release of deoxyribonucleic acid.
Particuléte material was sedimented at 20,000 x g.
. for 10 min., resuspended in the buffered saline and again
centrifuged. The supernatants‘from these two centrifugations
were pooled aﬁd etored for future use. The pellets were
resuspended in ¥/60 phosphate buffered saline pH 7.l,
containing 0.005M MgClz end 0.02 mge/ml. of both
deoxyribonuclease and ribonucleases, Suspensions were
incubated at 37° for 30 min. and the insoluble residue
sedimented at 20,000 x g for 10 nmin. The pellets were
washed once with cold buffered saline, resuspended in
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buffered saline and incubated for a further 30 min. at

37° with nucleases. The insoluble material was again

sedimented at 20,000 x g for 10 min., washed several times

with cold buffered saline, then with distilled water and
frecze-dried. The residual powders from various preparations

were light brown to almost white in coloure.

Isolation of Intracellular contents._

‘Supernatant fluids, after removal of cell walls and

membranes from suspensions of disrupted cocci, and cell
membranes from lysed l-form, were centrifuged at 100,000 x g

for 1 hr. (Davison & Baddiley, 1963) 4n the M.S.E. 'Superspeed

1ot centrifuge. ‘The sediment from this treatment consisted

of a small pellet of clear gel, which was freeze-dried
from distllled water,

Isolation of Mucopeptide.

A mucopeptide fraction was isolated from coccal and L-form
cells according to the method of Park & Hancock (1960),
which allows the pfeparation of éell wall mucopeptide
contaminated with less than 5% of cellular protein.

L Cells wefé harvested as described and washed once
with the appropriate sodium chloride solution. The washed .
cells (approximately 2.5 = 3.0 m.ge. dry weight) were
resusPended in 2 ml. of distilled water and sufficient

cold 25% (we/ve) trichloroacetic acid added to give a

final concentration of 5% (we/V.)e The mixture was allowed



to stand for 10 min. at 4° and then centrifuged at ‘
4,000 x g for 10 min. The supernatant, which contained
the acid-soluble cell consfituents, was carefully decanted.

. The residue from the cold acid treatment was |
resuspended in 2,5 ml., of 75% (v./ve.) ethanol in water,

thorouéhly mixed by shaking and allowed to- stamd for
10 min. at room temperature. Ihsoluble material was
centrifuged and the supernatant, containing ethanol~-soluble
lipid and 'prqtein"decanteda - |

' The nucleic and teichoic acids were removed from
the ethanol-~treated céllé by susPeﬁsion.in 2.5 mle of
5% (we/Ve) trichloroacetic acid and heating for 6 min.
at 900. The extract was cooled, centrifuged at h;000 X8
for 15 min. and the supernatant decantea. o
The residue was suspended in N0.95 ml. of O OBM
NHthos containing 0.005N NHLOH snd 0.05 ml. of & solution
of 1mgm/m1. crystalline trypsin (L. Light & Go.) in the
same buffer added. The ‘mixture was incubated at 37 for
2 hr., or untilrdigestion was complete and then centrifugéd
at 4,000 x g for 15 min. The extract of trypsin-soluble
proteins was decanted. | | |
According to Park & Hancock (1960), any residue

remaining after this treatment consists of cell wall
mucopeptide, which is resistant'to digestion with hot
trichloroacetic acid and with trypsin (Weidel, 1951;
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McCarty, 19523 Salton, 1953h 1956; Cummins & Harris, 1956).
Because of the extremely small ylelds ohtained from
I-forms, the above extraction procedure was also carried
out on larger samples of L-forms. The volumes of the
extractants used were adjusted accordingly. ‘
Mucopeptide was also isolated with the hot formamide
method originally introduced by Fuller (1938) for the
extraction of polysaccharide from bacteria. Complete
solution of the bacteria had been assumed by Fuller,
but 1t has been shown by Krause & lcCarthy (1961) that the
mucoPéptide of the cell wall is resistant ic digestion
- by this treatment.
Samples of whole cocci, I-form and cell walls were
- extracted by the Fuller procedure. The cells or cell wglls
were suspended in 2 ml. of formamide (British Drug Houses)
and heated, with occasional stirring, at 170° in an oil
bath for 20 min., The extract was cooled and 2 volumes of
acid alcohol (95 parts sbsolute ethanol + 5 parts 2 N HOL)
added. Although it was found that the residue could be
recovered‘by direct centrifugation, the addition of the acid
alcohol facilitated the separation. The residués‘were washed
once in cold distilled water and freeze-dried. "

E. Extraction of Teichoic Acids,

Isolation of teichoic acids from whole cells, cell walls

and other cell fractions was performed according to methods
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described by Armstrong, Baddiley, Buchanan, Carss &
Greenberg (1958); Davison & Baddiley (1963) and RajBandhary &
Baddiley (1963)« | |

, ‘Whole cocci and L-form cells were defatted by successive
treatment ivith acetone, ethanol and ether, each for a
period of 10 min. The resulting fat-free cells were
stirred for 16 hr. with cold 10% (we/v.) trichloroacetic
acide Cell debris was centrifuged at 20,000 x g for 10 min.
and resuspended in fresh, cold trichloroacetic acid and again
stirred for 16 hr. at 4°., The sﬁpernatants from both these
treatmenté were pooled and mixed with 5 volumes of ethanol.
After overnight standing at uo, the resulting preciplitate

was centrifuged, triturated with a small volume of

trichloroacetic acid and the insoluble material removeds -
Ethanol was added to the acid solution and the precipitate
collected after 16 hr. at 4°, The final precipitate was ‘
washed with acetone, ethanol and ether and dried in a
vacuum desiccétor.

Teichoic acld was extracted from cell walls by
essentially the same procedure involving treatment with cold
trichloroacetic acld and precipitation from ethanol. -

Treatment of the freeze-dried intracellular gel by
stirring with 10% (w./v.) trichloroacetic acid for 48 hr.
at u? extracted considerable amounts of protein and nucleic

,acids, as shown by paper chromatography, together with any
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teichoic acid present. Accordingly, attempts were made to

remove the contaminating protein and nucleic acid by

triturating the alcohol precipitate with cold 10% (we/ve)
trichloroacetic acid.

The crude precipitate from the initial alcohol
treatment was stirred with 1 ml. of cold trichloroacetic
acid for 2 hr. and the grey insoluble residue centrifuged
at 10,600 x g for 15 min. ﬁ1Ve volumes of ethanolywere
added to the supernatant and then allowed to stand for 16 hr,
at 4%, Precipitated materiai was removed by centrifugation
at 10,000 X g for 15 mine. Further trituration of the
precipitate with 1 ml. of cold 10% (we/Vv.) trichloroacetic
acid, :eprecipitation with ethanol and drying of the
precipitate with ethanol and etﬁer, yielded less than 5 mg.
of a vhite powder from approximately 0.23 of Treeze-dried
gel. Because the yields of materiai were‘so loﬁ, further

purification by passage through a column of Sephadex G75

(RajBandhary & Baddiley, 1963) was not attempted. The final

producte from the abOVe procedure still contained appreciable
amounte of ribonucleic acid, but acia hydrolysis and

chromatography showed that all the contaminating protein had
been removed. L |

Isolation of Polxsaccharide A _and Antigen A gJensenl

The extraction of both polysaccharide A and antigen A (Jensen



from whole cells was performed by the method deseribed
by Haukenes, Losnegard & Oeding (1961).

' Bacterial and L-fornm cells were harvésted and washed
once with salt solution of the appropriate strengthe. The
cells were resuspended in the smallest possible volume of
W15 phosphate buffer pH 7.0 to give a thick paste. The |
paste was transferred to the chamber of an *X-press' (AB
. Biox, Sweden), frozen at -25° and the cells disrupted by
three paésages through the orifice of the presse. The paste
was.removed from the press and dllowed to thaw; two
volumes of M/ls phosphate buffer pH 7.0 were added and
the suspension allowed to stand for 24 hr. at 4°, The
extract was adjusted to pH 4.2 by the addition of diluté
(N/l) hydrochloric acid and centrifuged at 12,000 x g for
20 mine The supernatant was readjusted to pH 5;2 with
sodium hydroxide and 4 volumes of ethanol added.. After
overnightvstéﬁding at 4°, the precipitate was collected at
12,000 x g for 10 min. and redissolved in a small volume of
distilled waterg'

This solution was again adjusted to pH 4«2 and ihe
precipitate collecteds The supernatent was readjusted to
PH 542 andvafter standing at ho, the precipitate collected
as before. This procedure was repeated twice, each time
the acld precipitates being collected and pooleds |

The final alcohol precipitate was freeze-dried from
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distilled water. Gel diffusion showed this precipitate
to éonsist of polysaccharide A contamiqated to some extent
with antigen A (Jensen), |

%IThe pooled acid precipitates were dissolved inhdistilled
water and freeze-dried, The preparation produce@ strong

antigen A (Jensen) lines in gel diffusion reactions, with
evidence of some slight contamination with 'cytoplasmic!

antigeny
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ANALYTICAL METHODS,.
A, Hydrolysis Conditions.
All hydrolyses for the detection and estimation of |
sugars, sugar alcohols and amino acids were carried out'in
hydrochloric acid at 100°, samples for the chromatographic
‘détection of amino acids and amino sugars were hydrolyséd
in LN HC1 for 16 hr.
Samples for the chromatographic detection of sugars
and sugar alcohols were hydrolysed in 2N HCl for 3 hr;r
| The samples were sealed in hard glass test tubes With'
hydrochloric acid of the appropriate strength and heated in
a thermostatically controlled hot air oven (Baird & Tatlock
Ltd) for the required length of time. After cooling, the
hydrolysates were filtered through Whatman No.52 paper and
the papers washed with disﬁilled water. The washings were
| added to the hydrolysate and hydrochloric acid removed by -
drying in a vacuum desiccator over éoncentrated sulphuric
acid and potassium hydroxide pelletss The dried hydrolysates
were reconstituted once with distilled water and redried.
B. Paper Chromatographye
All paper chromatography, both ascemding and descending,

was performed on Whatman No.l paper at a temperature of 26°
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Amino aclds and amino sugars were separated by a
two-dimensional ascending technique, usingllo"'aqpare papers
in the Aimer Universal Apparatus (Aimer Products Ltde)e.

The papers were marked with an origin in the bottom right-
hand corner, 1" from each edge., The dried hydrolysates
were dissolved in a small guantity of distilled water and
applied to the papers in the frame with a wire loop and '
. dried with a hair drier. The chromatographic run in the
first dimension was made with n-butanol: acetic acid:
wéter (120:30: 50 v./v.) for 16 hr. The papers were dried
ﬁith a coid air fan and then developed in the second dimension
with 2:4/2:5 lutidine: water (130370 v./v.) for 16 hr. The
papers were again dried with a fan. | ‘

| ‘Both amino acids and amino sugars were detected by
dipping the papers i# 0e2% (We/Ve) ninhydrin (Britiah Drug
Houses) in acetone. The acetone was allowed tc;evaporate
and the papers heated in a hot air oven at‘ 90° for 5 min. The
colours produced with this reagent fade with time ‘and spots
were preserVed by dipping the papers through a 4/2 nickel
sulphate aolution in water. The blue-punple ninhydrin
colours were changed to red, which remained stablet?or nany
months . _

Amino sugars were detected more specifically using
the Elson-Morgan reaction on paper (Smith, 1960). The

following reagents were used:-
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a)e KOH 5ge in 20 ml. water plus 80 mle¢ ethanol '1’7010

b)+ Acetylacetone (British Drug Houses) 1%
(VQ/VQ) in ethanolc. . 10 VQlo :

e)e P-dimethylamino benzaldehyde (*Analar',

British Drug Houses): lq%h? o/ Vs) in conc.
- HCl (ap.gr. 1.18, British Drug Houses) 1 vol.
~a). Ethanol o ‘. 9 vol.
_ Dried chromatograms were dipped through a freah
| mixture of reagents a)e. and b). and heated for 5 mine at
1100. The papers were then dipped through a minture‘of
¢) and d)p and dried with a warm air fan. The aminovaugars
yiélded a transient purple coloun, reaching a maximum after
1 to 2 min., when the papers were reheated to 80° for 3 to k4
min. After thia treatment, glucosamine yielded a permanent
red colour and muramic acid orange-red. |

Reducing sugars were separated by descending
chromatography uaing nrbutanolz pyridine*'water (6: h:3 Vq/Vo)
for 16 hr. (Block, Durrum & 2weig, 1958) . Chromatograms
were dried wnd the reducing sugars detected using a dipping
reagent of 3? (We/Ve) p—anisidine hydrochloride (Brit;sh
Drug Houses) in npbutanol. The papers were heated at 90°
for 5 to 10 min. when aldohexoses yielded red-brown spots
and ketohexoses yellow SpotSe- '

Sugar alcohols were sqparated by descending
chromatography in n-butanol: acetic acid: Water (120 30:50'
vv./ﬁw) for 4O hr. The detection agent used was periodic

acid-benzidine (Smith,\lQGO) consisting of:~
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a). Periodic acid (British Drug Houses) :
2.283. in 100 mle. water 1 vol.

b). Acetone | - | 19 vol,
c). Bengadine (Bfitish<Drug Houses)

184 mge in 0.6 ml. acetic acid,

L4t mle water and 95 ml. acetone

added o :

The dried chromatograms were dipped through a fresh
mixture of a). and b). and allowed to stand for 3 to L4 min.
The papers were then dipped through reagent ¢)e. when white
spots, corresponding to sugar alcohols and sugars, appeared
on a blue background.. :

Separation and Quantitative Estimation of Hexosamines.

The method;ﬁse& for the estimation of amino sugars was one

modified by Rondle & Morgan (1955) from Elson & Morgen

(1933) .

Hexosamines present in hydrolysates were freed from
interfering chromogens by thelion-exchange method of
Boas (1953):- | | |

Dowex 50 resin (200-400 mesh, X~8, V.A. Howe & CO.Ltd) .
was washed slowl& 6ﬁ a Buchner funnel with 2N sodium |
hydroxide‘followed by 2N ﬁydrochloric acid, épdfthen washed
with diétilled,ﬁater until chloride-free by the silver

nitrate teste A 1:1 suspension of the resin was made in

‘distilled water and after vigorous shaking, 5 ml. of the

suspension pipetted into a glass column having an internal

dismeter of 10 mems A filter paper circle was placed on
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on top of the resin. Hydrolysates were diluted to 1N with
reﬁpect to hydrdchloric acid and applied to the column.
After the_hydrélysate had passed through, the column was
washed with 10 ml. of distilled water. The hexosamines were
elufed from the column with 2N hydrochloric acid and collected
to the mark in a 5vm1; volumetric flask. This solution
represented the 'total hexosamine' fraction.

l,The individual hexosamines were sepérated by the
méthod‘of J.Ts Park as described by Perkins &‘Rogeré (1959) »
A slurry containing 5g. Norit A (Pfanstiehl Chemical Cos)
"and Sggcelite 545 (Johns-Manville Products) was prépared
in 100 ml, distilled water. After thorough mixing, 2 mle
of thiséhwrry wéa pipetted into a glass column having an
“internal diameter of 5 m.m- A’fiiter paper<disc was placéd_
on top of the charcoal: ceiite, and the column washed with
10 ml. of 2N hydrochloric acid. The hydrolysate was made 2N
with respectto hydrochloric acid and a sample equivalent
to 4 mole or less of totael hexosamine (as glucosamine
base) added to the column. The sample was allowed to absorb
to the charcoal: celite and then glucosamine eluted with 10 mL
of distilled water. Further treatment of the column with
1o‘m1. of 5% (vq/v-)‘ethanoi in water eluted muramic acid.
Where necessary, eluates suspected of containing muramic
acld wers evapufated to dryness and ﬁeconstituted’with

‘distilled water at a suitable volumeg
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Estimations of 'total hexosamine', glucosamine and
muramic acid were made using the Rondle & Morgan (1955)
modification of the Elson-Morgan test. The reagents used
in the test were prepared as follows:=
a)e Acétylacetone reagent « Fresh acetylacetone (British

Drug Houses), 1 ml., was dissolved in 50 ml. of 0.5K
sodium carbonate solution.. Since this reagent is stable
at room temperature for only 2 to 3 hr., it was prepared
immediately before use,
b)e Ethanol - The ethanol used was dried over calclunm
oxide and distilled.
¢)+ Ehrlich's reagent - 'Analar' grade p-dimethylamino-
behzaldehyde (British Drug Houses) was recrystallized
from warm ethanol by the addition of 50% (ve/v.) distilled
water, collected by filtration and dried in a vacuun
desiccator. The aldehyde was considered sultable for
use in the test only if colourless or very pale yellowe
The reagent was prepared by dissolving O.6g. of the
aldehyde in 30 mls of ethanol and adding 30 ml. of
- concentrated hydrochloric acid ('Analar' sp.gre. 1.18,
British Drug Houses). The correctly prepared reagent
was freé from insoluble material and pale yellow in |
colour, It was stored at -16°
Standard solutions for use in the test were prepared in

distilled water and stored frozen at -100. D-glucosamine.
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hydrochloride was obtained from British Drug Houses. The
,muramiq acidluéed was a synthetic prbdnct prepared by the
method of Gigg & Carroll (1961) and obtained from Dr. H.R.
Perkins. |

Estimations were performed in stoppered, graduated
test,tubes; VTb ; mle. of the test solution in the test tube,
‘1l mls of acetylacetdne reagent was added, and the contents
gently mixed by shaking. ‘The walls of the tube were washed
down with 1 ml. of distilled water. In cases where the
original test solution was‘acid, 1 drop of phenolphthalein
indicator was added before the addition of the acetylacetone
reagent. A minimum quentity of N NaOH was added to give
a pink colour, which was then just discharged by the addition
of dilute HCL. After the addition of the acetylacetone
réagent, the fuba was washed down with water to give a final
volume of 3 ml. The mouths of the tubes were closed with
small glass condensers containing approximately 3-ml.‘of
distilled water, and the reaction mixtures heated on a
.vigordusly boiling water bath for 20 min. The tubes were
cooled to room temperature and 5 mle of ethanol added, |
followed by 1 ml. of Ehrlich's reagent. The final volume
was‘adjusted to 10 ml. by the addition of ethanols. Tube
contents‘were'thonoughly mixed and carbon dioxide liberatéd‘
by heating at 65° for 10 min. After cooling to room

temperature, the tubes were allowed to stand for 2 hf.
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before optical densities were read at 530 mu. in a
Unicam S.Pe. 500 spectrophotometer, using 1 cm. glass cells,
The calibration curve obtained for glucpsamine in
this test is presénted in Figels A calculated calibration
rgg;'muramic acid”ﬁés*constructéd uéing the observation of
Crumpton (1959) that 1 mge of muramic acid produces only
27.17 of the colour at 530 mu. given by 1 mge of glﬁcosamine‘
basé, |
The subsequent acgguisition of authentic muramic acid
“permitted the reduction of the level of estimation of this
an;ino sugar in the test, Muramic acid produces a characteristic
spectrum in the Rondle & Morgan test with a peak‘ofiabsorptian
at 510 mu., which shifts to 505 mn. on standing overnight
~(Fig;2.). Optical density readings were very much higher at
505 mp..than at 530 mi., the maximum for glucosamine, and
gbeater‘sensitivity could therefore be gained by readiné‘the
optical densities of‘the‘test samples after 24 hr. rather
than immediately and at a wavelength of’505|q1.,’rather1uzan
530 mp. | | -
The estimation procedure was further rcfined by the use

of a micromethod based on the Rondle & Morgan modification.

The final volume used in the microtest was only 1;5 ml. &as
compared to one of 10 ml. in the original test. All resgents
gnd'procedures were as used in the full scale test, except
that the reagent volumes were scaled down, and optical

densities were read using glass microcells with a path
length of 2 cm. The calibration curve for authentic muramie
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PICGURE 3, Calibration curve for muramic acid in the

micromodification of the Rondle & lorgan test.



acid in the micro-test is shown in Fige 3. The lower

1e§el of estimation of muramic acid in the micromodification

was taken as 4 mge, this being the lower limit of the range

over which Beer's Law was obeyed. Amounts of muramic acid
below this level could be deteccted, by virtue of the
characteristic spectrum, but could not be quantitated with

certainty. , .

N-acetyi hexosamines were estimated using the Sirominger

(1957) micromodification of the method of Reissig, Strominger

& Lelolr (1955). The reagents were prepared according to

Strominger (1957), but the volumes used iﬁ the test were

adjusted to give & final volume of l,1 mle. (Michel, 1961).

a)e Sodium tetraborate reagent - A solution of 2% (We/Va)
sodium tetraborate ('Analar', British Drug Houses)
prepared in 0+125 N sodium hydroxide.

b). Ehrlich's reagent - 'Analar' grade p-dimethylamino
benzaldehyde was recrystallizedlfrom ethanol as described
above. A solution containing 16% (w./v.) p-dimethylamino
benzaldehyde was prepared in 95% (ve/ve) glacial acetic -
aéid, 5% (ve/Vs) concentrated hydrochloric acid ('analar'
Spegras 1le18, British Drug Houses). |

Standard solutions were prepared from N-acetyl
glucosamine (British Drug Houses) to cover the range 0.02 td

0,09 jiomole/0.05 ml. distilled water. The solutions were
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stored frozen at -10°,

The test solution (0.05 ml.) containing 'bound'
N~acetyl amino sugar, was heated on a boiling water bath |
for 5:min, with 0405 mle Of 025N hydrochioric acid. The
resulting_hydrolysate was mizxed with O.l1 ml. of the sodium

- tetraborate reagent and agéin heated on 2 boiling water

bath‘for 7 min. The tubes were cooled and 0.8 ml. of
glacial acetic acid added, followed by Oel mle of Ehrlich's

reagent¢ The contents of the tubes were mixed and incubated

- at 37°fcr 20 min., Optical densities of the solutions were

read at 550 mp. in 2 cme glass microcellses
The following tubes were prepared for the tgst:b
1, Internal N-acetyl glucosamine'standard- _
2+ Reagent ngnk, consisting of the test~samp1e sub jected
to the estimation procedure, bu@ omitting both heating
vsteps. This blank measured th& pfééénce of compounds
other than N-acet&l amino sugars, which react in the test,
3¢ Test sample subjected to the whole procedures |
Tube 2 was used as a blank for tube 3.
Ribbnucleié and deoxyribonucleic acids were extracted and
estimatea by the procedure of Ogur & Rosen (1950) «
Samples were treated with 3 ml. of 70% (v./v.) ethanol
in‘Water. centrifuged at 4,000 x g for 10 mins. and then
resuspehded in 70% ethanol containing 0,1% (Wg/Vo) perchloric

‘acid (May & Baker, Limited). After treatment for 10 min.
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at room'temperature, the suspension was centrifuged
at A,OOO for 10 min.

The residue from the acid alcohol extraction was
resuspended in 5 mle. of 3t1 (v./V.) ethanol and ether and
boiled gently for 3 min. on a water bath., The mixture was
céntriruged and the insoluble material extracted a second
time w;th boiling ethanol:ether.

The ethanol:ether insoluble material was extracted
twice with 5 mle quantities of cold 042N perchloric acid,
each time for a period of 5 min. The‘residue was centrifuged
at 4,000 x g for 19 hin.‘ | | _

Ribonpcleic acid (RNA) was extracted from the 0.2N
perchloric acid residue by prolonged treatment with 5 ml,.
of 1IN perchlofic acid at ho for 18 hr. The suspenaion‘was
centrifuged and extracted twice more with S’ml;iVOlumgs of
1Niperéhlaric acid for periods of 2 hr. at 4°. Insoluble
matgfial was removed each time by centrifugation at
4,000 x g for 10 min. and the extracts combined and made
- up to 15 ml.

Deoxyribonucleic'acid (DNA) was extracted from the
remaining material by heating at 70° in a water bath for
20 min. with 5 ml. of 0.5N perchloric acid. Tﬁié process.
was repeated, the extracts combined and made up to 10 ml.

Estimétidns'of nucleic<ac1ds>were made by ultraviolet

absorption measurements of the appropriate perchloric acid,
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extracts at 260 mu. for RNA and at 268 mu. for DNA.

Standards were prepared from obmmercial preparations of

RNA (Na ealt from yeast, British Drug Houses) and DNA

(Na salt from thymus,zland, British Drug Houses). Sténdard

solutions of RNA were made in 1N perchloric acid; DNA

standard solutions were prepared in 0.5N perchloric acid and
heated at 70° for 20 min. Extinctions of these standard
nicledic acid preparations were related to phosphorus content
and the resulting values:

’ d-3&77pg.Pq/ml. for RNA at 260 mp.,

aud Osz?g/pg.Pq/ml. for DNA at 268 mu. _

used to calculate the nucleic acid phosphorus contents

of the test samples. ‘

' Phosphorus estimations were made using the method
of Allem (1940), with the following reagents:-

a). Ammonium molybdate = An 8.3% (w./v.) solution of

’ammonium molybdate ('Analar',British Drug Houses)
in distilled waters. | -

b)e Amidol - Solution containing 2ge amidol (British Drug
Houses) and hOg. of sodium metabisulphite (British Drug
Houses) in 200 ml. distilled water. This reagent was
kept in a well-stoppered, dark bottle and discarded
after a period of 2 dayse.

The material under test was placed in a hard glass test

tube with a small piece of porous pot, and 2.2 ml. of
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60% (Wo/Ve) pe‘rchiori,c acld ('R' grade, sp.gr. le54, May &
Baker Ltd.) added, The tube was heated over a small Ilame
until the contents became colourless, the combustion being |
accelerated by the addition of two drops of 30% (ve/Ve)
hydrogen peroxide (British Drug Houses)s The tube was
cooled and the contents mixed and rinsed with distilled water
into a 25 mle. volumetric flask; 2 ml. of amidol reagent and
1 ml., of amﬁonium 'molybdate reagent were added. The total
 volume was adjustec to 20 ml, with distilled water. Optical
densitied at ,656 mp. were read after standing for 15 min.

at room temperature. Comparisons were made with standard
solutions of potassium dihydrogen phosphate ('Analart,
British Drug Houses) .



Section 5
AQRIQINE ORANGE STAINING,

‘A. Staining Procedure.
The acridine orange used in this investigation was obtained

direct from Imperial Chemical Industries Ltd, Dyestuffs
Division -and was designated Acridine Orange R150. Ail
staining solutions were prepared in 0.2M acetate buffers at

a concentration of 0.,05% (wﬂ/v.) of the dye. Solutions
were stable for many‘weeks if atored at'ho,‘but~for'routine

_ use, fresh staining solutions were made each week. The
staining procedure for fixed preparations was as followe:~
rThe slide or coverslip, containing the fixed materialq wai
equilibrated for 10 min. in acetate buffer of the aame pH
as that uaed in the preparation of the staining solution.

~ The slide or coverslip was then stained in acridine orange
solution for 10 min. Excess stain was washed off the epecnmn
with acetate buffer and the stained preparation washed 1n - |
acetate buffer for 10 min. After one more»waeh in the buffer.
for 10 min. the slide wes gently blotted dry and mounted -

“with buffcr, the edges of the coveralip being sealcd with

| ivparafrin wax. ‘
‘Be Fixation. , o
) Colony impression preparations were made‘byeiaVertinge

blocke‘of agar containing the colonies on to coverslips ‘
and then immersing in the fixative. After fixation,‘the

agar block was peeled off the coverslip leaving the coloniea
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fixed to the glass surface.' The preparations were then

easily handled for staining.

a)-

b)e

a).

The fixatives used weregs-
Carnoys solution- consisting of absolute ethanol,
6 parts; chloroform, 3 parts and glacial acetic acid,
1 part (va/ve)e After’fixation, preparations were
washed gquickly in 957 (ve/Ve), then 50% (ve/vs) ethanol
and finally acetate buffer.
Bouin*s,rluid,- saturated agueous solution of picric
acid, 75 parts; fqrﬁalin, 25 parts and glacial acetie
acid, 5 parts (Ve/vs). The fixative was washed from
preparations with 50% (vq/v.) ethanol and acetate
buffer..
Zenker's fluid - containing 5g. mercuric chloride,
20584 potassium bichromate and lge sodium sulphate in
100 ml. distilled water. - Immediately before use, 5%
(ve/ve) of glacial acetic was added. Fixed material
was washed in 50% (v./v.) ethanol and acetate buffer.
Formalin - 10% (v./v.) formalin in physiological saline.
Af'ter fixation, the material was washed in acetate buffer
onlye o

The efficiency of fixation of the agar colonies was

juaged by staining the preparations with acridine orange at

PH3

‘ i
and viewing under ultraviolet/blue light. Of the

fixatives used only Bouin's'flﬁid showed sufficient
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penetrating power to fix the whole colony structure. The

other fixatives failed to fix thé granular centres of the
colonies and with Zenker's fluid and formalin, some

distortion of cells was nmoted.

Specificity of Staining.
The specificity of the acridine orange staining at various

pH values was investigated using ggar colony preparations,
fixed in Bouin's fluid. Staining solutions, containing

0605% (we/Va) acridine orange were prepared in acetate

buffers with pH values ranging from 2.8 to 5.6+, Specimens

of ‘Fixed colonics wére stained with the dye solutions of

'varyihg pH and mounted in the appropriate buffer. A second

set of ppeparations waa treated with Q/15 phosphate buffer
PH .74 containing 0;02‘mgw/ml. of ribonuclease ( 2 x cryst,
Galifornia Biochemicals) at 37° for 2 hr. and then stained
with thé acridine‘dranée,éolutions.‘ A third set of
prqparafions was treated with deoxyribonuclease (grade'B.
California Biochemicals) 0402 mg./ml. in ¥/15 phosphate
buffer pH 7.l4, containing 0.005 MgClo, at 37° for 2 hr.
The enzyhe treated preparations were then stained with :.
acridine=orange at various pH values.

All the specimens were examined under ultraviolet/blug
light aﬁd the stalining reactions noted for each pH value.
Qgt;cal Systems. | | |
Two‘optical aystems were used in this investigation, an

optical bench apparatus and a commercial 'zZetopan' Binolux
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fluqrescence‘microscdpe (Reichert AG.).

The optical bench instrument consisted of a high-
pééséure mercury lamp (200W. ME/D.luazda Ltd.) with a
heat absorbing filter cell (20 m.m. width) containing a
solution of 15% (w./V.) agueous copper sulphates The

emission filter consisted of a Wratten 50 gelatin (Kodak Ltd)

| filter sandwiched between two plates of thin giass, and the
secondary filter uéed,was a 2 mems gelatin Minus Bluel
(Ilford Ltd). The secondary filter was incorporated in
the eye’p;ece ofAé horizontal Zeiss microscope, fiited
with a Watson apéchromatic X90 o0ll immersion objective with
adjustable iris dlaphragm.

The 'Zetopan' fluorescent microscope was provided with
a HBO 200W high-pressure mercury lamp (Osram, W. Germany)
giving a brightllight intensity, For ultraviolet blue
illumination, a BG12/6 mem. glass filter (Schott u. Gen.)
was used in conjunction with a secondary ultraviolet/blue-

stopping filter (GGY/1 meme + 0G1/1.5 mems, Schott u. Gen).
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Section 6
SEPARATION OF ELEMENTS FROM LIQUID CULTURE.
A Gradient Centrifugation.

Gradients were prepared with sterile sucrose solutions.

The following solutions of sucrose (Kerfoot & Coe.) were
prepared and sterilised at 10 1bs/sq. ine. for 10 min. in the
autoclave - 2M, 1l,5M, 1M and O.5M. Descending gradients
were prepared by carefully pipetting 0.75 mls of each of the
sucrose solutions into a sterilised polypropylenef’éentrifuge
tube of total capacity S‘ﬁl. Discontinuous gradients were
used within 30 min. of preparation.'before diffusion of the

sucrose layers had taken place. Continuous gradients were

prepared as described above, but were allowed to equilibrate

for 24 hr. at 4° before use. |
A suspension of L-form in Oe5M sucrose solution was
prepared and treated with deoxyribonuclease as described
in Bection 1D, and 0475 mle of this suspension carefully
layered over the sucrose gradient. The centrifuge tubes were
then placed in the 3 x 5 nl. swing-out rotor (No.29314) of
the 'Superspeed 40° cenxrifﬁge (M.S;E. Ltd.) and centrifuged
at 15,000 r.p.me« (average R.C.F. 20,000 x g) for varying time
After centrifugation, the tubes were examined in front
of a strong microscope lighf to detect the ‘bands' formed.
Any 'bands' of cells were collected aseptically with fine
Pasteur pipettes and transferred to sterile tubes. The parts



of‘the gradients between the bands were also collected.
5fEach gradient cut vas examined under phase-contrast and
,;noculated on to L~form agar and into L-form broth. Fixed

‘preparétiona for acridine orange etaining were~made by

placing drops of the fractions on agar blocks,finverting

cthe.blocks on coverslips and fixing in Bouin's fluid

overnight. .
Differential Centrifugatigg

wDiffer-en.tial centrifugation of I-form cultures was carried
" out: on cells previously harvested and treated with

- “deoxyribonuclease as described 1n Section 1D, The enzyme-

’ Ttreated cells were resuspended in growth medium for

centrirugation. ' , o ,
 Centrifuges ueed in the procedure were the 'Superspeed

(M.S.E. Ltd.)‘and the Servall 'Superspeed' (I. Sorvall &

' -Co-LtdQ. Autoclavable polypropylene tubes.with tightly'

fitting caps were used in both these machines, and'aseptic 

precautlons were taken in all the manipulations during

Athe centrifuging process.

The isolated fractions vere examined under phase~

' contrast and inoculated on to solid and into liquid growth

I media. Preparations for acridine orange staining were

prepared by thg agar fixation method, although it was
subsequently found that identical staining results could
be obtained with unfixed cells. For rapid monitoring of
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the centrifugation process, unfixed fractions were stained
by the addition of approximately 1 (v./v.) of the acridine
orange staining solution to the liquid‘fractioné. Drops
of thesé mixtures were mounted under coverslips, sealed with
wax and examined under the fluorescence microscopes Final
'preparations of the fractions, however, were prepared by
fixation and the specificity of staining Verified by the

use of nucleases,
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Section z

A,

IMMUNOLOGICAL METHODS.

Preparation of Antisera.

Antigen suspensions for injection were prepared from
whole staphylococci and L-forms, previously killed by the
addition of;1% (v./ve.) formalin to broth cultures. The cells

were harvested by centrifugation, washed once in the

vappropriate salt solution, and resuspended in physiological

_saline containing %/10,000 (ve/ve)'Merthiolate' (Lilly &

Co.Ltd) at a density of. approximately 5 mg. dry weight/ml.
Similar suspensions were also prepared from pufified cell
walls and celil membranes. '

Young rabbits, between 13 and 2 Kg., were used for
the production of entisera. The rabbits were bled from

the ear vein before commencing the injection schedule.

-Injections of the antigen suspensions were administcred one

each day'for periods of 4 days with a rest period of 3 days
between each course. Preliminary injections consisted of 0.5‘
ml. of antigen suspension intravenously; at the second ¢ourse,

the volume was 1hcreased to 0¢75 ml., and at the third course

‘to 1 ml. Thereafter, throughout the immunisation procedure,

‘l mle volumes of antigen suspensions were injected.

The schedule was continued for 4 wecks, when the rabbits

were rested for 1 week following the last injection and then

bled from the ear vein. The titres of the sera obtained were
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tested by agglutination and if satisfactory, the animals
were bled to obtain a larger volume of serum. In cases where
the titre was found to be low, the injectlion schedule was

continued until on testing, satisfactory titres were obtained.

- The rabbits were £inally bled by cardiac puncture. All sera

were preserved by the addition of 710,000 (Ve/V.).
'Merthiolate® or 1% (we/ve) sodium azide (British Drug

Houses), and stored at -10°.

'ggar Gel Diffusion.

Agar gel double difrusion techniqnes used were based on those
of Ouchterlony (1958). ,

~ The agar gel was prepared as a 2% (we/Ve) aqueous
solution of ’Ionagar"No;a (0xoid) containing 1% (wq/vg)
sodlum azide. The hot agar was mixed with an equal volume
of M/15 phosphate buffer pH 7.2, and layers of this mixture
made on clean glasa plates (2" x 2") or standard microscope
slides, The volume of agar gel used for the glass plétes
was 3.5 mls and for the microscope slides, 2,6 ml. The agar
mixture was prevented from flowing off the glass by surface
tension and when.set formed layers, approximately 2=3 mem.
thick. Various patterns of wells vere cut in the agar layers

using a No.4 cork borer in conjunction with a Perspex template.

It was not found necessary to seal the bottoms of the wells

with agar, since no diffusion between the agar layers and the

glass was seen. The agar plates were stored in air-tight



boxes} containing wet filter paper, until required.

o The‘wells wgre_filled with the appropriate ant;gen
suspensions and antisera, which were allowed to diffuse
against one énother, the agar plgtee being kept moist to
prevent drying and distortion of the agar. The plates‘we:e
examined after 18 hr. and at regular intervals until all
rrecipitin lines were Judged to have formed. Unprecipitated
protein was removed from the agar layers by waéhing in
physiologiqal_saline, and the slides preserved by drying of
the agar layer under filﬁerrpaperlin‘an incubator at 37%.
When the paper ﬁas removed, the agar remained attached to. the
glass as a very thin layer. At this stage, the precipitin
‘1ines were not v;sible;;but becéuse of their protein nature,
| were easily stained with conventional protein stains.

The glass slides with the dried agar layers, were placed
in a 3% (éq/v.) solutioﬁ of acetic acid for 10 min. to fix
protein and then transferred to a staining solution of 150 mg.‘
Ponceau § (G.T. Gurr & Cos) in 100 ml. of distilled water
~ containing 3% (w9/v.) trich;oroécetic acide The plates were
stained in this sclution.fér 30 min. or until the agar was
overstained, and theﬁ differentiated in 3% (v./ve.) acetic
acid. Washing was continued in acetic acid until all the -
excess dye had been removed, when the plates were given one
wash of 5 mine in 3% (v./v.) acetic acid containing 10% (w /)
. glycerole The glycerol was quickly washed off the slideé

with acetic acid and the slides set, face downward, to dry at
3— 0 -
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When dry, the lines of precipitatioh‘appeared red'in the -

‘thin layer of elmost colourless agar adhering to the glass.

Preparation of Antigens.

Suspensions of particulate antigens were prepared in E/BO

. buffer PH 7.2 at a concentration of 20 mge/ml. Cell
‘suSPensions in ¥/30 pnosphate butfer pH 7.2 were crushed

in the 'X-press' and the resulting extract diluted to
contain the'equiValent of 20 mg. dry weight of whole cells/
mle The_éoluble antigens, teichoic acid and polysaccharide A

were dissolved in @/30 phoéphate buffer pH 7.2 at a
'concentration of 2mg./ml.

Cell membranes were prepared for gel diffusion tests by
trypsin digestion as described by Freimer (1963). Freeze
dried cell membrenes were suspended at 10 i&/ml. in W15
phosphate buffer pH 7.4 and mixed with an cqual volume of
physiological saline containing 20 pg. of crystalline trypsin
(L.Light & Co.L/ml. The mixture was incubated at 37°

for 6 hr, and the insoluble residue removed by centrifugation

‘at 20,000 x g for 20 min, The supernatant was used in

precipitin tests.
All antigen suspensions or solutions were kept frozen

at =10%
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Section 1

- INDUCTION AND GROWTH IN THE L-PHASE.
Following the observation by Pierce (1942) that

Streptobacillus moniliformis could be induced to grow in
the I=phase by treatment with penicillin, many bacteria
have been produced in the L-forme In many cases, L-form
growth required the presence of a high osmotic environment

and a relatively complex mediume. The present investigation

~ deals with the induction and growth of L-forms from strains

of Staphylococcus sureus.
Induction and Subculture on Soli id Medium.

‘Penicillin-sensitive strains of S gggxlococcus aureus were

induced to grow in the L-phase by plating on mediumA

coﬁtaining serum, a high sodium chloride'concentratibn énd

‘penicillin, (see Methods). For the strains used in this .
investigation, large inocule of staphylococei were required

to produce L-colonies regularly; even 0.5 mle. of a 10x
concentration suspension of an overnight culture of
staphylococci, plated on the complefe medium commoniy gave

only small numbers of I~-colonies, (Williams, 1963).

- Incubation of the plates for 2 to 6 days was. usually

- necessary before typical L-colonies were seen.

The L-colonies from primary plates were subcultured by

'1nve:sioh of blocks of agar containing fully developed

colonies on to fresh medium. After 18 hr. incubation at 37°
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thevblocks were moved over the surface of t he agar, leaving
areas of new growth. Further incubation produced fully
devéloped colonies where the agar block had been originally
placed,

‘Various attempts to induce L-colony formation on
anything but the complete medium proved unsuccessful. When
serun ﬁas oﬁittéd from the medium, or when the salt
concentration was beloWVS%, no typical L- colonies were
proéuced. When benicillih was not present, in an otherwise
complete medium, confluent Qrowth of étaphylocoéci occurredc

The isolatibn and suﬁﬁulture of three of the‘L-form
strains uéed in‘this work have been described previously
by Williame (1963). They were isolated from penicillin-
sensitiVe'cultures of Stagh. aureus, PS 42E, PS6, and 14L4L}
(phage type 33/19. "The fourth LQform culture was isolated
by a similar method, with D-cycloserihe in place of penicillin
from a penicillinase-producing strain of Staph. aureus,
Rogers (phage type 42E). All four L-form strains produced
identical co;ony forms on the protective medium.

B. Characteristics of L-form Colonies.
Staphylococci growing in the L-form produce character;stic

colonies similar to those described for L-forms of other
bacteria and for pleuropneumonia~like organisms (Figel).
The centres of the developed colonies are dense,

granulér structures which are hard to the touch and very
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difficult to remove from the agar. Examination ef the
colonies under the microscope Shows the hard centre portion

- to be embedded in the apgar to a depth of & to 1 mems The
peripheral. growth consists of large round or oval structures
varying in size from 2 to 10 uey and appears to be associated

with & slime«like substance. The glogular cells immediately

.. adJacent to the granular centre can be seen to contain~

granular inclusions, when stained with a mixture of
methylene blue and azure IZ. In young colonies; the cells
“on the edge of the colony are clear-andjhomogeneoue, but

in older colonies some‘of‘these cells show‘similar_granular
i inclusions. Very old celoniee show only a narrow peripheral
growth of large cells, the greater part of the'coleny
consisting of granular material.

»Growth in Liguid Culture;

The establishment of L-form growth in liquid medium was
difficult, although eventually all the strains were obtained
in liquid culture. This was achieved by subculturing blocks
- of agar conteining developed coloniee into small volumes of

‘\iiquid‘medium. In maccessful cases, strings' of elime—

- like growth could be seen adhering to the agar blocks after

 1ncubation-for 48 hr. When these cultures were gently shaken,

leome of the thick growth was released into the liquid medtum.
‘ ,Inoeulation of some of this slinme into freeh medium resulted
in a liquid culture cepeble of producing typlcal L-colonies

'“Hwhen traneferred back to eolid nedium. Liquid. cultures could
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' be propagated by normal mefhods.

The liquid cultures consistently produced the thick,
slimy growth with little or no turbidity in the supernatant
 ‘broth. Microscope examlnation of the prowth under»phase- '
contrast revealed a general background of slightly phase-
_dense amorphous materiai. embedded in which were numerous
‘elements of varying size. The cells ranged in size from
.large vesicles (15 to 20 u.) to very small granules, which
were just'71sib1e. The supernatant broth, althcugh ehowing
very little turbidity, aleo contained this range of elements
but in’ very much smaller numbers.

- Verious enzymes were ueed in an_attempt to remove'the
‘amorphous material and sovgive a uniform turbidity to'the
cultureS§ Purified deoxyribanuciease (DNAase) proved
extremely effective in this respect (see Methods)s On
examinatiou of DNAase-treated cultures,';hé cells were found
te be evenly dispersed throughoui the medium, Such'freated
| cultures were still capable of growth in ligquid and on solid -
medium. . ' '

The efficiency of pure deoxyribonuclease in removing

the slime¢11ke material from the cultures suggests that this f

o material is highly polymerised deoxyribonucleic acide. -This

',was later confirmed by both chemical and staining procedures.

* The-deoxyribonucleie acid is presumably released elther as

*;eextraCellular‘DNA duriné the grouth of the'organism, or by
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lysis of cells. The high sodium chloride concentration of
the medium probably contributes to the accumulation of DNA
by inhibiting the action of any cellular deoxyribonuclease
which may be produced. |

Harvaétiggmgg Growth from Liquid Culture.

-‘AB a conseqguence of the large amounts of DNA produced, growth

from a broth culture cou;d be centrifuged and deposited at

relatively low speed, 1,000 x g for 15 min. However, the

supernatant fluidHafter such treatment was faintly turbid

and on examination was found to contain numbers of Large,

globular cells and small granuleg. Centrifugation at 70,000‘

x g for 30 min. was necessary to femove,these large celils

and granules from the culture mediunm, 1eaving’it virtually

sterile., | |
Pretreatment of the broth cultures with deoxyribonuclease

produced a uniform tﬁrbidity in the broth. The large globular

cells could be sedimented by centrifugation at 27,000 x g

for 10 min., leaving an almost clear supernatant, which still

contained large amounts of granular material. The granules

were sedimented by centrifugation at 70,000 x g for 30 min..

The Effect of Protein and Other Growth Supplements.

In all preliminary experiments on growth in liquid médium,

10% (ve+/vs) horse serum was used as a growth supplement. The

whole serum was replaced later by 0.5% (v./v.) PPLO serum

fraction (Difco). | ‘
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IA@LE_;a Growth xeéygnses of L=form 1Lh) with protein
| ' and other supplements. ‘

f

Supplement Concentration  Growth Responser
Whole horse serum. 10 %(v/v) | 100
. 5 Www)  25e30
PFLO serum fraction 0+5%(v/%) | 'éo-no
"o | 0oU%(v/v) 80=85
" 043%(v/v) 20-25
Bovine serum albumin O¢5%(w/v) 60-65
o ’ th%(w/v) 60
Granular charcoal 5 %(w/v) 5«10
" | 1 %(w'v) 5-10,
None - 0

- «Turbidity of enzyme~treated cultures compared
with medium + 10%(v/v) horse serume.
Turbidities were read in a Hilger 'Spekker'
absorptiometer with H508 neutral filters.



The fun'cfion of the serum or serum fraction in the.
growth gf thé’ ,.“L-foi'xn was unknown, "but itv has béen suggesfed
‘that détcxiﬁc?a{tion of the medium is the main function’
(Kli’eneberger-Nobel, 1960) « Accordingly, 1t was decided to
test the effect of various known detoxifying agents. sﬁch as
bovine serum albumin (Davies & Dubos, 1947; Razin & Knight,
1960) and Qharcoai (Pollock, 1949; Smith, 1955) on the |
épqwth of the organisme

| The suppleménts were incorporated in the liguid medium
and the complete. media inoculated with 0,1 mls of a concentratel
suspensibn of enzyme-dispefsed l~form. Incubation was for
48 hr. at 37°%, The‘ 'stringy® groﬁhvs, were dispersed by
deoxyribénuclease treatment and ﬁhe resulting 'turbidities
compared‘with 'thét produced by grbwth in whole serum-
supplemented medium (TABLE 1).

Difco PPLO serum fraction, at 0.5% (v./v.);. gafre good
growth of the L-form énd compared favourably with 10% (v./ve)
‘whole horse serum as a growth sﬁpplement, although at
| concentrations less than 045%, growth response was reduceds
Bovine serum albumin Fraction. ¥ (Arxhour) also permit‘tedb good
growth,'but at 0,5%’ (w./v,), the anioﬁnt of growth was only jist
over half that produced by whole serum. Comparsble results '
were ohtained' with 0’.14% (we/ve) serum albumih; Some growth
of the L-form was obtaingd when the serum was replaced by 5%
A{we/ve) granular activated charcoal, In this case, growth

was seen as a surface coating on the pleces of charcoal in the
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medium, but was poor when compared with that produced in
protein supplemented media. Reduction:of the concentration

of charcoal to 1% (ws/v,) did not alter the growth response.
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SUSCEPTIBILITY TO LYSIS.

In preliminéry experiments on harvesting of IL-form from

broth‘culturé. the organisms showed a marked sensitivity

to lysis in hypotonic solutions. Suspension of the

harvested growth in water or physiological salt solution
resulted in a fall in optical density and loss of viability

when plated dn protective medium. This is in direct contrast

to staphylococei which remain viabie after susp¢n510n‘1n salt

solutions having a wide range of concentrétion."The lhhh
strain of Staph. aureus and 1ts Lﬁform were tested for their
reactions to suapension in salt solutions of varying
concentration and to treatment with~surface~active agents.
Suspension in Hypotonic Sglution;

The L-form, grown in medium containing a total of 3.5% (ﬁq/v.)
NaCl, were harvested and treated to remove extracellular DNA.
The cells were then suspended in salt solutions of varying

strength and incubated at room temperature for 30 min.

| Staphylococcal cells of the same strain were also Buspended

" in similar salt solutions and incubated. The optical

dénsitiés-of the suspensions were read at 500 mu. in the
spectrophotometer, - The results are presented in FiG.Eq |

'Suspgnsions:of staphylococcal cells exhibited no marked
changes in optical density over the range of salt

concentrations, except for 'a slight decrease at high
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concentrations. This might have been due to depression of
the light-scattering of the orgénisms causéd by the high
refractive index of the suspending solution (Gilby & Few,
1959) « The suspensions of the L-form showed little change in
Optical density over the range L.5% to 3.0% NaCl, but below
this level optical dénéity fell to‘reach at 0% NaCl only 12%
of the optical density shown in 3.0% NaCl solution. The
optical density level in low salt concentrations'presumably
represents a suspension of cell debris.

The behaviour of the L-form in this test showed
"Bimilarities to that of bacterial'pro£0plasts suspended in
solutions of decreasing tonicity.'.Bacterial protoplasts are
stabilized by éucrose or sodium chloride solutions only |
above a cdncentration of the solute rqprésenting high
osmotic protection levels (Gilby & Few, 1959). At soiute '
concentrations below the llytic threashhold', the protoplasts
imbibe water from the medium and because they lack a rigid
cell envelope, lysis occurse.

It was of interest therefore to compare the osmotic
properties of the L-form with those of protoplasts prepared
from the parent staphylococcus. |

The staphylococcal cell wall is normally resistant to
enzymes, such as lysozyme, which have beén used in the
ﬁreparation of protoplasts from other organisms. Varioué '
other methods have been suggested for the preparation from
. ataphylocpcci, among them the autolytic method of Mitchell &
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Moyle.(1957).. With the discovery by Hash (1963) of an
enzyme 1isolated from a fungus, capable of lysing Staphe
aureus cells, a new and more easlly controlled method of
producing protoplasts presented itself,

Later work by Hash, Wishnick & Miller (i3J64) described
the production of’"protqplasts" from Staph. aureus H using
the fungael N-acetyl hexosaminidase of Chalaropsis sps
It was shbwn that during incubation with the enzyme, the
rigid part of the cell wall of the staphylococcus was
" removed completely, leading to lysis of the cells or to the
production of "protoplasts" if the incubation was éarried
out in protective medium. The resulting "prot0plaéta" were
shown to contain no rigid cell wall or any of the amino
sﬁgars associated with this étructure. The fate of the other
majbr cell wallvcomponeﬁﬁ, teichoic acid was not determinéd
hence the use of the qualified term "protOplast"’(Brennéi et
al, 1958). | .

Some of the purified Chalaropsis B Nbacetyi hexosaminidsse

was obtained from Dr. J. Hash and used for the preparation

of "protoplasts®™ from the 144l strain of Staph. aureus
and from Staph. asureus H.v The effect of the enzyme was also
tested on the L-form cells,

| Staphylococcus aureus 1h4L cells were suspended in
acetate buffer (0.01 M, pH 5.7) and in 0.5M sucrose
containing the same buffer as recommended by Hash, Wishnick &

Miller (196&); Chalaropsis B enzyme was added to each
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suspension to a concentration of approximately 30 pg./ml.
COntrql suspensions of cells without enzyme were also
prepéred, Changes in optical density were followed in a
apecﬁrOPhotOmeter at 610 mp using 1 cm. glass cells. The
resulting curves are presented in FIG.6.

Gontrol cells, incubated in acetate buffer but without
the enzyme showed no fall in optical density after 1 hr.
incubation at room temperature. A similar préparatibn of
cells but containing the enzyme, showed a slight loss of
optical density during the first 5 min., after which the -

" rate of clearing rapidly increased. At the end of 1 hre
at room teﬁperature, the optical density had reached a more
stable level but some lysis still occurred.

The staphylococeal cells suspended in the sucbose
buffer solution and'treated with the enzyme showed a small
initial drqp in optical density, vhich after a period of
20 min. remained virtually constant. Preparations of
Stagh,'aureﬁs H, the organism used by Hash, gave similar
results at the same enzyme concentration except that the
‘:-1n1t1alﬂag in lysis was less marked. Samples of the
"protoplast" preparations in OW.5H sucrose showed rep id |
clearing when diluted with 1 vol. of water or physiological
saline; this was not shown by the central cells when
‘similarly treated.

This-enzyme has been characterised by Hash (1963)
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as an N-acetyl hexosaminidase capable of dissolving 80 to
85% of S. aureus cell wall mucopeptide fraetions prepared
by the method of Park & Hancock (1960). It was of interest
‘to discover whether the L—fdrm cells contained any material
which might act as a substrate for this enzyme, this
indicating the continued presence of cell-wall material.

Suspensions of the I<form were made in the acetate
buffer and also in the buffer with protective sucrose.

These suspensions were allowed to equilibrate overnight

to facilitate the completion of any lysis which might occur.
Chalaropsis B enzyme was added and any changes in optical
density followed as before at 610 mu. These curves are
‘shown also in ¥PIG. 6. |

The suspensions of the L-form prepared in the protective
medium remained at a constant optical density throughout the
period of the test, except for very small Variationsg Buffer
suspensions of the Leform did not show .any fall in optieal

‘dsnsity‘apart from minor changes, which were also shown by"
suspensions of control cells.

With the Chalaropsis B enzyme as a'means of producing
"protoplasts", it was possihle to undertake a compapattve
study of the effect of various surface-active and other
agents on staphylococcal cells, L-~form cells and "protoplasts"
The I~form cells were prepared as previously described,

and the "protoplasts" prepared by overnight incubation at



‘TwOOS b ‘qo

oS

075 050 025 0Oi28 006 Q03 0015 o]
Sucrose concentration M
FTCURE 7. Twsis of L-forn 1hi) and nrotoplasts 10l

in suecrose solutions.

1. staphylococci 1Ll - control

occal protoplasts 1Lhl

Readings taken a2fter 20min incuhstion at R.T.



122



L° of staphylococcal cells suspended in 0.5M sucrose
containing 0.OlM acetate pH 5.7 and 30 pge/ml. of
Chalaropsis B enzyme. The "protoplaets“ were collected
by centrifugation at 25,000 x g for 30 mine. and then
resuspended in 0,5M sucerose containing O.,O05M NaCle This
suspending medium was used throughout the tests except where
solutions of decreasing tonicity were needed.

A solution of sucrose (1l) containing O;OEM NaCl was
‘diluted.with 0.05K NaCl solution to give a series of solutions
with decreasing tonicity. To h mle quantities of these
 solutions was added 0.1 mle. of the suspension of organisms
and the mixtures were 1ncubated at roonm temperature for 30
mine Optical densities were then read at 500 mpe using
1l cm. cells- The results are presented in FIG.?.

The suepensions of control staphylococcal cells
maintained a constant optical denslty over the range of
tonicity, except for the optical effect at high sucrose
concentrations. The preparations of "protoplasts" showed
evidence of lysis below O.5M sucrose and a marked drop in |
:optical density was seen below 0.25M sucroses Lysis of the

*protoplasts" continued atipwer concentrations, finally
.reaching equilibrium between 0.06l1 and 0.03M. Below 0.03M
sucrose, the optical density was constant and}probably'
reﬁresented debris from the lysed cells.

The lysis of the L-form is represented by a much
flatter curve, although lysis of the cells commenced at
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. approximately the same Suorose concentration as lysis of
“the'"pfotoplasts" At lower eoncentrations of sﬁcrose, the
optical density of the L-form preparations fell stead*ly

‘ but did not reach a constant level. The less rapid .and more

prolonged lysis of the L-form is_thought‘to be due to the

- great variation in size of the cells, the lerger.ones

boing possibly more easily lysed by 1OW~tonioity'than smaller
cells. The very small cells;(beoause of thelr rwduced
ourfaced area.;might be capable of withstahding lceer osmotic
pressures, for a longer'tihe. | '

gxsis by Alcohols‘ |

The work of Gilby & Few (1960), Razin & Argaman (1963) and

other 1nvestigatova on the action of various surface-active

agents on the oell enVelopes of Mycoplasma cells and bacterial

.protop;asta suggested that such studies might prove

informative in the case of the staphylococcal L~forme. The
offecto of various pr;mary,alcohOIS were tested on the |
Lurorm ahdistapﬁylococcal cells and the results compared

with those obtained for the enzymeéproduced "protoplasts".

Solutions of the alcohols were made in the normal

Buspending medium and suspensions of the organisms added.

Optical densities were reed at 500 mp. after 30 min.

1ncubafion at‘room temperature. The results obtained with

- ethanol, propanol and n-butanol .are shown in FIG.8.

Both the L-form and the "protoplasts" appeared very

" sensitive to primary alcohols and were lysed by all three.
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Lysis of the "protoplasts" by ethanol was initiated between
IM and 2M alcohol, a'sensitivity~sihilar to that of the
L.form. Lysis Qf both cells was complete at concentrations

' of ethanol below 3M; at higher concentrations the optical
dénsity increased 'slightly. This inerease in optical density
‘was probably due to precipitation of cell protein in the high
" alcohol concentration (Razin & Argaman, 1963). Control
suspensions of staphylococci showed slight variétions in
optical density over the range of the test. Susceptibility
of the cells to lysis by propanol and n-butanol closely ‘
resembled that shown to ethanol. The concentration of propamnol
required to 1nit1ate 1ysis of the L~form and "protoplast™
cells was approximately one third that of ethanol-

Similarly, the concentration of n=-butanol to effect the same
degrée of lysis in both types of cell was bne third to

one guarter that of propanol.
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CHEMICAL DENCE FOR THE LACK OF TORMAL CELL WALL
IN L-FORM CELLS.

The results obtained in the experiments described in the
previous section have indicated some similarity in osmotic
senéitivityvbetween the-L—fOrm and "protoplasts". Since
penliclllin has been found to exert some inhibitory action
in cell wall synthesis (salton, 196h); it was of interest
to find the extent to which the L-form organism resembled
the parent staphylococel in the structure of the cell
envelope.

The presence of S taggxlococcus aureus cell walls of
%Wc distinct polymers, mucopeptide and ribitol teichoic acid,
affords a useful criterion in investigations into the
nature of the surface of the L-form organisms (Salton,‘196u).
Mucopeptide, which forms the rigid layer in Staphylococcal
cell walls, has been shown to ymeld, on acid hydrolysis,
D—glucosamine, muramic acld, D= and I~ alanine, D=glutamic
acid, L-lysine and glycine. In the case of walls from
the cocci under study, small amounts of leucine (or iso-
’1euéine) andvaline have als& been found (FIG.9)..

Muramic acid (3-O-carboxy ethyl D-glucosemine) has
‘been found only in members of the Eubacteriales, Rickettsia
and some blué-green algae.v Its presence within the
individual organism is also restricted, mainly to the cell
wall mucopeptide or as a blosynthetic intermediate in the .
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interior of the cell., Failure to detect this unique sugar
in hydrolysates of bacterial cells would provide strong
evidence for the absence'of normal cell wall structure.
Ribitol feichoic acid does nbt appear to contribute
to the rigidity of the cell wall, but is found in close
proximity to the mucopeptide, (Archibald, Armstrong,
Baddiley & Hay, 1961). Acid hydrolysis of the isolated
teichoic acid or of whole cell walls produces a variety
of phosphate compdunds, glucosamine and alanine and l:l4
anhydroribitol, which appears as an acid decompositidn.
product of ribitol phosphates. The detection of
enhydroribitol provides an easily recognised marker for the
presence of ribitol teichoic acid. As in the case‘oﬁ muramic
acid, the location of ribitol phosphate is limited to the
cell wall, excepf in a.trénsitary state-és an intracellular
Precursor. | | _ |
Bofh ﬁuramic acid and anhydroribitol may thus be uéed

as indicators of the existeﬁce of what has come to be regarded

as tﬁe normél cell wall 1n{Stangloéoccus aureus.

Mucopeptide.

Cells, ‘
Preliminary experiments involving acid hydrolysis of whole.

L-form and stasphylococcal cells and subsequent chromatography

of the products, revealed a striking difference between the

L~ and bacterial form (FIG.10). The acid hydrolysates

(See Methods) of the bacteriel form showed in addition to the
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"protein amino acids", two spots corresponding to amino
sugars. Neither of these spots was presént in chromatograms
of hydrolysates of L-form cells, which showed only thé amino
acidse. Comparisoﬁ of these chromatograms with others 0£ 
hydrolysates df cell walls and refergneerto published;Rf
valwes, showed the two spots to be glucosamine and muramié
acid. | ‘
Quantities of whole L-form up to 10 mg. dry weight‘_
failed to show any chromatographic‘spot corresponding to
maranic acid, although at this level; a faint trace of
glucosamine could be detected.’ However, even this faint
trace was sbsent in hydrolysates of cells waich had been
extrasted for a short time with cold trichlorcacetic acid
prior to hydrolysis. The removal of glucosamine with such
mild treaﬁment indicates its presence in the intracellular
pool rathermthan>as a part of any_celi structureQ '
Quantitative studies of_fhe contribution of amino
sugars to the structure of the L—form cells, were undertakén
using the methods of Elson & Morgan (1933), Rondle & Morgan
(1955) and Boas (1953). Since it was believed that only very
small quantitics of amino sugar would be found in these
organisms, it was essential to eliminate the possibility
o of loss of any amino suyar during;manipulatioh. The mosi
likely point at which amino sugar could be lost, through
degradation, 15 in hydrolysis. The most fevourable conditions
for hydrolysis were therefore‘determined by following the






IABLE 2, Release of total hexosamine during hydrolysis
of Staph. aureus 1hhl cells.

Normality Time (hr) at 100°

of HC1 23 i 6 16
1 « - - - 19,0  23.8
2 2044 244 2Lk - 25.7
3 2145 2540 25.0 2648 25.5
L 2640 265 27,9 27.3 2U4e6

Results expressed as pug hexosamine/mg. dry
weight bacterial cells.






TABLE 3,  Total hexosamine gontent of staphylococci
| |  end L-forms.

Sample Hexosamines Hexosamine as
(mg) content(pg) % dry weight
14l - coeci 10.18 28L 2,79
L-form 1 12,20 <10 < 0.082
2 26450 Z10 £ 0,038
PS6 coceli: | 10.62 309 2.91
I-form 1 7410 <10 < 0.141
2 31,20 ¢ 10 < 04032
PSU2E cocci 9465 279 | 2.89
L-form 1 - 670 < 10 < 0,149
2 28480 <10 < 04035
Rogers cocci 2450 95 - 3,80
L-form 1 o 6.70 < 10 < 04149
| <10 < 0,080

2 12450

‘aMaterial eluted by 2N HC1 from Dowex 50 H',

estimated in Rondle & Morgan (1955) test at

530 mp and expressed as glucosamine base.



release of total hexosamine from samples of whole bacterial
cells, (TABLE 2). Within the range tested, the maximum amocurts
of hexosamine (as glucosamine base) were released from whole
cells when hydrolysis was carried out in 4N HC1l for 4 hr. at
100°. Hydrolysis for longer pceriods showed evidence of
degradation of amino sugar. The figures presented represent
the resultant of amino sugar release and degradation of free
amino sugare. Since the greatest amount of hexosamine was
detected in 4N HC1l hydrolysates, all subsequent samples faor
hexosamine esfimation were treated in this way.

Using whole bacterial and L-form, results of total
hexosamine content showed a very much higherllevelrof amino
sugar in the bacterial cells than in the L-form, (TABLE 3).

Whereas the extracts from the whole bacterial cells
gave readings in the test equivalent to 2.79f3.80% dry
weight of amino Sugar,Vextracts‘from the Lnform‘con31st§ntly
gave very low readingse. The resultis presentéd in the t able
indicate the maximum possible level of amino sugar which could
be preéent under the cohditionsvused in the qﬁantitativé test.
Although the hexosamine contents of the L-form célls are very
low, they do not of necessity indicate the complete ahseﬁce_
of amino sugar from the cells. It is possible that
hexosamine is present in these cells but reduced in quéntity
to such an extenf as to be undetectable at the level of

sensitivity employed. The use of larger samples of cells






' TABLE 4. Glucosamine and muramic acid contents of
staggxlococci,and I~forms.

s coced
L;fbrm

Ps6 coéci
L;form

PSL2E coced
L;form

Roéers cocel

I-form

Sample  Glucoss Muramic %? 7z
(mg) (ng) (pg) Glucos. Muramic
7o . 202 120 2473 1.62
863 <10 £.30 Z0.011 <0033
649 173 96 2451 139
84.0 <10 £ 30 L 40.012  <0.036
7.2 199 1ok 2476 145
78,5 <10 <30 {0s013 < 04039
55 151 95 2,75 1,73
6747 <10 <30 <0.015

<.0,04ls

* Amino sugar as % dry weight samplee.






TABIE 5. Muramic acid contents of staﬁhxlococci and
. L=forms egtimateé by & micromodification of

gondle & Morgan procedure.

Sample - Muramic acid - Muramic acid as

(mg)  content, pg % dry wt. sample

1kl cocet 10,1 . 230 2428
12,3 284 2,31

‘L-form 6640 Ly . 40.0061
PS6 coceci 15.4 323 o 2410
86 200 - 2,33

L-form  79.5 Ly 4040050
~ PSLZE cocel 1046 243 2.30
1309 3 2429

I-form 70,4 <4 . £0.0057
‘Rogers coced  9:0 202 2425

L-form 5l <4 4040077



nevertheless failed to demonstrate the presencevof any
- apprecisble amount of hexosamine.

-In the abové experiments, total amino sugar was
estimated; - separation of the component amino sugars,
glucosaﬁine énd'murahic acid, yielded’the results shown in
TABLE Ls o |

The acquisition of a sample of authentic muramic acild
permitted the use of a hore'sensitive'te3£ for the presence
of muramic scid in cell hydrolysates., ﬁydroiysatss of whole
cells were tréated to separate thebindividual amino sugars
and the amount of muramic acid estimated, (TABLE.5). |

Amounts of Leform ceils‘in excess of 60 mg. dry weight
failed to show the presence of any muramic acid, even with
the increased sensitivity introdueed by the micromethod.
Ektra@ts of whole bacterial cells gave results,for muranic
acld content within the range to be expectéd.

Attempts were made to concentrate further any cell wall
material ﬁresent by isolation of fractions of the cells which
were most likely to contain constituents of the cell wall
(éee ﬁeﬁhods). 'Wall' fractions from the L-form cells were
 isolated by lysis of the osmotically fragile cells and treated
accordiné to the procedures used in the i1solation of wall
‘material from normal cellse *Mucopeptide' fractions were
isolated from bacterial and L-form cells using the method
of Park & Hancock (1960)s This involves treatment of the
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TABLE 6. Yields of fractions isglated from whole

14 cocel
-'Lnform

PS6 cocei
IL-form

PSL42E cocci

L-form '

Rogers cocci

I=form

staphylococeci and L-forms.

Fraction (mg)

Fraction as

5545

P+H

Sample Ext. 'Wall' Muco. Fornm
(mg) res. % sample
45.5 S+H = 8,2 18.00
63+8 P+H 15.7 24460
1h.2 ‘FDI‘IHo ‘ 240 : th;lO
C67.2 S+H L8 | 6482
11300 P+H , 2.9 - 257 .
. 5601 Forme A 30,4- 6,06
5043 S+H 7.6 15.11
17.8 P+H 2.4 13448
79.0 S+H 5.4 " 6.84
55.6 P+H 109 30}42
ll-3.3 S+H 701 16’78
3463 P+H 4.3 12,54
L7.9 P+H 1,7 3655 .
3343 Forn. ‘ Le3 12,91
3le4 S+H " Balt 17.24
20.5 P+H | 343 16400
114-07 Form, , ,2.8 - 19.0,4-
53¢4  S+H. 1.6 3400
1.0 1.80






TABLE 7. Muramic scid analyses of fractions from

" whole cellse

Fraction Sample Eq.wts Mur.acid %Mur.acid %Hur.acid

(mg) cells (pe) fraction cells

Cocel 1hh)y 'wall' 2.0 11,1 278 1349 2450
PS6 " 2,0 13,2 363 18,1  2.75
PS42E Y 2,0 12,2 327 1643 2468
Rogers " 2.0 11.6 322 16.1 2.78
I-form 1uhk 'Wall' L8  67.2 <4 40408 40,006
PS6 L 5¢ 7940 n 40407 <0.005
Rogers " 1.6 534 <k <0425 <0.007
Cocei 1h4ly 'Muco' 2.0 8.1 260 13,0 3620
PS6 " 2.4 17.8 593 2le7 3433
PSy2E " 2,0  15.9 U459 22.4 2.89
Rogers " 2.0 12.5 406 203 3425
I-form 1444 'Muco! 2.9 113.0 gn 40.1Y4 40,004
| PsS6 " 1.9 55.6 <4 40e21 40,007
PSheg " 1.7 479 <y {0e24 40,008
Rogers " 1.0 5545 qn <0.8li 40,007
Cocei 14kl Ffom.res.2.0  14e2 415 2047 2,92
Rogers " 2.0 10,5 317 1549 3.02
I~form 144  ® 3ot 5641 <l <0412 £0.007

- PSW2E " Ue3 3343 < <0409 <0.012
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cells with hot trichloroacetic acid and digestion with
trypsin, leaving as a final product, cell wall mucopeptide

‘contaminated by less than 57 of cell proteins., Cells were

also extracted with hof formamide (Fulier,1938) and the
residues collected, The yields of material obtained from
these fractionation procedures are shown in TABLE 6.

In 8ll three procedures, the amounts of material obtained
from L-form cells were far less than the comparable fractions
from normal cells., Hydrolysis and cnromatographic analysis
of the‘residuee from bacterial cells showed only a limited

number of amino acids to be present in any amount, although

~faint traces of 'protein’ aminovaeide_couid be found. 1In

contrast, hydrolysates of residues from L-fofm cells showed
evidence of lerge amounts of all the "protein' amino acids.
Estimation of the muramic acid contents of these residues was
carried out and the results are presented in TABLE 7.

In none of the L-form residues could any~evidence of
muramic scid be found and consequently the lower 1imit of
sensitivity'of the test was taken as the memimum level of
this amino sugar present in any sample. Residues from the
normal cells géve exPected results, These results show
that Leform cells cannot contain more than 0.012% of their
dry weight of muramic acid.

Supernatant Medium,

eIn view of the observations by Rogers & Perkine (1962) ‘that

under suitable conditions protoplasts are capable of
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synthesising soluble mucopeptides, the possibility that
the staphylococcal L-forms might also produce these
compounds was investigated.

Supernatant medium from large volume cultures of the
L-form, grown in the presence and in the absence of
penicillin, was freeze-dried and the dried material
hydrolysed at 100° for 4 hr. in 4 HCl. 'Hexosamine®
peaks were isolated by chromatography on Dowex 50 (H')
resin, ahd separated on charcoaltcelite to yield an'extract
expected to contaln any muramic acid which might have been
presents The extracts were then assayed for muramic acid.

No trace of the amino sugar could be found in the
culture supernatants from any of the L-forms, even when
the starting material represented culture volumes in excess
of L4 1litres. '

The data presented serve to show that the organisms
under study appear to be devold of any cell wall mucopeptide:
and are gpparently uneble to synthesise the compound even
in the @bsence of penicllline -

/) Although the results above indicate the absence of
maramic acid as a structural component in the IL-forms, the
possibility remains that the organisms might be capable of
producing precursors of the cell wall structure. To test
fhis possibility, the acid-soluble constituents were

extracted from the L-forms growing under various conditions.
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Harvested cells from L-form liquid cultures were washed
once in ice-cold sodium chloride solution, ylelding a
gelatinous mass consisting of cells and extracellular
deoxyribonucleic'acid. This cell mass was then extracted
by grinding for 5 mine in a glass'tuhe with 3 ml. ice=cold
10% trichloroacetic acid. The insoluble precipitate was
recovered by centrifugation and re~extracted with a furtherx
3 ml. ice=cold 10% TCAs. The extracts were combined and the
TCA removed by shaking 5 times with equal volumes of e ther.
After adjustment of the aqueous extract to bH 8, residual
ether was removed using a Jjet of cold air, the extract
. evaporated to dryness and then made up to 1 ml. of distilled
water. Aliquots of extracts made from L-form cultures of
various sges, with and without penicillin were analysed for
the presence of Neacetyl amino sugars by a modification of
the method of Strominger (1957) (see Methods) e

None of'ﬁhe extracts showed evidence of containing
N-acetyl hexosamine since no colour could be detected above
that produced by controls, From these results, it appears
that the Staph. aureus I-forms, whether grown in the presence
or absence of penicillin, do hot accumulate aclid-soluble
N-acetyl sugar compounds,
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 Teichoic Acid.

There is at present little cvidence on the precise structural
relationship between mucopeptide and ribitol teichoic acid in
the cell walls It is, therefore, conceivable that although
mucopeptide production has ceased in the I-form, production
of teichoic acld might proceed if only at reduced efficiency.
Penicillin has been shown to cause increased accumulation of
cytidine diphosphate ribitol precursors of teichoice acid in
staphylococci (Saukkonen, 1961). It is not known whether .

this accumulation is the result of a direct agtion of the

antibibtic or is the consequence of reduced mucopeptide
synthesig, _ |
If the L-forms, which were induced under the influence
of penicillin, are still capable of producing wall teichoic
acid, then it might be found in one of two sites., The

‘polymer might still be associated with the cell, indicating

that the presence of mucopeptide is not necessary for the
continued attachment 6f teichoic acid; or it might be
released into the medium as it was produced.

If the latter were the cas it would be analagous to
the continﬁed production and reléase of M protein by
L-forms of Gpe A streptococci, (Sharp, Hijmans & Dienes,
1957; Freimer, Krause & McCarty, 1959 and Gooder &.Maxted.

1961) «
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(1) cCells.
As with the investigations for amino sugars; preliminary
hydrolysates of whole bacterial and IL-form cells were
prepared and the components separated by paper chromatography.
In the solvent used for irrigation, glycerol and anhydroribitul
have similar migrations but ribitol is well separated.
tthere difficulty might be experienced in distinguishing
between glycerol and‘anhydroribitol, reliance was placed on
co-chromatography and on the difference in colour produced
with the two substances by the detectiﬁn agent, perlodate~
benzidine. '

As expected, anhydroribitol was evident in preparations
of bacterial cells, but no such spot was detected in
hydrolysates of L-=forms. Both of these preparations showed
faint traces of glycerol. 'Wall' preparations from L-form
cells showed no anhydroribitol or ribitol but did contain
traces of glycerol. Isolated cell walls from the parent

'staphylococcus on hydrolysis yielded only anhydroribitol
and no glycerol. (FIG.1l)

Large samples (up to 500 mge dry weight) of Leform
cells were extracted with cold 10% trichloroacetic acid in

"an attempt to ‘isolate teichoic acidss. The alcohol=-
precipitable materials from tﬁe TCA extracts consisted malnly
of nuclelc acids, which were partly removed by further
treatment of the precipitate with cold TCA. The final
reprecipitated material, although still containing some
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nucleic acid, was hydrolysed but yieldéd no trace of
anhydroribitol on subsequent chromatography. Similar
treatment of bacterial cells indicated the presence of
quite large amounts of anhydroﬁibitol in the final precipitata
The extracted material from whole bacterial cells showed
falnt traces of glycerol, which was taken to indicate‘the
presence of intracellular glycerol teichoic acids, (Davison &
Baddiley, 1963). Not even faint traces of glycerol were
found in hydrolysates of extracted naterial from L-form
cells, The glycerol that was detected in hydrolysates of
whole L-form cells and from isolated 'wall' preparations was
undoubtedly the product of acid hydrolysis of cell lipids.
(11) Supernatant Medium. |
Although no evidence for the existence of ribitol or glycerol
teichbié acids could be found in the L-form cells, the
possibility remained that these substances might have been
produced and liberated into the medium. To resolve this
possibilityy supernstant culture medium from growth of the
organisms was freeze—dried and subjected to the extraction
procedures described for the cellse.

Hydrolysates of the freeze-dried material showed no
spots corresponding to ribitol or anhydroribitol, but did
contain faint traces of glycerol.‘ The trichloroacetic acid
extracts of supernatant medium showed no ribitol,
anhydroribitol 6r‘glycerol on hydrélysis. ‘Since the original

medium contained serum, the traces of glycerol seen in
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“ hydrolysates of the dried medium may well be accounted for
by the presence of lipids. More prolonged extraction

-0f the medium with cold TCA yielded only traces of glycerol
and no other sugar alcohol, even when freeze-dried residue
from four litres or more of medium was used.

It ié evident, therefore, that the L-form cells have
lost the ability to synthesise not only the mucopeptide
polymer of the cell wall but also the other major cell wall
'-polyme;, the ribitol teichoic acid. There is some evidence
also of the loss of intracellular glycerol teicholic acid from

these organisms,
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Section 4.
IMMUNOLOGICAL FROPERTIES.

 Know1edge ‘of the antigenic components associated with the
cell wall of Staphylogcoccus aggeus has in recent years
been-greatly extended (Oeding, 1960). A manor contribution

in this £ield has been the isoletion and chemical
‘chara¢terisation of the group-specific antigen which was
first described in 193l by Julianelle & Wieghard as |
'polysaccharide A'. Recgnt work by Sandérson, Juergens.&
Strominger (1961) and Haukenes (196é)'has showh’that the
greater part of purified 'polysaccharide A' consists of the
cell wall(ribitollteichoic acid, and that the.;mmunological
specificity can betraced to the presence of |
N»acetylglucosaminyl—rib1tol residues.,

' Another polysaccharide antigen associated with the cell
wall of coagulase-positive staphylococci 1is that described by
Jensen (1958)." This 'antigen A' reacts with normai‘human
and rabbit sera to produce specific precipitates said to be
- due to ‘the presence of "normally occurring antibody' to

| the polysaccharide.
Since both of these polysaccharide antigens are described
as being closely associated with the cell wall, failure to
detect either or both in preparations of the L-form would

provide further evidence of loss of cell wall material.
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. Antisera were prepared against staphylococcal cells,
cell walls and L-form by injection of the materials into
rabbits. Both whole sta@hylo¢occa1 cells and isolated cell
- walls were agglutinated to high titre by antisera prepared .
against vhole hells'and cel; wallse Suspensions.of;Leform,’
howevér}'showed little or no reaction with‘éither of these
antisera. Antisera prepared against L-form agglutinated
suspensions of the L-form but suSpensibns ofvbadterial cells
‘and cell walls were not agglutiﬁated to any degfee. This
~ .indicated that the sﬁxrace:bf the I-form differed from that

. of the bacteriunm,

Agar gel precipitation teste, in which buffered saline
, suspensions of crushed bacteria and‘purified cell walls were
diffused against antiserum to whole cells, showed the
formation of a precipitatian line close to the serum well
(FIGe12.) 4 Comparison of this line with one produced by
diffusion of crude polysaccharide A' gave a reaction of
identitys No line correaponding to polysaccharide A' was:
produced by either of these sera when diffuagd against
suapensions.ofAtheuL#roih, of by L-form antisefum wheh
diffused against crushed bacterial cells or cell walls
(FIG.13).

A precipitation line was formed midway between the
antiserum and antigen wells by crushed bacterial cells with

antiserum to whole staphylococci and with antiserum to the

' Leform, (FIGS. 12 & 13). A similar line was produced
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by diffusion of I~form suspension against 1ts antiserum,
but no such line was produced by the cell wall suspension
with elither antiserum. This line was designated the-
'cytop;asmic' line. ‘ '

The other major precipitation line shown in FIG.12,
was identified as being produced by Jensen's 'sntigen A',

The identity of this line was confirmed by the use of a
préparation of isolated 'antigen A' and by the fact reported
by Haukenes (1962) that Staph. sureus strain Wood 46 does not
produce this antigen. |

Suspensions of crushed bacterial cells and of cell walls
also produced snother line close to the antigen well, with
antisera to staphylococci and cell wallse This was thought
to represent a type-specific antigen, and although no further
stud& of it was made, it was noted that no similar line was
préduced;by ﬁhe(L—form and that antiserum to the L-form |
_ appeared not to contain antibodies to this antigen.

FIGURE 14 illustrates the result obtained by diffusion
of'antiserum to staphylocqcci with preparations of crushed
cells, cell walls and various cell fradtions.crushed bacterial
cells and cell walls show the formation of all the |
precipitation lines described above, except that no
‘eytoplasmic' line has been produced by the cell walls. The
preparation of crushed Wood 46 cells contains no line
corresporiding to 'antigen A'. Crude 'polysaccharide A', on

the other hand, shows, not only a line for 'polysaccharide A',



but also lines for 'antigen A' and cytoplasmic contents,
indicating contaminatibn of the preparation with theSe'
antigens. The ribaesomal or cytoplasmic fractions from the
I~Torm and parent staphylococci show the formation of a
fused cytoplasmic 1line, 1ndicat1ng the similar nature of the
preparations. |

The absence of polysaccharlde A' in the L-form
has been shown by the failure of.susPensions of the organism
fo produce characteristic 'polysaccharide A' precipitation
lines when diffused with antisera known to contain anti-
bodies to the antigen. The situation with regard to
'anfigenAA' 18 not quite so clear since faint lines possibly
" corresponding to this antigen could sometimes be foundyin
tests using L-form antiserum. In such casés, repeated |
“absorption of the antiserum with whole L-form failed to
:remove the antibodies responsible. . |
| In the above experiments, only one strong precipitatlon
line was evident in reactions between the Lpform'and its
'anti;erum. and this line was shown to represent cytoplasmic'
'constituents. ‘ |

Reference to work on immunological properties‘or:cell
membranes (Vennes & Gerhardt, 1956; Freimer; 1963) ,
indicated the possible existence of antibodies not
previously detected by the methods used. Consequently, cell
:memb#anes from staphylococei and from L-forms were prepared

as described under Methods and rendered suitsble for use. in
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immunodiffusion tests by trcatment with trypsin. Agar
diffusion of these trypsin extracts against L-form anti-
serum (FIG.1l5), showed the presence of precipitation lines
from extracts of all the L-forms haﬁing complete identity
with each other and partial identity with the 'cytoplasmic'
line produced by a suspension of the IL~form. This indicated
the multiple nature of the 'cytoplasmic' line,
Antiserum.against isolated L-form membranes showed no
precipitation with suspensions of cell walls of the parenf
organism or with cytoplasmic contents. Trypsin extracts
of some early cell wall preparations, known to be contaminated
with cellular protein, produced precipitation lines with the
antiserum. These lines showed fusion with the I-form
nembpane lines and showed’é possible antigeﬁic'relationshiﬁ
between the L—form meﬂbrane and that of the pareat bacterium.
To test this further, extracts of L42E Leform and 42E
staphylococcal cell membranes were diffused against the
' L—form antiserumq The results are shown in FIG. 16. Complete
fusion resulted between precipitation lines produced against
both L-form and staphylococcal membranes, clearly .
demonstrating their antigenic identity. Similar identity was
also demonstrated between membrane preparations from the |

other I~forms and their corresponding papent staphylococci.
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§ection Eo

ACRIDINE ORANGE STAINING. .
Acridine orange has been described s specific stain for

nucleic acids. It forms complexes with deoxyribonucleic

and ribonucleic acids giving distinet Tluorescent colours.

The specificity of the reaction is dependant on the particﬁlar

material used, on pH conditions and the method of fixation

employeds The fluorescent colours produced by the nucleic

acid complexes at acid pH value have been described as red-

orange for ribonucleic acid and yellow-green for

deoxyribonucleic acid. However, the production of these

colours is greatly influenced by the optical system used to

view the specimens. It is therefore necessary to test the

gpecificity of any system.
A Staining of Agar Colonies.

In the case of the L~form of the staphylococdus5 staining was

ét first carried oﬁt on fixed preparations of agar colonies.
Various fixatives were used, and all showed some degree of
‘distortiqn‘of the soft protoplasmic growth of the colony
periphery. Least distortion was shown by fixation of thé

colonieéfin Bouin's fluid. After fixation, the cblonies were

treated with specific nucleases, stained with acridine orange

~ at various pH values and examined under ultraviolet light,
The results are shown in TABLE 8.
At pH values below 3.6, complete removal of red-

staining material was aéhieved,by prior treatment of the






- TABLE 8. Acridine orange stalning reactions.of L-form -
Ihll cglonies‘fixedvaha«sta;ged at_verious

pH Colony staining reaction

pH _values.

Fluorescent colours sbolished

by pretreatment with:-

value granular centre periphery RNAase
5.6 green red+green green
5.0 greeno  redsgreen green
4.6 greensred red+green green
L44,0 red+green greén+a - greentred
little red
346 red+green  green+a red
1ittle red (Incomplete)
" 340 red greensred red
2.8 red green+red red

DNAase

 red
(Incomplete)

red
(Incomplete)

red
(Incomplete)

green+red

green
(Incomplete)
green .

green
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" fixed colonies with ribonuclease. Likewise, pretreatment
of the colonies with deoxyribonuciéase resulted in removal
of greenrstéining materiél, Thié gbolition of green
fluorescent colour was more effectife.when the stéining was
carried out af PH 3,0 than at highervalues. The results
for ‘both ribonuclevic and deoxyribonucleic acids indicated
the use of the dye at pH 3.0,

The fully developed L-form colonies, when stained at
this pH value yielded the result shown in FIG.l?.

' The dense, granular‘centres of the colonles show a
strong staining reaction for:RNA, whereas the peripheral
growth shows variation ﬂbn\RNA-staining vesicular bodies |
adjacent to the centre to cells staining wholly for DNA at
the extreme edge of the colony. The red-staining (RNA)
material is presont in soée cells as localized areas on an
otherwise green (DNA) background. Those cells nearer the
rcentre of the colonyAappear from their staining reaction to
contain only RNA. | |

Pretreatment of the colony with RNAase and subseqpent
staining showed the RNA to be completely removed, leaving
only the éolony periphery have a DNA-staining reaétion. '
The dense centpevof'the.colony had been compietely‘removed
- by the enzﬁmé treatment. When the fixed colonies were
treated with DNAase and then sfained, the red‘granular
centres of the colonies were intact, but in place of the

peripheral cella only ghost-like debris remained.
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The dewlopment of the typical colony form was followed
by preparation of seriallsamplés taken from an agar plate
seeded with a 24 hr. broth culture. Theiearly stages of |
colony formation consisted of clumpe of large, vésicular

bodies the majority of which‘contained little or no RNA

‘as judged by acridine orange staining. Later samples showed

the cehtral cells in these clumps to contain granules of
RNA materiale The RNA in these cells increased in amount
and staining intensity, until finally the central area took
on the granular eppearance seen in the fqlly developed
colonies.r'Colonies which had been allowed to develop for
longer than 72 hrs., showed staining mlmost wholly for RNA,
only the cells at the extreme ﬁ@niphery‘of the colohies
showing any evidence of DNA-staining material.,

Staining of Cells from Liguid cuitgre;

Liquid cultures of the L-form, when stained with the dye
gave essentially the same reaction as colonies, except that
the individual elements were separated znd their structure
more éasily seen, Also, since there is less restriction
on the growth of the cells in liquid medium, a much wider
rahge in size was seen in‘these éultures. The maaority

of celis in a 48 hr. liquid culture were within the size
range 1ln -~ 5p, although much larger cells, up to 15u in
diameter, were also seen.

Phase-contrast examination of liguid cultures had
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revealed the presence of small granular elements having an
apparent size of only approximately Os3p diameter; When
stained with acridlne orange, however, the cuitures showed
many more of these granules due to the increased sensitivity
of the method, which rendered the granules Tfluorescent
 against a black background. ,

The cells from these liquid cultures could be fixed
‘by suspension in 3.5% sodium chloride solution'containing
| 10% formaldehyde. The fixed cells were then treated with.
nucleases and stained with the dye to confirm the staining
reactions. o | o |

Untreated cultures showed the preuence of a ve;l«like
smorphous material staining strongly for DNA (FIG.lB). The
individual cells could be seen embedded in this matrix and
could be dispersed by pretéeatment of the’uhfixéd culture
with deoxyribonucleases Enzyme treated'cuitures no longer
showed evidence of this extracellular DNA matrix and the
individual cells were quite separate (FIG.19). .

Superimposed on the size range of cells in liguid
cultures was the apparent compléxity of nueleic acid content.
Some - cells gave staining reactions only for DNA.(greén),'
there being no trace of any red-stainlng material (RNA).’
Other celle exhibited RNA sta;ning to varying degrees, the



163

RNA being present in some cases as‘only isolated small

patches‘on the cell surface. St1ll other cells in the

cultures‘gawe staining reactions,bnly for RNA., BHetween

these extremes, there was a distribution of RNA meterial.
~ The 1liquid cultures of the L-form exhibited a

complexity not seenin cultures of any normal bacterial cells,
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Section 6.

| SEPARATION OF ELEMENTS IN LIQUID CULTURE.
The complexity of growth form of the L;phase staphylococed ,
as seen by phase-contraet and,fluoreécence microscdpy; made
any attempts to gain information on the mode of reproduction
véry difficult. Before any studies on th;s_asﬁect of the
biology of the organisms could be undertaken, it was

-essential to obtain at least one homogenebﬁs preparat;on from

the heterogeneous cultures. Centrifugation preéented a
possible means of separation, and various methods'were

investigated.

‘Staining of Fractions.

Centrifugation of complex mixtures over gradients of
varying density have been widely used in separation

procedures involving cell structures, nucleic acids'and

v’.proteins. Attempts were made to separate the elements of

‘the cultures by centrifuging over gradients prepared from

bolutions of sucrose of different densities.

It proved difficult with any of the gradients used

"to separate the constituent cells into distinct groups.

The very small granules, because of their marked differenée

'1n size from the rest of the cells in the cultures, were

-rfairly well saparated in all the gradients. The remaining

cells, however, formed either a continuouslspectrum in both

size and nucleic acid content in the continuous gradients,
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FiG. 20 Differential centrifugation scheme for fractionation
of staphylococcal L=form liquid cultures.:
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TABLE Q. Stages in the separation of Fraction 2 from whole
L-form culture in terms of acridine orahge staining.

Separation Containing Microscopic appearance
stage fractions:-

Sup.1,085xg 10! 2+3 Mixzed red- and green~staining cells
l-Sp;green-staining cells 1-10u.

Sup. 755xg 5' 2+3 Green and red-and-green cells l-5n.

Sed. 755xg 5! T Few large 5-10’.1 green-staining cells,

Sup.1,935xg 10! 3 Cells 1~10u mixed red and green.

Sed.l,935xg 10! 2 Green cells, majority 1l-5p some >5yu;
few mixed-staining cells.

Sup.l,h75xg 10! F Red- and green- and red-staining
celis,

Sed.l,475xg 10° 2 Majority of cells green-staining 1-3p3
some red-staining material.

Sup.1l,085xg 10' 2 Cells 1-3u,green-staining;few large
green cells and few red cells,

Sed.1,085xg 10* i S({)me large green cells >3pe

Sup.1,935xg 5" 3 Few mixed-staining cellSe

Sed.1,935xg 5' :E__'.R;J_;_CEL'_I_O_IL_E_._ Green~-staining globular

cells, size range l-3p.

¢ -fractions discarded.



or heterogenedus bands in discontinuous gradients. Nd
doubt further manipulation of the gradients and centrifugation
speeds and times could produce well defined homogeneous

bands,

More success was achieved using differential
centrifugation of the organisms from culture fluid, Using
a sma11~nﬁMber of manipulations, it was found possible to
obtain‘suSPensions of the large (3p-5pn) gldbulér cells,
which on étaining.with acridine orange showed a reaction
for DNA only. Extenslon of this method led to the
formulation of a scheme resembling closely that used by
Mandel, Terranova, Sensenbrenner & Feo (1958) to separate
sphaeroplasts of Proteus Spe

The two systems differed slightly at various points
and because of the osmotic lnstabllity of the staphylococcus
I-forms washing of the fractions in 0.9% saline, as used
by Mandel et al, was omitted. _

. " The centrifugation scheme as finally used islsét'out

in FIG.ZO; | | | |

The products of e ach manipulation were stained with
acridine orange and viewed under ultraviolet light. In this
- way, the progress and efficiency of separation could be
judged. The results of the separation of one of the
fractions, in iterms of acridine orange staining reaction, are

rresented in TAELE.9.
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That the method is reproducible is shown by the
similarity of the 1isolated fractions, obtained from different
separation procedures performed oh cultures of similar age.

Cultures of less than 48 hr. incubation contained
relatively‘larger amounts of cells falling into fractions 1
and 2 and smaller amounts of fractions 3 and 4. Older
cultures incubated for'approximately'72'hr. gave very
small ﬁields 5f fractions 1 and 2,most of the cellé present
being found in frabtioné 3 and. especially L

Photomicrographs of acridine orange stained fractions
‘obtained from a 48 hr., culture are shown in FIGS 21,22,23 &
24, ~Each of fhese isolated fractions proved capable.of re-
production and produced growth on solid and in liquid
media. Some difficulty was experienced in initiating growth
| from some preparations of fractioh L, particularly on solid
medium, It was‘found that reproducible growth of these
fractidns could be obtained by the use of a decreased
'(6.9% (we/Ve).) agar concentration in the medium (Razin &
oliver, 1961), ' |

Because of the small size (apps 0.3p) of the elements
of fraction U4, it was felt that‘growth of this fraction might
be due to contamination with cells from other fractions of
the original culture. Extensive micrgscopibﬁLexamination
of acridine orange stained specimens of fraction L from
various preparations showed the Qajority of the specimens to

be free of cells associated with other fractions or to
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~ contain very small numbers of these cells. In none of the

- breparations of fraction 4 was the level of contamination
sufficient to account for the growth produced by that

- fraction.

Be Grgwgg'g; Isolated Culture Fractions.

When vhole unfractionated cultures were used as inocula

for so0lid medium, the plates at any one time contained
colonies at all stages of developments In contrast, the
great majority of colonies grown from the fractions were éll
at a similar stege, although small numbers of colonies at
earlier ortlater stages of growth could be foundes This
provided a further indication of the homogeneity of the
fractions, at least in respect to growth capabilities.
| The 1solated fractions grew in the form of a layep
'on\the glass surfaces of the culture vessel and subsequently
it was founﬁ possible to grow them on cover-slipss. The
fractions were thercfore inoculated into Leighton tubes
containing a narrow cover-slip immersed in a small smount of
thé\medium§ After 1ﬁcubatibn for‘llh$. the cover=slips |
could be carefully removed from the tubes and were found to
have ailayeé of the I~form cells adhering to one side of
the glass. Such specimens. were easily handled for fixing
and staining in aéridine orange. It was possible, using‘
this technique, to follow the course of development of s

- glven inoculum of cells by removing cnd exanining samples
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at various times. The method was applied to each of the
fractions, , |
‘Fractions 1l and 2, when examined by this method,
shbwed-essentially the same growth characteristics. The
1nopula contained almost wholly large globﬁlar cells staining
~only for DNAs When the growth sequence was followed, the
'first detectable changes in the cells was the gradual
.development of small areas of redpstaining (RNA) material

“on the cell surface. Further samples from this series showed

‘~increases in the amqunt of RNA in the cells until they gave

an appearance similar to that ahcwn.by fraction 3 from the
original culture, It was noted_that not all the cells
developed;RNA 1nc1usions,'particularly‘some of the larger
" cells 1l.e.. those over 5p'in diaméter. St411 later‘éémp;és‘
‘Bhdwed evidence of lysis of Some of these cells with release'
of orangenred staining granular material similar to that
seen in fraction L. . |

Fraction 3 preparations'alsd‘éhowed some of the
sbove changes, although the inocula contained cells stéining
both for DNA énd?RNA. Serial samples taken from these tubes
showed there to be a general increase in the amount of RNA=-
staining,,’As with preparations from fractions 1 and 2,
some lysis and release of RNA granules was seen at later
stages. In still later pfeparations,_some very small
globular cells staining wholly for DNA were seen. Theée‘
cells were smaller (0u75n to 1lp diameter) than those seen in
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fraction 2 but gave the same staining reaction.

Fraction Y, which consisted of the small, gramular
elements seen in great numbers in whose cultures, also
produced growth on the cbVer-slips. The inocula, after
periods varying‘from 10 to.16 nr., showed the production of
smallvglobular cells similar to those produced during growth
of fraction 3+ The conversion of the granular elements to the
small globular cells was not complete, some of the granules
‘appeared to be incapable of growth, Even after ﬁeriods of
incubation exceeding 2l hrs. the preparations contained in.
addition to the small DNAthaininé cells, appreciable numbers
of granules, : | |

Using the cbver~slip methodiof,obsérvation, it was not
possible to culture the organiems for periods longer than
24 hre., due to the small volume of medium used and to
crowding of the cells. By some manipulation of:cuiture ‘
volumes and‘size of inocula it was possible to observe the
growth of.the_organismsffor a further hour ol two. However,
the short extension of incubation time did not contribute |
much more information on the growth procesé. When the
fractions were grown in relatively large culture, 511 yielded
after 48 hr. organisms showing the full ranée of size and -
nucleic'acid staining reactions previbusly seen in whole
'culturés, This suggests that on prolonged incubation with
less restricted nutrient, the initially homogeneous inocula

become more asynchronous. Some evidence of this was seen in
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TABLE 10s Average RNA phosphorus/DNA phosphorus values

in Staph. sureus 1LL) L-form and culture fractions

'Sample Size Range Ayerag§
RNA P/DNA P
Whole culture approxe 0.2=10.0pn 1.56
Fractions 1 5¢0-10,0p 275
2 | 1,0~ 3,0p 2.2
3 1e0= LoOp - 789
4 8ppProxs 0e+2- Ou3p 2428

* Each value represents the average of

at least four determinations. .



the growth on cover-slips where a few cells in the inocula
failed to develop or perhaps develbped later than the other
cells in the culture.

Analysis. of the isolated fractions for nucleic acid |
content provided some Heasure of confirmation of the observed
staining reactions, (TABLE 10).

It can be seen from TABLE 10, that the nucleic acid
ratios of fractions 1 and 2 are véry similsar, as were thelir
staining reactions. }Both fractions actually contain
appreciable amounts of RNA by analysis, although no evidence
of its presence could be seen in stained cells. AnaiysiS'
of cells of fraction 3 show them to have an increased RNA
phospherus;DNA phospherus, which again appears to be in
agreement with the observed staining reactionss The ratic
produced fromfraction 4 indicates the presence of DNA which
‘was not detectable by staining alone., In view of the fact
that some of the'material in this fraction appeared incapable
of growth, at least under the conditions employed, it seems
reasonable to assume that the figures obtained might include

ribonucleic acids from cell debris.
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DISCUSSION,. -

The use of penicillin to induce the production of L-phase
variants in Staphylococcus_sureus has been described by
Williams (1963). Three of the L-form strains produced in
that study were used in the present investigatione. Thelir
general growth properties were similar to those of the
L-forms described by Schonfeld (1959, 1961) and Marston
(1961a), in that they produced a characteristic type of
colony and required the presence of serum and high levels of
sodium chloride for growth. A fourth IL-form, derived from
a penicillin-resistant strain of Staph. sureus was also
induced into the l-phase, but by D-cycloserine. Whereas
Schonfeld (1961) found that the number of L-form colonies
produced was proportional to the square of the number of
staphylococci in the inoculum, no such relationship was
found with the penicillin-induced strains (Williams, 1963)
or the D-cycloserine~induced strain in the present studye.
L~Rogers, derived with D-cycloserine, on primary isolatic
required a higher sodium chloride concentration than the
three penicillin~induced strains which could after varying
periods, be grown in the absence of the inducing agent; but
this stage was reached with.L»Rogers only after much longer
periods of subculture in the presence of D-~cycloserine.
The L-form.Rogers remai ned throughout the greater part of this

study in the ‘unstable' state and was used as such in the



various chemical and immunological 1nveétigations. Eventually,
all the L~form strains were stabilised and no evidence of
reversion to cocel was seen during subsequent growthe. This
is in direct contrast to the reporté by Schénfeld (1959,
1961) and Marstoh (1961a) describing the ease with which
reversion to staphylococci takes placé even after proionged
growth in the L-phase. Marston (l961h) reported the-absence
of reversion of IL~-form strainsﬁwhich‘had been grown in liguid
culture, , |

The technique of initiating growth in liquid medium by
‘inoculation with agar blocks yielded all four strains in
1liquid culture. Great variation was ehcouhtered in the ease
with which growth could be established, but once estabiished
.the liquid cultures were propagated 1h-the\norma1 waye. In
broth culture, the L-forms produced thick, rope-like gfowth
which could not readily be dispersed by mechanical means
without seriously reducing the culture vigbility. The
effectiveness of deoxyribonuclease treatment in dispefsing
- growth indicated the presence”or large amoupts of |
extracellular DNA. This finding would.be.iﬁ agreement with
that of Catlin (1956), who found that staphylococei also
produce extracellular DNA, particularly when grown in braine-
heart infusion medium. The presence of sodium chloride 1n'
the L~form medium tends to further inhibit depolymerisation
of any DNA released, leading to appreciable accumulatione



‘The osmotic fragility of the L-forms could also contribute
to this accumulation by lysis of cells and release of DNA.

Replacenment of the whole serum in IL-form growth medium
with various other substances indicated the detoxifying nature
of the serum proteinQ It was found that whereas tné serum
could be wholly replaced by an equ;valent qoncentration of
Difco serum fraction, known detoxifying ageﬁié (Davies &
Dubos, 1947; Pollock, 1949) provided only partial replacement.
The growth response dbtained with charcoal‘was very low and
although bovine serum albumin gave better results, the
response was 8till far below that obtained with either whole
serum or serum fraction, It is evident from these results
' that the function of the serum in staphylococcal Leform medium
is not solely of a detoxifying natﬁre. Thére have been other
indications that complex protein auppléments.are not necessary
for the growth of staphylococeal L-forms, which have been
grown in a semi—definéd medium without the addition of serumr
protein (Banville, 196L4). } _

.The marked osmotic fragility of I~-phase organisms has
been described repeatedly in other genera and the staphylococcs
L~Torms provéd similar in this reapect. Lysis of the L-form
in decrsasing sodium chloride concentratipn wase gradnal,‘there
being no dramatic loss of optical density such as might4be
found with suspensions of protoplasts (MéQuillen, 1960).
Comparison of the lytic spéctrum of the I-form with that of
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gnzymg—producedf'protQplasts’ of the parent staphylococci
showed certain similéritiee between the two foims. The.
suspensions of 'protoplasts' produced the ¢ xpected sudden
fall in optical density, due probably to the more uniform
size of the organismses The suspensions of the L-form, on
the other hand, containing cells of a wide size range,
showed a more gradual loss of optical densitys Although
the responses of‘the I~form and 'protoPlgsts' to lysis by
alcohols did not agree entirely, there were similarities
in the lytic patternse Both types of cell were lysed at
epproximately similar concentrations of the three alcchols,
indicating to some degree the similarities in their surfaces
(Razin & Argaman, 1962). | | |
Thé osmotic fragility of the staphylococcal IL=form
indicated that the surface of the bacterial cell had been
radically changed during induction into the L-phase.
Investigation of the gross chemicai;properties of the cocecus
and the Leform further supported this belief in that the
I-form was found to have a much reduced amino-sugar content.
The amino sugars‘concerngd were glucosamine and muramic acid.
Whereas glucésamine haé‘been reported to occur in various
parts of bacterial cells, muramic acid appears to be unique
to the bacterial cell wall or to its precursors (Salton,
1964)s This uniqueness of muramic acid makes it a convenient

marker, the demonstration of which provides irrefutsable



evidence of the presence of a cell waell structure or of
the ability to produce such a structure.

The results of the early chromatographic experiments
in the present study showed that acid-washed staphylococcal
L-forme, from which any UDP-precursors would have been
removed, contained no detectable muramic acid or glucpsamine.
Although 1érge samples of L-form hud been used, it could not
~ be sald at this stage that nothing even approximately to an
organised cell wall existed in these organisms. Later
quantifattve analyses of the L-forms demonstrated with
qertainty that such a case dld exist.

HoweVer; reports on L-forms derived from Gram-
negative bacteria (Sharp, 1963) have shown that while the
amount of wall material was much reduced, the organisms
still retained remnants of a cell wall. It was considered
gssential to determine whether a similar situation existed
in the csee of the staphylococcal L-forms.

The various methods used were designed to conéentrate
to a more easily detéctable level, any cell wall material
which might be present in the L-forme None of the methodé
‘used yilelded preparations containing muramic acid and it
was judged that the maximum amino sugar present in the L-form
could nof exceed>0,008% dry weight., These results provided
concilusive evidence that no organised cell wall existed in

the L~forms derived from staphylococci either by penicillin
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or by D-cycloserine. Sharp (1963) had reported the failure
to £ind muramic acid in one other staphylococcal L-form
strain, that of Staph. aureus H.

:The other major polymer associated with the cell wall
of normal Staphylococcus aurcus is the ribitol teichoic
acids " Ribitol has some points in common with muramic acid;
notably its unique position within thé bacterial cell, and to
date has not been demonstrated in bacterial cells except
in the cell wallrteichoic acid or as a CDP precursore. Here
again, an excellent marker compound was available, and addedAA
to this was the produétion on acid hydrolysis of ribitol
teichoic acid, of an unusual product, anhydroribitol (Salton,
1964). Both of these sugars could be used as indicators of
the preseﬁce of a ribitol phosphate polymer. ©No previous
reports have been made regarding the fate of cell wall .
teichoic acld during inauctibn of staphylococci into the L—ph%ﬁ'

The results of the chromatographic analyses of acid
hydrolysates of staphylococci and their derived L-forms showed
that while the bacterial cells yielded large quantities of
both ribitol and anhydroribitol on hydrolysis, neither of
these compounds could be detected in the L-~forms. Even very.
large samples of the L-forms failed to yield any evidence
of either of these tﬁo Eugars. |

There remained the possibility that teichoic acid was
being produced by the L-form, but that in the absence of a
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rigid cell wall, it was being released into the surrounding
medium, The L-forms of group A streptococci provide an
example of this phenomenon (Sharp, Hijmans & Dienes, 1957);
since they continue to produce i protein in the absence of
the rigid cell wall,’ However, examlnation of supernatant
broth from cultures of the staphylococcal L=forms showed no
evidence that ribitol teichoic acid wasbelng released,.

HiJmans (1962) has reported the loss of the group
antigen, which has been identified as a giycerol teichoic
acid, as well as the cell wall antigen, from group D
streptococei during induction into the IL-phase. Although
traces of glycerol were found in hydrclysates of the

staphylococcal L-form, no glycerol acid could be extracted
from the cells using the normal procedures.. It-1s believed
that the traces of glycerol were the result of hydrolysis
of cell or medium lipid raﬁher than teichoic acides It would .
.gppear then that the L-form contains neither glycerol nor
ribitol teichoic acids,

It seems therefore that the induction of staphylococel
into the L-phase involves not only the loss of thé rigid
mucopeptide part of the cell wall but also loss of teicheic
acids. Tpe precise relationship between these polymers in
the cell wall is still a matter of speculatione. Therqueation
then arises whether the inhibiﬁion of mucopeptide synthesié
known to occur with penicillin and D-cycloserine contributes

to the loss of teichoic acids or whether this loss is a more
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direct consequence of entibiotic action.

Cytidine diphosphate ribitol and glycerol are known to
accumulate, in addition to the UDP-muramic acid compounds,
vhen staphylococcl are treated with penicillin (Saukkonen,
1961). Attempts to extract uridine or cytidine diphosphate
precursors of mucopeptide and teichoic acid from the I-forms
failede In view ofAthe report on extraction of UDP compounds
from a streptococcal L-form (Edwards & Panos, 1962), 1t 1s
sunprising that these compounds were not found in the
. staphylococcal Leforms, particularly in L-Rogers. Whereas
the three penicillin-induced L-forms had been cultured for &
number of years and had been 'stabilised' in the L-phase,
L#Rogers,was 8t1ll considered 'unstable'. For this reason,
~ it nmight have been expected to contain UDP precursors to
cell wall mugopqptide and also perhaps CDP compoundSe.

The chemical demonstration of the loss of the cell wall
also provides an explanation for the results of antibiotic
sensitivities of théae I~forms reported by Williams (1963).

The reaction of the nucleic acids RNA and DNA with
acridine orange produces complexes which fluoresce with
characteristic colours vhen irradiated with short wavelength
biue‘light. The complex formed with RNA shows red-orange
fluorescence and that with DNA green fluorescence, the
specificity of the colour reactions being highly dependant

on pH values These reactlions have been used as a cytological



tool to investigate the development of animal (Furness,
Henderson, Csonka & Fraser, 1962) and bacterial (Anderson,
Armstrong & Niven; 1959) viruses. The application of this
téchnique to the study of the staphylococcel L-forms revealed
a étriking difference in staining reactioﬁ from that shown by
the normal bacterial form. The optimal pH for staining of
bacteria with this dye is 5.0 to 5.5 (Anderson gt _al.,

1959), but in the case of the L-form, pH 3:0 was found to. be
the optimum. This is nearer the level described for animal
cells by Furness et al. (1962).

Using the dye at this pH, a wide range in apparent nucleic
acid contents was found in the cells from L-form cultures. As
was found in the earlier results of enzyme treatment, the
amorphous backgrouhd present in liguid cultures of the Lgform"

" showed a reaction with the dye typical of DNA, 1.e.ra-green
fluorescence. Pretreatment of unfixed cultures with DNAase
sbolished the general green-staining of thils background, and
the cells remaining after remoﬁal of the extracellular DNA
continued to show the extensive range of sfaining seen in the
untreated cultures.

Attempts to separate the individual elements from these
cultures by gradient centrifugation yielded varying results,
end with none of the gradients used, either continuocus or
discontinuous, was effective separation achieved. The

development of a separation scheme similar to that used by
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Mandel, Terranova, Sensenbrenner & Feo (1959) for Proteus
L18, led to the separation of the total culture into four
homogeneous fractions. There appeared to be some little
overlap between fractions 1, 2 and 3, but none between
fraction h and the other three. The sizes of the individual
elements in each fraction agreed fairly closely with the
‘results obtained by landel, Terranova 23_21. and could be
identified with the sizes of fhe elenments in the original
cultureé. The fractions, however, appeared to lack the very
large (15u) globules seen in the unfractionated cultures.
This could be explained by mechanical lysis of these large
globules during the centrifuging and resuspending operations.
Analysis of these isolated fractions for nuéléic acid
content yielded results which to some extent, agﬁééd with
the observed staining reactions. Theée:resulté were similar
to those obtained for Proteus L18 (Mandel, Senserbrenner,
DeGregorio & Bader, 1959) except that the ratio RNA phosPhorﬁm
DNA phosphorus in fraction 3 was not as highe. Since landel,
Sensenbrenner et al. performed the final centrifugation of
each fraction from 0.,9% saline, their result might possibly
be explained by lysis of cells and consequent loss of DNA.
In the case of the staphylococcal L-form, all centrifﬂgations
and final resuspensions were made in growth medium,'ﬁo“

preclude as far as possible, lysis of cells,
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Growth of all four fractions yielded cultures similar
to that from which the fractions had been isolated, thus
indicating the possible existence of some form of growth.
sequences. The results obtained from.growth experiments
conducted on t he individual fractions confirmed this
indication and illustrated the relationships between the
fractions.  The gradual development in the large globular
cells of fractions 1 and 2 of 'patches' of RNA gave rise
to cells similar in appearance to those seen in fraction 34
Further incubation of these cultures showed the liberation
of small RNA granules from the larger cells; but this was
moré clearly seen when the inoculum consisted of cells
isolated as fraction 3+ The release of granules :rom.these-
Qells was very marked.

A significant result of these studies concerned the
growth of t he RNA granules. When cultured, these gramles
produced a similarhheterogeneoﬁs mixture of elements seen by
acridinerrange‘staining of whole culturess. .-In view of the
conflicting reports on the viability of such gramules in other
L-form strains (Roux, 1960; Liebermeister, 1960), it is
interesting to discover that in L-forms of Staphylococcus.
aureus at least, some of the granules are viablee The use of
the cover-slip technique enabled a little of the early
. development of the granules.to be studieds By no means all of

the granules proved capable of growth, but the percentage
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vigb1lity was not measureds The fact that not all the
gramles were visble, together with possible damage during
micro-menipulation, might account for the failure of Roux
(1960) to géow\ the granules isolated in his experiments
ro'n Proteus L-.form.‘ The growth of the granules fronm
staphyloéoccal L=forms supports the report by Panos,
Barkulis & Hayashi (1960) on viability of similar elements
released by sonic treatment of a streptococcal L-forme
Weibull & Beckmann (1960) studying the metabolism, in growth
medium, of small bodies from a stable Proteus I~form found
them to contain succinic dehydrogenase, catalase and
ribonucleic acid, and to respire at 50% of that of the whole
culture. Similar results were obtained by Panos (1962) for
small bo‘dies of a streptococcal L~form, which respired at
467 of that of the whole culture. In the present .case.‘ \
analysis for nuclelc acids in the granules demonstrated the
presence not oniy\ of ribonucleic acid, already showzi by
staining, but also deoxyribonucleic acide :The amount of
ribonucleic acid found undoubtedly reflects the presence of
non=-viable particles (the 'chondrioids’ of Roux and
Liébemeister? Yo |

- :The cell wall antigens of w which .
have been studled in greatest detail are polysaccharide A
and antigen A. The former antigen has been the subject of
extensive research by Haukenes (1962) who found it to consist
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mainly of ribitol teichoic acid, thus confirming the report
of Sanderson, Juergens & Strominger (1961). Polysaccharide A
was shown to be a potent hapteri;;v precipitaﬁng -at high
dilution with homologous antiserum. Gel diffusion tests with
Buspehsions of Staphylococcus sureus L-forms ponfirmed the -
chemical analyses in that no polysaccharide A and so no ribit
teichoic acid could be detected, Extraction procedures
designed to isolate polyesaccharide A falled to extract any

of the antigen from the L-forms,

Antiger A was first described by Jensen (1958) as a
carbohydrate antigen associated with the cell wall in 1
Staph. aureus. More recently, Yoshida, Mudd & Lenhart (1963)
have characterised this antigen as a protein agglutinogen.
All the parent staphylococeci used in this study were found
to contain antigen A, but the situation in the L-forms was not
clear frbm the results of gel diffusion tests., Faint lines
corresponding to antigen A were somepimes found wiph antisera
to L=forms, but repeated absorption 6f these antisera with
Lnfbrm'cells failed to remove the antibody. dJensen (1958)
reported the occurrence in normal rabbit serum of antibodies
to this antigen and this could explain the present result.

In view of the report by Yoshida et gt _al. on the sensitivity
of the isolated antigen to digestion by proteolytic enzymes,
it is gifficult to explain the presence of the antigen in
trypsin-digested staphylococcal cell wallse One possible



explanation is that the trypsin-resistant protein described

by Park & Hancock (1960) in cell wall mucopeptide preparations
contains antigen A. This possibility was not resolved in the
present study, although none of the purified cell wall
preparations showéd evidence of protein contaminatlion by t he
conventional tests, On hydrolysis, however, they did show

the presence of leucine (or isoleueine) and valine,

In the absence of reveréion to the bacterial form, there
might exist some doubt as to whether the L-forms are actudly
derived from Staphylococcus sureus. The loss of the cell wall
brings with it loss of such identifying characters as cell
wall essocicted antigens, phage susceptibility, Gram-staining
properties and typical morphologye. Some evidence such as
continued coagulése production and lysogenicity was éresented
by Williams‘(1963) in support of the origin of the three
penicillin-induced L-forms. The present finding that the
surface membrane of the L~-form bears a close serological
relationship to the cell membrane of the staphylococcus
provides further evidence on the origin of these L-~form
strains. |

It had been hoped that the present investigation would
throw some light on the role, if any, of L-forms in disease.
The osmotic requirements of the organisms raise some doubts
a8 to whether they could exist in _vivo. Two possible sites
whebe the osmotic requirements might be met in the animal
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body are synovigl fluid and kidneys. At the time of writing,

several attempts had been made to establish staphylococcal
I-forms in vivo in mice, and although the organisms could
be detected, after varying periods in the animal, by
fluorescent antibody methods, they could not be reisclated
By serial subculﬁure, the L—forms:were obtained growing in
medium'offéring lower osmotic prdtection, but even organisms
groving in only 1l.2% total NaCl, when injected into the mice,
‘could not be recovered in a viable state. &t was felt that
more success might be achieved if the IL-form could be grown
at‘phygiologica;}salt.1evels beforé attempting animal™ |
éxperimenfs.

It is obvious from the results,presented that the L-forms

of Stgggxloégccus sureus and of othef organisms offer some.
problems of fundamental importance. These organisms could
prove invaluable tools in such fieids as membrane structure
and function, having advantages not possessed by non-viable
protoplasts. However, more information needs %o be gathered
on the possible physiological changes conconitant with

removal of the cell vall.
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