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THE
JOURNAL OF GENERAL MICROBIOLOGY

The Journal will publish accounts of original research in general m,|c_rqb|ologg/, 1.e. the study of bacteria m|crofunp|
microscopic algae, protozoa, and viruses in their biological activities and, more particularly, the fundamentai
aspects of the Study of these forms, mc,ludmg structure, ‘development, physiology, %enencs, cytology, systematics
and ecology. Writers of papers on a specialized aspect of their subject should describe their work so that itS relevance
to their own science and to microbiology ir. general will be apparent to readers who may be unfamiliar with the

particular aspect.
THE PREPARATION OF PAPERS

‘Easy writing’s curst hard reading.'—Richard Brinsley Sheridan.
‘Easy reading’s curst hard writing.—The Editors, J. gen. Microbiol.

The Editors wish to emphasjze ways in which contributors can help to avoid delays in publication.

(1) Papers should be written with the utmost conciseness consistent with clarity. The best English for the
purgose of the Journal is that which gives the sense in the fewest short words. _

(2) A paper should be written only"when a piece of work is rounded-off. Authors should not be seduced into
wrifing 4 series of papers on the sam@ subject seriatim, as results come to hand. It is better, for many reasons, to
walt until a concise and comﬁrehen,swe paper can be written, ,

Authors should state the objects they had in view when the work was undertaken, the means by which
they carried it out and the conclusions they draw. A section labelled ‘Discussion’ should be strictly limited to
discussing, if this be necessary, and not to récapitulating. Many papers when first sent to the Journal’are too long
for the cfucial information they contain. It s unnecessa% to describe preliminary or abortive experiments.

4) _F|?,ures and tables shoufd be selected to illustrate the points. made, to summarize, or to record important
guan_ﬂta ive results. WeII-des|?ned tables or graphs should need little explanatory letterpress. Photographs or

rawings should not be submited unless they illustrate facts that cannot be conveniently described in‘the text,

uthors should remember that in prepafing their typescript they are g|vm% instructigns to the printer (about

layout, etc.), as well as attempting to conyey their meaning to their readers. The latter object will be the better

attained the more carefully authors considér how their typescripts will be converted to the printed page. Ink

corrections on a typescript greatly Prolong the %ype-set_ter swork; the final version of a paper must if pecessary be

re_tYped to provide a clean copy for the printer. Typescripts which do not conform to the conventions of the Journal
will be returmed to authors for revision, _ o .

(6) Special attention should be given to the details below in ‘Directions to Contributors’. Strict observance of
these req[uwements will help to shorten the interval between the receipt of a paper and its publication. Where
relevant the ‘S,ug?estmns to Authors, Symbols and Abbreviations and Notes on Usage and Conventions " published
In the. Eiochemical Journal (1957), 66, 1-16 should be followed. The pamphlet, Genral Notes on the Preparation of
gueémflc P”aBer]g |ou(tj)l|sh]§dI by the Royal Society, Burlington House, Piccadilly, London, W. 1 (2s. 6d.; post free,

5. 9d.) will be found useful. , , , , , o

_Eddi?ors do not alter authors’ tYPescnp_ts except to increase clarity and conciseness, or to bring them into ling
with the Journal’s conventions. 1t an editorial alteration changes an author’s meaning one implication is that it
was expressed ambiguously. When an editor can grasp the meariing of a sentence unequivocally it may be assumed

that anyone can.

DIRECTIONS TO CONTRIBUTORS
0 unications . jcati orm .o apers Subm,itte or Publication.,. The
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without the consent of the Editors. utable Tor ink corrections. The paper Should be written



in _English and should in general be divided into the
following parts in the order indicated: (a) Summa(rjy:
brief and self-contained; {6) Introduction; (c) Methods;
d) Results (illustrative protocols only should be included):
g) Discussion (ifany), and general conclusions: (/) acknow-
edgements; (g) References. . o ,

e position of Tables and Figures should be indicated in
the typescript.

Typescripts should carry the name and address of the
person to whom proofs are to be sent, and a shortened
version of the paper’s title, not ex seeding forty-five letters
and spaces in length, suitable for a running’ title in the
published pages of the work.

References. References in the text are cited thus:
Brewer & Stewer (1942), (Brewer & Stewer, 1942). Where
atpaper to be cited has more than two authors, the names
of all the authors should be given when reference is first
made in the text, e.g. (Brewer, Stewer & Gurney, 1944),
and subsequently as (Brewer et al. 1944); but papers wit
more than four ‘authors m\a}\y be cited, e.g. (Cobley el al.
1940) in the first instance. Where more than one paper by
the same author(s) has appeared in one year the references
should he distinguished in'the text and the bibliography by
the letters a, b, etc. following the citation of the year (e.d.
1914a, 19146, or 19144, 6). o

References at the end of the paper should be ?wen in
altphabetlcal order according to the name of the first author
of each publication, and should include the title of the
pa?er. Titles ofjournals should be abbreviated inaccordance
with the World List of Scientific Periodicals, 3rd edn. (1952).
References to books and monographs should include year of
publication, title, edition, townofpublication and publisher,
in that order. It is the duty of the author to check his references
and see that the correct abbreviations are used.

Iustrations. lustrations and diagrams should be
approximately twice the size of the finished block, each on a
separate sheef, bearing the author’s names, short title ofthe
paper and PIatequ%ure numbers on the back. Diagrams
should be drawn in indian ink on plain white paper, Bristol
board, faintly 61%e-lined paper, or tracing linen (but not
Plastlc tracirig. Imen% with letters, numbers, etc. written
ightly in pencil. Lettering should be clear of the diagram
and indicate by blue pencilled lines the desired position.
Caption and legend should be typed on a sheet separate
from the illustration and numbered to correspond. Draw-
ings and ,photographs should include a statement of
magnification. Photographs should be well-contrasted
prints on glossy paper, and should be chosen for size
and number, bearing in mind layout on the finished Plate;
layout should be indicated. Coloured plates must be
paid for by the author.

Tables. Tables should carrY headings describing their
content and he comprehensible without reference to the
text. Each table should be typed on a separate sheet and
its approximate position in" the text indicated on the
typescript.

Symbols and Abbreviations. Authors should refer to
current issues of The Journal of General Microbio]ogY for
information in this_connection. Attention is particularly
drawn to the following points: ¢.= circa or approximately’
degrees Centigrade are written, e.g. 100°, not 100° C.; hr.,
min., sec. (singular and pIura.I[); M= molar; m (mi li-)= 103
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of c.c., and fig. (microgram]binsteadlofy; N=normal (of
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:10; dilutions, 1/10.

Chemical Formulae. These should be written as far
as possible on one line. The chemical nomenclature
adopted is that followed by the Chemical Society (J. chem.
Soc. 1936, p. 1067). With & few- exceptions the symbols and
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for weight of a substance in 100 ml. of solution, the term
°0 (Wh)".

Proprietary Substances and Materials. At first
mention, the correct designation of a manufacturer should
be given in the text, with address to enable other workers
to Obtain the product mentioned.

Nomenclature of Amino Acids and Vitamins, The
rules published in the Biochemical Journal (1952), %2, 12
should be followed.

Nomenclature = and Descriptions of Micro-
organisms. Binomial Latin names of micro-organisms,
the generic name only with a capital, must be used in
accordance with International Rules of Nomenclature;
in full at the first mention in each paragraﬁh and in the
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name abbreviated. Single initial letter abbreviations are

used where they are not ambiguous. = Binomials should
be underlined in'the t){pescrlpt. cientific epithets or trivial
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Descriptions of new' species of cultivable microbes should
not be submitted unless an authentic specimen of a living
culture has been deposited in a reco?nlzedculturecollectlon.

The word ‘generatlon’should not be used synonymously
with ‘subculfure’. For an agreed use of terms like strain,
type, variant, phase, etc., sée the International Bacterio-

logical Code of Nomenclature, Section 1, Rules 7 and 8.
xcept for ?ood reasons, micro-organisms should be

designated by the names used in the works listed below.

When other authorities are followed, they should be cited

whenever obscurity might result from théir use,

wicroicu it Ainsworth « Bishy’s Dictionary of the Fungi
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nstitute.

Plant patzlogenic fungi and plant diseases. List of
Common British Plant Diseases, 1944. (Cambridge
University Press) )
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Bacteria. Author’s references in naming, are at present
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CORRIGENDA

In Bojalil. L. F., Cekbon, J. & Trujillo, A. (1962).
J. Gal. Microbiol. 28. 333-846.

Inscrt on page 335.

Adansonian classification

0 10---—- 20 ---——30— - -40 50 60 70 80- -90-+— 100 % S
—M. peregrinimi
—M. smegmatis
—M. phlei

—Irregular branch

Branch

-M piscium

-M. marinum

-M. fortuitum

-m. flavescens

Mycobacterium - M. acapulcensis
- M. thamnopheos
-M. runyonii

Branch I

-M. gordonae

-M. marianum
Branch

- M avium

M. kansasii

Fig. 2. Taxonomic tree of the mycobacteria. Branch |, hjgh metaholic capacity;
B%nch Il, ?nterme(Late metabolic act?veity; Branc% 1, lgw metabolic ac%vn)x

On page 342, for Fig. 2 read Fig. 3.
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Studies on Marine Flavobacteria

By P. R. HAYES*
Torry Research Station, Aberdeen

(Received 14 December 1961)

SUMMARY

Six%—two pigmented strains, 61 of which had been classified as Flavo-
bacterium species by the workers who isolated them, were studied.
Morphological, cultural, environmental, bioch |cab and.nutritional
studies confirmed that 32 non-motile strains were FlavoDacterium species;
21 strains were reclassified as presumptive é}ﬁ %%a sgemes\ﬂ)d. the
rcelmalnbn%8stra|ns were ascribed to the genera PSEUTOMONAS, VIDIIO or
orynepacterium, or were unclassifiable. A new genus is suggested for the
Eirlrch(ius flagellated organisms, p,revmuslx included 'in the Penus
avooacterium. Both the flavobacteria and the cytophagas were found
to have many properties in common. Satisfactory methods ofdifferentiating
between representatives of these genera were limited to the swarming
la_iilll% and.ﬁreater_heat resistance of the latter. Of the 32 non-motile
avonacterium strains, 18 were divisible into two well defined grouRs
S?s £ |es})I and the remainder were a_ heterogeneous collection, The
2 &_%iop alja strains were also divisible into two groups (? species). The
possibility of a relationship existing between flavobacteria and cytophagas
Is discussed briefly.

INTRODUCTION

The genus Flavobacterium is one of the more commonly represented genera in
the marine environment; flavobacteria are normally found in the slime and in-
testines of fresh and spoiling fish. They have also been isolated from sea water,
marine muds and seaweed (for reviews see: ZoBell, 1946; Shewan, 1949; Tarr,
1954). The definition of the genus has undergone considerable modification since it
was erected in the first edition of Bergey’s Manual (1923), where the genus included
motile peritrichous- or polar-flagellate, and non-motile Gram-positive and Gram-
negative rods. The polar-flagellate forms were removed in the fifth edition ofBergeys
Manual (1939). The exclusion of the Gram-positive species was suggesteg by Gary
(1950) and Weeks (1955). The genus, as now defined by Weeks (DEIQEYS Manual,
1957), consists of Gram-negative rods, motile by means of peritrichous flagella or
non-motile, and producing yellow to brown pigments. However, this definition is
not accepted by all workers. For example, Brisou, Tysset & Vacher (1959) gave
details of two flavobacteria which were motile by means of polar flagella and
Ferrari & Zannini (1958) concluded that the exclusion of the Gram-positive strains
frcm the genus was not justified.

It is also recognized that confusion might arise between the Flavobacterium
species and certain yellow-pigmented Cytophage species. Thus Stanier (1947),
working with chitin-decomposing cytophagas, showed that they may simulate

* Present address: Birds Eye Foods Ltd., South Denes, Great Yarmouth, Norfolk.

: . ' 1 :
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2 P. K. Hayes

eubacteria under certain circumstances. He considered that many ill-defined
eubaeterial genera containing Gram-negative rods which do not form spores and
are not motile, may contain cytophagas. Gibson (1955) isolated organisms from
soil identical with typical cytophagas except in their failure to show gliding motility,
and confirmed that the separation of cytophagas from eubacteria was under
suspicion. It is known that Cytophaga species are widely distributed in marine
environments (Humm, 1946; Starr & Ordal, 1953; Bachmann, 1955; Kadota, 1956;
Velankar, 1957), though isolations from fish have been very rare (Shewan & Bain,
private communication; Georgala, 1957). It seems possible that the paucity of
references to Cytophaga species being found on fish may well be due to the
unfavourable conditions under which they have been studied and that many
organjsms ascribed to the genus Flavobacterium should be ascribed to the genus

ophaga. The purpose of the present investigation was to study marine bacteria
which had been identified as flavobacteria and determine whether any had been
wrongly named.

METHODS

Source of strains. with one exception all 62 strains studied had been identified
as Flavobacterium species by the workers who first isolated them; the sources of
these strains are given in Table 1. All 62 strains have been deposited in the National
Collection of Marine Bacteria (ncmb), Torry Research Station, Aberdeen.

Organisms were maintained on slopes of sea-water agar of the following composi-
tion (%, w/v): Lab-Lemco, 1-0; Evans peptone, 1-0; Difco agar, 1-5; aged sea
water + distilled water (3+ 1, by vol.). This and all subsequent media were adjusted
to EH 7-2-7-3 unless otherwise stated. Strains were subcultured every 4 months.

lavobacterium aquatllew indle-Taylor strain F 36, the tyFe species, was obtained
for comparative purposes; efforts to obtain Cytophaga hutchinsoni, type species,
or any other authentic named species from Type Culture Collections failed.

Table 1. Sources of Flavobacterium isolates

he . umber_refers to the reference number of these isolates in the National
CoTlecum l\r}larme Bacteria.

norh No. of .
no strains _ Source Supplier
%d%gs ﬁ g‘iﬁ%ﬁi’é\;@ggf %rct‘l)wdSea skate or ?.ﬂ_l.st%ﬁorgala
2%?-2 Lin%cTQd 8r sea water along the R. A MacLeod
- Ps Icle?u ﬁasotﬁr]gg[angnc Vet S
iggi?? 3 K/’gmgn r#é gtr sea water off Cali- X @ %%Tg
11* 1 Water Eﬁorida Coast T.J. Starr

* This strain was supplied as a presumptive Cytophaga Species.

Morphological and cultural characteristics. Organisms were stained by Gram’s
method after incubation for 4 days at 20° on sea-water agar and their size was
measured on similar cultures stained with methylene blue; colony appearances were
noted at 5 days. Five-day cultures in sea-water broth (%, w/v: Lab-Lemco, 1-0;
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Evans peptone, 1-0; aged sea water + distilled water, 3+ 1, by vol.) incubated at
20° were studied under phase contrast and the appearance of 7-day cultures re-
corded. Isolates were examined for motility in sea-water tryptone water (Difco
tryptone, 1-5 %, w/v; aged sea water + distilled water, 3+ 1, by vol.). Only motile
strains were stained for flagella; the technique was based on a method employing
Kirkpatrick’s fixative and Casares-Gil’s modification of Plimmer & Paine’s
flagella stain (Stalnlng Procedures, 1947). Motile organisms were also examined
with the electron microscope.

Effect of environmental conditions on growth

A standard inoculum for all tests was one loopful of a 5-day sea-water broth
culture.

Temperature range of growth. The ability of the strains to grow on sea-water agar
at 37°,30°, 25° 20°, 10° 5° and 0° was noted, the incubation periods extending from
1to 6 weeks, depending upon the temperature of incubation.

Heat resistance. The viability of cultures grown in 3 ml. of sea-water broth for
5 days was investigated by heating for various times (15, 30, 45, 60 min.) at 45°
and 55° before plating the heated cultures on sea-water agar and incubating at
20° for 10 days. Those isolates which failed to grow at 37° were investigated for
ability to withstand this temperature by inoculating them on two series of sea-water
agar plates. One setwas incubated at 37° for 24 hr. and the other for 48 hr.; both
were then incubated for a further 7 days at 20°.

Anaerobic grovvth. Organisms were incubated anaerobically on sea-water agar in
Mcintosh & Fildes jars for 14 days at 20°.

Salinity range ofgrowth. The strains were plated on Oxoid blood agar base, with
additional NaCl (Analar) where required, to give finaINaCl concentrations (%, w/v)
of 0-5, 2-0, 4-0, 6-0 and 10-0; they were then incubated for 14 days at 20°.

Sensitivity to antibiotics and a “vibriostatic’ compound. The isolates were tested
for sensitivity to penicillin (2-5 i.u. per tablet), streptomycin (80 fig.), chlorampheni-
col (100 fig.), terramycin (10 fig.) and a vibriostatic compound (2,4-diamino-6,7-di-
fsopropylpteridine) as described by Shewan, Hodgkiss  Liston (1954). Standard
agar plates, prepared as for sea-water agar but with distilled water + 0-5% (w/v)
NaCl were used, since sensitivity to antibiotics is markedly different on sea-water
agar, the higher salt concentration either masking the inhibitory effects of the
antibiotics or stimulating bacterial growth.

Physiological tests

The same standard inoculum was used as previously. All the media were in-
cubal]ed_ai_20°. _

Gelatin liquefaction. Nutrient gelatin medium (%, w/v: Lab-Lemco, 1-0; Evans
peptone, 1-0; NaCl, 2-0: Oxoid gelatin, 12-0) was inoculated and incubated for
6 weeks, the a_Fpearan,ce and extent of liquefaction being noted at reqular intervals.

Action on litmus milk. The cultures were incubated in litmus milk for 6 weeks,
changes in appearance being noted at reqular intervals.

Reduction of nitrate to nitrite. Nitrite was tested for by the Griess-llosvay
reagents after incubation for 10 days in nitrate broth (%, w/v: Lab-Lemco, 1-0;
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Evans peptone, 10; NaCl, 2-0; KN 03 0-1). Powdered zinc was used to test for
false negatives. )

Ammonia productlon was tested for by Nessler’s reagent after incubation for
10 days in sea-water peptcne water (Evans peptone, 1-0%, w/v; aged sea water +
distilled water, 3+ 1, by vol.).

Hydrogen sulphideformation was detected with strips of filter paper impregnated
with lead acetate on cultures incubated for 14 days in sea-water broth containing
0-01% (w/v) cysteine hydrochloride (final pH 7-6).

Indoleformation was determined by Ehrlich’s reagent after xylene extraction of
cultures jncubated for 10 days in sea-water trvptone water.

Hyarolysis ofUrea. Cultures were incubated for 14 days on slopes of Christensen
agar (1946), modified by the inclusion of (%, w/v): KH2 04, 0-05; KH P04, 0-05;
Oxoid yeast extract, 0-01; bromthymol blue, 0-003; aged sea water+ distilled
water (3+1, by vol). To ensure that the alkalinity produced was due to urea
hydrolysis a control medium without urea was inoculated with the urease-positive
strains. Only those strains which gave a markedly more alkaline reaction in the
urea medium were cqnsidered to be true positives.

Trimethylamine oxide reguction. Cultures were incubated for 14 days in Wood &
Baird’s medium (1943) modified by the use of aged sea water+ distilled water
(3+ 1, by vol.). The gl_resence of trimethylamine was then tested for according to
the method givfen in oPnIey and Wilson’s Principles (1955).

Production of acid from tarbohydrate. Cultures were incubated for 28 days in a
medium composed of: Evans peptone, 0-5% (w/v); NaCl, 2-0% (w/v); Andrade’s
indicator, 1-0% (v/v); test carbohydrate, 1-0% (w/v). Each culture was examined
regularly for acid and gas production. The following carbohydrates were used:
arabinose, xylose, rhamnose, glucose, fructose, mannose, galactose, sucrose, maltose,
lactose, trehalose, raffinose, starch, inulin, mannitol, dulcitol, sorbitol, inositol,
salicin.

Glucose utilization. The method of Hugh & Leifson (1953) was used to determine
whether glucose was used oxidatjvely or fermentatively.

Brodction of 2-ketogluconic acid. Cultures were incubated for 7 days in Paton’s
medium (1959). All the strains which grew in this medium were examined for
2-ketogluconic acid production by using the reagent of Hough, Jones & Wadman

1950).

Starch hydrolysis. Afterincubation of the strains in the starch medium for 28 days
(see Produiction” of acid from carbohydrates) those cultures which showed no acid
production were tested wkh a drop of iodine solution for the presence of starch
breakdown_ products. .

Tributyrin hydrolysis. Cultures were incubated and examined on Oxoid tributyrin
agar for 14 deizs. o _

Growth in Koser’s citrate medium was read after incubation for 7 days; strains
which showed growth after two serial subcultures were recorded as positive.

Voges-Proskauer and methyl red tests. Cultures were tested after incubation for
10 days in glucosed)ho,spha,te broth by Barritt’s modification for acetylmethyl-
carbjnol _BTog eg and Wilson’s Principles, 1955).

Digestion of Chitin. Chitin, prepared from crab shells by the method of Benton
(1935), was incorporated in the following medium (%, w/v): chitin, 3-5; glucose,
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0-1; Evans peptone, 0-1; K2H P04, 0-005; Difco agar, 1-5; aged sea water + distilled
water (|3+1, by vol.). Cultures were incubated for 6 weeks and examined at reqular
intervals.

Decomposition of cellulose. Cultures were incubated for 6 weeks on a medium
consisting of (%, w/v): Whatman powdered cellulose, 5-0; Oxoid yeast extract,
0-02; Evans peptone, 0-2; KH,P04, 0-1; FeP04.2H2, trace; Difco agar, 1-5;
aged selawater+ distilled water (3+1, by vol.). The plates were examined at regular
intervals.

Blood adar. The cultures were incubated on horse-blood agar for 14 days and
examined regularly for growth and haemolysis.

Actomzosm adar. Actomyosin, prepared from fish muscle by the method of
Connell (1958), was incorporated in normal sea-water agar at 1-0 % (w/v), giving
an opaque medium. The cultures were incubated for 6 weeks and examined regularly
for actomyosin breakdown as indicated by clear zones.

Catalase and oxidase formation. Catalase was tested for by adding hydrogen
peroxide (20 vol.) to 3-day cultures on sea-water agar; for oxidase formation the
method of Ivovacs (1956) was used on similar cultures.

Nutrition

Preparation and cultivation of inoculum. The standard inoculum for all tests was
one loopful of a 5-day sea-water broth culture. Media were incubated for 7 days at
20cand only those strains which showed visible growth after two serial subcultures
were recorded as positive.

Media preparation. The compositions of the media used are given in Table 2.
All media were adjusted to pH 7-2-7-3 and sterilized by interm ittent steaming.

Swarming

A preliminary study with different concentrations of agar and peptone indicated
that swarming was most markedly dependent on the peptone concentration with
2% (wlv) agar. Therefore the basal medium consisted of (%, w/v): Lab-Lemco,
0-1; Difco agar, 2-0; aged sea water + distilled water (3+ 1, by vol.). To this were
added different amounts of Evans peptone as follows (%, w/v): 8-0, 4-0, 1-0, 0-25,
0-05 and 0-01. The Lah-Lemco was included to stimulate growth; without it colonies
were so minute on the lower peptone concentrations as to be impossible to be
examined visually for swarming. The Lab-Lemco appeared to exert no inhibiting
effect on swarming. After the plates had been poured with these media they were
dried for 30 min. at 55° and then stored overnight at 20°, before inoculation with
the standard inoculum. The plates were incubated at 20° for 10 days when colony
appearance and any indication of swarming was noted. Flavobacterium aquatile
F 36 was plated on distilled water media containing 0-5% (w/v) NaCl and the
lowest three peptone concentrations.
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Cell-wall studies

Stalnlng of cell walls. Cell walls were stained by using the phosphomolybdic
acid mordant technique recommended by Hale (1953).

Cell-wall analysis. ‘Strains ncmb 244, 749, 251 and 253 were taken as representa-
tives of Groups 1-4 (see Results). Flavobacterium aquatile £ 36 and strain ncmb 11
were used as controls for the genera Flavobacterium and Cytophaga, respectively.

Table 2. Composition of media
No. medium
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Culture media. The same method was used for all isolates except that F. aquatile
was grown in standard nutrient broth whereas the marine bacteria were grown in
sea-water broth. Three hundred ml. amounts of media were used in 11 conical
flasks. Afterinoculation, the flasks were shaken for 3 days ona Townson and Mercer
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‘lateral’ shaker at a speed of 80-90 throws/min., the incubation temperature being

20°,

Preparation and hydrolysis of cell-wall suspensions. The technique used was that
of Cummins & Harris (1956).

Chromatography. For amino acids and hexosamines, two-dimensional ascending
chromatograms on Whatman No. 1 paper were used. Less cell-wall material was
available with strains ncmb 244 and 249 because of the comparative difficulty in
centrifuging them; this effect was frequently noticed when centrifuging marine
organisms grown in sea-water based media. Phenol+ water (80 + 20, by vol.) in an
ammoniacal atmosphere was used as the first solventand lutidine + collidine + water
(150 + 100 + 120, by vol.) as the second. The spots were located by spraying with
ninhydrin solution.

Sugars were detected by descending chromatography on W hatman No. 1 paper
with ethyl acetate+ pyridine + water (120 + 50+40, by vol.) as solvent and aniline
hydrogen phthalate (Partridge, 1949) as locating agent; because of similar RFvalues
arabinose and mannose were distinguished by placing the chromatogram under the
ultraviolet light, when the arabinose fluoresced and Lie mannose appeared as a
brown spot.

RESULTS

Sixty of the strains studied were Gram-negative, of which 54 were non-motile
and 6 motile; the remaining 2 strains were Gram-positive and non-motile. An
analysis of the results obtained with the 54 non-motlc Gram-negative bacteria
clearly suggests that many ofthese organisms could be placed in one of the following
4 main groups.

Group L Usually small slender rods producing pale yellow or yellow-green
pigmented colonies on agar. Growth range 0°-30°. Resistant to 45° for 1 hr. and
to 37° for 48 hr. Markedly sensitive to penicillin and to tlie ‘vibriostatic "compound.
Gelatin liquefied slowly, if at all; litmus milk unchanged. Ammonia not formed
from peptone. Carbohydrates attacked with production of acid; lactose and starch
not attacked. Generally complex nutritional requirements, failing to grow on
defined media. This group is composed of strains ncmb 244-6, 248, 252, 255,
258-9, 261, 263, 273, 281, 295 and 298.

Group 2. Usually short, oval rods but some pleomorphic. Deep yellow or orange-
yellow pigmented colonies. No growth at 30°. Not resistant to 45° for L hr. or to
37° for 24 hr. Gelatin liquefied. Litmus milk reduced, with peptonization (ncmb
267, 270-1) or with an alkaline reaction (ncmb 260, 252, 265, 269, 284). Carbo-
hydrates not attacked and starch nothydrolysed. Complex nutritional requirements
bu3 grow on defined media. No growth on blood agar. This group is composed of
strains ncmb 250-1, 260, 262, 264-5, 267-72, 276, 284 and 289.

Group 3. Shortoval or pleomorphic rods. Deep yellow or orange-yellow pigmented
colonies. No growth at 30°. Not resistant to 45° for 1 hr. but viable after
48 hr. at 37°. Gelatin not liquefied. Litmus milk reduced. Most carbohydrates not
attacked, but starch hydrolysed. Nutritional requirements not complex and growth
factors not required. This group is composed of strains ncmb 249, 254 and 287.

Group 4. Long slender rods, pleomorphic. Pale yellow or yellow-green pigmented
colonies. Not resistant to 45° for 1 hr. but viable after 48 hr. at 37°. Litmus milk
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reduced. Carbohydrates attacked, including lactose and starch, with production
of acid. Complex nutritional requirements but will grow on defined media. This
group is composed of strains ncmb 247, 253, 256-7, 275 and 285.

Thirty-eight isolates are included in the 4 groups above. Of the remainder,
strain ncmb 11 is confirmed as a Cytophaga species and strain ncmb 292 is also
considered to be a typical cytophaga. Both these organisms swarmed readily on
normal media and, in addition, had the following properties in common with the
genus Cytophaga (Bergey’s Manual, 1957): (1) morphology, being long, slender rods
with axes straight, bent, U- or S-shaped; (2) absence of microcysts; (3) yellow
pigmented spreading colonies typical of cytophagas. Other properties these organ-
isms had in common were: (4) oxidase-positive; (5) liquefaction of gelatin; (6) resis-
tance to 45° for 1 hr.; (7) viability after 48 hr. at 37°. Neither is described in the
genus Cytophaga in Bergey’s Manual (1957).

The remaining 14 Gram-negative non-motile strains cannot be justifiably placed
in any of the above groups. An analysis of their properties suggests that further
small groups may be formed but these groups would be less rigid in their definition
than those already described. Three strains, ncmb 282, 291 and 408, appear to
merit individual species rank, each being markedly different from any other
organisms.

The 6 Gram-negative motile bacteria formed a heterogeneous collection as
follows.

(1) Strain ncmb 283 is considered to be a Vibrio species because it: (a) is motile
with a single polar flagellum; (b) produces acid in glucose; (c) is fermentative in
Hugh and Leifson’s medium; (d) is sensitive to the vibriostatic compound.

(2) Strain ncmb 286 is considered to be a pigmented Pseudomonas species,
failing to produce acid from carbohydrates, because it: (a) is motile with polar
flagella; (b) reduces nitrate to ammonia or nitrogen; (c) is oxidase-positive; (d) re-
duces trimethylamine oxide. However, it is penicillin-sensitive, a rare property in
the genus.

(3) Strain ncmb 294 is considered likely to be a pigmented Pseudomonas species,
failing to produce acid from carbohydrates, because it is: (a) motile with polar
flagella; (bljoxidase-positive; (c) insensitive to penicillin.

(4) Strain ncmb 297 is a pink-pigmented peritrichously flagellate organism
producing acid from several carbohydrates including glucose and lactose; it cannot
be satisfactorily ascribed to any genus.

(5) Strains ncmb 296 and 300 are grouped together because they have many
properties in common including: (a) yellow-green pigmented colonies; (D) peritri-
chous flagella; (c) resistance to 45° for Thr.; () strong hydrogen sulphide production;
(e) strongly urease-positive; (/) reduction of nitrate to nitrite; (g) no liquefaction
of gelatin; (h) growth in basal medium; (i) production of 2-ketogluconic acid;
(j) hydrolysis of tributyrin. According to Bergey’s Manual (1957) they would be
identified as Flavobacterium species but they are not similar to any species listed.

The Gram-positive strains, ncmb 280 and 299, are from their morphology,
colony appearance and biochemical reactions, typical Corynebacterium species.

The characters distinguishing many of the strains have been mentioned already;
detailed properties of individual strains are omitted for brevity but the principal
results are summarized below.
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Morphological and cultural characteristics

Gram reaction. W ith the exception of the two corynebacteria, all organisms were
Gram-negative rods varying from long slender forms (length, 5-0Y; width, 0-4/i)
to short stout “coccobacilli” (length, 1-0/*; width, 0-6/i).

Morphology under phase contrast. The Gram-negative bacteria again varied from
long slender rods to short stout rods, though there was a marked tendency for
longer and more slender rods to develop in liquid media than on solid media.

M otility and flagella staining. Of the 6 motile bacteria, peritrichous flagella were
demonstrated for 3 strains and polar flagella (1-2/rod) for 3 (see above).

Colony characteristics. Colony pigmentation of the Gram-negative non-motile
bacteria ranged from deep yellow or orange-yellow to pale yellow or yellow-green.
The bacteria comprising each of the 4 main groups above had similarly pigmented
colonies. The typical appearance of colonies at 5 days was: yellow pigmentation,
1-5-0-5 mm. in diameter, circular, convex, surface smooth and shiny, entire edge,
translucent by transmitted light. The cytophaga, ncmb 292, was an agar liquefier.

Appearance in sea-water broth. Almost all isolates grew slowly in sea-water broth,
visible turbidity appearing in 2 or 3 days. Nearly all isolates gave a moderate
degree of turbidity throughout the medium; the presence or absence of surface
growth and deposits were variable characters.

Effect of environmental conditions on growth

Temperature range of growth. Forty-three isolates grew in either the 0° to 30°,
or 0° to 25° temperature ranges; only 9 did not grow below 10°. Only strains
ncmb 300 and 411, the cytophaga ncmb 11, and the corynebacterium ncmb 280,
grow at 37°.

Heat resistance. Thirty-nine isolates, including all members of groups 2, 3 and 4,
were not resistant to 45° for 1 hr., and of these, 28 were unable to withstand 45°
for 30 min. In fact 13 isolates, mainly members of group 2, were not resistant to
45° for 15 min. Of the remaining 23 organisms only two (ncmb 411; the coryne-
bacterium ncmb 280) were resistant to 55° for 30 min. Of the 58 organisms
examined, 36 grew normally after 24 hr. at 37°, this number decreasing to 27 after
48 hr. Notunexpectedly those strains which showed loss of viability after 24 hr. at
37° were least resistant to higher temperatures and those which survived after 48 hr.
at 37° were all able to withstand 45° for 1 hr.

Anaerobic growth., Only four organisms, ncmb 263, 268, 279 and the vibrio
ncmb 283, grew anaerobically, producing only slight growth,

Salinity range of growth. Fifty-one strains grew in 6% (w/v) NaCl and 6 of these
(ncmb 289, 296, 299, 409, the corynebacterium ncmb 299, and the unclassified
strain ncmb 297) grew in 10% (w/v) NaCl; with the majority growth was better
on the lower concentrations but at 6% NaCl the growth was usually more than
scanty. Nine strains did not grow at a concentration greater than 4% (w/v)
NaCland two (ncmb 291, 408) only tolerated 2% (w/v) NaCl. A number of isolates
ncmb 266, 279, 285, 289, 290, 293; the cytophagas ncmb 11, 292) showed a
marked decrease of growth at the lowest concentration (0-5%, w/v, NaCl).

Sensitivity to antibiotics and a ‘vibriostatic’ compound. Fifty-seven organisms
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were markedly sensitive to chloramphenicol (radius of inhibited growth > 10 mm.),
the exceptions (ncmb 262, 273, 411, the vibrio ncmb 283 and the unclassified
strain ncmb 297) being sensitive to a lesser degree. Fifty-four isolates were
sensitive to streptomycin and 36 to penicillin; the organisms comprising groups 1
and 3 were almost all markedly sensitive to penicillin. Twenty-one isolates were
sensitive to the vibriostatic compound, 14 being group 1 strains, but these isolates
were non-motile and would not be considered as Vibrio species (Bergey’s Manual,
1957).
) Physiological features

Gelatin liquefaction. Forty-two (67%) isolates were slow gelatin liquefiers, the
reactions ranging from complete liquefaction in 14 days to slight liquefaction in
6 weeks. With one exception the liquefaction was saccate or infundibuliform; the
exception, strain ncmb 292, was stratiform. Seventeen strains did not liquefy
gelatin and three did not grow under the test conditions (see Table 3). These results
confirm those of Gary (1950; who, in a study of 30 non-marine flavobacteria, found
that 83 % liquefied gelatin. An analysis of the properties of those Flavobacterium
species listed in Bergey’s Manual (1957), which had been isolated from marine
sources (‘marine flavobacteria’) showed 88% to be gelatin liquefiers. Ferrari &
Zannini (1958), with 46 strains considered by them to be flavobacteria, found that
17 % liquefied gelatin. Several representative cultures received from these authors
had a morphology and colony appearance typical of Corynebacterium species
(e.g. ncmb 644, 667). 1t seems almost certain therefore that they were studying
a heterogeneous collection of bacteria and for this reason their results will not be
discussed further.

Action on litmus milk. Forty-two (67 %) strains produced a variety of changes
in litmus milk; in no case were these rapid. The most common action was the
reduction of litmus frequently associated with either peptonization or an acid or
alkaline reaction; 8 strains produced an alkaline reaction with no other change.
Wiith the exception of group 1 strains, which failed to change the medium, groups 2,
3and 4 produced no characteristic reactions (see Table 3). Ofthe bacteria examined
by Gary (1950) 49% produced changes in litmus milk and 56% of the marine
flavobacteria in Bergey’s Manual (1957) are listed as producing changes.

Reduction of nitrate to nitrite. Only 5 isolates (ncmb 280, 283, 286, 296, 300)
reduced nitrate to nitrite, strain ncmb 286 continuing the reduction to ammonia
or nitrogen gas. It should be noted that only two of these isolates are flavobacteria
and these are motile (see Discussion). Gary (1950) found only 13% of his fiavo-
bacteria to be nitrate reducers, whereas 47 % of the marine flavobacteria in Bergey's
Manual (1957) are listed as nitrate-reducing species.

Ammonia production. Forty-two (67%) organisms gave a positive ammonia
reaction but only 6, including the group 3 isolates, were strongly positive (see
Table 3). Of the marine flavobacteria in Bergey’s Manual (1957), 75 % are given as
positive.

Hydrogen sulphideformation. Fifty-two (84 %) of the isolates produced hydrogen
sulphide (see Table 3). These results contradict those of Gary (1950), who found that
none of his flavobacteria produced hydrogen sulphide, and those ofBergey’s Manual
(1957) which lists 33% of the marine flavobacteria as positive.

Indole formation. None of the organisms gave an indole-positive reaction. All
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marine flavobacteria in Bergey’s Manual (1957) are said to be negative, whereas
Galir é1950) found 17% of his flavobacteria to be positive.

Y ro|y3|s of Urea. Only 6 organisms (ncms 283, 286, 295-7, 300) hydrolysed
urea; of these only nemov 295 js @ member of one of the main groups.

Trimethylamine oxide reduction. Only » < v 286, Pseudomonas species, was found
to reduce frimethylamine oxide.

Production of acid from carbohydrates. Thirty-six (58%) isolates produced acid
only from one or more carbohydrates. Acid production was not generally noted
until after incubation for 1 week and only slight to moderate amounts were then
present (see Table 3); of the carbohydrates not listed, inulin was attacked with
acid formation by 4 strains (ncmb 247, 266, 297, 410), sorbitol by one strain
(nemb 244), whilst dulcitol and inositol were not attacked by any of the isolates.
Glucose was the most commonly attacked carbohydrate though three isolates which
dissimilated galactose with acid production failed to attack glucose. Gary (1950)
found the formation of acid from glucose, sucrose, maltose, lactose and mannitol
varied between 10 and 23% ; a few flavobacteria formed acid and gas from glucose
and sucrose but Gary considered that the ‘fermentative’ strains should be excluded
from the genus. Little informati,on on carbohydrate dissimilation by the marine
flavobacteria is given in BErgey’s Manual (1957) except that 70% “formed acid
from glucose, . .

Glucose utilization. Only 2 strains (ncm» 297, 409) were oxidative and 3
(nemb 278, 282-3) fermentative. Seventeen isolates, including 13 from group 2,
produced an alkaline reaction in the aerobic tube only, and 31 organisms did not
change the medium; the remaining 9 isolates did not grow. Thirty-three organisms
formed acid from glucose and yet only 5 gave a positive result in Hugh & Leifson’s
medium; the remaining 28 organisms either did not change the medium or did not
grow. W ith the strains which failed to produce any change the growth was frequently
very slight; this may account in part for these unexpected results. Also the strains
were relatively late and weak acid producers and the indicator may not have heen
sufficiently sensitive. Acid production was more marked from fructose than from
glucose, and fructose was therefore substituted for glucose in the medium. Acid-
producing bacteria were examined but growth was again slight and no pH change
was noted. Thus it appeared that these anomalous results were not due to the
insensitivity of the indicator but were possibly due to the indicator exerting an
inhibitory effect. To confirm this Andrade’s indicator was used as an alternative.
Though less sensitive than bromthymol blue a definite acid reaction was obtained
with a number of organisms which previously had shown no change. However
a few strains did not grow and others showed only slight growth with no pH change
and anomalous results remained..

Production of 2-ketogluconic acid. Only 3 isolates grew in the gluconate medium
and of these, NCMB 296 and 300 (both motile flavobacteria; see Discussion) gave
a positive reaction. No flavobacteria have been reported to produce 2-ketogluconic

acid.

Starch hydro|y3|s. Thirteen (21 %) isolates hydrolysed starch and of these, 9 con-
tinued the breakdown to acid; also, 11 other strains partially hydrolysed starch
(see Table 3). Gary (1950) found that 40% of his flavobacteria hydrolysed starch.

Trlbutyrln hydro|y5|s. Only 18 isolates grew on the test medium and 15 of these
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hydrolysed tributyrin, including 6 isolates from group 1, one from group 3, the
cytophaga ncmb 11, and ncmb 408, 409 and 411; the remainder consisted of the
motile strains, ncm b 296 and 300 and the corynebacteria.

Growth in Koser's citrate medium. Only the Corynebaterium species ncmo 299,
the unidentified species ncms 297, and the motile flavobacterium ncmo 296,
utilized citrate; Gary (1950) found that 43% of his flavobacteria grew in citrate.

Voges-Proskauer and methyl red tests. None of the strains was Voges-Proskauer-
positive and only 2 (the vibrio and the unidentified species) were methyl red-
positive; 12 isolates did not grow.

Digestion ofchitin. Ofthe 29 isolates which grew in the medium containing chitin
none digested this substrate.

Decomposition of cellulose. All isolates grew on the test medium but none appeared
to decompose the cellulose.

Blood agar. Only 32 isolates grew on blood agar; none haemolysed the blood.

Actomyosin agar. All the isolates grew on this medium but none attacked the
actomyosin.

Catalase and oxidase formation. All isolates were catalase-positive and 21 were
oxidase-positive (see Table 3).

Table 4. Nutritional requirements

No.
strains
first
_ showing
Medium growth ncmb number
Basal medium 1 2 296, 300
Amino acid medium 2 10 249 254, 269, 280,
%86 287,294, 11,
Growth factor medium 3 6 2732 2757 281, 284,
Growth factor medium 4 18 247, 250, 251 253,
256, 251, 267, 264,
205, 267, 210, 271,
212, 216, 218, 282,
299, 408
Purine + pyrimidine medium 5 3 260, 268, 274
Peptone medium 6* 20 244, 245, 246, 248,
25), 255, 258 759
261, 263, 266, 279,
288, 289, 290, 291,
293, 295, 298, 410
* Stram ncmb 285 only grew on the addition of sea water to this medium
Strains NCMO 277 a ¥8% failed to grow in any of the test media.

Nutrition
The nutritional requirements of the isolates are given in Table 4, which shows the
generally complex requirements of the majority of isolates tested. Only the motile
flavobacteria (ncmo 296, 300) grew in the basal medium. The 10 isolates which
grew in the amino acid medium included all group 3 strains, the two Pseudomonas
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species, one each from groups 1 and 2, and the cytophaga ncmo 11; those which
grew in the growth factor medium no. 3 included the cytophaga ncms 292, two
group 1 organisms, one each from groups 2and 4 and the unidentified species ncmo
297. Of the 18 isolates which grew in the growth factor medium no. 4, 10 were
group 2 strains and 4 group 4 strains. Of the 20 isolates which required peptone,
12 were group 1 organisms. The isolate ncmo 285 which only grew on the addition
of sea water also failed to grow in distilled water nutrient broth and it can only
be assumed that it had complex ionic requirements. The two organisms which did
not grow in any test media grew in sea-water peptone water; this anomalous result
may have been due to antagonism between nutrients at the concentrations supplied.

The results are generally in agreement with the few publications on this topic.
No previous paper has dealt specifically with the nutrition of marine flavobacteria.
It is apparent from two contributions on non-marine flavobacteria that they have
complex nutritional requirements (Prince, Beck, Cleverdon &Kulp, 1954; Prince &
Cleverdon, 1955). In a study of the nutrition and metabolism of marine bacteria,
MacLeod, Onofrey & Norris (1954) found the flavobacteria to have diverse require-
ments; one strain required unknown growth factors; three required amino acid
mixtures; one strain had simple requirements. Weeks &Beck (1960) found Flavo-
bacterium aquatlle to require only thiamine as a growth factor, though an enzymic
hydrolysate of casein, glucose and inorganic salts were also supplied.

Swarming

The cytophagas nemo 11 and 292, all 6 group 4 isolates and 12 of the 14 group 1
isolates all produced spreading colonies in one or more of the media used. A clear
gradation was seen in the colonies developed by the strains which showed swarming
tendencies. When grown on high peptone concentrations the colonies, even of the
Cytophaga species, were discrete and corresponded to those formed by typical
Flavobacterium species. A tendency for colonies to spread became more evident
with decreasing peptone concentrations; strains frequently produced ‘intermediate’
colonies which had raised centres and flattened peripheries but did not exhibit
true swarming. In the lowest peptone concentration swarming was less in evidence,
the colonies being minute because of the extreme lack of available nutrients.

Normal sea-water agar contained 1-0% (w/v) peptone with 1-5% (w/v) agar and
on this medium 4 isolates developed spreading colonies after incubation for 10 days;
with 2-0% (w/v) agar this number was increased to 6 isolates. When the peptone
concentration was lowered to 0-25% (w/v) swarming was observed with 15 isolates
and a further 3 isolates gave rise to ‘intermediate’ colonies. These 18 isolates
swarmed readily at the lower peptone concentrations. Two isolates only developed
spreading colonies on 0-01 % (w/v) peptone. By increasing the peptone concentra-
tion to 4% (w/v) only the two cytophagas nems 11 and 292 swarmed; ats % (wiv)
peptone, swarming was completely inhibited. Isolates which failed to form spreading
colonies on any of the media showed_only a progressive diminution in colony size
with lower peptone concentrations. Flavobacterium aquatile did not swarm on any
of the test media.

When the swarming edges of colonies of the cytophagas nems 11 and 292 were
observed microscopically, gliding motility was seen distinctly only on 1and 0-25 %
(w/v) peptone agar; gliding motility was not seen with colonies of these organisms
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on 4 and 8% I) r[Peptone agar. A gradatton in deﬁree of motility correspondtn%
to the colony form was thus suggested conftrmt that |Idln%m0tl|l'[ Wa
characterized macroscoptcalybys rea g rowt ofth ecoon istinct ||nq
motility was not observed mtcroscoptcally WI'[ any other |soates examtned hy
this may be explained by the relatively restricted degree ofsgrea [pro uce which
was roughly equal to that of the cytophagas ... » 11 and 292 0n4% (wiv) peptone
agar.

. Examination of cell walls

Staining of cell walls. Though Bacillus cereus When used as a readily stainable
control gave excellent resultsall the test isolates were less satisfactory. This was
not unexpected since Hale & Bisset (1956) found that Gram-positive bacteria were
far more readily stainable than Gram- ne?attve ones. An additional dtsadvantaq
was that, in th mag\onty of cases, the celfs were so small or slender that even with
a ?ood staining technigue the walls would be difficult to discern. However a few
definite results; were obtained which could be summarized as follows: (11 cell walls
were not seen in the case of the cytophagas (e »» 292, 11); (2) distinct cell walls
were observed In grouRs > and 3 isdlates and &l in some of the' 14 Gram- neqatlve
non-motile Isolates which were not qrouped (3) the remaining isolates included
those in which cell walls could probably be discerned (e.g. other isolates, in groups 2
and 3) and those where the demonstratton of waIIs was Virtually impossible because
of the small size ofthe cese roupr 1 50lates).

CeIIwaII analysis. 1he resulfs [see able5 ) show that the e jsolates examined
formed ah omogeneouslgrougwn regard to the amino acids identified, Those amino
acids which gave the stronger spots With strains »..»» 251 and 253, the cytophaga
vens 11 AN0 Flavobacterium_aquatile Were the only ones detected 1N straims
e n v, 244 and 249, where smaller amounts of materjal were available (see Methods).
The isolates studied had a fairly wide rantie of amino amds In then cell walls; this
is trye of most Gram-negative bacteria Sa ton, 1956) The resu Its for the c;rtophaga
confirm those of Masor & Powelson (1958 who Yhdro I¥3|s of the ¢l wall of
Myxococcus xanthus, Identified 17 amino Acids Including the 12 detected in the
present work: these authors. concluded that the cell waIIs were similar to those of
other Gram-negative bacteria. A quantitative_difference was observed with the
sugars, the spofs being substanttaII% stronger With Strain nc o 251 and F. aquatile
than W|th Strain nens 253 and t e cytophaga » ¢ 11. The absence of SUﬂar
spots with stralns et maX probably be explained by the sma
mounts matena chromatfograﬁhed The detection of sugars In th %ce wall of
ecto a a Con |rms the findings of Mason & Powelson 1958 Wi o identified
galac ose gucose and rhamnose from m . xanthus. The failure to detect glucosamine
and muramic acid was probably due to the [ow concentrations of hexosamtnes
normally found in Gra ne%attve bacteria (Salton, 19563 thou%h the isolation
of an uriidentified hexosaming from w. xanthus (Mason & Powelson, 1958) suggests
the concentrations may differ.

er

DISCUSSION

It is probable that each of the groups 1-4 merits species rank and the members
of the groups are strains. Groups 2 and 3 are sufficiently close to the description
of the Jenus Flavobacterium In Bergey’s Manual (1957) o justify their inclusion
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in the genus, although a comparison between these groups and the sEemes listed in
Bergey's Manua) ShOWS that neither of the groups’is sufficiently like any named
species as to be identical to it; in addition to groups 2 and 3, the 14 Gram-negative
non-motile isolates are also regarded as Flavobacterium species. Groups 1and 4
would also be included as Flavobacterium species except that spreading colonies
were formed. The inclusion of the motile bacteria (ncmp 296, 300) in the, rqenus IS
questionable since their properties are so very different from the non-mtile flavo-
bacteria examined. Since polarly flaq_ellate ¥el|0w-p|ﬁmented organisms have been
excluded from the genus the retention of peritrichous forms” could be further
criticized: a new genus could therefore be suggested for the peritrichous forms.

. The absence of & demonstrable cell wall is givén as a characteristic of myxobacteria
N Bergey's Manyal (1957) but the chemical composition of the cell walls of the
cytoghaga examined clearly has certain affinities with the cell walls of the flavo-
bacteria. An additional property of myxobacteria IS renuted to be that of flexion
or vigorous bending of Individual organisms; this has been observed by many
workers (e.. Bachmann, 1955). However no_ flexion was noticed in the "preserit
work and it'may be a feature of doubtful significance as suggested by Anderson &
Ordal (191). o _ _

The only” property which distinguishes flavobacteria from cyto‘oha%a experi-
mentally dppears to’ be that of spreading grovvth. Ar¥ non-flagellate bacterium
which Shows_spreading growth should exhibit some. Torm of gliding motility.
Gliding motility 1s accepted as one of the principal distinquishing properties of the
%enus Cytophaga (Bergey’s Manual, 1957)[? thus all non-tlagelldte bacteria which

ave this property may be considered as'myxobacteria. The majority of group 1
and all group 4 isolates swarmed readily under certain conditions; they aré there-
fore identified as presumptive Cytophaga species. Those isolates from_?roup 1Which
did not swarm are retained in thé group because of their otherwise similar proPemes.
Therefore, besides the cytophagas nemb 11 and 292, a further 2o isolates are
likely to be cytophagas.. ™ _ _

There 15 a’great Similarity between the properties of the swarmln% and non-
swarming 1soJdtes in this work; the sw_armlnﬁ isolates have  greater heal resistance
than the typical flavobacteria and this i the onI;{ other characteristic which dif-
ferentiates these two gI’Ol(JPS. The similarity between the swarmlng and_ non-
swarming isolates exantined suggests that thé affinities between flavobacteria and
cytophagas may be stronger than appears. Further work IS necessary to establish

ther’or not the properties of swarming, flexion and non-stainable cell walls are
specific to myxobacteria; the study of this problem must be extended to include
both non-marine and marine named species of the two genera.

| should like to thank Drs J. M. Shewan and G. D. FIoodgate for advice in the
prﬂoarat_lon of this paper. This work was financed by the Development Commission
and carried out by a Research Fellow of the Deparment ofBacterlolotgg,_Umv_er5|ty
of Aberdleen, as part of the research programme of the Department of Scientific and
Industrial Research. It formed part of an M.Sc. thesis for Birmingham University.
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INTRODUCTION

In a previous publication (Csﬂlag 1961), it was reported that rapidly %rowmg
organisms, Which were not acid-fast, were obtained from cultures of myco acteria
gthe majority of the straing were Mycobacterlum tubercuI03|s rown under s eC|aI
ondltlons When thesg cultures were inoculated on plates 0 nutrlent agar,
rapidly growmgborgamsms at the time of their |solat|on were described as Gram
negative spare-bearing rods or as Gram-negative coccl, often arranged in chains.
It was therefore suggested that mycabacterid might be dimorphic in the same sense
that some of the human pathogenic fungi are known to be dimorphic, The acid-fast
mbycobacterla as usually described, Were termed ‘form 1’ and the organisms
tained on nutrient agar were termed ‘form 2", Subsequently, form 2 organisms
have been isolated fronvall of the 123 strains of M , tuberculosis examined. The form 2
organisms were similar in their main characteristics, though varlatlons between
strains occurred. The life cycle of one.of the strains, selected at rand om has now
been studied in detail. Reported here js a description of the ce Il mo ;% gy of this
strain when grown under undisturbed conditions in slide culture, h|sp rtlcu ar
aspect of a complex. life cycle was chosen, In part, because It mayt row light on
the taxonomic position of the strain, and in. part because slide culture is an easg/
means ofidentifying form 2organisms and of distinguishing them from contaminant
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METHODS

Strain. The strain (114132_ of Mycobacterium tuberculosis used was isolated from
the sputum of a British ?a ient with pulmonary tuberculosis, It was virulent in
the guinea-pig,. sensitive to isoniazid, Streptomycin and_*-aminosalicylic acid and
proctuced nicgtinic acid (Runyon, Selin & Harris, 1959). The strain was maintained
on Lowenstein-Jensen medium at 3/° for 5 months before the isolation of form 2
organisms was begun. (The strain is de\%)sned in the National Collection of Type
Ciltures, C Imd%Ie Avenue, London, N.W. 9 as nctc 10.280.)

Media. (1) The Lowenstein Jensen medium used was without potato starch
Jensen, 1955): (2) nutrient broth was prepared from meat extract + peptone
Oxoid, No. 2, Oxo Ltd., London): (3) nutrient agar was made by a_ddm% 1-4% (wiv
agar to the nutrient broth; (4) glycerol a%;lr was prepared by adding 7% anzﬁhytlca
grade lycerol to nutrient agar; (5) 7H-10 oleic acid-albumin agar’(Cohn, Middle-

rook & Russell, 1959). All'media’ were incubated at 3/° for 2-3 days before use,
as a test of thewst,enhtg. , . .

Isolation and. maintenance ofform zorgamsms. After rellmmarg gurlflc_atlon of
the form 1 strain on 7H-10 medium Bl tes, form 2 organisms were obtained, as

reviously described (Csillag, 19612, y subcultivation” from growth on agrated

owenstein- Jensen medium “slopes to nutrient agar plates. The form 2 strain was
purified twice t?/ single colony Selection from nutrient agar plates which had been
incubated for 3 dayS at 37°.” Nutrient aqar slopes in Screw-capped bottles were
inoculated from colonies on the second plate. The sIoPes were incubated with Joose
caps at 37° for 3 days until sporulation had occurred; the caps were then closed and
the cultyres maintdined at room temperature. The strain wes re-purified and s?oru-
lation allowed to occur every two months, At the start of the experiments to be
described, the strain had been maintained for 12 months and the'last subculture
was one week old (the initial culture). ,

Preparation of slide cultures. A 1-2 x4 in,, flat-bottomed specimen bottle, plugged
with Cotton-wool and containing a 3x Lin. microscopic slide and 10 ml. gi_ly rol
aﬁar, was autoclaved, The bottlé was then allowed to cool in a sloped positign, so
that the slioe was at right angles to the surface of the medium. All the slide cultures
were Pre ared at the same time and from the same batch of medium, A standard
Inoculym, containing v%%eta_twe forms only was prepared for the slide cultures in
the following mannér. The initial culture was plated out on nutrient agar. After
Incubation &t 37° for 24 r., a suspension was r%repare_ bg_ ad?mg a single (foli)ny
t0 a joz. screw-capped pottle co tamm% O-4 ml. “sterile distilled“water and glass
beads; the bottle was then shaken by hand for a few seconds. The suspension
consisted of Gram-negative rods, some containing endospores (PL 1, fl?. 1). Aloop-
ful of the suspension”was, inoculated into a \ 0z. screw-capped bottle contammg
sml. nutrient broth which was shaken mechanically at 37° for e hr. The cultur
was composed of Gram-variable, vegetative rogs;” neither endospores nor free
spores were present (PI. 1, fig. 2). A loopful of this culture was then inoculated on
to the slicle cultures an_ng the line where the slige entered the medjum, thus aIIowmg
the organism to grow first on to a thin layer of medium on the slide and then on t
the g,lass surface of the slide. The plugs of the slide cultures incubated under aerobic
conditions were covered with aluminium foil. The purity of the inoculum was
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gher%eclju ann“rnoq on nutrient agar, and uninoculated slide cultures were incubated

Investigation of slide cultures. Several slide cultures were incubated at 37° either
aerobically or anaerobrcally In a McIntosh & Fildes jar, controlled with a Lucas
semi-soliq” indicator. - At intervals one of each of thie fwo types of culture was
examined and then discarded. The slide was removed with forceps, allowed to dry
under an ultraviolet lamp and fixed with methanol for 5min. The growth on the
slide close to the bottom of the specimen tubes, where condensation Water Was
usually present during incubation, was examined. Preparations were stained
the Gram and Zichl -Neelscn methods as described by Csillag (1961). Staining wrt
malachite ?reen «.% malachite green in 1% aqueous phenal, frItered bef ore Use)

was, done_for 5min. Cell walls"were stained by the ‘tannic acid-crystal violet
method fBrsset 1955).

RESULTS
Aerobic incubation

Mor hology under low-power ma%nrfrcatron In slide cultures incubated under
aerobic conditions, the following changes occurred in the cell morphoo y o
form zorPanrsms as observed under & magnification of X 120. At ong (&
narrow filaments were seen rowrng away Trom the junction of the slrde and the
medium. The filaments had short si ebranches( 1,L0. 3). Atabout 7 days, the
PrrmarIy filaments were considerab gt icker, the srde branches had elongated and
urther ramification had occurred For at |east the next 5 weeks, the
filaments continued to ramrf{u over further areas of the slide. The younger filaments
were narrow but increased irf thickness with age. The filamentous arranigement was
marntarned until the com letion of the experrment at & Weeks,
orpoo under |gh OWer maanr fication. Examination of the slide cultures
under high ower magnifi atron (% 960) yielded further information on the detail
ofcellmorpholog¥ and on the mo eofbranchrn The growing ends ofthe filaments
were composed Of. multicellular strands, a out 085) lameter |nw hich the ¢ross-
walls were only visible when staned with tannic crd crystal violet (Pl 1, fig. 5)
or when the preparation was examined unstaine Z ephase contrast. In Gram-
stained preparations Gram-negative segments, a tern t dwrth unstarne 20ngs, S0
that the continuity of the filaments was not evrdent (PL 1, fig. 7, left-hand portron)
Older portions of the filaments were compose o s garate rods IYm end. to end
but without continuity from cell to cel wheno serv in repara jois stained by
all four methods. This arrangement suggested that the cells orrrlrrnated by fra
mentatron of the younr{;er muItrceIIuIar filaments, The youngest branches were
com ose of a srngle strand of ce s but %radua y bundles containing parallel
strand Peare figs. e, 7)., Some of estrands ay so close together that
It Was difficult to drstrn liish mdrvrdual cells (P The ma{orrt y of the
cells In younger ranches Were strII Gram ne atrve but ocoasronaly contained
Gram- posrtrve granules (PI. 1, fig. e). noIder strands an mcreasrnF proportion
of the cells were unrformyGra loosrtrve 2 Gram-posifive material
coula not be disting urshedb Ziehl-Neelsen or maIachregreen taining, the cells
stained even Oywrth ma achrte green and none of them was acid-fast. Atfrom 7to 17
days endospdres appeared in some cells and free-lying spores were also seen (PI. 1,
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flg. 8), In Gram stains the wall of the endogpores was Gram-labile and the interior
unstained: in Ziehl-Neelsen stains the wall was blue and the interior unstained,
angd the sgor%s stained umformlg with malachite green. .

The branching observed unagr low-power ma&m icatjon proved to be pseudo-
branching when‘examined under the higher power. A cell lying in the outer strand
of a bundle changed its direction of growth and produced & filament at an angle to
the, main bundl& (Pl 1, fig. 7). .Further strands then grew, probably from the
main bundle, to lie [f(arallel to this new filament. _

Atter about & weeks some of the cells lying in strands were seen to frapment into
coccoid elements. This process occurred in only a few cells, particularly those In
the lower part of the slide culture near the water of condensation. At first the cells
containing the coccaid elements were faintly stained, but later they disappeared,
Ieavmg| the coccoid bodies lying in chains, n pairs or singly (PI. 1, flq. 98 While
intracéllular, the coccoid hodies varied in shaﬁe (Spherical“or oval), but they were
always spherical when extracellular. “In botn situations they ranged from 0-5-
1-0/T In diameter. Both the coccoid bodies and the cells weré Gram positive, not
actld-falst and stained by malachite green, but the coccoid bodies were Stained more
intensely.

Smeaypreparations. Smears taken from the junction of the slide and the agar
surface invariably failed to show any filamentous arrangement, thus suggesting
that the filaments were easily disintegrated. Predominantly Gram-negative rods
were found in smears from young cultures and, with increasing age, there were also
Gram-variable and Gram-positive rods present. Smears from the oldest cultures
were composed of Gram-positive rods (some containing endospores), free lying
spores and cocci, giving the impression of a mixture of different bacteria.

Anaerobic incubation

. The sequence of changes described inslide cultures grown aerobjcally also occyrred
in slide cultures incubated anaerobically, though. they took place more rapidly.
In anaerobic culture the changes may be summiarizedas follows; (1) ramification
occurred at about 1 day instedd of at'about 7 days (PI. 1, fig. 10). (2) The change
from Gram-negative t0_ Gram-positive cells appéared earlier. Q ragmentation
of the filaments into individual cells accurred earlier n younger cells, Furthermore
the majority of the cells then lost their filamentous arrgngenient and were arran%ed
randomly on the slide. (4 Fragmentatl,on Into coccojd elements was seen within
14 days (PL 1, flg. 11ﬁ; althoug occur_rm% mfrequentlyr it was found in  higher
proportion of the cells than In. aerobic Culture. (5) The free coccoid elements
continued to divide by binary fission to form diplococci, tetrads and sarcina-like
configuratjons, in which the indlividual cocci varied considerably in size (P. 1,f|P.1z).
This division of the liberated coccoid elements was never seen in aerobic cultures,
() In making smears it was apparent that the majoyity of the growth occurred
within and nat on the surface of the glycerol-agar medium of the Slide-cultures.
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DISCUSSION

The main characteristics of the. organism described are the formation of a
pseudobranchm%ﬁlament which rapidly fragments into bacillary elements, followed
much later by Tragmentation into coccoid, elements, . Similar characteristics are
known to be the maln feafures of some organisms classified in the Order Actinomyce-
fales. Waksman & Henrici ([1943) Included in this order three families: (1) Myco-
bacteriaceae ; ,(z,)Actmom}/ce aceae ; (3) Streptomycetaceae. Thefamily Antinomycet-
aceae 15 subdivided. into two genera: (1) actinom yces (anaerobic, microaeroptilic);
2) Nocardia (aerobic), Members of the famil A(ct,momycetaceae %Buchanan are
defined as organisms forming a vegetative branching mycelium which fragments
Into bacillary and coccoid elements (Henrici's Molds, 1947; Bergey’s Manual, 1948:
Waksman, 1959). The fragments have been termed oidiospores, arthrospores
segmentation spores or fragmentation spores bY different authors: their shape and
size 1s similar to rod-shaped and spherical bacteria (Waksman, 1959). These frag-
ments continue to divide b¥ transverse fission and, when smears dre made, the
arrangement of the mycelial fragments is disturbed and the smears aé)pear tg consist
of ortinary, mixed bacteria (Henricis Molds, 1947). When subcultured into a
suitable frésh medium, the fra?ments germmat,e to form a new mycelium (Waksman,
959). . In some strains parallel bundles of filaments have been found (Baldacci,
Gilardi &Amici, 1956); Gram-positive granules have been seen in the Gram-negative
cytoPIasm of the cell$ of some species (Henrici’s Molds, 1947). _

Although there are many similarities between the characteristics of the strain
described’in the present afer and the characteristics of the Actinomycetaceae,
certain differences are apparent. However, when account is taken of the more
recent publications on the morphology of the Actinomycetaceae the. differences
are less substantial and can be summarized.as follows. (1% True branchmg Wwas not
observed In the filaments of the strain. Bisset & Moore 21949) showed that true
branching, which occurs In the StrePtomycetaceae, I not seen in the Actinomyce-
taceae and Bisset f(1955) suggested that members of the Actinomycetaceae should
not be regarded as forming trie mycelia, but as being composed of amass of separate
filamentous hacteria, (z?The present strain had Cross-walls even in the youngesi
filaments, whereas the %oung substrate mycelium of the Actinomycefacea Is
generally considered to be non-se?tate initially (Orskov, 1923; Henrici’s Molds

947). However, Bisset. & Moore (1949) showed, yusmg the tannic acid-crystal
violet stain, that the filaments were really composed Of numerous short Cells.
3) The youn%est cells of the present strain werg Gram negative. A,Ithou%? the

ctinomj/cetaCeae are usually considered to be Gram Eosmve, occasional Gram-
negative strains have been reported (Waksman, 19592. (4) The method of formation
of ‘endospores bg/ the present strain_(Pl. 1, fig. s) appears to differ from the de-
scription of sporé formation inthe Actinomycetaceae. (5) Fragmentation into coccoid
elements occurred_at about 42 days in derobic culture and at about 14 days in
anaerohic culture. The formation of coccoid fragmentation-spores in the Actinomyce-
taceae s usually c_omPIete In 1-3 days . (Krassilnikov, 1959; Erikson, 1949)."On
the basis of the majority of the characteristics the present strain should be classified
In the fam,llg/ Actino gcetaceae. However, the ‘production. of stryctures which
morphologically resemble endospores appears to exclude this possibility. Endo-
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spore prodyction suggests classification among the Bacillaceae, but the continued
multiplication of thé coccoid elements by binary fission renders this classification
untenable. It will be shown in a later publication that all form 2 mycobacteria, as
well as the present strain, produce coccal bodies under microaerophilic conditions
and that these continue to multiply regularly. Only certain aspects of the mor-
P,holo of a typical form 2 strain are described in"the present publication. The
inal Classification of the strain must depend on a fuller account of the life cycle.
There have been several claims that rap|dl% growing, not acic-fast, saphrophytic
and extremely pleomarphic organisms, resembling speCies of the Aetinomycetacéae,
have been obtained from various strains of mxcobacterla (Co%en-Jones,, 1895,
Dostal, 1910; Karwacki, 1980; Mollgaard, 1931; Vaudremer, 312. Weissfeiler
(1933), fromhis own exPenence and by eviewing the literature, supported the theory
of earlier workers that the genus Mycobacteriym. isa true member of the Actmom%ce-
taceae; It IS not acid-fast in its saprophytic form and appears only In the form of
an acid-fast rod when adapted to parastic life. Weissfeiler claimed that the parasitic
form reverted to the saprophytic form under the influence of factors such as the
old age of the cultures, Trequent subcultivation, media poor in nutriments and the
Bresen_ce of toxic agents. According to these views, the ac-id-fast form of Myco-
acterium tuberculosis might be only™a single stage in a more complex life cycle.

.1 wish to express my sincere thanks to Dr D. A. Mitchison for advice and help
in catrrymg out this work. 1 am grateful to Mr B. Uncles for his careful technical
assistance.
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EXPLANATION OF PLATE 1

Figs. 1-12. Various stages in the development of a strain of Mycobacterium tuberculosis, form 2.
eFrlﬂo S1[.)0rNeéJtr|ent agar plate, 1 day, Gram stain, x800. Gram-negative rods, with and without

Fig. 2. Shaken nutrient broth culture 6hr., Gram stain, x800. Gram-labile vegetative rods.
Figs. 3-9. Glycerol agar slide cultures, ?rown under aerobic conditions.
Fig. 3. 1 day, unstained, x 100. Lon? '

ilaments with short side branches.
FiFC. 4, 7dﬁys, Gram stain, x 100. Elongated side branches with further ramilication; filaments
thicker with”increasing age.

Fig. 5. 4 days, cell-wall stain, x800. Growing ends composed of a single multicellular filament.

Fig. 6. 4 days, Gram stain, x800. Very tjght parallel bundles of strands: many of the Gram-
ne%a%ve ceﬂ! contéam ram-pos%tlve gra%ulgs; fPagmentattljon |ento bacﬁﬂary eﬁgm nts.

Fig.7. 4 ' | ' ion of the cells stain uniformly G
pE) il d%%fop%?ﬁ? osrl%lsnéu nggnchﬂ]%r.easmg proportion of the cells stain uniformly Gram

Fig. 8. 17 days, Gram stain, x 800. Intracellular and free endospores.

Fi9. 9 42 dla s, Gram stain, x800. Fragmentation into coccoid elements, lying in chains, in
parrs orsmg;y.

Figs. 10-12. Glycerol agar slide cultures, grown under anaerobic conditions.
Fig. 10. 1day, Gram stain, x 100. Extensive ramification.
Fig. 11 14 days, Gram stain, x 800. Fragmentation into coccoid elements.

Fig, 12. 20 days, Gram stain, x 800. Eree coccoid elements dividing by binary fissign to form
dfglococuz, tetrgds an sar&na-Iﬁ(e con |gurat|oons; Sizes o? coccoYd e?gme fs ver)}// varSuﬁJr]e.
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INTRODUCTION

Mutants with impaired respiration in Staphylococcus aureus, induced by ultra-
violet radiation (Gause, Kochetkova & Vladimirova, 1957), have been studied in
some detail (Gause, Kochetkova & Viadimirova, 1961 These mutants were selec-
tively inhibited by substances which affected the nucleic acids (Gause & Kochet-
kova, 1962). In this connexion the induction of mutants with ‘small colonies’ and
impaired respiration in some other species of micrococci, and a comparative investi-
gation of their characters, are highly desirable. Some new results along these lines
obtained in the work with Staphylococcus afermentans are described here.

METHODS

'ﬂanlsms Th? orlgmal culture of staphylococcus_afermentans Wé‘S ohtajned from
the at|ona Collection of Type Cultures—nctc 7503, 1t was isolated during the
course of a routine examination of an e[¥e swal from an 11-year-old boy in the Public
Health Laboratory at Wakefield, Yorkshire, in 1948,

Measurement of bacteriostatic action of chemlcal agents. The methods used, as well
as composition of the nutrient media, were described earlier in this Journal (Gause &

Kochetkova, 1962).
Manometry. M nometnc experlments were carried out In d conventional War-

burg apparatus under aerohic conditions at 37°. The organisms were grown on
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nutrient a?ar in Petri dishes for 24 hr, at 37°, washed twice on a cen,tnfu%e with
0% NaCl, and afterwards suspended in os% NaCl in the concentration oF about
5% wiv (wet wmgh?. The dry weight of bacterial suspensions was also estimated,
and used'in the calculation 6f oxygen consumption. “Suspensions of bacteria im-
medlatela/ before e>&)enments were"difuted ten times with ni/15 Phosphate buffer
NaHP04.2HD + KHP04.2HA), pH 7-4) containing 0-5% of glucose.

Estimation of nucleic acids. Bacteria confained in 100 ml. of medium were washed
by centrifugation, and ribonucleic acid (RNA) was extracted from sedimented cells
by 15 ml. 10% perchlori¢ acid in the cold (—4°) for 17hr. The_cells were again
washed onthe centrifuge with 0-5ml. fresh cold 10 % perchloric acid, The extracts were
combined and dilutea™hy an equal volume of 10% perchloric acid. These extracts
did not contain deoxyribonucleic acid QDNA). RNA contents of extracts were esti-
mated by the orcinol test as follows: to 1 ml. of the difuted extract were added
2-hml. 0-02% FeClg gn concentrated HCL) and 0T5 ml. 10% orcinol (in 95%
EtOH). After the tube contents were mixed, the tube was heated for 15 min. in a
bmlmg water bath, cooled, and read ,photometncallg/ at 660 mi,

After removal of RNA the bacterial cells were éxtracted with a fresh 1-5ml.
gortmn of 10% perchloric acid at 90° for 15 min., and the contents of DNA in the
xtract were assayed kg/the dlphenKIam_me method as follows: to 1 ml. of extract ina
small tuhe were added 2-5 ml. of the d%)henylam_me reagent (1-0 g d|PhenyIam|ne
dissolved in 2oml. cone, H504and 98 ml. glacial acetic acid), and the tdbe was
%cre%tm a boiling water bath for 10 min. 1t was cooled and read photometrically at

Extraction of DNA by Schmidt & Thannhauser procedure. The method used was
that described by Spirin, Belozersky, Shu%aeva &Vanushin (1957) as a modification
of the onfgmal procedure (Schmidt & Thannhauser, 1945). In" our experiments
500 m(IJ. of dry bacteria (previously washed by alcohol and ether until washings were
colourfess) were suspended in 4 ml. O-Sx-NaOH, and hgdrol sed at 37° for 18 hr.
The sugpension was then acidified In the cold by 70 % HC10ato make the total con-
centration of perchloric acid in the solution equal to 1- 2%, and then centrlfug,ed in
the cold. The solution.containing RNA was discarded, and the sediment cont mmg
DNA was washed twice with cold 0-2n-HC104 once with alcohol and once wit
alcohol and ether (1+1) in the cold, and finally again with the cold 0-2n-HC10ato
remove alcohol and ether. A volume.of 10 ml."was used for washing at each stage.
The wet sediment was, neutralized with a saturated solution of NaHCO3 and then
extracted ba/ alkaline (pH ) 10% NaCl on the hoiling water bath for 1 hr. The cop-
centration of DNA In the extract was estimated spectrophotometrically bk/J the dif-
ference 8f_opt|cal deﬂsmes at 59 and 650 m/i. Spectrophotometer SF4 (U.S.SR.
was Used in"our work.

RESULTS

Induction of mutants with impaired respiration. Various mutagenic factors were
tried, but positjve results were observed only in eXEerlments with s-fluorouracil,
The parent culture of Staphylococcus afermentans 7503 was girown at 37° in test
tubes In nutrient broth con ammg _60—?0/,|Ig. S-fluorouracil/m., and samples from
the tubes were dally(_ streaked In various dilttions on plates of nutrient agar. After
4-5 days of incubation of the culture in broth, the subcultures on plates showed
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ths appearance of small colonies of mutants, dispersed among the colonies of normal
bacteria. Some of the mutants were ?rowmg In the form of sectors in the colonies
of normal organisms. Numerous mutants with small colgnies were isolated in the
cqurse of this work, and classified into two groups: colourless colonies and colonies
of orange colour in various shades, Ofthe former_grou_p, mutants 19 and 41 and of
the second group mutants 42 and 22 were used in this stuay. _

Table 1 shows that the consumption of ox g7en In colourless mutants attained ee-
77%, and in mutants with orange colonies 68-77 % of normal values, 1.¢. respiration
was impaired to the same degrée in these mutants.

Table 1. Oxygen consumption by washed cell suspensions of parent and mutant
cultures of Staphylococcus afermentans in the presence of glucose

No, of
experiments Quzt
Parent cultyre . 12 -
utant 42 (orange colonies [ -
Mutant 22 (orande colonjes -
Mutant 19 (colourless colortes 8
Mutant 44 (colourless colonies 3-

* The consumption of oxygen in mm3hr. calculated for 1 mg. dry weight of bacteria.

Effects of inhibitors. Measurement of minimum_inhibitory concentrations of
various compounds in nutrient broth showed that inhibitors of protein synthesis
in the bacterial cell affected the ?rowth of the parent and mutant organisms to
the same de?ree (0-4-0_-5f|/g. choramphenicol/ml.; 0-2-0-3fig. tetracycline/ml.;
(-4 0-5/1g. chlortetracycline/ml.). Mutant and parent cultures Were affected also to
the same degree by inhibitors of cell-wall sYnthems (0-03-0-05 wnit penicillin Gml.;

-02-0-03 unit phenoxymethylpenicillin/mi.), as well as by 5-fluorouracil, Addition
of thymine (IO /rg./,mlx oruracil (I00ig./ml.) produced nc"effect upon the inhibitory
action of fluorouracil.

We were particularly interested in the analysis of the inhibitory action of actino-
mycin Cand mitomycin C, as far as these compounds selectively affect the formation
oi nucleic acids in the, bacterial cell. Experiments showed that mitomycin C selec-
tively inhibited formation of DNA, and actinomycin C selectively affected synthesis
of RNA in, the logarithmic phase of growth of Staphylococcys afermentans (Table 2).

|t is of jnterest that actinomycin™c inhibited the growth of parent and mutant
cultures of staphylococcus afermentans t0 the same degree; the minimal inhibjtory
concentration.in broth attained oxpo3-oloodl/,g./ml. The estimations were made by
the tybe dilution method, as described by Gatise & Kochetkova (1962). In distinc-
tion from this, the substances selectively affecting DNA formation—namely, mito-
mycin c, degranol (1,e-fus-(/?-chloroethy ammo?-l,e—deoxy-d-mannltol), and,malleran
mannitol ~ {1,e-dimeth nesuIPhon}/I-d-mannltog IS0 Selectively inhibited the
growth of mutants with the impaired respiration (Table 3). _

The action of mitomycin C is of particular interest, since this compound
selectively and irreversibly depolymerizes DNA in bacterial cells (Reich, Shatkin &
Tatum, 1961). It is theréfore of'significance that colourless mutants were 2-7-3-5
times, and mutants with orange colonies 33-45 times more vulnerable to the action
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of this compound than the parent culture. It may be suggested that some altera-
tion in the DNA of mutants with impaired respiration made the cells more vulnerable
to the action of mitomycin C, and that these alterations are more fundamental in
mutants with orange colonies as compared to colourless mutants.

Table 2. Effect of Mitomycin C and Actinomycin C on the growth and nucleic
acid synthesis of Staphylococcus afermentans*
. DNA .
. Fi (diphenylamine
[ncubation Tur%éidty, orcmo reacuon) reacfion

Compound, /jg./ml.time, min. A‘,A()
Control - 411 0091
Mitomycin C, 0-1 1%5 égg %% % g
S T A ¢ A
15 -34 ST
Control 01711 z ? ?
|

T 4 B R

* The cgr&%nt of RNA and DNA in the . cro |aI cells ar aT%Wem en per.100 ml. of the jrlture

urb|d|t roportiona r we| hacteria s |v the average data 0
g rﬁrﬁs Growtb Yn nmegl gfras nu nentabgrot were
iganom 10 Irhr culure bacten tat |st|me com oun

i er
R s tfnan"hn“ s s o

Table 3. minimal growth |nh|b|tor1 concentrations (fig.jm1.) of various compounds
in nutrient broth for Staphylococcus afermentans and its mutants*

utant 42 utant %2 tan tan
Compound Parent orange) orange o ourless o ourless
Métom inC o00500 00015 0011 (950140 200180
)ﬂeran mannitol 4000 6%6 5%5 6% 4?0

* The conditions of assays were described by Gause & Kochetkova (1962).

Differences in the DN A-protein relationship of pormal and mutant organisms. The
extraction. of DNA from bacterial cells by Schmidt and Thannhauser procedure %
the modification d scnbed by Spirin et 1957, see Methods) showed that t
average activity of extracts (DEBS—DBiQ in the parent cultureattained 0-262, In
mutant 19 (colourless) 0-094, in mutant 44 (colourless) 0-090. in mutant 42 (oranq )
0036, and In mutant 22 (orange) 0-052. 1n other words the capacity of DA Tor
extraction from a comglex WIth"proteins WFlS decreased in colourless mitants by 2
2-9 times, and In mutants with ‘orange colonies by 5-0-7-3 times,

Our observatlons refer to mild separation of DNA from proteins by extraction at
pH 8 by 10 % Nacl, as prescribed by Schmidt & Thannhauser (1945) Indistinction
from this, an acid hydrolysis by 0- 5’\?/HC1O at 10° for 20 min. (Ogur &llosen, 1950)
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completely separates DNA from proteins in normal and mutant cells of Staphylococ-
cus afermentans, and differences between these cultures are na longer observed. It is
difficult at present to interpret these observations, but it is interesting that Kirby
g%%%)r Cféwsnd recently some differences in the DNA-protein complexes of normal and

We are indebted to Dr S. T. Cowan for a culture of Staphylococcus afermentans and
to DrJ. W. Lightbown for helpful discussions.
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SUMMARY

Various transamination reactions were observed in germinating
uredospores of Puccinia helianthi Schw. The localization and kinetic pro-
perties of glutamate-aspartate transaminase were examined. The presence
of these transaminase en in the uredospores suggests that the uredo-
spore could synthesize a large number of amino acids.

INTRODUCTION

Since the discovery of enzymic transamination in pigeon breast muscle by Braun-
stein & Kritzmann (1937 many transamination reactions have been studied in
various organisms including fungi. In Neurospora crassa there are at least four
transaminases which show specificity for a-ketoglutarate (Fincham &Boulter, 1956)
and a-keto-/?-methylvalerate and a-keto-isovalerate have beenshowntotransaminate
readily with leucine and phenylalanine (Wagner & Ifland, 1956; Wagner, Berquist &
Karp, 1958). Sanwal (19%8) showed that in cell-free extracts of Fusarium lycopersici
some 10 or 11 amino acids underwent transamination with a-ketoglutarate. In
Blastocladiella emersonii analanine glyoxylate transaminase has been demonstrated
and purified (McCurdy &Cantino, 1% 0). Saccharomyces csrevisiae can transaminate
several amino acids (Bigger-Gehring, 1955 , and it seerrs likely that there is more
than one transaminase responsible for these reactions (Sentheshanmuganathan,

. The present paper gives the results of an examination of the scope of trans-
amination reactions in germinating uredospores of the obligate rust parasite
Puccinia helianthi Schw.

_ ~ METHODS
Organism and enzyme preparations

Uredospores were collected from plants of Helianthus annuus var. Foundation
(seeds of which were kindly given by Co-operative Vegetable Qils Ltd., Manitoba,
Canada) inoculated with FYUCCInIa helianthl. The spores were placed in small dry
vials (about 300 rag.iS ml. vial) which were tightly corked and stored at —10°.
Under these conditions uredospores can be stored for several months with little
loss in viability (Sackston, 1% )

Uredospores were brushed evenly over the surface of water-filled Visking tubes,
which had previously been soaked in warm water for 6 hr., and the spores allowed
to germinate in a covered glass tank for 20 hr. To aid the germination a phenol

32
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solutron (5x10~4m was infroduced into the moisture-saturated atmosphere on
strips of |terpaper Phenol stimulates germination and in common with coumarin
Farkas &Ledrn ham, 1959) 1s sufficienitly volatile to be active across an air gap.
hoettgesu ting mat of ‘mycelium was caréfully removed, rinsed i tapwater, and
The particulate fractron was rsolated b}/ grinding the germrnated spores and an
equal weight of aeid-washed powdered I\%ass for 1m|n inac |Ied mortar with a
solution containing 0-6M-sucrose + 0-05 potassrum? osphate+0 005, M-ethylene-
dramrnetetra acetic acid (EDTA), previous X adjusted to pH 7-8 with N-NaOH.
The homogenate was passed through several layers of moist butter mustin and clari-
fied by centrifugation at 1ooogf0r 10 Min. inah M.S.E. ‘High-Speed 17’ refrigerated
centrr e {0 remove coarse Cell debris and nuclei, The particulate fraction was
then se Imented from the su dpernatantflurd by centrifugation at 20,000 for 30 min.
The deposit was suspended In the extraction medium, resedimented and then
suspended in a small volume of 06 n-sucrose in 0-05 M-phosphate buffer (pH 7-9).

Assay of enzyme activities

Transaminase actrvrty Was assayed by measurrngT%uantrtatrveI the appearance
of the new amino acid"on p aBrc romatograms e reaction gstem contained
0-4 ml. enzyme greparatro 1ml. 0(30 moIe} a-keto acid, 0-05 ml 10/mo|eg
amino acl Jgmole) 1yrr oxal ph sphate and potassium phosphat
buffer (PHSO)to afinal volume o Where DL-isomerswere used the substrate
concentration was doubled, A reference control was run with the same mixture
but lacking the amino acid donor. Incubations, were carried out at 34¢ and the
reaction stopped by immersing the tubes in boiling water for 3min. Denatured
proteins were removed by centrifugation at 30004 for 10 min. The amino acid
m onents were separated by one-gimensional asr:endrngI paper ¢ hromatography
atman 0. 1 filter paper by using either 8 pheno or 7 |butanol+p rr |n
+water 3+ 2+ 1-b by vol.) as solvents, The amino acids were located b sé)ra rn%
with 0-25% ninhydrin in 9 %ethanol In water. The individual coloured spots wer
|dentified by therr known Rf va ues carefull cut out and eluted overnrﬁ ht at 2°
In 50 % ethanol in 0-025 M- Ip sg hate buffer (pH 65r) The absorption of the eluted
colours at 570 m/; was determined. Back%round c0 rectrons were made by cuttrng
a comparable section of f paper_from the reterence_control, eluting it, meastring th
absorptron of the solution at 570 ;i and subtracting this value ffom the absorption
of the amino acid complex. Amino acid solutionS of known concentration were
Su Aected to this procedure and standard curves obtained for each amino acid.
unrt of enzgme Aactjvity Is defrned herﬁ f as the amount of enzyme required to
prod uce by tranSamination o1 moeacrd ? protein.
T e amount of rotern in S0 m}ron was caleufated from the optical density of
the enzyme prepar tions at 260 m/;, and 280 nv; (Adams).

. RESULTS
Range of transamination

Twenty-two amino acids were tested r1ua|rtatrvel¥ and quantitatively for abrlrty
to transfer their amino group to a-ketoglutarate in the Presence of a washed parti-
culate fraction from germinated uredospores. |t was not found necessary to dialyse
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the extracts since Rrellmlna_ry experiments showed that there were no free amino
acids present which would, interfere with the chromatographic analysis. Positive
transamination occurred with phenylalanine, y-aminobutyric acid, arginine, aspara-
gine, valine, tyrosine, aspartic acid, lysine, alanine, isolelcing, leucirie, tryptophan
and methionine (Table 12. With the éxception of aspartic acid the transdmination
activities were low. In the case of methionine and tryptophan where extremely
low transamination rates were obtained the results weré always consistently higher
(2-3 times) than the reference control, When the extract was, dialysed for 18 hr.
against de-ionized water at 1° the ability to transaminate with tryptophan and
methionine was lost and with asparagine and leucine was decreased t0 trace values.

Table 1. Transaminase activgy ofa garti_culatefraction from uredospores of
Uccini

helianthi
The reactjon system cont 'neﬁ: 1R/'mol% ﬂmi 0 acid: 30 /»mole _potassigm a-ketci-
|utarate ; {humﬁ{e D ng%xa .osH a%e; - g'\fnzwne SH erﬁu}n a.P 40 ffmole
aormss%rnq 302300 ate buffer contaning 01 % (v/v) Nonidet P40, pH 7-9. Total volume
) o Units.of . Units. of
Amino group donors activity Amino group donors ~ activity
L-Lysine - L-Sering. -
- apme - L-Histidine . -
-I_so eucine - B srpartlc acid 12-50
-Lelicine - -0 iuthme _
lycine . -V, |He . -
-Cltrulline -Jffet Ionine -
Welﬁnﬁ laning ¥ arAsi e
e ol o
I-As%aragine T_’} gonPne —

Localization of transaminase activity

. Singe the particulate fractions used in these experiments were thoroughly washed
in an 1sotonic medium to remove any cytoplasmic enzymes which may have adhered
to tne surface of particles durlng thig extraction procedure, it is considered that the
transaminase activity associated with the particles is most probably derived from
particulate-bound enzymes, Furthermore, the glutamate-aspartaté transaminase
could he guantitatively released and solubilized from the particles by treatment
with Nonidet P40 (Shell Chemical Co,, Ltd., Glasgow) a non-onic detergent. The
ability of this detergent to freg_particulate-bound enzymes has previolisly heen
demanstrated for plant tissue (Smith, 1962). The soluble extracts were obtained
by treatin thelg)artlcugtate frgctlon WIth%O-l%_SV/V) s?lutlon of Nonidet In o6 m-
stcrose + phosphate butfer and removing the parti ulate_ragiments by centritugation
for 30 min. at 20,000g. A comparablg fraction was simifarly treated except the
buffer did not contain”Nonidet. The supernatant solutions were retained and the
particulate degosns In each case taken up in a simifar volume of buffer which
contained oY% Nonidet to ensure complete activation of the bound enzymes
When the Nonidet was added prior to centrifugation the glutamate-aspéartate
transaminase was quantitatively released or soltbilized from the mitochondria
whereas in the control lacking Nonidet the enzyme remained firmly attached to
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the mitochondria. Control experiments showed that the detergent did not inhibit
or stimulate the enzyme.

Coenzyme requwements

The effect of pyridoxal phosphate (10 /tg. free acid/ml. reaction mixture) on
glutamate-aspartate transaminase was examined. The addition of coenzyme had
little effect on the undialysed enzyme but it did increase activity by 20% when the
enzyme extract had been dialysed for several hours. Partial resolution of the trans-
aminase into apoenzyme and coenzyme as a result of dialysis would account for
this increase in activity.

100 —

3 3 ]
T T T

% maximum activity

)
o
|

1 1 1 1
g 6 7 8 9

pH value

Fig. 1. The effect of pH. on glutamate-aspartate fransamipase, Reaction system as.in
T I? 1 except }?r ar|at|nor? Pnp va?ug as |tndt|cate3. Incubateda at gzéyf%r%mm.
Total volume T ml.

PH activity curve

The activity of glutamate-aspartate transaminase was examined as a function
of pH value. Activities were estimated from the rate of glutamic acid formation
under the conditions described for the enzyme assay. In these determinations the
final buffer concentration was 0-05.. and the pH value of the reaction mixture was
measured immediately after the assay. Phosphate buffer was used for pH 6-0 to
8 0 and borax + boric acid for pH 80to 90. Initial reaction velocities are expressed
as percentages of maximum activity. The activity curve is illustrated in Fig. 1 and
shows that the enzyme has an optimum at pH -58-0.

Reversihility

The reversibility of the glutamate-aspartate transaminase reaction was demon-
strated by the formation of aspartate from glutamate and oxaloacetic acid (forward
reaction) "and. by the formation of glutamate from aspartate and a-ketoglutarate
(reverse reaction), Pro%ress curves Of the forward and reverse reactions are shown
In Flﬂ._ 2. The paints on the curve were obtained by estimating glutamic acid and
aspartic acid at each specified time. Equilibrium”was reachéd’in 3hr. and this
balanced system remained unchanged for a further + hr. The equilibrium was 60%

In favour of the formation of glutamic acid (Aspartate + a-ketoglutarate reaction).
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Calculation of the equilibrium constant for the reactions gives a value of

K= (Mte)(«-fetoeluteate)

(glutamate) (oxaloacetate) r
0 100
(Forward reaction)
g Glutamate - oxaloacetate - aspartate
20 — 80 S P
s ¢
0 cf 605t
T o
S g 3
60 = 40 g (Reverse reaction)
S~ o Glutamate < aspartate + a-Keto glutarate
X 3
-
80 £ 2%
100 0 1 1 | 1 1
1 2 3 4 5
Time (hr.)

Fig. 2 ReversibilitXof%utamate-as artaée tranfaminase.. rPinatenum ers ontheriPht
h percgnta e transa matlorhm? ?ur by glutamic acid formation. (reverse reagt n
Oév. Ordl a?e numbers, on the lert sho erclsnta e transaminatign_meas r7 q%
spartic ac.@. orman?n forwagf re .ct|cin ?a lon sXste%\ cor]talne : 10/tmo

-aming acld: 30/ﬁmo k t%aﬂ > 1/imole rﬁ) bdox/a osphate; 0-4 ml, enzyme extrac
anifﬂ rgot%sswm phio gﬁgte Uffer cohtaining 0-1 % (Q/v) Nonidet P40, pH 7-9. Tota
volume Tml.; temp. 32",

DISCUSSION

The results of these experiments demonstrate uneguwocally that a wide vanetR/
of transaminase reactions occur in germinating uredospores of Puccinia heliantfi
and that in common with plant and"animal tissue (Smith, 1962; Hird & Rowsell,
1950) enzyme activity can be localized on a particulate fraction.

The reversibility of the glutamate-aspartate enzyme was demonstrated and the
equilibrium constant at pH 19 and 32° was 2-3. This is in close agreement with the
2-2 gbtained by Bigger-Gehring (1955) for the same enzyme from Saccharomyces
OBrevISIag. The uredospore enzyme showed optimum activity between pH /-8 ‘and
8-0. The effect of pyridoxal phosphate on the enzyme was small, though it seens that
this compound is the coenzyme for all transaminase enzymes (Meister, 1957).
The effect of pyridoxal phosphate on the dialysed enzyme suggests that some
resolution into apoenzyme and coenzyme had occurred during the period of dialysis.

The presence of these transaminase enzymes in the uredospores would suggest
that the uredospore could synthesize a wide variety of amino acids provided the
corresponding keto acids and glutamic acid were ayailable.

Several rust fungi can synthesize amino acids from extraneous carbohydrates

Kasting, McGinnis &Broadfoot, 1959; Staples, Burchfield &Baker, 1961 Reisener

cConriell & Ledingham, 1961). Reisener ¢ al. (191) ?ermlnated uredospores of
Puccinia gramjnis tritici on a solution containing valerate-1-1C and demonstrated
the incorporation of the labelled_ carbon into Several amino_acids, In particular
glutamic ‘acid, y-aminobutyric acid, glutamine and alanine. The high activity of
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the Cé in glutamate suggests that the valerate had undergone extensive p oxidation
to acetyl CoA which was subsequently metabolized via the tricarboxylic acid (TCA}
cycle. Reisener etal. (1961) have sug?ested that the y-aminobutyric acid ma¥ resul

from the enzymic decarbokylation 0 glutamlc acid: However, this may not be so,
since there Is apparently no"glutamic decarboxylase present in P. helianthi (Smith,
1959) and furthermore; thefe is a decrease in” glutamic decarboxylase activity in
several different rust-infected host-parasite complexes, ncluding susceptible wheat
Infected with P, graminis tritici (Smith, 1959). ° _ y

In a comparative study of the metabolic capabilities of several obligately Parasmc
and saprophytic fungi {Staples et al, 1961), there s strong indicatior that the
assimilate,. i this case acetate-2-14C, is also metabolized by way of the TCA cycle
since the first free and protein amino acids to be labelled are afl closely associated
with the cycle. Although labelled leucine and methionine, which are not directly
associated with the TCA cycle, did eventuaII?( accumulate in the free amino acid

0ol of the 0b|||gate parasite Uromyces E)_haseo_l they were never incorporaed into
E%)te_ln. Conversely, short-term incubation with L-feucine-U-1C and L-methionine-
did lead to the rapid incorporation of the labelled substance into the protein
fraction, Further studies showed that U. phaseoli suffered a rapid loss in the
mechanism for protein synthesis after Wettlng and this coupled with slow, synthesis
of leucine and methjonifne would account for the failure to detect labelling in the
leucine and methionine In the protein fraction. Thus it would seem that th uredo-
sr[])o_res do have the mechanism for the synthesis of proteins but are restricted by
their slowness or inability to synthesize the precursors of proteins.

The rapid synthesis of glutamic acid shown by uredospores of several rust fungi
(Staples €t al.” 1961, Reisener et al. 1961) may be due to the activity of glutamic
dehydrogenase since germinating uredospores of PUCCING helianthi (Smith, 1959)
contain a highly active glutamic dehydrogenase which catalyses the formation
of glutamate from a-ketoglutarate and ammonia. This enzyme plays a very
significant part in metabolism as it serves not only as a port of entry for ammonia
but also as a link between carbohydrate and nitrogen metabolism. Further meta-
bolism of the glutamic acid by transamination could involve extensive intercon-
version of the amino group giving rise to a wide variety of amino acids. The limiting
factor in this hypothesis would undoubtedly be the availability of keto acids, in
particular the keto acids remote from the TCA cycle.

The failure to detect labelled carbon in certain amino acids and slow uptake of
labelled carbon in others (Staples et al. 1961; Reisener ¢t al. 1961) does not necessarily
imply that these amino acids were not formed. On the assumption that glutamic
acid is synthesized by reductive amination of a-ketoglutaric acid and subsequently
involved in avariety of transamination reactions, then the labelled carbon would not
appear immediately in the new amino acid but in a-ketoglutaric acid. Hence a
labelled amino acid would be formed only when the labelled carbon had been
previously incorporated into the corresponding keto acid.

Since uredospores can incorporate labelled carbon into 10 or 12 amino acids from
extraneous carbohydrate after prolonged incubation (Kasting €t al. 1959; staples
et al. 1961; Reisener €t al. 1%1) and assuming that transamination plays a major
role in their synthesis, it seems safe to deduce that the uredospores are able to
synthesize the corresponding keto acids. The apparent inability to synthesize
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certain amino acids and the relative slow synthesis of others may indicate that the
parasite is dependent on the host for the supply of these amino acids or conversely
on a supply of the corresponding keto acids. It has already been suggested that
races of rust may differ in their specific amino acid requirements, in particular
those amino acids which occur in very low concentrations (Samborski, Forsyth &
Person, 1958; Samborski &Forsyth,ri/
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SUMMARY

sofm ran al inoculation of |&e H“Qf th]an weeks IdW|th
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he fec Ce Showed a
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INTRODUCTION

Thygeson & Nataf (1958) stated, ‘It is now ?enerall agreed that only primates
are susceptible to eerhmentaI mfectlon W|th trachoma virus’. Since then Giroud,
Renoux & Nataf (1958) have reported umonary hepatization in mice after intra-
nasal moculationof material from trachomatoUs conjunctivae; Hurst & Reeve
1960) reported Cpassaeof the TE55 strain jn mouse brain; and Bemkopf 21959)
epor ed the SUS (Pu ity of younq mice to infection after intranasal moculation
55 an Dar| Strains of trachoma vjrus, Bell, Snyder&Murra¥ (1959
showedaraP| toxic effect fcertam strajns after intravenous |nbect| N Into adul
mice, byt this np enomenon did not depend upon the growth of virls. These workers
were chiefl terested in the mouse either as a medns of growmg the virus or as
an experimental system for neutralization tests. For the second purpose a lethal
effect of intranasal’ inoculation was required. Bernko f%19592 found that 9-day-old
mice were highly susceptible, three-week old mice much less susceptible, and six-
week old mice nsusceptible to intranasal inoculation with the TEDS strain. In-
susch J)t|b|l|t){ In this sense means that the mice did not die,
experiments reported here were made to examine the effects of intranasal
|noculat|on of older, and therefore ‘insusceptible” mice with the TE55 strain of
trachoma virus. |t was considered that these mice would either be totally. insus-
ceptible, In WhICh case the system could be studied as an example of host resistance
developmg with age, or J)arty susceptible, in which case lesions would develop
which wolld n tIead t? ath; and would Presumabl resolve.. Preliminary obser-
vatigns showed that older mice were, in fact, partly susceptible, and that they
would provide a system in which the patho[qenesls and Immunology of trachomatous
Infection could bé studied in a non-primate host

METHODS

V|rus The TERS strain of trachoma virus ( Tan el al. 1957) pro’pa%ated in
chick emb X Wk SAC, . Was Tprowdedb y. Dr L. H. Collier (The Lister Institute,
London). At thie beginning of these experiments the virus was in its 37th passage,
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at the end in its 48th. The methods of propaﬁanon and stora%e, were described
Brewously (Watkins, 1961). Infected yolk sac omogenates were inoculated on to

Io%d agart_and into thioglycollate medium (Brewer, 1940) to examine for bacterial
contamination. o

Estimation of injectiyity_ The infectivity of virus suspensions is expressed.as the
Mean Syrvival Time (MéT), In days, of four to six chick embryos after injection
of o2 ml._of suspension into each Yok sac at 7 or s dag(s of incubation. The MST
i approximately inversely proporfional to the infectivity of the suspension inocu-
|ated (Watkins 1961}. The most infective suspensions gave an MST of 4-5 days,
the Teast an MST of 13-14 days, by this technique. o

mice. An inored strain of Swiss albino mice was used. All mice weighed 2o to
) 8 and were over eweeks old. Two or three drops of infected yolk sac hom,ogenate
&0— 5:0-075,ml.) were inoculated intranasally under ether andesthesia. Mics were

illed by dislocation of the cervical vertebrae. _

Mouse lung homogenates WEre prepared bY grinding the lungs in 2 ml, of sucrose+
potassium glutamate (SPG ,‘Bovar ick, Miller & Snyder, 195 co,ntammg 50,000ig.
streptomycin/ml. in a Griffiths tube. The homogeriate was centrifuged at 400 q for
10 Min. and the su&ernatant fluid used in experiments. This supernatant fluid" will
be referred to, as. MLH gmouse lung _homoge_nate{. o2ml. of MLH was injected
%ntolzottjjr to six 7 day yolk sacs for infectivity studies. Eggs were candled daily
or 14 days.

His,tolo)g/y. Tissues for histo_logical examination were fixed. in Zenker-formol
solution or 5% (v/v) formol-saling and stained with Giemsa’s stain. or hagmatoxylin
and easin, Homogenatgs examined for elementary bodies were stained with Giemsa
stain (G. T. Gurr, London). . _ _

Antisera, The antiserum designated RI/3 was prepared by five weekly intra-
muscular |n{ect|ons of 1. ml. of stock infected yolk sac homoqenate (MST 4- days&
Into a rabbit. A booster dose was given 5 months later and Blood was taken 1 wee
after the booster dose. The serum was stored at —0°, _ _

- Mouse sera were obtained by bleeding from the tail or the éu ular vein under
Ilgh_t,ether anaesthesia. After separation the pooled sera were preserved by the
addition of thiomersalate to 1/10,000 (W/v), or sodium azide to o1 % (wiv) or by
freezing at —20°. Al sera were inactivated for 30 min, at 56°,

Preparation of antjgens. Antigens were prepared in one of two, ways.

%) Yolk sacs rich in elementary bodies were homogenized in 10 ml., #hosphate-
buffered saline gPBS Dﬁjlbecco & Vogt, 1954) nﬁ),er olk-Sac. The homo%e_ %te Was
shaken with an equal volume of ether and the mixtdre placed at 4° overhight, The
ower red layer was centrifuged at 400 g for 10 min., the deposit washed three times
in 2 ml. of PBS and the Washings added to the supernatant fluid, which was
centrifuged at 10,000% for 30 min. This de{)osn, was resuspended to the original
volume Tn PBS and ce tnfuPed at 400 % for 10 min. and the supernatant from'this
at 100009 for 30 min. After a third ,}/cle of centrifugation at 400 g for 10 min,
ang 1o,oooqfor 30 min, the final deposit was resuspended in CFT diluent (referred
to below) at 3ml.Jorigina. yolk sac.. Smears of this antigen preparation” showed
more than 100 elementary Hodies/microscope field at a magnificatjon of xI700.
Electron mmroscomof,asuspenmon repared In this weR/ as kinaly undertaken
by Dr D. Kay (Sir William Dunn School of Pathology). A drop of virlis Suspension
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was placed on a formvar coated grid, fixed in formaldehyde vapour, washed in
water and examined after shadowing with palladium. Plate 1, fig. 1, shows intact
virus particles. ] )

52(1) Some antigens were gr_epared by the method of Nigg, Hilleman & Bowser
il 4o) which involves phenolizing an infected yolk sac suspension with 0-5% phenol
%ro ff%l#rzv\\ﬁgessat 37°. In our experiments the antigen was shaken with phenol at

Control antigens for each type of virus antigen were prepared from normal yolk
sacs of the same age. 1t is known that sera from cases of Iymphogran_uloma Venereum
will fix complenient with phenalized trachoma antigen (W oIrlnge Jackson &
Grayston, 19 0_1. Two LGV sera (kmdLy provided by Professor C. F. Barwell, The
London Hospi ala gave titres of 1/256 and 1/512 with phenolized antigen In the
%:r r%easlt %?icggté% elow. They did not fix complement with controls made from

CompYement-fixation tests. These were performed in cups in Perape_x trags gSaIk
pattern haemagglutination tr%s). The unit volume was 0-02 ml. celivered from a
calibrated dropping pipette. The minimal haemolytic dose (MHD) of comf)leme_nt
was determineq for 100% hagmolysis in the presence af antigen. Twofold serjal
dilutions of antiserum were mixed with undiluted antigen.and™2 MHD of comple-
ment. Fixation took place at 4° for 18 hr. followed by 20min. at room temperature,
After addition of the haemolytic system (2-5% ‘v/v sheep red cells and 3-4 MHD
of haemolytic serum) incubation was continued at 37° until haemolysis was complete
which took 112 hr.” Controls of I MHD, 1 MHD and 2 MHD of complement and
serum and antlgen controls were included in each batch of tests, The gumea—mP
complement had been preserved by Richardson’s method (1941) (Burroughs Well-
come & Co,, London). Horse anti-sheep cell serum was preserved with glycerol
gBurroughs Wellcome & Co,, Lo_ndong. All dilutions were made in barhitoné CFT
lluent made up from commercially obtained tablets (Oxoid, England).
Agargel precipitation (Ouchterlony, 1948). Perspex moulds were made consisting
of six pégs arranged around a central peg. Holes were bored through the centres
of the peds. Each peg was 1-o cm. in diameter, and the distance befween any two
adjacent pe_gs was 05 cm. The mould was placed in a flat-pottomed. Petri dish
0.cm. In PI meter and 10 ). of%% W/Y()i agar in 0-9% (W/vg N%CI with [1]/1 000
thiomersalate_ were poured_in. The mould Was remqved when the agar had st,
o1 ml. of antiserum or antigen solution was placed in the cups and the plate in-
cubated at 3/°In a humid atmosphere.  Lines of precipitation developed n the agar
within 2 days; further incubation produced no change In the number of lings.

RESULTS
Absence of injectivity and antigens in lungs of control mice

It is well known that latent infection with several viruses may occur in laboratory
mice. To test for the presence of such viruses normal yolk sac homogenate was
instilled intranasally into normal mice; the lung homogenate from these mice was
then instilled into fresh mice and so on for five passages. The homogenates from
control mice were examined for infectivity by inoculation into yolk sacs and for
the presence of antigen precipitating with serum RI/3 ir_agar. Neither infectivity
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nor precipitating antigen was detected in these homagenates after various intervals
between |ntranasal inoculation and removal of the Itings (Table 1). Homogenates
of normal mouse lungs, normal mouse lungs after intranasal inoculation of normal
yolk sac homogenate, and normal mouse |ung after intranasal inoculation of normal
mouse lung homogenate were examined o several other occasions for yolk sac
infectivity and the"presence of precipitating antigen. The results were uniformly
ne([;atwe. It was concluded that any ‘elementary body virus’ and precipitating
antigen_ recovered from lungs after intranasal_inoculation of yolk sac homogenate
confaining the TE 55 strain of trachoma virus must have' been derived from
inoculated virus and not from an awakened latent infection,

Table 1. Presence or absence of lines in agar produced br mouse Iun(ﬁ homogenate

and rabbit antiserum R1/3 after various inocula intranasafly
Time bftv.veen
ang o
of Jungs . No. of lungs  No. of lungs
Inoculum {dlgy No. of mice posgtlweg negatlveg
Normal yolk sac homagenate 1{ 2 § g
14 b
Virus TES5 infected yolk sac i 4
homgggn fe (MCSt%g Ketween % 1 %
4:and> days) 3 % %
{1
I % ,
I unah 28 1 1
Normal mouse lung homogenate !
s T
Passage infected (virus TESS |
mouge Ilung hom%/gle%ate ) %? % fll B
1 1
%g 1 1
No inoculum 0 10 0 10

* Mean survival time.

Table 2. Relation betyeen Iethali%_ofvirus TES5for chick em,bwos after
yolk sac inoculation, and rice after intranasal inoculatio

i (ML% 0fin No. of mic Nof %}nd pgrcenta?e
yo?k $ac ?Ejays) noculated ° pn:ecl?m s
- .80
£ 1%& s
>%' > 400 0

* At various times throughout these experiments.
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Lethality of virusfor mice after intranasal inoculation

Table 2 shows the relation between the infectivity of TE s virus for the yolk sac,
expressed as the mean survival time (MST) of chick embrYos, and the percenta%e
of mice dym? oaneumonltls after intranasal inoculation. 11 is apparent that deaths
occurred onY arter the administration of inocula with high infectivity for chick
embryos. All the fatally infected mice died between 2 and 4 days after infection.
Post-mortem examination showed massive consolidation of both lungs, and virus
was recovered from several lungs by inoculation into the yolk sac. The mice which
survived inoculation showed for the most part no signs of illness; some of those
which re e|veéi higher doses had starmg fur for a few days, and sometimes rales
could be heard by holding the mouse close to the ear.

Histology of lesions

The massively consolidated Iunrqs in fataII%/ infected mice showed acyte inflam-
mation (PI. 1, figs. 2 & 3), Typical inclusion bodies were seen occasionally. 1t was
impossible to discern which"cells contained these bodies alth,oulgh,ln some Cases
they were situated in the alveolar wall (P1. 2, fig. 4a, b)b The nclUsion shown was
photograph_ed at two levels to_show the elementary bodies which it contained.
At the periphery of this inclusion larger bodies can be seen, conforming to the
description of trachomatous initial bodiés first given by Lindner (1910). The inclusion
bodies did. not differ mor hologlcally or in"staining properties from trachoma
Inclusions in yolk sac entodermal cells and HeLa cells. _ o

_In mice which received a sublethal dose the size of the lesion varied with the
infectivity of the inoculum, Inocula with a chick embryo MST of 5-6 days produced
local consolidations sometimes a few millimetres in diameter, sometinies aﬂ‘ectmg
a single lobe in its entirety. The numbers and sizes of the lesions were too variabl
to be'used for virus titration in the way psittacosis virus has been titrated in mouse
lung (Rudd & Burnet, 1941). After’inocula having chick embryo MST values
greater than 7 or s days, lesions visible to the naked eye were Pene,rally not seen;
when they were seen they were small. The earliest histological” lesions were seen
2 (lays after infection in"an experiment with an inoculum™whose MST. value for
chick embryos was 5 days; they consisted of areas about 70y in diameter of
Infiltration with poIBymor honuclear leucocytes. There was also ‘some generalized
capillary dilation. By the 3rd d@r the areds had become confluent, and gave the
|ow-povier appearance shown in P1. 2, fig. 5. This photograph shows peripronchial
infiltration, and is taken from a sef of sérial sections which demonstrated that the
bronchioles in the centre of the jnflammator area_oi)_e_ned_ into normal alveoli. In
this case, theretore, the picture is that of a bronchiolitis; in other mice the lesions
affected only the alveoli. The difference is presumably due to variation in the
distance to which the inoculum penetrated as a result of inspiration. On the 4th
day the vessels in the areas of inflammagion were surrounded by zqnes of mono-
nuclear cells (P1. 2, fig. 6). Resolution of the lesions was completed between the
seventh and ninth da¥s, but some Renvascular_cuﬁm& with” mononuclear cells
persisted unti at least the 28th day._ fter resolution of fhe acute lesions there was
no evidence of tissue destruction orfibrosis or lymphocytic infiltration characteristic
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of ophthalmic trachoma. Apart from enlargement of hilar lymph nodes, which
persisted for 2-3 weeks after infection no othier organs showed"any abnormalities.

Recovery of virus from mouse lung after intranasal inoculation of infected
yolk sat homogenate

Infective virus, indistinguishable morphologlcall from trachoma virus, was
recovered from lungs b)( yolk sa inoculation several times at intervals from 1 hr,
to 7 days after intranasal inaculation of¥olk sac homogenates of Infectivities ranlg/in%
from MST 4-4 days to MST s« days. The infectivities of MLH ranged from MS
1-h days to MST 125 days in all these experiments. The infectivitieS of lungs from
mice Killed at mtervals_uR to 7 days after receiving the same inoculum showed no
significant increase, whic sugqested that virus was either remaining static in the
|ung, or was bem? removed at a rate which kept pace with its replication. No
Infectivity was detected 14 days or more after inoculation and recovery of virus
was not Uniformly successful in the period up to 7 days after inoculation.

Presence of viral antigen in lungs

Soluble antigens were detected in infected lungs by diffusion in an Ouchterlony
plate against A rabbit antiserum (RI/3) prepared By repeated intramuscular in-
Jections; of infected. yolk sac homogenate. Homogenates prepared from normal
mouse lungs after instillation of noymal yolk sac or normal lung homogenates
never gave precipitation lines with this o any other anti-trachonia_virus ‘serum.
Lines Werg not seen after ingculation of virus Suspensions whose MST was greater
than e or 7 days, and even after the inoculation ot suspensions of higher infectivity
their appearance was not constant (as Table 1). They were most frequent
when homagenates were made from lungs showing massive consolidation; ‘lings
were given By a homogenate prepared 14°days after” infection in an experiment in
which”half tfie mice digd of pneumonitis. The antigen persisted for several weeks;
lines were produced with a homogenate nrepared 4'weeks after inoculation of virus
with an MST of 4 days. The pattern of lines was constantly a single [ine near the
antigen CUP with a less well-defined complex of one o three fines near the antiserym
cup.” The lines were also produced with a second rabbit antiserum prepared by
injection of infected yolk sac homogenate.

Serial passage of virus in mouse lung

Two passage series were attem gted. The first was started by intranasal inoculation
of six mice with virus of MST 5 days. Passage of infected lun homogenate Was
undertaken af Intervals of 7-14 days except for an interval of 22 days bétween the
eighth and ninth passages. Six mice were inoculated at each assage, and homo-
genates for further passage were made from two to Six mice in each passage. The
mice of all assaqes remained clinically well, except for ong mouse left for observa-
tion out of the Tifth passage, which died 18 days after inoculaion with gatchy
pneumonitis of both lUngs. ” Apart from the homo?enates of the first two passages
Virys was not_recovered from the Iungs by a ,smqe passage of the homogenate’ in
yolk sacs, which meant that there was no direct evidence that virus was bemg
passed. There was, however, some indirect evidence. First, antigens were detecte
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in homo%,enates of all passages after the first four (which. were not examined), 'bK
Preuplta ion in Ouchterlony plates. The grem itation lines were identical wit
hose described in the precéding section. Secondly, patches of pneumonitis were
observed in mice of the second, fifth and ninth passages, and one mouse of the
sixth passa%e, showed moderate perivascular and peribronchial accumulations of
cells of the Kind described in the Section gn histology. _ _

The second series was carried on for five passages, The first passage, of virus
suspension with an MST of 4-4 days, killed half the'mice in 3 days, andthe second
passage was made with homogenate of consolidated lungs. Precipitation lines
identical with those of the first series were given by homogenates of lungs of all
the passages. Virys was recovered from the™first passage Nomogenate, by single
passage Yolk sac inoculation, but not from the subsequent passages. A’control
P,assace Series started with _homo%enate of normal mouse Iun?, and continued for
IVe passages, was negative In each passage for yolk sac infectivity (determined by
a single passage) and'the presence of precipitating antigens.

Table 3. Complement-fixation titres of mouse Sera after intranasal inoculation

of trachoma virus TE55
My Thm
MST of wﬁh consol)llda- mice . , ,
in dpul m  No, of pneymo- tion In In : Time afkgrl oculation _
f ay5 mice nitis survivors — pool  Titre of serum ay% Antigen*
r 7 <1 36,92 P
46 140 3 + I &2 15,18 28, 30
3 <1 9
[ I 31215
elehied 2% 3+ 5 < 11428 E
B
52 54 0 1 3 <18 2,4,6,8 10 12, 14 P
47 60 0 + 4 <18 14 E

* Sera taken from mice which were clinically ill 3 days after inoculation.
P, phenolized antigen; E, et%enze antlgen.y Y

Complement-fixation tests on serafrom infected mice

Table 3 shows that pooled sera gave low titres of complement-fixing antibody
against the two. anthens used. Higner titres were obtained from micé surviving
an ingculum which killed some of their fellows, but onIP/ In one pool (taken 21 days
after infection) was the titre fqrea_ter than 110 s. Pooled sera with fitres of 1 In's
occurred_ 12 days or more after infection, with the exception of ane_pool which
gave a titre of 1 in s, 3 days after infection, The significance of this is uncertain,
Since pools made e and 9 days after infection in the same experiment were negative.

DISCUSSION

|t is clear that the TE 55 strain of trachoma virus will grow in the Iungs of mice
older than e weeks, aIthou?h, the type of cell In which growth occurs 1S at present
unknown. After intranasal inoculation of Indian ink all the ink Is takebn up by
4 G. Microb. xxx
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macrophages within 24 hr, ,BWatkms, unpubhshed?. | trachoma virus is taken_up
In the_ same way it is possible that growth occurs within these macrophages. The
inclusion bodies seen in mouse lung’ resembled trachoma inclusion badies in con-
{uncnval_epnhehum, s0 that the méthod of virus replication in a host far removed
axonomically from the natural host is, morphologically at least, of the same kind.
|t was surprising that inocula containing about 109 elementarx_bodles produced
so few inclusion hodies, even In massweI%/ consolidated Iunqs. This may have been
due to, absence of infectivity of most of the particles, since the LD50 of this strain
for chick embryos by the yolk sac route was of the order of 103to 104 elementary
bodies. An alternative explanation, that the rTPartlcles successtul in pr_oducmg
Inclusion bodies were genetically different from the unsuccessful ones, is mad

unhke,lX b)(],the failure™of repeated passage to IEroduce an increase in virulence.
Material which killed chick embryos In more than 6 days rarehf produced naked-eye
or histological lesions. This suggests that the production of lesions depends on
balance hétween destruction of Virus and its successful establishment within a cell.

The Pathogenesm of the acute Inflammation, which resembles that occurring in
the early stages of human con{_unctwal Infection, is still obscure. . The extent ofthe
reactior seeed out of proportion to the small numbers of inclusion bodies present,
A simple reaction to Inert foreign material can be excluded, since nothm% similar 1s
seen after heavy inocula of Indian ink. Three explanations are possible. The reaction
may be provoked by the release of toxic elementary bodies from cells in which the
virds is growing, Growth of virus may be accompanied by the production of a
soluble toxin, a5 suggested by Mitsui (1954) and others. The’ detection of diffusible
antigens by ?el precipitation ?n_/es some SL#)po_rt to this ideg, since it shows that
some kind” of soluble materiaf is associated with the growth of virus. ‘The third
explanation is based on the ,fmqu by, Bell etal. £1959) thiat some strains of trachoma
virus produce g rapid foxic death in mice after intravenous injection of washed
elementary bodies. It is possible that intranasal inoculation of a Iar%e,number of
elementary bodies may itself produce an inflammatory reaction. Onthis view the
growth of virus alone would be responsible at the mast for only a small proportion

fthe reaction. At present it Is impossible to say which of these three explanations
IS correct, or whether more than one mechanisni may be involved. _

The |ow titres of complement-tlxm%anﬂbodX a%amst particylate (ethenzedg and
phenolized antigen, together with the late dppearance of detectable antibody,
su?ges_t that th|s,tgr?e 0 ,anhbodg may have little to do with the process of resolution
ofthe inflammation. Mice are cdpable of Pr_oducmg high titres of complement-fixing
antibody (up to 1/5120) after intranasal infection with organisms of the pleuro-
pneumonia group (Lemcke, 1961), so the low titres obtained after trachomatous
Infection may mean that trachoma virus is a relatively poor antigen for mice. Low
titres of complement-fixing antibody are usual after irfection of Ruman beings with
members of the sﬂtacosm-l())/mphogranuIoma group of viruses; it. is difficylt to
ascertain whethe thl?,lSdUE'[ a 007 host response, or to deficiencies inthe antigens
used in complement-fixation tests. | _

The failure to_recover infective virus from the lungs of passage mice when there
was circumstantial evidence that their lungs were infeCted may pérhaps be explaineg
t()y the fact that éwo com,RIeter different cngerla of InfeCIIVItﬁ were b_elnﬂ compared.

n the one nand, in trying to"detect virus by yolk sac inocUlation in these experi-
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ments enough virus had to be present to ill the embryo within 14 days; on the other
hand, to infect mouse lungs with mouse-lung passaged material enough virus had
to be present to give rise’to detectable diffusible antigen and to occasional small
Patches of pneumanitis. . 1 the second method was more sensitive than the first the
allure to recover virus from passaqe lungs can be explained. However, the possi-

bility cannot be excluded that continued” passage in mouse lung produced a strain
of virus with altered properties of growth in yolk sac entoderm.

| am ?rateful to Dr L. H. Collier for the strain of virus; to Professor C. F. Barwell
for the l_P/tho?ranuloma sera; to Dr D. Kay for the electron photom|?rograﬁh;
to Mr H. Axtell for histology and to Mr S, Buckingham for the ghoo rapns.
Part of this material was incorporated in a thesis for the degree of B.Sc, of Oxford
Unwerm%/. A MR.M. was in receipt of a Research Training Scholarship from the
Medical Research Council,
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EXPLANATION OF PLATES 1 & 2
Fi Xq 01 éfogectron micrograph of etherized suspension of trachoma virus TE 5. Palladium-shadowed

ﬁJs nga of | }Iammatlon in mouse lung 3 days after intranasal inoculation with trachoma
|

Fig. 3. Area of inflammation in mouse of fifth passage series (x 450).

Efﬂ’ezrlenI g&egr?a r%%&swn body in same lung as that shown in Fig. 2, photographed at two

HJs T[:h@%u?e Ig&g showing foci of inflammation 3 days after intranasal inoculation of trachoma
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INTRODUCTION

Mager, Kuczinski, Schatzberg & Avi-Dor %1956) observed that the turbidity of
water” suspensions of many Gram-negative bacteria increased when the osmiotic
ressure was increased by ‘the addition of eithey electrolytes or non- electrolytes
he magnitude of the effect varied with the age, the degreg of viability and the’pH.
Gram- osmve bacteria did not show the turbidity. change,  Avi-Dor, Kuczinski,
Schatzber gf&Ma ger (1956) studied the_ kinetics of the tlrbidity changes in sus-
ensmnso Pasteurella tuIarenS|s The initial increase was rapid, Caused by the loss
ofwater rom the organisms, which decreased in size. This was followed by 4 decrease
In turbidity and the rate of this decrease was affected by compounds which altered
the metabolism of the organisms. In the present work, turbidity changes were
studied in suspensions of a strain of pseudomonas aeruginosa, an Organism very

sensitive to osmotic effects, and in a strain of e scherichia coli.

METHODS

Astram 0f Pseudomonas aeruglnosa which has been maintained in this laboratory
ear? 3 %rown at 34° for 24 hr. in Difc putrient broth, The organlﬁms
werecntrlue wn and washed twice with distilled water. In this procéss they
lost potassmm an average of 57 /tmole/4Q ml. of wash water, but were subsequently
able to take up potassiur when incubated with potassium salts. The determinations
of ?otassmm Were made with a flame photometer. One ml. of final suspension in
Wa er Was IE)ace In each ofaserles of test tubes. Various compounds were added
|ssove in OT or 0-2ml. and allowed to react with the organisms for 15 min. at
Water was then added to a final volume of 10 ml, and thé'initial optical density

(0.d.) read at 490 m/t in a photocolorimeter. Solia NaCl, sucrose and other substances
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were then added so that their final concentrations were o1-o-2u and the o .4 read as
soon as solution was complete, usually within 40 sec. Du_rm? this time the maximal
Increase In o.a. had already occurred, and in fact the increase could be detected
by the naked eye within a few seconds after addition was made, The o.a. was then
measured at intervals. In other experiments various compounds were added after
the o 4. had been increased by NaCl, sucrose, etc., and the rate of change as com-
pared with the control was determined. The values are expressed as Tollows: a
standard curve was obtained with different volumes of a suspension of untreated
organisms. When the initial o.a, of an experimental series gave a reading corre-
sponding to 1-0ml. organisms in the standard curve it was given the value of
1-0, When the 0.4, corrésponded to 2-o ml. organisms In the standard curve it was
given the value of 2.0, _ - L

Avi-Dor gt al. (1956) showed that the increase in oEtlcaI density is the result of
a decrease In organism size caused by water loss, Iectron-mmroscodae pictures
taken of control orgam,sms,and otherS which had been exposed to 0T5 M-NaCl
confirmed the decrease In size and showed an increase in density consistent with
water loss (PL 1).

The effect of pre-incubation of Pseudomonas aeruginosa with potassium salts
on the change in ... caused by the addition of 01 M-NaCl or 0-2M-sucrose

Table 1 shows the effects of allowing the organisms to react with 0-05 m-KCl for
15min, before dilution and addition of either"NaCl or sucrose. Two effects can he
seen. (1) The initial 0.4, i.c., before addition of salt or sucrose, was decreased by

Table 1 The effect of pre-incubation of Pseudomonas aeruginosa suspensions with
0-05m-KCI on the increase in optical density (od.) values produced by 0-1 M-NaCl
or 0-2 M-sucrose

0.n. values OD. values

tregtrrenent Agent Initial ~ Zero time Agent Initial ~ Zero time
@ M B W W

pre-incubation with KGL This decrease was small but consistent and indicates an
Increase in size of organism as the result of the uptake of K+ accompanied by water.
(2) The.increase In"o.d. fo,IIowm?_ the addition of salt or sucrose Szero time o.d.)
Was diminished thhe,pre-mcuba lon with KCL. Apparently an InCrease In intra-
cellular potassium partially protected the organisms against the subsequent osmatic
effect. That the pre-incubation was necessafy is shown b_;{, the fact that KC1 added
to the orggmsms Immediately before dilution and adaition of sucrose had little
effect On the zero time o.d. _ _

Since potassiym was taken qu by the organisms when they were suspended in
water it was of interest to determirie whether it would be taken up b¥ organisms
suspended In sucrose. Sucrose was added to the diluted suspension of organisms,
the o.d. read, 0-2ml. of 0-5m-KCl added, and the o.d. read agam after 2 min,
There was a marked decrease inthe o,d. readmtk;, indicating an Increase In organism
size. Direct measurement of potassium uptake was not possible because ‘of the
sucrose, but the only reasonable mechanism to explain the effect is that K+ ions
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accompanied by water entered the cell. Table 2 compares the effect of Potassmm
asov%trtegtrgtonovalent cations which also increased the organism size, though at

The entrance of cations into the organisms is probably the result of an active
process. Table 3 shows the evidence for this in the case of potassium. Potassium
Phosphate solution (pH 7-4), was pre-incubated with the organisms for 15 min. in
he E)resence and absence of 40yg. KCN: the suspensions Were then diluted and
NaCl added. Cyanide prevented t?te effect of the potassium hoslphate presumably
by Inhibiting some metabolic activity necessary for the transport

Table 2. The change in optlcal density {o.d.) values 2min. after the addition of

0-2ml. of 0-5 M-solutions of various monovalent cations to PSEUCOMONaS aeruglnosa
organisms suspended in 10 ml. of 0-2 u-sucrose

Staded O

E o4

Table 3. The effect of pre-incubation of Pseudomanas aeruginosa suspension with
0-05 M-potassium phosphate solution {pH 7-4) with and without 40fig. KCN on the
increase in optical density {o.a.) value produced by 0-1 n-NaCl

o.d. values

Pre-treatment Initial ~ Zerotime 60 min.
Non - 1'49
e B 16
KCN+ phosphate - ﬁ -

When the organisms were placed |n b0|I|ng water for 5 min, the jnitial o.g., value
Was mcrease gTabe 2 dition of NaCl caused an immediate decrease followed
by a slower decrease 10, that of the control (unboiled) o.a, value. Despite the
denaturation of the protems changes in organism size are possible when sodium jons
and water enter it. y3|s appears to pla¥ little part in this effect. 1t could not
explam the rapid and Slow components of the curve nor the fact that the change
sto’ﬁe when the control o.d. value was reached. When suicrose was used instead

 NaCl, a smaller decrease in o.a. occurred, indicatjn that the damaged membrane
st|I| tpresented a partlal baryier to sucrose. The effect of eatln? the’ organisms to
o Smin. S owst edlfference between the effects of NaCT and sucrose more
clear Table 4). The initial o.. vauewas ag]aln increased. The effect of NaCl was
mlnlma but that of sucrose was only slightlyless than it was on normal organisms,
e effect of freezing and thawing Was Somewhat different from that of heat

(Table 4). The initial 0.d. was not affected, but NaCl was unable to, increase the
o.d., WHich decreased progressively with time to 60-70% of the initial value;
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1.8 the organism had become much larger or some had beenlysed. Sucrose, however,
yvats_ sit||I able to Increase the o.d. and"this value did not décline below that of the
initial.

Table. 4. The effect of heat and offreezing and thawinP suspensions of Pseudomonas
aeruginosa on the change in optical density (o.d.) value produced by 0-1 M-NaCl or

(-2 Nsucrose Time of observation

Initial  Zerotime 60min. 120min. 180 min.

o.d. value
Pre-treatment Agent

AT T N
Boﬂed 5min. ucrose % g& - - ﬁ
e WA
Atqa'O_o for 15 min. Sucrose 4 1 : - Hg
LU N

The effect of organic anions

. Sodium succinate was compared to sodium chloride as the osmotic agent. The
increase 0f o.d, value with NaCl at zero time was 0-86 and at 60 min. it'was (-/3
units; with sodium succinate the reﬂoectlve figures were 0-73 and 0-27 units. Similar
results were obtained with the sodium salts, sodjum pyruvate, formate, acetate,

benzoate and salicylate. The organic anions, whether possible sources of energy or
not, caused a rapid decrease in o.d. to the initial valug,

The effect of EDTA, benzalkonium chloride and sodium alkylbenzene sulphonate

These compounds were added to the organism suspension 15 min. before dilution
and addition of NaCl or sucrose. EDTA (ethylenediaminetetra-acetic acid) and
benzalkonium chloride increased the. initial 'o.a’; Na alkylbenzene sulphonate had
no effect on it, EDTA partially inhibited the risein o.g. with NaCl, and the decrease
In o.d. With time was more rapid, EDTA had no effect on the action of sticrose.
After benzalkonium chloride, NaCl caused only a decrease in o.d. as if the barrier
to Its entry were eliminated, but the response to sucrose was little affected. After
alkylbenzene sulphonate, NaCl produced a pormal increasein o.q. but the sybsequent
decrease in o.d. Was more rapid.than usual. At the concentration used this anionic
detergent did not prevent the initial effect of NaCl but did allow the subsequent
more Tapid entry of the salt Into the organisms. Again the action of sucrose was
not affected, These results are shown in Table 5. ,

All the effects of sucrose listed above were ohserved with glucose. The effects
Sjag%lo\péeg tlfgje same as those of NaCl except that the decrease in o.d. with time

Experlmeﬁts were done with a strain of £ scherichia coli 0btained from the clinical
laboratory and the differences hetween it and the pseudomonas aeruginosa Can be
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summarized as follows, Sodium chloride increased the o.d. but the E)ercentage
increase was 15% smaller than that produced in p. aeruginosa. OSmolar sucrose
had only a slight transient effect. A%parently E. coli IS readily permeable to
sucrose. ~ Glucose increased the o.d. With £, colj to the same extent as did NaCl.
Sodium succinate and pyruvate were as, effective as NaCl but sodium formate,
acefate and henzoate were jnactive. Heating to 50° and freezing and thawing were
without effect, but after boiling, €. cori hehaved likep. aeruginosa, EDTA andalkyl-
benzene sulphonate in the concentrations used, had no effect but benzalkonitm
chloricie was active.

Table 5. The effect ofpre-incubation of suspensions of Pseudomonas aeruginosa with
EDTA, benzalkonium chloride (BA) and sodium alkylbenzene sulphonate (AS) on the
change in optical density (o.a.) values produced by 0-1 u-NaCl or sucrose

In these experiments the osmolarity of sucrose was half that of NaCl.

Time of observation
Initial  Zero tigws 60 min. 120 min.
D, value
Pre-treatment Agent e i R
Nane a I 2- - ]
o >0 f Sc(:érose %(?8% g% ?gé %55
EB]QA 50 fig. gucrose 1-26 | 5 1- 1-22
None aE - 1-35 -1 61%
Rone. derose : 0—% :§ g
B?X gO fig. gucrose 1— B e 688
Nane a - |- - 1-64
S 120 fig. aE 1- 8? 1- 1-?
one_ gucrose ]- 201 1- 1/
AS 120 fig. ucrose 1- 201 1- 1-7
DISCUSSION

The osmotic effect procuced bIY the various compounds.on these bacteria depends
on the characteristics of the cefl membrane, i.e. its ability to impose a barrier to
free diffusion. Ureq, for instance, diffuses through most”membranes and causes
N0, change in o.d. when added to suspensions, of these. organisms. The results with
this simple method show some interesting differences in membrane characteristics.
For Instance, pPseudomonas aeruginosa has a barrier {0 SUCIOSe, Escherichia coli has
not. Heat, and freezing and thawing destroy the barrier to cations but not fo sucrose
In P. aeruginosa. SiMilar treatment had no effect on the_ion barrier in €. coli.
P. aeruginosa IS MOre sensitive to the actign of surface-active agents than e . coli,
and in ?he former or%amsm these agents affect the harrier to catjons at concentra-
tions which do not affect the barrier'to sucrose. When thr orgamsms P aeruginosa
and . coli Were allowed to take up cations before being sutijected to the osmotic
shock the change in o.d. was smaller. - Another factor which would impose a limit
to change in size of organism is the elasticity of the cell wall: this mlqht explain
whg an'increase in osmolarity above the equivalent of 0-1 M-NaCl had Tittle or no
efféct. The rate of decrease in‘o.d. following the initial increase seems to depend on
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several factors. First, the rate of cation uptake. When NaCl was used as the
osmotic agent, the mean decrease In .. in 60 min. was 0-20; when KCL was
used it was 0-38 units. Secondlﬁ, the nature of the anion. The rates of decrease of
... With NaCl, NaBr and NaN03were the same. But when the anion was organic
the rate of decrease was consistently more rapid. There IS no_obvious explanation
for this. Finally, pre-treatment of P. aeruPlnosa with EDTA or benzalkonium
chloride increased the initial . . . This implies that these agents allowed an out-
\t/P/]ard diffysion of ions accompanied by water, with the consequent shrinking of
e organisms.
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EXPLANATION OF PLATE 1

ﬁ\l%v alt.eFl)?c{E%mcroscope picture of washed Pseudomonas aeruginosa Organisms after suspension
Fig. 2. After suspension in 0T5 M-NaCl x 16,800.

ERX pi?tures were taken by Dr J. R. Overman of the Department of Microbiology on an RCA-
L electron microscope.
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Structure and Replication of the Trachoma Agent in Cell
Cultures, as shown by Electron Microscopy
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INTRODUCTION

Members of the psittacosis group, with the related causal agents of trachoma and
inclusion blennorrhoea, present an mterestrng and controversial problem in taxo-
nom SAn rewes, 1952: Bedson, 1959). Although acknowledged as obligate intra-
cellular parasites and virus-like in size, the micro-organisms have properties that
prompt mrsgrvrngs about their viral nature, for they appear to have much'in common
with the baCteria and rickettsias. There Is increasing sUppart for the view expressed
hy Weiss g1955t)) that they are, in fact typrcal of néither rickettsias nor vrruses but
lie somewhere hetween the two. The, eatures usually cited as mcompatr ble with a
viral classification are: (1) microscopical studies hav consrstent upheld the view
that multiplication is by binary fission of intact particles; (i) chemrcal analyses
indicate that the infective particles have a chemical complexrt akin to_that of
bacteria; |||2 the occurrence of an eclipse phase Is unproven; (|v)[ he organisms are
susceptible 10 a variety of antibiotics and other compounds. The isstie s by no
Mmeans settled, however, and some recent mvestrgatrons draw attention to the virus-
like aspects of the psittacosis rIrroup McCIos eY Mor?ﬁrn g1961 ) opserved that the
latent phase following ingculation of L cell cultures with psittacosis virus could be
prolonged for 24 hr. by withholding certain vitamins ang amrno acids: during this
Berrod Infectivity was lost, and no Viral structures or inclusion bodies were detected
Xlrght or electron microscopy. Infectious virus reappeared n the system within

hr of rectifying the nutri onal deficiency. Tanami, Pollard & Starr (1961
studied the effects of pyrrmrdrne analogues and p- quorophenyIaIanrne on the ?rowth
curve of psittacosis virds, also in tissué cultures. It was infefred that a lag of 10 hr
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occurred between viral DNA synthesis and i~sincorporation into infectious particles,
and it was suggested that replication of ‘naked’ DNA indicates an essentially viral
mode of multiplication. In similar vein Becker, Mashiah & Bernkopf 1962),
describing a growth cycle of some T2 hr. fer the trachoma agent in vitro, reported
that it passed initially through a non-infecrious phase lasting 24 hr.

Following isolation of the trachoma agent in the yolk sac of chick embryos
(T'ang, Chang, Huang & Wang, 1957) it was propagated successfully in epithelial
cell cultures, producing a widespread cytopathic effect typical of the psittacosis
?rou (Furness, Graham, Reeve & Collier, 1960; Bernkopf, Mashiah & Maythar,

9605). Electron microscopical study of such a system seemed an opportune means
of gaining more precise information, in morphological terms, about multiplication
of the trachoma agent, and so perhaps of the psittacosis group as a whole.

METHODS

cell cultures. Stock cultures of Hela cells in 250 ml. bottles were grown in a
medium consisting of Gey’s balanced salt solution, 10% (v/v) human’ serum in-
activated at 56° for 30 min. and 0-5% (wiv) lactalbumin hydrolysate, with strepto-
mycin 200 /¢9./ml. Cells were subcultured into half test tubes Containing 7 mm x
22 mm. coverslips, using the same medium but without antibiotics.

Inoculum. The T’'ang TE55 strain of the trachoma agent (T’ang et al. 1957),
originally supplied to us by Dr L. H. Collier (The Lister Institute) was maintained
in this laboratory by serial yolk-sac propagation in chick embryos (Collier & Sowa,
1958). Infected yolk-sac tissue was ground in a tissue grinder with 0-85 % saline
containing 1% (v/v) horse serum and 10% (v/v) nutrient broth, centrifuged at
2500 reov./min. for 10 min., and the supernatant fluid stored in sealed glass capillaries
at - .

Assay and inoculation. The infectious material was titrated in HelLa cells by a
method essentially similar to that of Furness, Graham &Reeve (1960). Aninoculym
capable of infecting 90-100% of the cells was prepared by 1/100 dilution of the
yolk-sac material in_Gey’s solution; 0-5ml. of inoculum in”each tube was left to
adsorb for Lhr. at 37°. "It was then removed, fresh antibiotic-free medium added,
and Incubation continued at 37°. _

Electron microscopy. Infected cultures were Processed for electron mlcroscopy,
together with uninoculated controls, at intervals of b, 12, 24, 48, and 72 hr. after
Indculation. The samgles for each time consisted of pooled cells from batches of
six tubes. The, culture medium was first removed, and replaced with 3 ml. of the
1% (w/v) osmium tetroxide fixative of Palade f1952) at g { 7-4; after a few minutes
the cells were pushed gently from the tube walls int0 the fixative by using a rubber
tipped glass rod. The Tonténts of the six tubes were mixed and fixation Continued
for Lhr. at room temperature, In loose pellet form the cells were then washed
dehydrated, and, infiltrated with methacrylate monomer in the usual way, Final
embedding was in a p_repolgmerlzed 1+ 4 mixture of meth{I and w-putyl meth-
acrylates, catalysed. with 1% f(W/v) benzoyl peroxide. Blocks of suitable hardness
resulted from standing at 60° for 22 hr.

Sections were cut with a Porter-Blum microtome and collected on copper grids
bearing carbon-stabilized nitrocellulose films. Before examination most of the
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grids were floated face downwards for 3 hr. ona solution of 5% (w/v) uranyl acetate
in 1% (v/v) acetic acid (Valentine, 1962), washed vigorously for about 0 sec. in
distilled water and allowed to dry. The lead hydroxide method of Dalton & Zeigel

0) was also used. The sections were viewed with a Siemens UM 100 electron
microscope operating at 60 kv; pictures were taken at x 1250 or x 7000 on ultrafine
grain liford N.60 (photomechanical) plates, and subsequently enlarged.

Light microscopy. The progress of cytopathic change in the cultures was assessed,
before electron microscopy, Dy inspection of the coverslips placed for this purpose
into the culture tubes. CoverSlips from each of the inoculated batches, and from
uninfected control tubes, were fixed for about 20 min. in Palade’s buffered osmium
tetroxide solution; after rmsmﬁ In Gey's solution they were transferred to 70% v/va
ethanol in water for about 24 fir. They were then maunted in water, wax-sealed an
examined bg phase-contrast microscopy as described elsewhere (Armstrong &
Pereira, 1960).” Similar monolayers were’stained by the periodic acid-Schitf (PAS)
method for demonstration of pol§isaccharides, and counterstamed with haematoxylin:
|dentification of glycogen was confirmed b¥ treatment of some cultures with saliva
for 45 min. at 37°, before PAS staining. A Tew coverslip cultures were ethanol-fixed
for Giemsa staining.

RESULTS
Phase-contrast microscopy

Inspection of the osmium-fixed cell monolayers revealed a proqres_slon of cellular
changes after inoculation, Those examined &fter 6 hr. were not visibly different
fromthe control HeLa cells. Atter 12 fr. a small OFtlcaII dense nodular mass was
detectable to one side of the nucleus in many cells, and by 24 hr. a well-cefined
juxtanuclear inclusion was present in almost every cell, 1t fiad a vesicular mottled
%%)earance and_ continued to enlarge until 72 hr. after inoculation, when the experi-

nt was terminated. The cells were then grossly distended, in each the nucleus
Was dlsPIaced to the periphery by a verg large vesicular inclusion cont_alm_ng
agqregates of dense particulate” material (PI. 1, Tig. 1). These fmdmgs are_in lin
With Tecent descriptions of trachoma-infected tissue’ cultures (Gorton, Quan &
Trimmer, 1960 Furess, Graham, Reeve & Collier. 1960; Bernkopf et 1. 1960), and
comparable with the earlier accounts of changes that accom{)an multiplication of
other members of the Rsmacosm %roup (Bedson & Bland 9323. The cytopathic
changes developed synchronously throughout the cell sheets; counts indicated that
more"than 90% of the cells werg infected at the outset. At 72 hr. the presence of
a fevx{hcells with “early-type” inclusions suggested the onset of a second cycle of
growth,

Electron microscopy

The elementary body. Qbservations were directed first towards the contents of
the fully developed inclusion or vacuole, in cells fixed 72 hr. after inoculation. The
obgect was fo determine the structural features of the infectious, trachoma ele-
meéntary bodies, believed to occur in the inclusion at this late stage, before attempting
to intefpret changes _Ieadlng to their formation, There was nd dIffICUlt}{ mfmdmg
Inclusions in the Sectioned Cells. They contained a large number of small, rounde
or oval particles of high electron density dispersed within a matrix of very much
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|ower density. Measurements (]Jave an averaﬂ]e particle size of 375 x265 m/i, mean
diameter about 320 mfi. The on% axes of fhose presentm? an oval profile were
Invariably orientated In one direction, suggesting that truly spherical structures
had undergone the usual compression on sect|on|n_?. When allowance is made for
differences due to the plane of section, the regularity in size and form of the dense
particles was such as.would be expected,of viral elémentary bodigs, =
_Part of a typical 72 hr. inclusion is jllustrated at highmagnification in PI. 1,
fig. 2; the area shown contains four of the objects which we regard as elementar
bodies. Each had a gromment and dense inner core (meandiameter 220 my
separated Dy a clear zone from a characteristically folded limiting membrane. The
thickness of the membyane was about 10 m/i, but dften looked more in the plane of a
section because of 1ts folded nature. This interpretation of cross-sections js entirely
consistent with the ‘wrinkled pea’ description of intact elementary bodies, as
revealed by electron. microscopy of air-dried and metal-shadowed miaterial from
trachoma-infected chick embryos (Collier, 1959). The inner cores seemed on section
to be of two kinds. One wasa composife mass of fibrillar and granular elements,
forming a compact structure with a reqular outline. The other kifd was Jess regular
in outline and haq the fibrillar compOnent segregated from the granular part by
a distinct but usually incomplete membrane. We'shall refer to this saccular structure,
which measured some 130 m/t in diameter and was of great electron densﬂ*, 8 a
nucleoid (PI. 1, figs. 2, 3). Inspection of random thin' sections cannot establish
whether an organjzed nucleoid is, in fact, entirely Iacklng in cores of the first kind;
butt,|t||s cor%cegyable that the variations in core Structurg signify different levels of
article maturity.
d Appearance 6¥1r. after inoculation. Many of the cells examined at this stage were
not obviously different from those of the Uninoculated control cultures. However,
two abnormal fe%tlﬁes a[ppegred cwlte often in the sections and were undoubtedly
a consequence of the preceding Inoculation. Pale moftled areas occurred In tne
cytoplasm ran?mg in size from’ small patches as seen.in PI. 2 fig. 4, to confluent
masses larger than the cell nucleus, At high magnification they” appeared to be
Iarﬁ_el amorghous but with a_ variable content “of moderatelg/ dense 15-30 /i
P_a icles, closely comparable with the Iarﬂe tyPe of %ycogen déposits observed In
iver cells after osmium fixation (Revel, Napolitano & Fawcett, 1960).  As a test
ofthis Interpretation, sections were floated on a splution of potassium permar&ganate
a5 advocated by Drochmans (1960); the previously pale areas develope rqreat
electron density” and became the most conspicuous obéec,ts In the cell cg/to#) as.
Further confirmation came from examination with the light microscopé of PAS-
stained maonolayer cultures; almost all cells were seen to contain ong o more,la,rqe
masses of PAS-é)osnwe material which was absent after saliva digestion. Negligible
amounts of glycogen were demonstrable in the control cultures, o
The other”abndrmality was a heterogeneous collection of small dense bodies in
a juxtanuclear position, usually mtermlnﬂled with the Golgi complex. Occasignal
structures of the same kind occurred in cefls of the uninoculated cultures, A typical
cluster within a cell inoculated 6 hr. previqusly is shown in PI. 2, fig. 4. The profiles
averaq,e some 350 m/i in size, variation being attribytable at least'in part to plane
of section.. Until quite recentlg_struc_tures of this kind have been referred to in
electron microscopical investigations in general terms, e.g. ‘dense body’, ‘micro-



Electron microscopy of the trachoma agent 63

body’, ‘lamellar body’ and so on. Studies on mammalian liver cell structure
(Essner & Novikoff, 1960; Daems & van Rijssel, 1961)0have established the identity
of. peribiliarv dense bodies as lysosomes,” i.e. membrane-limited organelles co-
taining acid phosphatase_ and other enzymes, which are_directly Concerned. in
Rhagocytm_and IP/UC activities of the cell (De Duve et al, 1955%. The morphologl_cal
,eterogeneny of fysosomes has been emphasized, but tMncaII hey contain ferfitin-
like %r nules and"have a single limiting membrane. Many of the dense badies with
whichwe are presently concerned conformeg to the descriptions of liver cell Iysosomes
and their presence would be consistent with recent pha oc¥,t|c_ activity. Amongst
them, however, was an occasional example having a dense tibrillo-granular central
area surrounded by a markedly folded membrane. There was a superficial similarity
hetween such fornis and trachoma elementary bodies. Nevertheless, close examina-
tion of many cells fixed g hr. after inoculation did not reveal structures, in the
cytoplasm or at the cell surfaces, that could be identified unequivocally as elementary
bodies or their derivatives. _
. Appearance 12 hr. after inoculation. SOME degree of alteration was now detectable
in almost every cell examined. . Lysosome aﬁgregates were less obvious than at
ohr., but largé glycogen deposits ‘were much”in_evidence. L|Pht microscopy of
PAS and haematoxylin-stained monolayers at this stage revealed, in addition to
cytoplasmic glycogen, groups of basophilic particles in’the general vicinity of the
olgi complex.” They had the typical api)earance of early developmental forms of
the Rsﬂ,tacqsw_grqup (Bedson &Bland, 1932). . . L
The first indication of structural elements presaging specific cytoplasmic inclusions
Was qlven_ In micrographs at this stage. At lower magnifications it was possible
to detect in the cytoplasm more or less rounded formations, distinct from the glyco-
%e_n and unlike anzy normal com'ponent of the HeLa cell. Ranging in size from Under
il to more than 2/t in diameter, they had on section the congistency of a fine reicu-
lum of low to moderate electron density. Several such, reticular foci are depicted
within a limited area_of the cell cytoplasm in PI. 3 fig. 5. AIthough_ sometimes
rouped in this way, individual foci were also more widely scattered in the cells.
t higher magnification each reticular focus appeared to “consist essentially of a
meshwork of delicate and wavy fibrils, usually bounded by a well-cefined bilaminar
membrane. In some, however, notably thosé over 1-5fi in diameter, the enclosing
membrane was fragmentary or incormplete, the. fibrillar contents being then in
direct continuity with surrounding, cytoplasm. - Similar fibrillar material Was some-
times ohserved without a vestige of alimiting membrane. No structures resembling
elementary bodies were found. -, o
Appearance 24 hr. after inoculation. There was no difficulty after 24 hr. inlocating
with the electron mmros&ope characteristic r4uxtanuclear_ mglusmns correspondng]g
to those observed by P ase-contrast In tie osmium-fixed monolayers. Indeed
they were of such size that at least part of one was encountered in"almost eve%
cell” sectioned. The Inclusion apﬁeared as a localized area of altered cytoplas
several microns in diameter, with no equivalent in the uninoculated control” cells.
The presence of the abnormal structure caused slight indentation of the otherwise
normal cell nycleus, and a. corresponding bulge was often visible in the cell wall
overlying the Inclusion. Mitochondria, ribosomes and endoplasmic reticulum were
absenit fiom the area occupied by the inclusion, and abnormal glycogen deposits
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were distinctly smaller and less numerous than in the specimens fixed at 6 hr. and
12 . after ifoculation,

The fine structure of the inclusion was remarkably constant from cell to cell,
It consisted for the most part of a fibrillar matrix or reticulum of moderate overall
density, incorporating somewhat denser patches each partially enclosed by an
incomplete and fragmientary bilaminar membrane, The character of the Inclusions
su%gested that the Separatereticular foci seen at 12 hr. had become more numerous
and were forming a confluent mass (PI. 4, fig, 6%. It was a reﬂular finding,that no
membrane or other definable barrier Separated the interior of the inclusion'from the
surrounding cell ¢ toglasm. Detail from 4. typical inclusion is shown at higher
magnification in P 5 fig. 7; curved profilés of several incomplete bilaminar
membranes are present, and the components of the reticulum are seen as wavy
fibrils, of hlfqh ensity and about 4m/i in thickness. Their length could not he
dtettehrmltned rom the study of sections. No elementary bodies were seen In the cells
at this time,

Appearance 48 and 72 hr. after inoculation. A remarkable change in the character
of the intracellular inclusions took place in the interval between 24 and 48 hr. after
inoculation, accompanied by a considerable distortion of host-cell morphology.
As anticipated from the préliminary phase-contrast observations there was pro-
nounced enla_r%ement of the Inclusion, which now a Peared as a distinctly vesicular
formation -with a diameter of 20/, or more. The cell nucleus was displaced to the
side, markedly comPress,ed by the inclusion but otherwise strycturally unaltered.
Recognizable cytolo asmic elements were restricted to a perinuclear area and a
tenuous é)enphera rim around the_ massive Inclusion. Degenerative changes in
the mjitochondria were conspicuous in some cells. Little renained of the glycogen
deposits seen at early stages. . _ o :

As in the earljer stages, examination at high magnification revealed no continugus
morphological barrier” between the interiof of the inclusion and the surroundmg
cytoplasnt.. The boundary is therefore probably a phase interface rather than

orphological entity. Each inclusion confained"a number of discrete, more or less
round bodies suspended within @ matrix of comparatively low density (PI. 5, fig. 8).
The bodies were remarkab%y variable in size and structural detail, but all were alike
in possessing a complete arid well-cefined limiting membrane; they will be referred
to as developmental forms of the trachoma agent. The largest measured 3 or 4/t
in diameter and the smallest between 30Dand 400 m//; different sizes occurred
together in the maﬁonty of inclusions, but occasional cells apgeared to confain qnly
the larger ones. The larger developmental forms contained a reticulum of fibrillar
nature “similar to that gbserved, in an unenclosed form, in cultures examined at
the 24 hr. stage, In addition, ma_nP/ of the Iarper forms also contained a number of
gromme_nt condensations of fibrilfar material; round or oval m,shai)e and ahout

00 m// in diameter (PL5, fig. 8). Complication of the cross-sectional. marpholog
of the Iar%e forms frequently ‘arose from the occurrence of deep finger-like mvagm -
tions of the limiting membrane, producing profiles of a bizarre nature. Inspection
of developmental forms of decr_easmg size revealed a pr%gressmn towards profiles
of a more reqular character, with inCreasing density and”more even distribution
of contents. Within forms tﬁ |c?l of the Intermediate size ran(T;e (say, 0-5-1 Tj/. in
diameter) one or two centrally placed fibrillar condensations were separated from



Electron microscopy of the trachoma agent 05

the limiting membrane by a wide zone occupied by material of a different nature,
redominantly ?ranular and of comparatively low electron density (P1. 6, fig. 9|).

E)evelopmental %rmdp of smaller size than this became virtually indistinguishable
rom elementary bodles. _ _ _ o

The cultures Tixed 72 hr. after inoculation contained many cells similar to those
seen at 48 hr.; but in general the Inclusions were even larger and host-cell com-
ponents. correspondingly more displaced. Inside the inclusions elementary bodies
ﬁ]reg_omlnated, with e},reduced numEer of develog(rpental foFms 8]‘ the Ia{]gf and %nter-

ediate sizes (PI. 7, fig. 12; PI. 8 nig. 13). In adgition, a few disrupted large forms
and some otheys that appeared to bé intact but devoid of contents were often visible
amongst the elementary’ bodies.

A considerable part of each inclusion was accounted for by the matrix in which
developmental forms and elementary bodies were suspended. Owing to low overall
density there was little to indicate its composition, except for scattered particles of
moderate density, 20-50 m/f in size, sometimes aggregated to form larger stellate
clusters (PI. 8, fig. 14). This is reminiscent of descriptions of particulate glycogen
(Revel et af. 1960 . This identification was borne out by the PAS-stained monolayer
cultures; the contents of inclusion bodies were strongly PAS-positive from the 48 hr.
stage. : .

Evidenge of fission. Arhitrary classification of the developmental forms on a
basis of size or stryctural differerices cannot be justified; a whole range of transitional
forms was recognizable in the electron micrographs, from the |argest down to the
elementary bodies.. From_comparison of the Contents of cytoplasmic inclusions in
43 and 7Zhr. specimens, it could be inferred that the larger deveIoRmentaI forms
were somehow Deing replaced by those of smaller size. A séarch was therefore made
for profiles that might be a key to inter-relationship of the various forms, bearmg
In mingd the man%/ previous reports of binary fission In the psittacosis group. . In th
43 hr. inclusions there were always a few developmental forms so shaped, or disposed
in relation to each other, as to sugagest they had indeed been dividing at the time of
fixation. Furthermore, it seemed that dt least two modes of division could be
recognized, namely into une%ual or equal parts, Unequal division was shown
mainly by the_largest forms, and couldhe described as budding. Examples of it
are jlfustrated in P1. 6, fig. 10: here, two_forms just a little larger than elementary
bodies are each situated"In close apposition to"a comparativély large form, from
which it could be supposed they were' separating when fixed. The freqency of such
associations made it Unlikely theg were entirely Tortuitous; especially as Iarge_ forms
were also to be found showing localized protrisions which, though still coitinuous
with the.membrane of the parent body, exhibited varying degrees of intervening
constriction. On the other hand, many intimately paired profile ofsma_llerdevelog-
mental forms seemed to suggest division into e(aual halves (PI. 6, fl?. 11: PI. 8,
g%_l& In ?eneral the smaller the forms concered, the rﬂore closely did_their

isian approximate to binary fission.as the_term is genera K understood. There
were frequent signs of such divisions in the inclusions at 72 hr., when the larger
developmental forms had mostly disappeared; and the dp033|b|||ty of elementdry
bodies undergoing repeated hinary fission cannot be ruled out.

5 G. Microb. xxx
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discussion

The first systematic observations on the growth of psittacosis virus in infected
tissues and cell cultures were based on conventional staining techniques for light
microscopy (Bedson & Bland, 1932, 1934: Bland & Canti, 19 ) Similar work was
undertaken on the closely related causal agents of lymphogranuloma, venereum and
meningopneumonitis (Findlay, Mackenzie &, MacCaIIum,ci%38; Rake &Jones, 1942;
Higashi, Notake & Fukada, 1959). These researches have led to a wide measure of
agreement about the cytopathic changes that accompany multiplication of the
psittacosis group of organisms, the process culminating in a mass of newly formed
elementary bodies less than 0-5// in size. It has been generally considered that
invading particles retain their intefriti in the host cell cytoplasm and become
transformed, after a latent period of d to 0 hr. into avisible cluster of comparatively
large structures known as initial bodies, between 1 and 2/i in size. These seem to
undergo repeated binary fission which, w:th a decrease in size, gives origin to the
new infectious particles. The term ‘plaque’ was applied to large cytoplasmic
structures of homogeneous appearance. Although plaques were first interpreted as
plasmodia of viral nature (Bedson & Bland, 1&2 this view was later rejected in
favour of regarding them as just closely packed colonies of initial bodies (Bedson &
Bland, 1934%J Bedson, 1959). Light microscopy of cell cultures inoculated with the
trachoma agent revealed an almost identical sequence of cytopathic changes
(Gordon et al. 1960; Furness et al. 1960; Bernkopf et dl. 1960). In this connexion
it is interesting to recall that a similar developmental cycle was postulated many
years ago after examination of cell _inclusions in_tissue from trachoma cases
(Halberstaedter & von Prowazek, 1907; Lindner, 1910).

Although light microscopy clearly demonstrates affinities within the psittacosis
group, limited resolving power has impeded the understanding of early stages in
the growth cycle. The uncertain nature of markedly pleomorphic developmental
forms, and doubts concerning the degree of association between the infectious
agent and the host cell, have been obstacles in the way of comparing satisfactorily
the reproductive mechanisms of the psittacosis group and other micro-organisms
such as the bacteria (Weiss, 1955; Trager, 1960). Already in several laboratories
workers have turned to electron microscopy in the hope that greater resolving
power would be decisive in the vexed guestion of taxonomic relationships. Thin-
section studies have been made of cells i ifected with the agents of meningopneu-
monitis (Gaylord, 1954: Tajima, Nomura & Kubota, 1957; Higashi, 1959), feline
pnheumonitis (Litwin, 1959), sittacosis (Litwin, Officer, Brown & Moulder, 1961)
and trachoma (Mitsui ¢t al. 1 58). Mater als examined included tissues of infected
animals and embryonated eggs, as well as inoculated cell cultures; but in terms of
advancing previous knowledge the outcome has been inconclusive. Selective
viewing of fragments from an organized tissue system is not an ideal basis for the
analysis of a complex developmental cycle; and most of the published accounts
deal chiefly with the structure of well-developed cytoplasmic inclusions. As pointed
out by Higashi (1959) morphological changes giving origin to the large develop-
mental forms have proved elusive; also, the internal structure of the elementary
bodies has not so far. been described in detail.

|
The findings of Tajimaetal. (1957) in a study of chick chorioallantoic membranes,
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fixed at intervals from 2hr. to 4 days after inoculation with the virus of meningo-
Pneu,momps_, are of exceptional Interest. For this group of workers reported a
ocalized ‘viral matrix” in the cytoplasm of infected” cells, before the appearance
of discrete developmental forms with limiting membranes. The matrix was de-
scribed as granular, not sharply demarcated from the surrounding cell cytoplasm,
and similai’to the diffuse viroplasm characterizing the initial sta?es of infracellular
multiplication of pox viruses. Nevertheless, Litwin et al. (1961) were unable to

24-48 hr. 48-72 hr.

Fig. L. Representation of stages in the develniPmentaI cycle of the trachoma
agent in HeLa cells.

identify a similar matrix in psittacosis-infected chorioallantoic membranes; they
concluded that a mechanism involving such elements ‘cannot be an important
means of multiplication in the psittacosis group’.

In the present investigation a regular sequence of changes was observed in HeLa
cells inoculated with a high multiplicity of the trachoma agent. 1t has been possible
from this to reconstruct some important aspects of the complex cycle of intra-

5-2



08 J. A. Armstrong, R. C Vatentine and C Fildes

cellular growth. Four significant stages are showji schematically in Fig. 1. The first
was seef 12 fir.. alter inoculation, and is the stage of scatgered reticular foci, With
incomplete limiting. membrangs, Coalescence of these between 12 and 2Lhr.
produces the single"inclusion of the stage of confluent reticulum. There can e little
doubt that the formation whrch characterrzes thrs stage corresponds to the drsputed
‘viral matrix” described by Tajima ct a). It erperrod rom 24 to
the formation of new membranes within the |ncIus|on |ves se to 4 Series of sp errcaI
closed compartments, with a maximum diameter of‘about 3//, This Is the stage of
drscrete developmental forms. Focal condensations ogeur Wlthln the larger forms
nd hetween 48 and 72 f. after the onset of nfection, subdivision by’ means of
buddrng and fission, with progressive drmrnutron In_Size |ves rrse fo the final
stage of newly formed eIementar bodies. . The mechanjsm b which newa formed
eIementary bodies escape from the inclusion remaing obscure transfer of individual
e ementaru hodies through the cell wall to the exterior did not seem to be occurring
In the material examine

How infecting particles normally gain access to the host-cell cytoplasm, and
their immediate fate thereafter, have not been elucidated. It is now certain that
information on this could be expected onIy from close study of infected cells at a
stage earlier than any in the present series. The demonstration recently of the
phagocytosis and subsequent breakdown of vaccinia virus particles (Dales &
Siminovitch, 1961 encourages the speculation that infectious particles of trachoma,
and others in the psittacosis group, may be taken into the cell in this way. Certainly,
the finding of conspicuous Ivsosome aggregates 6 hr. after inoculation in the present
series suggests that a high level of phagocytic activity had been taking place. We
do not know whether each of the reticular foci seen in 12 hr. specimens had de-
veloped from a single infecting particle, or had been formed de novo after complete
drsrntegratron of the infecting particles.

In spite of these uncertainties, points, of special interest revealed by the electron
microscope are. the Incomplete separation of the contents of early reficular foci
from surrounding cytoplasm, and their subsequent_fusion intg a confluent mass
which 15 the defiitive inclusion of the 24 hr. stage. The possibility has to be con-
sidered that the incomplete nature of the bilaminar membranes observed in early
stades of the cycle was a technical artefact, due to disruptive poI;{merrzatron of the
methacrylate ‘monomer or to defective fixation. Polymerization damage has
characteristic effects on cellular frne structure (Mor an 0se & Moore, 195/7) but
evidence of this was encountere on?/ in occasional blocks in this sries,” I poly-
merization damaqe 1S |nvo ve |t would t erefore be necessaR/ to postulate unusual
susceptibility of the ear¥ developmental forms of the traclioma agent Fixation
artefact can tak e varrous orms and is still little understood it I thefefore arguable
that comlo lete but delicate membranes may enclose the' reticular foci, and be
|mperfect y preserved by the buffered osmru tetroxide method currently favoured
yeectron mrfroscolorsts In fact, it is difficult to envisage the observed fine
structural detal ? ars (9 In this way, but we bring the view forward as one which
cannot e entirely ruled out.

Correlation of electron microscopical details with the classical cytopathic changes
associated with organisms of the psittacosis group seems to be largely a matter of
terminology, presenting no great difficulty. Thus, the structures formerly termed
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Inlagues’ can reasonablx be equated with the confluent reticulum seen at 24 hr,
in the present study. Their plasmodial nature, hitherto conjectural, is borne out
by electron microscopy. The precise equivalent of “initial bodies’ is less obvious;
but it is likely that ioth the reticular foci and the [ater discrete d_evelo?]men_tal
lorms of the present account have been included together under this single heading
In earlier descriptions. With_both forms of microscdpy it is possible to Observe thé
innumerable elementary bodies within mature inclusions, t ut their internal structure
15 ot of course represénted in the Images obtained with light microscopes.

It is of special interest to consider the fine structure of trachoma-infected cells
in relation to recent cytoehemical studies on the growth in cell cultures of several
members of the psittacosis group, including the trachoma agent itself. The acridine
orange fluorescence technique, together with nuclease digestion tests, has been
used to demonstrate a series of regular changes in the distribution of nucleic acids
in the cytoplasmic inclusions; the results were correlated with infectivity studies
(Starr, Pollard, Tanami & Moore, 1960: Pollard, Starr, Tanami & Moore, 1960;
Becker et al. 1962). During the first A nr, corresponding to the stages referred to
here as scattered reticular foci and confluent reticulum, one or more small bodies
became visible in the cytoplasm and then enlarged into a single juxtanuclear mass;
this gave a strong red fluorescence signifying the accumulation of newly synthesized
ribonucleic acid (RNA). As the mass enlarged further its red fluorescence tended
to diminish and increasingly numerous points of intense yellow-green fluorescence
emerged, indicating the development of particles containing deoxyribonucleic acid
(DNA) within the preformed pool of RNA-containing material. This coincided with
a rise of demonstrable infectivity. It was at about this stage in the present experi-
ments, that discrete developmental forms were first seer, in the micrographs. The
presence of DNA may well be related to the more or less organized fibrillar com-
ponent revealed in the elementary bodies by electron microscopy . Indeed, the ultra-
structural complexity of the elementary bodies is consistent with the findings of
chemical analysis which suggest that micro-organisms of the psittacosis %ro%P
contain not only DNA, but also RNA and muramic acid (Zahler & Moulder, 95 ;
Ross & Gogolak, 1957; Allison & Burke, 1962). A glycogen-containing matrix
inside the fully developed cytoplasmic inclusions of trachoma-infected cells has
been known for some years (Rice, 1936; Thygeson, 1938) and is merely confirmed
by the present observations. However, the formation of widespread glycogen
deposits in the host cell cytoplasm, as early as 6 hr. after inoculation, does not seem
to have been noted previously; the possibility of this being a response to renewal
of the culture medium, rather than to infection per se. is suggested by recent
observations on fine structural variations in normal HelLa cells (Bruni, Gey &
Svotelis, 1961).

It is widely believed that the mode of intracellular replication permits a real
distinction to be drawn between viral infection and parasitism by larger micro-
organisms. With viruses, breakdown of invading particles results in an intimate
association between the infectious agent and the host cell, initiating the synthesis
of viral components from which new infectious particles are assembled; the latter
do not divide. It is generally accepted on the other hand that intracellular bacteria
and rickettsias remain intact, multiplying by binary fission. Difficulty in the past
over classification of the psittacosis group has been attributable partly to uncertainty
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concerning the degree, of association between visible developmental forms and the
cell. owing to |infitations of the light microscope. However, complexity .of the
replicating mechanism for the trachoma agent 1 emphasized rather than diminished
by electron mmros_cos)y of infected HeLa cells. The first part of the.cycle Is somewhat
sugPestlve of a viral “mechanism, in which derivatives of the infecting particles
coalesce into a single mass of reticulum not obviously separated from the cell
cytoplasm; but hacterial affinities are shown_ by the developmental forms which
then emerge and qlve rse to elementary hodies through a series of divisions. . In
this developmental cycle the taxonomi¢ dilemma is e8|t0m|zed and 1t 1 hard o
see how current concepts of viruses and bacteria allow the trachoma agent to be
placed In either category. If an evolutionary process has yielded a succession of
organisms decreasing I complexity from Gacteria to_the 3|mPIe,st Viruses then
border-line cases.are only to_be expected, (Bedson, 1959), and their classification
becomes. an arbitrary question of definition, However, a theory now ﬁamm
support is that viruses and bacteria have entlrely separate origins (e.(r;. see Alfison

Burke, 1962), in which case one may reasonably expect sonfe absofute distinction
between them. Which of the several properties _generall% held to distinguish viruses
from bacteria should be re(garded as absolute, 1S something which. can”emerge onl

from detailed study of both groups. OnIY when the trué criterja are recognize

can the position of"organisms Such as the trachoma agent be settled.

Qur particular thanks are due to.Dr Janet S, F. Niven, who suggested this st_udY,
for her,contlnumgi_mterest and agvice; and to Dr L. H. Collier of the Lister Instityte
who kinaly supplied us with infectious material. We also acknowled?e gratefully
the assistance of Miss Barbara Mantle in the tissue culture preparafions, and of

Mr M. R. Young, Mr R. D. Wood and Mr D. Kedgely in the preparation of
Illustrations.
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Plate 5
Fi small part fa24hr inclysion at higher magnjfication: the main visible component is
%etwoAk (Ee eectr(i ?ense ‘ﬁ),i’is Ee nts/g J& %nlammar mem %ranes pPevmust
enclosmg |n vidual reticular foci are also present (x 70,00
g ﬁdevelopment | forms with com Iete ||m| mem) 5, CON med in a twnca
Ismn r. after inocu anon ote the ence o ra ar conde natlon |([e]1 WS
n3| eI Br&)e ta forms; In between the atterarea wapparently comp etee ementary
odles B

Plate 6

9,.The structure of a d|sc velo ental form a ately 1fj. in_diameter, at high
\Aﬂwﬁcat?on lﬁote the centraf %nl ensat|o %Dgt? dlrprom){h \|m|t?ng membraneg
Wide zone containing scattered granu ar e ements

F ><q3518 Eroflles indicating the occurrence ofunequal leISIOﬂ or budding, in a 48 hr. inclusion

0o e Sy S 0 e g of ton o chum R ety

Plate 7
ection through a cell coptaining an jnclusion, 72hr after jnoculation. The reJationshi
Bﬁ emcF Clqb ZI%gthehost Htlslclleagrl dfs o l lﬂ l I IE

usion e}y ts contents Inc réumero ntar
| a m containin me such as mltocLhon
eceI nu eus

il 1 e g el
Plate §

) has been |sp ace utls structurally una tere
13. Typical cells in a 72 hr_infected culture, In.each, the cytoplasmic area is largely taken
by an %%prmoua mclushon Th qcFusmP ][ k] n%ﬁtmtn n'Tlco ra ﬁpasma r%%re ef-
e E fains developntenta

en ar¥ ho hes whereas t ?t at the lower orms ofvarious sizes
someo which show signs of division (arrow

gveloged |Pclu3|0n No d|st|nct|ve membrane is

ote that betwee entar

r¥1t0er|a (Gl), probabalt pamcuriate gTycogex

Flg

g }4 Section RhOWI the ed fa ful
(5 Retween the Inclusion e surroun ng1
bodies the matrix contains mo erateydensegranu r
(x35,000).



en Microbiol. (1963), 30, 75-88
e (1963), 15

Pnnted in Great Britain

Mycological Examination of Dust from Mouldy Hay
ASsociated with Farmer’s Lung Disease

By P. H. GREGORY ans MAUREEN E. LACEY
llothamsted Experimental Station, Harpenden, Hertfordshire

(Received 25 April 1962)

SUMMARY
majl sam es wer na erforaed dru in a wind
42S m. sec ﬂa aeus g]%u aE {ne cascalt?
mpa br m|cro co |cal examma on a ersen I

r| en anisms in cu re
shovye 8r erencesn |cr |aI conten
ass a av &) onso masn
aucus a os qnums ora
ev ntee moul h mcm
t|o an grom mﬂhonap BS ﬁbun smc uded
acus fm| nial ICI |urEs Si ﬁspp
mouJ %“S”'“S cla nahryaargg ﬁ mbm ell 0ea eevr& re gng?alf)
simila P’| p{u oneYVtot Sn eso mou” Sb?

ores
E 'ah Chaana.'z b s - gy
dasysf mj ermoph c g vgqpams s, C0 mon Wlt

lions Oé @Ctl msycee S%Of S

mICO HO OS orra> antéglnosa a r?ﬂ Us ang %ere

ro or
ewr e sI qy Ogrl empera u];%r Ui ear
a[n \% Enayg a|n part| es Opﬁlépﬁ ﬁ
ALIJI ere v¥ere VIOlrJ%anOF%én armerﬁ i an in
es of spores were d to otential e to penetra
tyFr) pa gfo F](Iea%ung (especiall thg spores 031/‘ actlnomli'/getes f ?l)JmI

g but whether these organisms play any part in
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INTRODUCTION

Farmer’s lung is a disease attributed to inhalation of dust from mouldy hay. This
disease (reviewed by Frank, 1958) has been known since 1932 (Fuller, 195§ but
interest in it has increased recently, perhaps because of changes in haymaklng
practice caused by the pick-up baler. The aetiology of farmer’s lung is still obscure
and the purpose of our work was to assess the possible role of the microbial com-
ponents of the inhaled dust from mouldy hay. Previous research on fOlIage of
stored hay has been concemed mainly with self-heating (Browne, 2 and
spontaneous combustion (Miehe, 1930) The development of the microbial flora on
grass composts, has_been studied by Webley (1947) Forsyth & Webley (1948) and
by Eastwood (1948) Our work involved developing and testing of methods for
sampling dust from hay, and examining farm hays (including both good hays and



16 P. H. Gregory and M. E. Lacey

hays associated with human and animal disease). The microfioral succession in
experimental batches of hay baled at different moisture contents will be described
later.

METHODS

Farmer’s lung disease is attributed to the inhalation of dust from hay by farm
workers when feeding mouldy hay to cattle in cowsheds. Hays were therefore
tested by shaking in air and taking samples of the air for examination. The standard
method of shaking in water and plating out dilutions was considered inappropriate
because it would remove many kinds of particles which remain firmly attached to
dry hay and which do not normally enter the air-borne dust fraction. (The washing
method was, however, used for comparison with the blowing method in early tests.)

The method adopted after preliminary trials (Gregory & Lacey, 196)é) uses
reproducible conditions to give a standard test by which various batches of hay can
be compared. Because the primary pathological changes occur in the deeper parts
of the lung, it was considered useful to classify the dust into two fractions: (1) ‘ non-
penetrating’ larger particles which would be deposited mainly in the upper respira-
tory tract, nose, throat, bronchi and larger bronchioles; (2) ‘penetrating’ smaller
particles which would be expected to reach the alveoli. Particles aerodynamically
similar to unit-density spheres 5/( diam. are considered to have a 50 % chance of
penetrating to the alveoli, and this particle diameter was accordingly chosen to
separate the two fractions, although the limiting size depends to some extent on the
activity of respiration (Davies, 1852).

Hay sampling. Hay for test was normally received from the farm as whole or
part bales and stored under cover at outdoor air temperatures (slices from bales
were stored in large unsealed polythene bags). Samples for test were removed from
the stored hay by pulling a handful from near the centre of the bale and carried to
the laboratory in a small polythene bag with as little shaking as possible. (A 5-g.
subsample was cut into 3em. lengths and occasionally stirred while in 250 ml; water
for 15 min. before the pH value was measured electrometrically.)

shaking in air. A sample of about 20-30 % hay was tipped )fro_m the polythene
bag into a cylinder of %er_orated zinc (2 mm. dliam. perforations) with I?ersPex ends
which was mounted horizontally. to Totate on bearings across a wind-tunnel of
square cross-section with 29 cm. Sides (Fig. 1). The cylinder was rotated during test
at about 60 rev./min. by an electric motor {0 give a Pentle tedding’ action on the
hazy sample. Air was drawn down the wind-tunnel” by a fan, a Speed of about
4-2 m.Jsec. beln% adopted In routjne tests. The dust cloud blown out of the cylinder
tlr%vr%lled with the wind and reached the sampling position after a diffusion path of

Air-sampling methods. A general st,udz/ of hay dust must be based primarily on
microscopic examination to reveal all its comporients, and must be _supglemented b
cultural examination for more precise identification of any organisms, that can be
rown In culture. For microscopic examination, air was"sanpled with a Casella
ogel of the cascade impactor gMay, 1945), connected to a vacuym pump drawing
20 |/min, through the orifice. Samipling at this rate was apRroxlmateI ISOkinetic
at the wind_ speed used. The cascade Impactor accelerates the air-tredm thro,ugih
four successively narrowing jets, impacting the entrained dust particles, graded into
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four size fractions, on glass microscope slides made sticky with glycerol jelly applied
on strips of transparent cellulose film. After exposure tfie strips were removed from
the slides and the four dust traces mounted on a single microscope slige in %I cerol
jelhﬁ before examination (PL 1). In routine tests with the cascade Impactor th
sticky slides often_had to be ¢ anged after the first minute of shakm%, t0 avoid
overloading the slides. The band of dust, which consisted mainly of Tungal ang
actinomycete spores, was scanned and counted under a 375 mm. flyofite oil-
Immersion lens, the_commoner t¥pes of particles being, recorded on electrically
operated counters. Recognition of the various types was facilitated by comparison

with cultures and direct mounts from hay.

A

b D q,,_.:JC
Vac m Hup

| 1 2 3 4 -l |

; h hef — B 5 Clﬂ;?LEfN GH
I

Fig. 1. Diagram of wind-tunnel showing position of sampling, apparatus. 1-4, Perspex
wgrkjing sezﬁgons; b, Y)V?n-shaged intake, ,pp%[ier%one c.o%wb;gf,af?ﬁ rscreens, m, e?ecfinc
motors; Plen, d, perforated. zI G linder, Cl, cascade impactor; A, Andersen sampler;
vac, to vacuum pump; w, wina diréection.

Calculation of numbers of spores hlown from hay. Esti_mates of numb,ers ofspores
are given per ¢. dry wt, hay. Numbers of parficles liberated per minute from a
sample of hay”weré estimated as follows. The number of spores impacted from
20 1 air was Tirst estimated b¥ scanning the four dust traces from the cascade
impactor. As 21-5 m.3air/min. tlowed down the wind-tunnel, the number caught in
the impactor was multiplied bz 1075 (= 21-5m.320 1) and divided by the dry
weight of the sample to give the total count/g. hay. _

I the condjtions used about 50 % of unit density spheres of 4-5/ diam. would
penetrate the first two g}ets of the cascade impagtor, and 30 % of particles 0-5// diam.
Wwoulld be cagtu,red at the fourth stag%e. Accordmglg gartmles captured behind dets 1
and 2 are classified as ‘non-Penetra mg’ and those Captured behind jets 3 and 4 as
‘penetrating”, with respect to entry of the Iuntg. . _

Preliminary tests of method. From results of preliminary tests with mouldy hay
shakep in the wind-tunnel, a Iperlod of 3 min, blowing at a wind speed of 4-2 m./seC.
Wwas ¢hosen as the standard for routine testing IgGre oq/ & Lacey, 1963). Because
conditions are not uniform within a bale of hay, the reSults from repeat tests differed.
Visual counts of srt])ores blown from successive samples from single bales of a good
hay %I__ .and of a hay associated with a case of farmer’s lung (H 44) illustrate"this
variability (Table 1) " .

Cultyral gxamination. In preliminary tests several methods ofsamPImg for the
culturable fraction were tested, Including the use of alginate wool fifters and the
liquid impinger. Both these methods ultimately placed the organisms in suspension

5
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in water from which serial dilutions can be plated. However, with the mixture of
organrsms resent in hay, the dilution stages proved completely unreIrabIe in one
test a tenfold dilution Series decreased numbers by only one fourth at each stage
(compare Brrerleﬁ Jewson &Brierley, 19273 Dilution methods, were therefore given
up In favour of the Andersen sampler (Andersen, 1958). In this instrument the air
enters a circular orifice and is drawn I succession, through a series of six circular
plates, each perforated with 400 holes through which spores are impacted directly
on the surface of sterile medium in Petri dishes. Succeeding stages in the series have

Table 1 Numbers of spores blownfrom successive samples
taken from single bales of hay

Good hay (L) Farmer’s lung hay (H 44)
Actinomycetes Actinomycéte
Moulds and% oyterra Moulds acnld% d/ter}af

mrIIrons/g gry wt. hay) (miIIions/gp dry wt. hay)

Date

e e gy

P ssrvely smaIIer hoIes the largest particles are deposited in the first dish and

mallest'in the Tast, The Andersen sampler was pIaced horizontally on the axis
of t wind-tunnel with the orifice facing the Wrndﬂ 1g. 1),.and was operated at
5l arr/mrn According ~0 Andersen, the first two stades wrth larger holes retain
the ‘non- enetratrnP fraction, while stages 3 to 6 retaiy the * penetratrng fraction
as defined ahove. Ffow Into the sampler s non-isokinetic and, at the wid speed of
42 msec., the speed of air-flow through the orifice is only 16% of the ambient
tunnel wrn spee teargest particles’in the non-penefrating range therefore are
over co]lected. (ﬁnt e other and some of the large particles are lost by impaction
on the front oft e first perforated P]

In an actual test.of a sample of hay the cascade impactor was used durrn% the
first 3 min. of shakrn and hen several sets of Petri dishes were exposed in the
Andersen sampler urrng the fourth minute, After exposure, the sets of malt
extract agar (2-0 % malt éxtract, 2-0% agar, about pH 5-7), with 20 units penicillin/
ml. and 40 units streptomh/crn Il 1o suppress bacterra were rncubated t 25" and
40° PIates of half-strength Oxoid nutrient agar (pH 4)wrt 5 mg. actrdrone/ml

ress moulds wererncubated at 2%°, 4 d60 A ates viere poured the
evrous toa low the surface to dry Eac set of six gates Was ex 0sed In
ndersen sam erfor 15 sec., giving 51ofarrthrough the apparatus ( occasron
yto avoid over rowdin onyBsec weregrven) Altfough ex 0sures were made
uring the fourth minute of shaking after the cascade im actor uns when most of
he spores were blown off, the plate$ were frequentl 1 overfoaded. This was shown by
e Presence of the maximum possible numb rof 00 coIonres ate man o therf
mul [ple infections for which no allowance has been made in Tables 3 and 5 to 7.
counts from the Andersen sampler are therefore underestimates.

'—F'—Fﬁm'—hﬁn—b
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RESULTS

Examination offarm hays

Results of examining different hatches of hay are presented in four groups;
a good hays from a hay-drying experiment; b other Pood hays; ¢ mouldy hays and
hays associated with animal “diseases; o farmer’s i % hays. Classification into
groups b and ¢ was made on the resulfs of the examination, but classification into
roup 4 was based on the diagnosis of farmer’s Iung In {he patient by the physician.
able 2 shows the presence and abundance (qver 2 million/g. hay) of spores in the
different groups of hay as seen on the cascade impacto;.1slides. Table. 3 shows the
Presence and abundance gover,twenty-flve colonies isolated) of organisms isolated
rom the four groups of hay with the' Andersen sampler.

Table 2. Presence of spores counted on the cascade impactor slides
(Brackets indicate number of samples containing over 2 million spores/g. dry wt. hay.)
Expeﬁimental 0od Nl]ouldy Farmer’s
ays, aLYS, aa/s, IunrgO ays,
grou%a grotp o group ¢ group’d
Nc. batches tested

10 18 17 14
Actinomycétes 1 18 (5) 17 (1) 14 (14)

Acremoniella atra (3)
Chagtomium SPp. U 16(5) 1é (7) 14(7)
2)

Alternaria S
Cladosporium Spp. 1

Aspergillus gﬁd Pénicillium Spp. lg

Epicoccum SPp.

Humicola lanuginosa %l 13(3)
Viucoreceae o fe 40
Trichothecium roseum 0 2 3 )

Number of categories 6 6(3) 10 (3) 10 (4)

Group d. goad haysfrom a hay-drying experiment fTabIe_4). In July 1958 batches
of hay were dried experimentally ‘at the National Institute of Agricultural En-
meerm% Silsoe, Bedfordshire. Samples were obtained and tested in February and
arch 1959, Spores of Aspergjlius glaucus and Pénicillium t}{pe Were the ones
present in large (iuannue_s, and occurred in the swath dried hays (H7, 10, 11).
A few spores of Cladosporium, Alternaria, Epicoccum and of Mucoraceae were also
prresent. These hays never had more than 3 million aifinomycete spores/g. hay.
hese hatches ofg od hafy were studied with alglnate wocl filters before the Ardersén
sampler was used. The fungi 1solated were mainly mesophilic, the most numerous
were A glaucus (especially’in H 10) and penicitliym Spp. Absidia Sp. Was 1solated
fromH 6and 7, A. fumijgatus fro only H8 an(f 13 and Hemispora stellata TTOM
H 5, 10, 11 and 13. Neither Mucor pusillus NOM Humicola lanuginosa WEIE Isolated.
Group D other good hays (Table b), Samples classed as ‘good hay’ had very
different microbial conten%s, ranging from H 33 of which the farmer"who sent it
Was gustl proud, to others Yielding' several milljon spores/1g. hary. The gH values
variéd from 4-5to 65 (av. of 13 hays, pH 59). The range of microbial content was
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generally similar to the experimental hays of Table 4. Some samples, however
containéd more actinomycete. sloores than moulds, Asperéqdllus glaucus Was the most
plentiful mould spore, éspecially in H 56, 58, 68 and 69. Hemispora stellate1 WS

Table 3. 1solation of organisms in culture
(Brackets indicate number of samples with over 25 isolations.)

Experimental ~ Good ~ Mouldy ~ Farmer’s
alys, ays, hags, Iung hays,
groupa  grodpb  groipc  group d
No. batches tested

( 10 18 17 14
1

fungl .
Absidia (mainly ramosa) g
A. corymbifera
Acremoniellsa atra |
Aiternaria SPP.
Aspergillus Sp. (total) g } 6) 0)
A fumigatus 13
A. glaucus (1) 15 (6) 1
A. nidulans 1 11 (4
A. niger
A. ochraceus
A. terreus
A. versicolor 1
Botrytis SP.
Candida Spp.
Cephalosporium SP.
Chaetomium S[.
Cladosporium Sp. 15(2) 1
Epicoccum Sp.
Fusarium Sp.
Geo-myces type
Hemispora stellata
Humicola lanuginosa
1. stellata
Mucor pusillus
M. spinus
Paecilomyces SP.
Papularia Sp.
Pénicillium Spp.
Pullulano .
Rhizopus SP.. o
Scopulariopsis brevicaulis
Sporendonema type
Sporotrichum Sp.
Stachybotrsys sp.
Stysanus SPp.
Trichoderma viride
Trichothedum roseum

1

g(s)
|
]

Yeasts I

Stertle mycelium or unidentified - 1

Number of categories 19(1) 2

Bacteria
ZF orﬁnge .

, others , 1 %f (5)
40 thmlluscereus-mycmdes -
others 1
Number of categories 1 4
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Table 3 (cont)
Expﬁrimental Good  Mouldy  Farmers

h h
gr%’a grgzs'b grg B’c Iugnr%upay’

Actinomycetes

%ﬂ hitish 2 % (12) %7 )0) l
i W]
Fnrlel){ — 15(1) 1 12@3

v i RN
smal — 0 8 é;l

Number of categories 1 1(4 8 (7 1(7

Total number o% categories 2 () 3% (8; 122 37

Table 4. Microbial content ofgood hay (group a) artificially dried at
N.I.A.E., Silsoe, Bedfordshire, in July

Visual examination
Actino-
Moulds  mycetes

(miIIions/aP(gre; wt. hay)
Hay ref. no. Treatment = e - o

R
@ % gt%hlf'gﬂdd 1% %2

( E%rtnhgc[}sdéied
seen in H 37 and 69, and in H 56 0-68 million spores/g. hay were counted.

re

H 13 (E
HIL(E 3 Swat

Mucoraceae s_i)ores Were seen in onl‘yn seven of these hays ET_a le 2)and only inH 17
reached 2 million/g. The hays from groups = and b contain fungh such as Clado-
sporium, Epicoceum, Helminthosporium™ and Alternaria, which are the normal
constituents of fing weather air-spora; but haYS of Poorer quality had moulded with
A. glaucus, H. stellata and penicillium Spp. 1n culture, the only abundant moulds
WEIe A . glaucys BH 31, 56, 58, 68, % Yg, Cladosporium Sp. (H o/, 68), and H ._stellata
H 37, 5 and 69 with 14000 viable I\Pores/g.)p. ATewW a fumigatus Were isolated
rom_all except H 33, 37, B, G, and N, of Absidia, Spp. from a except H 19, 33,
and 71, and of M ucor pusitius from half, Very few Humicola lanuginosa Were iso-
lated from H69, 71, B, G, L and Y. Bacteria and actinomycetes were isolated
from most hays but even when shown ‘abundant’ (Table 6) were many fewer than
in hays of groups ¢ and «. . : -

Group ¢ mouldy hays (Table 6). These included hatches associated with diseases
of farm animals and various other samples sent to us as mouldy, but excluding any

A G. Microb. xxx
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samples sent as im ||cated in producing farmer’s Iun% disease; the latter are deaIt
with ingroup.g¢. The pH value ranged from 4-0to 8-3: the average of 13hays (pH 6-

Was ver}/ similar to that of the good hays of group b, The hays of group’c had ver
different microbial contents, and spores. of moulds or actinomycetes (or both
usually numbered between 10 and 100 million/g. Aspergillus and Penicillium type
spores were numerous in H 27, 49, 59, 63, 66, 74, and 79, Mucoraceae were abundant
in only H 27 and 76. Humicola lanuginosa Was present in H 1, 27, 40, 41, 49, 59,
61, 63'and 66, H. stetlata In H 27 and 41

Table 5. Microbial content ofgood hay samples, group b

Visual examination
------------------ , From culture

Actino .
Mould cetes ' Actino- .
d(rm§ %ﬁﬁ/ Moulds m cg}gg Bacteria
Wt hay thousands/g. dry wt. ha
Origin value y ﬂ/) (- 8 y )
Weeybrl e, Surrey, as fed to COWS at 2-15 1-4 _ _ _
ntra terma
Sussex Lnorma %g ed t cows _ 0-77 1-68 - —
onztah ar where mycotic abor t|on
Le ams tead, ew ry, Berks, 17 0-22 — — —
T%) ei)g RS e W B s @
W ymoutj orset (associated with case 65 32 2-4 - — —
Lgm s%a nr. Weston-syper-Mare, 62 35 10 176 5-86 308
ers as ociate Wlt non-seasonal
ever and ast maq _ : S :
Eeacon omton Devon old ley, 961 § 8311l - g - -
uppitt, onlton evon, ng } - - - 17- - -
u it %mon evon, Jgear - - -30 - -
ni ton nors ire, 2nd year ley,’ - - - - - -
n| ton nors re, meadow hay, %1 - - - - 0 -
ni ton adnorshire, ear ey '1 - [ -4 - - -
otffamsted, Harpenden, Herts., - - H
othamsteq. Harpenden. Herts. -7 13- 4
othamsted. Harpenden. Herts.. - é -h4 _ _ —
Rotnamsted, Harpenden. Herts.. 1 _ - g? _ _ ~
Rothamsted, Harpenden, Herts., 1960 52 143 6 4-40 4-78 0-73

In_culture, many thermophilic moulds Were abundant; Absidia Spp. éH 6L, 15,
Asperglllusfmnl atus ( 9 A nldula s (H1, 7 7%2
M ucor pu3|IIus (H 59 % ) and Paemlom ces . 3 Abundant.mes
phI|IC moulds Were A Iaucus éH 146, 49 g 66 74 A versicolor (H 99, 74),
Clagosporium %) 74) Hemlspora Stellata H74) Pénicillium SPP.
f f) an Trlchothemum rogeum 79%. Humicola lanuginosa WaS IS0-
ated from H 1,40, 53 and 63, Bacteria and acti omycetes were 150lated from all
samBIes Bactena |solated at 24° were abundant In H 1, 16, 59, 61 66 and 74, and
at 40° |nH1 d66 Actmomycetes isolated at 24° were abundant in H ;.
9,61 3 and (r 16, 27, 41, 59, 61, 63, /5, 76 and 79;
andat60 |nH1 16 59, 61 63 75an 19
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Group O: farmer's lung hays (Table 7). Fourteen sa (P|ES of hay assqciated with
cases of farmer' Iun? Wwere exammed Detween 1953 an Some of these were
browner than normal hay, but they di ered from the tXptca ‘brown hay described

Truninger (1929 w ich was usually acid 51 ). Characteristically
farmer’s lung hay Is less acid than the good or mouI Y’ hays of %rOURSb and ¢,
between pH6-0 ang 7-5 (average of 12 hays, pH 7-1). The outstanding character of
roup ¢ g was the large content of aetinomycete spores, over 60 million/g.
?exceptH4 with only 5 million). Fungus spores are often abundant. Aspergillis

Table 6. microbial content of mouldy hays and hays associated with
animal diseases, group C

Visual examination

e Ereee From culture
Actino- | -k
Moulds mycetes Aetino- ,
Spores Moulds mycetes Bacteria

d(l‘ | I?nhég tho Sal'IdS/porf(jel§ t. ha )
W . WL
nge y Y) (' u gf y y’

Origin
Relatively good hays associated with animal dtseases
Haslemere, Surrey (mycotic abortion in 61 11 40 344 264 1-12

COWS

Norwich, Norfolk gmucormycotlc abomasal 62 11 46 9-49 1-23 1-52

ulcers 1n Jersey calves

Reading, 3erks: (buccal ulceration in cows) 60 10 40 21-4 392 0-5

Horsham, Sugsex, 1960 hay (mycotic abor- 40  0-8 1% 325 418 0-4

tion In cows) e
Mouldy hays associated with animal diseases

Readm Berks, (acute pneumoma ofcalves) - 715 802 1083 56-3 0-92
Cam ridge (as erg|II03|s of lambs) — 0716 1900 432 79-8 25-2
%rgpt%nn I%ugo%(s) 1961 hay (mycotic 58 151 2216 445 0-34 0-98
Horsham, Sussex, 1960 hay (mycotic 53 420 847 482 583 0-63
abortion in cows?
Basm?stoke Hants, (coughing in Guernsey 57 195 1-:34 579 0-54 0-21
COWS
Other mouldy hays

Liskeard, Cornwall ~ 1000 496 - - -
Brampton, Cumb., 1958 | rt/ 45 42 25140 - — —
Brampton Cumb., 1958 oId land meadow 83 41 1930 — —
Arahoton. Cumb. 195 meadow hay 422 W - — -
BanweII Somerset old pasture hay 68 14 419 195 313 227

rkele 5 26 280 112 609 130
%er sP\,N;{)th (7|nact|ve with patient of 61 45 56 455 308 1-03
Rothams etJ I-I)arpenden Herts., 1961 hay — 278 395 456 024 232

and Penicillium spores were abundant in H 2 30, 3L 32, 44, 5 and 55, Humicola
lanuginosi Was abundant In 1 18, 43 and 44, and the Mucoraceae In H 30, 3 and 44,
H. steIIata Was seen in H 31, 43 and 52, and Trichothecium roseum 1N H 2, 30, 31,

In cu?tture many therm hilic moulds Were abundant: Absidia Spp. (H 30, 3 ,
Asperg|IIusfum|gatus (H 44, 5, A nidulans (H3 A terreus (H
Humicola lanuginosa (H 18, 43, 64) and Mucor jmsillus (H 44) MeSOphI“C mou S
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that were abundant were: A. glaucus (11 2, 31, 32, 36, 44, 45, 65), A . versicolor (H 2},
Cladosporium S, H 30), Penicillium SPP. gH 30) Scapulariopsis brevicaulis HZ
31) and a yeast (H 32). Humicola stellate as isolated from H 54 and a thermophilic
sporotrichum Sp. from H 18 44 and 52. Abundant bacteria were isolated at both
20° and 40° from H 30, 31, 32, 44 and 64, Actinomycetes Isolated at 24° were
abundant in H 2, 30, 31, 36, 44, 52, 5 and 64: at 40° andl 60° in all hays except 11 45
(and 1152 which was not tested at 60°). Although H 45 seems out of place in this
group, the diagnosis of farmer’s lung was well established and the discrepancy may

Table 7. Microbial content offarmers lung hays, group d
Visual examination From culture

Actino- 1. lanu- Actino- _
Moulds mveetes ginosa  Moulds mveetes Bacteria

I-rle H (million /SpodrFs t.hay)  (thousands Iporgﬁ wt. hay)

. illions/g. ary wt. 0. .

no. Origin Jalle r > ) r r !

H2  Witney, Qx{ord hire (acute 75 110 1340 0-08 113 70-3 1-01
thresher’s lung

[1 18 Near Aber%st th 70 36 1680 1-10 4-84 16-2 4-72

H30 Whitchurch, Sriropshire 60 86-2 1320 13§ 1432 1033 538

H3l Blgoee\lldovxo(olglégll A nr. Winkleigh, 7-6 120 3630 0-64 6-24  60-1  12-32

13 Buoadwondkelly fr. Winkleigh, 73 78 4800 097 187 857 045
Devon 0959 hay)

H 36 Dulverton, Som. §1958 ha 66 91 91-3 0 134 2166 5-78
a?_nve cf. H 37, Table

H 43 Awliseombe, nr. Exeter, Devon 6-6  7-4 1232 2-4 14-4 152-1 1-48

H 44 Irbvg%dnlelgh, nr. Okehampton,  7-4 1020 8210 12 1018 2083 2101

H 45 Lampeter, mid-C?rdiganshir 67 10 50 0-1 323 157 065
rarmer's lung ot yotng lad

[152 Mio-Wales _ = 15 6330 0-24 105 280 4367

H 54 Lonagnfor. Staffordshire 4 166 18-3 2-87 01 24 2-28

H 55 Cardif — 14 130 0 3 232 0-57

[l 64 Tag%bont. fr. AberystW%th, 5 23 150 0-83 9-14 815 410
1950 “active’ hay ch. 63,
ggbleea?sl(farmers ung for

H 65 Matlyck, nr. Chesterfield, 2 14 040 0-12 804 372 2-20
Derbyshire

mean either that the samﬁle sent from the farm was taken accidentally from the

wrong batch of hay, or the sample sent may have been unrepresentative of the
batchg because of t?\ye vanablllsty \;\)/Ithlsn the bXtch from uneven %ry?ng.

Proportion of thermophilic organisms

In comparispn with good hay, the mouldy hay glr_ou#q ¢ and the farmer’s lung
group ¢ Were characterized br¥ manR/ more thérmaphilic moulds and actinomycetes,
s shown by incubation of Aridersen sam IerPIate at different temperatures. These
a\_/erage values (Fig. 2), however, were calculated from individual hays which
differéd among themselves over a wide range of values, were uncorrected for multiple
infection, and"included some organisms which grow at more than one temperature.
The mucoraeeous moulds were more numerous at 40° than at 24°, and in mouldy
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ha>s (groui) ¢) than in farmer’s lung hays (group d). Aspergillus fumigatus WS
Isolated] in larger numbers.at 40° than at 24°, and Hum icola lanuginosa ONly at 40°.
The relatively few bacteria were isolated mainly. at the lower ?emperatures. The
Eamt strlrlng ﬁgffsct was the very large increase’in thermophilic actinomycetes in

rmer’s lun (group d).
10~ T
Total 9k Moulds
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Fig. 2. Numbers of organjsms isolated at 24° (solid), 40° (dotted) and 60° (open), averages
for: (b) good hays; () mouldy bays; and (d) farmer’s lung hays.

Other components of dusts

The visual inspection of the first slide from the cascade impactor showed a good
deal of coarse material other than the spores of micro-rganisms, This material
Included fragments of plants, plant hairs, cell walls, faecal pellets of mites t(pa(:ked
with mould Spores), cast skins of mites, as well as whole conidjal heads of Asper-
R/IIHUS and sporangia of Mucoraceae (the fast help to substantiate identification of the

ucoraceae sporé type among the finer fractions). Few of these particles penetrated
beyond the first stage of the impactor and material deposited in the later stages was
predominantly microbial spores, The better hays seemed to have more non-spore
dust than the mouldg' hays, p033|blg/ because the process of hecoming mquldy tended
to bind the loose particles In a weft of mycelium. Plate 1 shows t{pmal fields of

cascade impactor slides of a good hay (G)and a farmer’s lung hay (H 44).

Possibility of penetration ofparticles into lungs

The visual and cultural methods of assessing potential alyeolar penetration  in
9eneral agreed. For the two methods, Fig. 3 shiows graphically the % of particles
etained Zthe four cascade impactor slites and the six Andersen sampler plates.
The values obtained are combined averages of results from mouldy and farmer’s
lung hays (groups ¢, d). According to visual estimates, only 8% of spores of Humi-
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cola lanuginosa and the Mucoraceae (Penetrated beyond stage 2 of the cascade
impactor,” but 43% of,Asperg%!IIus and 55% of actinomycete” spores were ?ene-
trating’, by the criteria mentioned under Methods. According to cultural tests,
however, d larger r%Bornon of spores were _‘Ipenet,ratmg’, na,melgl, 60% of the
Mucoraceae and over 80 % of the other groups. This discrepancy Isp rtle attributed
to the fact that the first two plates recejved clumé)s of spores éor even whale sporangia
as In stage 1 of Mucoraceae) which, although they contained many spores, produced
only oné colony. Further. discrimination betwegn single sP,ores 0f Mucoraceae and
members of thie Aspergillus-Penicillium type was sometimes difficult; although
spores of Absidia spg._ are easﬂY

f recognized, some of Mucor pusillus may have been
misclassified, suggesting that

he Mucoraceae types (Fig. 3) appeared to be less

Stages Actinomycetes Aspergillus spp. Mucoraceae Humicola Ianuginosa

P,

Cl A
1

penetrating’
particles

1
2

‘Non

‘Penetrating’
particles

% spores reaching each stage

Fig. 3. Percenta(‘;e penetration of sRores to the four sta?es of the cascade jmpactor

gnd';éjotted), and o the six stages of the Andersen sampler {A; solid), average of groups ¢

penetratinq than thﬁ%’ actually were. Spores of Humicola lanuginosa are about 9p
diam. and the maximum proportion of 42 % were foung on stage 3; those ofAsBer-
gillus are about 4p and the maximum of 38 % was found on stage 4, but 30 %
Denetrated as far as stage 5. Hemispora stellata has smaller spores, most were found
on stage 5 and hardly”any on stagze 6. Spores of the actinomycetes penetrated
%iee ly; 27%reac,h|n,9 stage b, and 23 % stage ©. Ewdentl}/ many smgle sgores of
ungi‘and the majority of‘actinomycete spores could penetrate to"the alveoll,

DISCUSSION

QOur standard method of examining_hays gives results that are reproducible
en,ouqh to (iharaﬁgerlze batch%s of hay. Standardlzmg the humlgn gfthe air in the
wind tunnel would be a desirable improvement, as ZoBer (1961) found that humidity
Hreat_ly affected the numbers of dry spores liberated into wind: but since a bale of

ay IS a concretion of micro-environments, errors from differences between bales
and between parts of a single_bale (Table 1) are Ilke,IY to outweigh the humidit
factor. Because the dust load is o easily shaken out, it was not considered feastble

to work with a subsample taken after thoroughly mixing several separate samples.
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Incidental to the main object of the work, the Andersen sampler proved an
excellent tool for isolating thermophilic actinomycetes from natural substrata.
Dilution in air, instead of in water by the traditional manner, and impacting the
spores from suspension in air directly on to the previously dried surface of half-
strength nutrient agar containing actidione, prevented contamination by bacteria
and moulds, and on incubation overnight at 0° gave numerous colonies of thermo-
philic actinomycetes (Gregory & Lacey,

The proportion of Spores Seen on Cascade |mpactor slides which was actually
obtained In culture with the Andersen sampler was aIvvaYS small, and. averaged
about one in a thousand, even after aIIowrn or the fact that two-thirds of the spore
load had teen Jost from the sample urrng ed mrn blowing period for the cascade
impactor run before the 15 sec. run with the Andersen sampler started (Table
Reasons for this small % recovery in culture include the foIIowrn? 1) no correctjon
was applied for muItrpIe mfectron S0 that the counts tended fo be gross under-
estimates, especially when near Yt e maximum number of 400 colonies are recorded
on one plate: (2) the media, aeration conditions and isplation temperatures may have
been unsuitable for some organisms; (3) slow- -growing organisms may have Deen
ove dgrown or antagonrzed on the crowdled plates: (4) many spores may have been

Table 8 shows that the percentalge optained ih culture was Iarger with the
better -Quality hays. From these tests It'is clear that both the mouldy and farmer’s
lung hays ggrouPs cand ¢ are important natural reservoirs of several moulds
reported to ¢ pathogenic to man or animals, e.0. Absidia ramosa aNd A . corymhbifera,
Aspergillus fumigatus, Hemispora stellata, Mucor pusiUus, Scopulariopsis brevi-
caulis and Stachybotrys S.

Table 8 Numbers obtained in culture on Andersen sampler plates as
percentage (%) of spores recorded visually on cascade impactor slides

Moulds ACt(P %acY Toetes

Hays b

roup b §-34 E
|
W
The tests show it Possrble t0 characterrze farmerslung ha n¥s 9roupd ). They had
clearly heated. spontaneous| and ecome moud during nfatufation, and tended
to be neutraI in‘contrast to eIowRH values. of good. hays or other mouldy hays
examined. They had many more t ermophrlrc organrsms Inc udrng Aspergillys
fymigatus, AN Humicola lanuginosa, than other mouldy h s, and “were rich In
thermoBhrlrc actinom ceteﬁ (especially at 682) which Were often seen mrcroscogrc
ally to %rowrnrrr vigorously on the haY nmoudh¥ phae and spores. Several
hays of the mouldy group ¢ might well have been classified as farmerslun% hays
had they come into contact Wrth a suscePtrbIe patient. In sprte of their abuntance,
and evrdence of thelr 'potentra abilit tpenetrate to the' alveoll, I is uncertam
Whether any ofthese 0 rqanrsms P ay any irect part in the aetiology of farmer’s Iun%
disease, but the possibi tythat he actinomycetes are active merifs serious attentio
In view of the occurrence of the disease after inhalation of white dust from mouldy
hay reported by Campbell (1932) and Frank (1958, p. 202).
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EXPLANATION OF PLATE 1

wr?ﬁ%t?gnrlrﬁreorgsr? hs ﬁx 600) from cascade impactor slides 1, 2, 3and 4 to compare a good hay

a Farmers lung hay from Devon (H 44).
b Good hay from Rothamsted Experimental Farm (G, 1961).
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INTRODUCTION

DNA 0 normarﬁ

One of the questions to be answered about any mutagenic agent is whether its
reaction with the genetic material (deoxyribonucleic acid, DNA) of an organism is
direct or :ndirect. If the mutagen methylmethanesulphonate reacted directly with
DNA for example, it would be possible to show that |mmedrately after treatment
of organisms with alkylating agent, the DNA of the organrsm became heat sensitive
(Strauss, 1962a). Since such a determination would require a brologrcal assay for
DNA activity, the experiments would have to be done with an organism capable
of undergaing transformation. It seemed likely that the system described by
Spizizen ?195 and Anagnostopoulos & Spizizen 6.961 Wrth Bacillus subtilis would
be particalarly satisfactory because of the possibility of obtaining auxotrophic
mutants of this organism similar to those of Escherichia coli. The experiments to
be described here show that treatment of B. subtilis with an alkylating agent
resulted in heat sensitization of the DNA extractable from the treated organism. In
addition, the DNA of methylated organisms gradually lost its abnormal heat
sensitivity as these organisms were incubated in growth medium. Alkylated DNA
appears to serve as a template for the production of normal DNA.

ate
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METHODS

Several strains of Bacillus subtilis were used. The first, a methionine- re%mn%g
mutant, was obtained by replica platlnq from a culture of the rototr
subtilis which had been tre ted with ymethanesulphonate his str |n Was
used as a DNA donor for the transf orma ons_described in this paper with the
exception of transformation. with 3P labelled DNA when a wild t Be donor was
used. The methionine-requiring strain was selected because it could be induced to
revert by treatment with methylmethanesulphonate (Fig. 1) as well as with the
ethyl derivative, and because it would serve as a recipient strain for transformation
as Well as being a satisfactory donor. The strain was heat sensitive after methylation

Table 1. Loss of the differential heat sensitivity due to alkylation upon incubation
of a methioning-requiring mutarit of Bacillus subtilis

wi ' ﬁﬁdﬁ“%?et“hs' ! °E§ﬁ”§uf{ men o %%'fH{%X”@%ﬁ?te?f"rﬁg’t '”e%‘aﬁ’?
o e e Tl
gg&?n? & m ma Mp isz?zen 9% le ente WI casem%zte ) g

%ts S0 ut|
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and 50 Lmt onme an wer ncub X }1

. €d
Indjcateqtime %7 Wlt S a II'L? and ec ntents wer C e te ng tn?oqatlon
(r salfs sofution

é tion eorgap]lsms Were S gBe?

ate orw ] |t;) re and afte a heat shoc P(f J] (1 nisms were
et e
extractlang Wardened HB add|t|on0 15/oag%r &0

Viable organisms (no. x 10~8)

Incubatlon After wafhlng
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Pre-treatment of organisms ~ (min. « 8,0

None 0-32 13

' .
i

e B%ong%ga@OZS m) %ﬁ : ﬁoog) s 59

10
as indicated b?/ the inactivating effect of a 6 min. incubation in buffer at 50° and
the differential heat sensitivity disappeared after the start of incubation | mmimal
medium (Spizizen, 1956) supRIemented with 0-02% acid casein hydrolysate and
50fig/ml. each of L-tryptophan and L-methionine (Table 1) AS the’ recipjent
strain for transformation we used the hlst|d|ne+t ros|ne+ incole re%umng tnple
mutant described by Nester & Lederberg é % his strain, sug }(,
Nester wasusedto perm|t7hes|multaneous etermination ofthe effects of al yIat|on
on |ne markers In one series of experiments utilizing DNA labelled with 3P,
wild ty aC| uss btilis was used as the DNA donor and the indole requiring
stram 8) was use as recipient,
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Transformation was by slight modification of the method_ of Anagnostopoulos &
Spizizen (1961). An o_vermght culture was inoculated into liquid minimal mediym
Izizen, 1958) containing 0-5% glucose, 0 02% acid. hydrolysed casein and 50 fig,
r%ptoBhan/ml. (CHT 50 meditm), After 4 hr.. inCubation with aeration a
ne cllture was harvested by centrifugation and diluted ten-fold in fresh minima
medium contal_nlnq 0-5% glucose, 0-01 % casein h drolg_sate, 5/[g.Iml. L-tryptophan
and an additional 5/m/ml. of MqS04 (CHT 5 medium). The organisms_were
Incubated for 90 min, at 37° with shaking in 25 ml. of CHT 5 medium in a 250 ml.
Erlenmeyer flask, Glycerol g2-5_ ml.) Was_then added and the_organisms were
frozen by immersion of the flask in a Solid CO2acetone mixture. Frozen organisms
were stored at —25° for up to 10 days before use. During this storage pefiod the
competence of the frozen suspension gradually decreased™to about One-tenth the
original value for the frozen organisms. Frozen organisms were used for trans-
formation_as follows: the suspenSion was thawed by Shaking for 15 min. in a water
bath at 37° and_then 0-9 ml. of suspension was added to d series of 150 x 16 mm.
test tubes containing (-1 m|. of the DNA solution to be assayed, The mixture of

NA plus organisms was_shaken for 30 min. at 37° before addition of deoxyribo-
nuclease (W_orthmgiton Biochemical Co.) to 5/;0./ml, The mixture was incubated
with deoxyribonuclease for Smin, at 3/° before being. plated for transformants.
Transformation was scored on minimal medium ES 1zizen, 1958) hardened with
1-50 apar and containing 20 mg. of Difco yeast extract/. When only indole trans-
formants were scored this medigm was supplemented with 150 mg. casein hydrolv-
sate/1. When histidine and tyrosine transformants were scored the minimal medium
Elus 20mg. yeast extract/L. was supplemented with the proper. combination of

-Ar ptoghan (20/;0./ml.), L-tyrosine ,(20/¢P./ml., or m.-histidine (40/:0./ml.).
Viahle cell count was determined on minimal medium supplemented with 0 02%
casein hydrolysate, 0-02% %/east extract and 20 f|fg. L-tryptophan/ml. Freez_mg
decreased the ‘amount of transformation obtainable from a given DNA preparatio
(Fig. 2) and the total percentage transformation was low 0-01-0-03) in_our pro-
cedure usm% the triply auxotrophic mutant. However, the response to DNA was
linear and reproducible. , _

Purified DNA for transformation experiments was prepared by the method of
Marmur (1961) and was treated with alkyl_at_mg agent in vitro by |Iut|n? the DNA
i 0-1m phosphate buffer SpH 7-03 con amn&q\lelther meth)ll- or ethvl-methane-
sulphonate to give a final concentration of DNA of 60 /;g./ml. and allowing the
reaction to proeed at 37¢. Two volumes of 95 % ethanal I water were then dded
and the suspension centrifuged after standing in the cold for 15 min. The premPltate
was taken up ino-015 n-sodium chloride +0-0015 M-trisodium citrate (dilute saline +
citrate; Marmur, 1961), the sojution made o-15 n-NaCl-I-0-015 M-citrate (saline-f
citrate] and the DNA reprecipitated with ethanol and taken up in saline + citrate
once again. This procedure was considered necessary tq remove unreacted alkylating
agent.” DNA |abelled with 3P was prepared by growing wild type Bacillus Subtilis
I low phosphorus medium supplémented with 3P 047as destribed by Young &
S :’!lﬂ‘ﬁlej? ((11996611) The DNA was extracted from these organisms by the method of

In some of these expenments, orgamsms ywere treated with the mutagen and the
DNA extracted from treated cells By a modification of the method of Stuv (1960)

i
37°



Recovery of alkylated DNA 93

who extracted DNA from an Haemophilus after X-ray irradiation. Bacillus subtilis
was ncubated overnight on sIoPes of @ minimal salts medium_(Spizizen, 1958
supplemented with yeast extract (0-15%), acid h}/drol sed casein (0-1%), Difco
nutrient broth. (0-8%) and DL-tryptophan (40.mg.l.). This minimal salts medium
had the following composition 8er litre of mediunn; (NHAZS04 Zq.; MgSO4.7_H20
0-29. KZ—IP04T14g.; KHZ(, 6?.; NaXHX) 7.2H2), lq.; lucost (sterilized
separately), 5. This'solution without glucose will be called *salts Solution’through-
out this Paper. Orﬁamsms were harvested by suspension in salts solution which
was passed throygh a gauze filter to remove agar fragments. The organisms
were ‘washed andresuspended In salts solution and porfions of the suspension
were then added to “salts solution in which surficient methylmethanesul-
phonate was dissolved to make the final solution 0-025 . (0-085 ml./40 ml.).
After reaction for 30 min. at 37°, the suspensions were harvested, suspended in
0-15 MNaCl + (-1 u-ethylene diaminetetra-acetate (0H 8: saline EDTA), centri-
fuged and suspended In a small volume of saline EDTA. Crystalline lysozyme was
adtded to 1 mg./ml. and the suspension incubated for 30 min."at 37°. Sodium laurvl
sulphate {0—5 ml. ofa 25%, Wiy, solutlong was added, followed in 5 min. by sodiym
perchlorate to make the solution m. After deproteinization by shaking for 30 min.
at room temperature with chloroform and isoamyl alcohol (24 + 1) the suspension
was centrifuged for 10 min. at 5000 and the upper layer transferred to a centrifuge
tupe. The tube was cogled and two Volumes of cold 95% (v/v) ethanol added: after
mixing and stanqu for 15min. in the cold the suspension was centrifyged for
10 min. at 25,0009, the supernatant poured off and the residue taken up in dilute
saline citrate. The solution. was made 0-15 M-NaCl + 0-015 M-citrate and clarified
by centrifugation. The clarified supernatant was used as crude DNA exfract.

DNA was determined by the dlé)henvlamme reaction (Burton, 1956) with purified
salmon sperm DNA as a Standard, When small amounts,of DNA wefe to be deter-
mined, 2ng. bovine serum albumin were added as a carrier for the acid precipitate.
Thymidine-2-14C incorporation into orgamsms was determined on Millipore' mem-
brane filters as described bg Kahan (1960), DNA was identified as material which
could still be preuﬁ!tated y coId_P_erchIonc acid after incubation for 1-5 . at 37°
in Xh’I\IaOH bdut which was”solubilized by treatment at 70° for 30 min. in (-5 x-
perchloric acid.

RESULTS

Purified DNA preparations were inactivated exponentially by heating at 50°
after alkylation in vitro with, either ethyl- or methyl-methanesu ?honate (FIP. 3).
Alkylation decreased the initial transformmg act|,v|t)é and methylmethanesu E)_ho-
naté caused a ?reate,r Inactivation on a.molar basis than did the'ethyl derivative.
Inactivation of the linked indole and histidine markers occurred at the same rate
on he_atmg alkylated DNA. _Labilization of DNA to heat after preliminary alkylation
was first demonstrated by Zamephof, Leiay, Hahn &Alexander (1956) who Showed
a comﬁlete Inactivation of alk¥lated Haemophilus DNA after heatmg for Thr. at
[6¢._The decrease in activity of alkylated DNA and of DNA alkylated and heated
for 5 hr. at 50° was not due to the failure of comﬁe_tent ells to_take up this treated
DNA ‘Table 2). DNA labelled with 3P was fixed in a deoxyribonuclease-resistant
formalmost as efficiently after alkylation, and alkylation and”heating as was control
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IabeIIed DNA in spite of the great difference in transformmg efficiency of the treated
an untreated preparations. “In this experiment competent organismis of the indole-
umn strain ( 681 were prepared by the method of Young & Spizizen (1961)
use without pre |m|naryfreezm? Similar results showing that Pneumococcus
trans orming DNA inactivated by ni rogen mustard is taken up by competent cells
havebeno tame%bm Lerma Tol mah 1959).
termlne er alk atton and heating led to drastic degradation, the
sedlmentatlon coefficient of Bacillus subtilis DNA was determined n the Spinco
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a concentratlon o Were reacte with alkylating agents for 1hr. at 37" In
01 osphate R e]r preci |tat|on with éthanol and redtssolvm the
grem tate'in dlute sa e+C| rate the samples. in 015 M-NaCl--0 015 M- |r te %re
luted 1:10 in salts solution betore heating. Similar results. were obtained when t
heating at 50° was carrted out |n 01M -phosphate buffer (pH 7-0)

Tra sormatton atht e indole_locus_was determined as described in th text usm?
severa dilutions of the treated DNA. The values for transformants were determined a

A 3J,uttons ?%w%a bout 100 transformants per plate and were then corrected to the
same dilution o
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ultracentrifuge ataspeed of 42,040 rev./min. with ultraviolet optics. The DNA was

centrifuged in a solution made 075 M-NaCl + 0-015 M-citrate_and the rotor tem era

ture was kept below 8 to retard any further decomposrtron ate

TheSZOrvva Ue of nop- alkrulated DNA"was 26; DNA treate wrth0 25 M met I

methanesulphonate for 1Ar. at 37° ggtve an Sawvalue of 25. After 6hr. at

a treatment which inactivated the DNA) the methylmethanesulphonate treated
aterial had a sww value of 28,
When organisms were treated with 0-025 M-methyl methanesulphonate for 30 min.

Table 2. Effect of alkylation and heating_on the uptake of 3P labelled
Bacillus subtilis DN

Bacillus subtilis IabeIIedwrth323was pregoaredb growing wild typeo anrsms on the
medium descrrbed by Young &Sp rzrzenﬁ 01) an contarnrngSme of
of medium. DNA was P epared from these labelled cells by the method of Marmur
(1961). The DNA was storéd in saline citrate and after standing_one day 76% of the
counts were precipitable with cold trrchloroacetrc aciq pIus carrier. The labélled DNA was
alkylated as follows: 1 m|. of:ﬂ3 Ia e led nﬁ)trca density at 260 mf, = 2T4) was
inclbated for 90 min. wrthlm of 0- Mmeth ethanesulp honate in 0-T. phosphate
buffer H YOL Two volumes of cold 95% ethanol In waterwere added the precipitate
W %ted u e]ntrrf Fatrona disso|ved addrlr\r/P dilute_saline cifrate
ollowe M-S0 um ch orrde 0-15 M-s0 um crtrate The resu trng
solution was drIuted 0 6-25 and divid e rnto two Earts One portron was heate
for 5hr. at 50° while t hesec?nd ass red in th ecod ontrol DNA was taken throu?h
the same procedure with only the methylmethanesulphonate eliminated from the initfal

treatment.

Competent indole Bacjllus sub t |s or anrsmswere prepared_following the procedure of
Anagncstog qus&Sprzrzen (196 e 0 min. rncub tion in CHT Smedium (see text)
this ‘suspension was incubated w r 3P labelled DNA, 0-9 ml. of suspension was |nd

cuhated wrth 0-1.ml. of the DNA solutions descnbed above as well as with 1/10 an
1100 DNA " dilutjons. At the conclusion of a 30 min. Incubation period, 0-1 ml. fa

;0.ml. solution of crystalline deoxyribonuclease (Worthjngton Biochemical 02
was ddded to the mixture of organisms and DNA. As a control separate portrons of th
DNA squtrons were Rretreated for 30 min. at 37° with deoxyribonuclease (pl us 0-1 mI
of01 Aandt en09ml ofor anisms in CHT 5medjum (which was suppl emen ted

et RNron as escrrbedh a nostopoulos & Spjzizen ?1961)was dﬂed The

rence hefween the couns en deoxyribonuclease treatment of the DNA

Iowed or preceded incubation of the organisms wrth DNA was taken as re resentmg
eDNAtaken up. After incubation the organrsmswereertherfrltered throng Millipor
membrane filters, washed with salts solution’and counted or used for th e ete mrnatrono
transformants at the indole locus. The concentration of DNA was calculated from the
optical densrt% ofits solutrons at 260 mfr assumrng thata 1% DNA solution has an optical

density of data are ven for incubation of 1-16 x|0 8 viable organisms’ with
0-16 fig. of DNA IabeIIedwrth (6-06 x 104¢.p.m./Ag. DNA) in 1-O0ml. 0 medrum
Deoxyribonuglease added .DNA
Transformed : DNA ta en up
cells nil *at " After . Before {tnﬁr vrat”e
n%e?r’t\‘aAton m%Cubartnronm(cubatron Difference transoI ed E
i
DNA sample of016/g./ml. anrJed) anr)ed) DAIA (no. x 106) x1010)
I 6-97 x 105 1518 382 0-019 0-027 16
T I N
ethylate - - -
Metylated-heated  0:0537% 105 1056 19  oomé 267 12

assumin

* Calculated from the numbers obtained at a DNA concentration of 0- 0016/dgétfJ gasumin
us

linearity of response. The high values for transtormants in this experiment are
fresh (unfrozeng cells of a highly competent indole strain.
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at 37° (a treatment which decreased the fraction of viable organisms to 0-1, F|g._1g
the amount of transforming activity extractable was decreaSed as compared wit
the amount extracted from untreatéd or?anlsms. In one experiment (Table 4) the
transforming activity_obtained from methylated organisms was 530 units (trans-
formed colonies//<g. 'DNA) as compared t0 6150 units for material from control
or?_amsms. The transforming DNA obtained from methylated organisms was in-
activated by heating at 50° (Fig. 4). _

Further purification of the éxtracts from treated and untreated organisms by
continyed chloroform + isoamyl alcohol deproteinization followed by a second
ethanolgrempltatlon yleldfd re{garatlonswnh_aratlo msffecmc ct|V|t¥,untre teii:
treated of 2-5 (data I Table 5 he more puritied preparation of DNA trom methyl-
methanesulphonate-treated organisms retained its heat sensitivity as compared'to
DNA from control organisms,” The DNA from the treated organlsms used In the
experiment shown in Table 3 had a transforming act|V|tP/ 0-22 the original after
30, heating at 50° whereas the, DNA from thé controf culture was Completely
unaffected By the heatl_rglg. Admixture of partlal[l))(\I urified DNA prepared_ from
methylated drganisms did not sensitize untreated DNA to heat. There was a similar
lack of sensitization when crude DNA preparations from treated and untreated
orlgamsms were mixed. These mixing experiments showed that extracts from
al ,\?/Iated organisms did not contain a"substance which could produce a change in
DNA resulting in heat sensitization as a secondary reaction. It should be recalled
that even the crude preP_aratlons have been treated so as fo inactivate any protein
enzymes? by denaturation, There was some evidence (Table. 3) of competition
etween tredted and untreated DNA at hlgher DNA concentrations since mixtures
of DNA prepared from meth%Iated,and control organisms did not give the number of
transformants expected on the basis of additivity at the higher DNA concentrations.

Crude preparations of DNA from methylmethanesulphonate-treated organisms
did not wind around a glass rod when ethanol was added, although they were pre-
cipitated and collected by the centrifugation procedure. There was no significant
difference in the amount of acid-precipitable diphenylamine-reacting material
present in the crude DNA preparations from control and methylmethanesulphonate
treated organisms, indicating that the DNA from alkylated organisms did not
undergo differential breakdown to an acid soluble stage during isolation.

Effects of incubation in growth medium

Organisms were treated with methylmethanesulphonate and after washing out
the mutagen the organisms were incubated in CHT 50 medium supplemented with
i.-methionine 5 //g/ml). The organisms were incubated with rapid shaking at

in 250 m. Erlenmeyer flasks containing 40 mI. medium. At intervals the
organisms were harvested and washed with saline EDTA (pH 8). Crude DNA
extracts were prepared and tested for transforming activity. As incubation pro-
ceeded the total amount of extractable transforming activity increased and the heat
sensitivity of the extracted DNA diminished (Fig. 4).. .

The DNA content of the extracts and of the organisms from which the extracts
were made did noj show a comparable increase, For example, the DNA content
of the organlsms_from which the_ extracts of Fig. 4 were made did not increase
during thé 150 min. incubation of this rather corcentrated suspension. There was
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an rncrease in the transformin n(tl units trans rmed coIonres//g DNA% in extract
from alkylated orgianrsmsasco pared wrt thjontrols while incubation proceeded,
In the experiment shown in Table 4 the DIL  |xtracted from the methylmethane-
sulphonate-treated organisms increased inact ity from 53 to 131 units, an increase

Table 3. Competition between DNA extractedfrom methylated and
control (untreated) organisms

}]ed from Barirllus subtilis treated for 30 m|n at 37° with 0025rri

R e,

;ﬁ) chlorat Horm+ rsgam ter the init trax
Brecr rtatron with etha oLas es rr ed r e tex aratron In. sa me

e
transfo ; e%.CIIVIt nhthre at 50° r%WeTr%tn &}'tf'%lnor rsmsws et;meﬁom contro

8 ? ctrvrP/
g%nrsm efa F | of Its orlrgrnal %c ivit ter ?b tn
E rite es are ¢ u}ate 0 tenum ero orma(n0 rvenb the

N Extrec
nh eye| werewasﬁ
treament with sH

extragts when teste tately. Transformatio wass re at cus ach
trans ormatr tube ha StamY the Indicate DNA llution ade perm
Diluton r Transformants/ml.
mixiue Tk '"Fr"d'r'c't'éa"on
to transformation %% of
Mixture tubes Found rtrvrty

10-5 ug. of DNA from treated
orgarisms per ml.

.

h

11 —
1 fig. Of DNA f I 1 7650* .
9oré'anié)ms per ran contro %8 l%%% —

1

it

0
*
18 Oa;l IsrI%IS\IJrA from treatxd 52;@ 112%%@
control organrsms per ml. 0 3
31-5 fig, DNAfrom treat&d 1 % * 184
i anisms+ % 8 3@
rom control organrsms per ml. /

* These represent DNA concentrations in the non-linear transformation zone.

of about 150%, whereas the extracts obtained from control cultures altered by
only 35%. The alkylated DNA lost its heat sensitivity as the Incubation progeeded
an approached the heat sensitivity of non-alkylated control DNA Ere parations.
Durl ng the period when the tranSforming units extracted from alkylated organ-
isms Increased from 530 to 1310 transformed colonies//ig, DNArn extract, the total
cellular DNA'in the treated culture mcreasedb only 34% after an |n|t|a lag or
slight decrease (Frg 5). More of the total cellular DNA appeared to eextracted
from the control fon- aIkyIated organisms by the lysozy e procedure (Table 4).
The percentage of DNA “extracted was detérmine by comParrson of he DN
values obtarne b the analysis of whole orPanrsms with values for DNA in the
extracts. Analytical values for DNA in wh oeor%anrsms are given in FrrIr 5 while
the concentration of DNA In the extracts is showi in Table 4. AIthouh% there Was
7 icrob. xxx
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no measurable increase in the total DNA in the cells during the first 80 min. incuba-

tion of methylmethanesulphonate-treated organisms (or even a Sll?hdt deicrealse)
ed into_a

lated organisms incubated in growth medium containinig this Substance (Fig

new DNA wads synthesized. Thymidine-2-14C was linearly incorpora

5000 T T T T

kg)

600

400

Transformants per ml.

c.p.m./ml. organisms

N
o
o

1
0 2 4 40 80

Time (hr.) heated at 50° Time incubated (min)

Fig. 4 Fig. 5
F 4. Effect of heat r%r;tn transforming act|v1ty of crude extracts of
e mediym scnbe
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susgensmnl sso tlon and then Wa E [Itss ution
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mulam tt‘m%“ arermmscra]ts were E?Utesté ont n |on gﬁdncubam
sa me?&l%allAT rud eBt%i\ repa anon v%as thtenn/tf%[ro £se ce Sdai F
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sa |ne
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//g. DNA/mI. organisms
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and the incorporation hegan without lag from the start of incubation and Proceeded
In linear fashion. The inCorporation was into the DNA since the radioactivity was
solubilized byrhot acid and was precrprtated by cold acid even after 90 min. at 37°
in NNaOH he absence of a lag in thymiding incorporation as contrasted to the
long (agr before thg start, of net DNA Synthesis presents a paradox which will be
consigered In the discussion.

Table 4. Effect of incubation on extractable transforming activity

This table represents djataf the same xperrment howq in Fig. go?e me&tlronrne

re Hrrrn organi sma used wer grve?]tedater overnight cy ture 7° from 24 slopes

rlt ec mP te me rumd sc({ etext contained in 2 SCrew ca tue
e organ ms were washe r] sa S S0 ultr n an susgen T rn ? alts solutio

025m wit ect {0 metEX ehanesu gonate< Sn& ofsalts utron

g;ntro o ar]rs ere incubated in salts Solution afone. After 30 min. incu atron t
> With shaking the organrsms Were h?rveste washed n resus endde rrzrsa

S0 utron e%ual portro s of th ?; ension in

|ma IUmS eNnie SEIN nSIZSinéS Sre ‘1 atnelne
A L

a} hymidine- rsm erernc atedatrg inas akrn waer

ort er r ated time periods, ‘ﬁ?\? sa ine EDTA and.then made

m, were ort eextﬁ ctdonqb v¥hret erem rnr or 1QN Was use ort

anag/fsrso rfrd for the distribution o trncor orate actrvrt evadu or

trfa orman rom the | rea{ J)ortrono the esrp se cu Ve SInC utjon
tetreae a e a tenfold decrease In number of trans ormants rans ormatron

was scored at t em ole locus.

Time rans

incu- med
colo es
hated  DNA % DNA __T_r_an_sformﬂrts_d_t__r_nl___ P?r

cone. el
rowth 0 B é&per atro
nied\ﬁr extrati extracted tu%es heated ate Abe re
Treatment  (min (cg/ml) (') eate eating)

L RN ] t;ft )
R EEEREE

DISCUSSION

The data can be analysed in terms of the following model. DNA is sensitized to
heat by concentrations of methylmethanesulphonate which are lethal for the Bacillus
subtilis used. The reaction of the cellular DNA with methylmethanesulphonate IS
assumed to oceur in at least two main stages (Strauss, 1962a2 The nitial stage pro-
duces an alkylated DNA which participates in transformation and in replrcatron
Green&Krre 1961). The second stage occurs after depurination of the alk ated

NA and may be assumed to be the formation of single strand breaks in the
Treatment of the alkylated DNA at 50° accelerates the formation of single strand

T%e loss of activity at 50° in our experiments cannot be related to the thermal

7-2
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dénaturation of Bacillus subtilis DNA since heating the alkylated DNA for 5 hr,
at 50° does not cause an increase in its absorption &t 259 miy (Strauss, 1962? and
since the Tm Of Bacillus subtilis DNA |n saline +citrate is 87-4" (Marmur, 191
Alkylation of DNA does lead to a sllght decrease in its_thermal dénaturation
temperature (Strauss 1_9626l) but the value (6/-4° in 0-005m buffer compared to
70-5° for control DNA) is stifl well above 50°. Furthermore, the lack of any major

After treatment
Before treatment After treatment and incubation

%

R
Not heat
M M sensitive
+
+ MMS — »
0025 M f
+ Heat sensitive active
10% 4
Heat sensitive -M M +

active in
transformation M M-

+
90%

Inactive for
transformation

Fig, 6.. Interpretation of the loss of eat sensitivity. The shaded areas represent DNA
oo i PR i

of the |
an(s ncin-a?h Iatea NA a?)?e {0 rephgate and of normal transforming activity. MMS=
methylmethanesulphonate.

change in the sedimentation constant of alkylated or alkylated and heated B.
subtilis DNA compared, to non-treated material shows thaf the heating reaction
does not cause an ma&or degradatlon of the treated DNA into small molecules.
Lerman & Tolmach (1957, 1959) showed that DNA with single strand breaks pro-
duced by deoxyribonuclease was jnactive for transformationhut was taken up b
competént cells. Methylated, and methylated. and heated Bacitlus subtilis DNA IS
also taken up by competent cells almostas efficiently as untreated DNA (Table 2).
The DNA extracted from alkylated organisms myst consist of a mixture of alkylated
DNA and of DNA with single-strand breaks, but there can be very little normal DNA
In the extract. This follows from the heat sensitivity of extracts from alkylated
g;geapgs rs §f'%oo4)? less than 3% of the original transforming activity remained
If this hypothesis be correct, then the heat sensitivity of DNA formed on an
alkylated template will be determined by the average number of alkylated strands
In the parental DNA (Fig. 62. If on the avera?_e only half of the Strands of the
marked (indole) region are alkylated, then replication will give a population in

No replication
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which half the markers are heat sensitive and half are resistant. If both strands are
alkylated, then replication will lead to no decrease in heat sensitivity, since it is
su_i)posed that a single-strand break can inactivate a marker and each marker will
still' contain one alkylated heat-labile_strand. Further replication will of course
produce, heat-resistant markers (Fig. 6). This hypothesis may be used for a rough
calculation of the degree of resistance to heat and the increase |n tran,sformln%
activity. obtained onincubation of aIkYIated organisms in growth medium, Th
calculdtions are presented more to show that the Rypothesis does not lead fo absurd
conclusions than for their quantitative validity. In'the experiment shown in Table 4
and Fig. 5, the number of transformed colonies//rg. pNA obtained from the treated
organisms increased from 530 to 1310 after incubation for 120 min. with a netincrease
of only 3% in the pnA. Heating for Shr. at 50° decreased the activity of the
DNA from non-incubated organisms to 8-2 transformed coloniesifig. A, Consider
an extent of methylmethanésulphonate reaction which leaves half of the prog?ny
markers (marked Tegions in molecules) alkylated and heat sensitive (Fig. §). The
hypothesis requires that only the molecule active for transformation can Parhmpate
| rephfatmn, and since the activity more than doubles | assum? tharl al th?_act_lve
molecules participate In replication” For every 131 pa molecules after replication
there will then be 131/2 = 66 heat sensitivé and 66 non-sensitive molecules. . If
the ratio of activity before and after heating is the same as before incubation
(1.e. 65) there will be 66/6-5-1-66 = 76 active” molecules after heating, giving an
Unheatéd:heated ratio of 131:76 = 1-7. If some of the progeny pNA molecules
were produced on a template o_f,doubl¥ alkylated pnA (qu. more of the progeny
molecules would be heat sensitive. 1T only 1/4 of 131 malecules were resistant t0
heat after replication whereas the others Still contained an alkyl group, as would
occur If the templates for replication had heen an egual mixture of doubly and
sm?Iy alkylated molecules, there would be 33+ 98/6-5 = 48 hiologically active
molecules present after heating for 5 hr. at 50°, which would give 4 ratio of un-
heated : heated of 131:48 = 2-7, which was the ratio_obtaine g_able 4, ling 4).
(The situation is complicated by the fact that the 2-5-fold Increase in transforming
activity requires more than oné round of replication for certain of the pnA molé-
cules.)” 1t Js also clear that there can be an initial increase in transforming activity
obtained from alkylated or?amsms uPon incubation in growth mediunt without
decreased heat sensitivity, If doubly alkylated molecules dre used as templates.
The ratio of the transforming activity from treated and non-treated organisms
was 530/6150 transformed colonies//ig. DNA = 0-086 (Table 4). It may be assumed
that this is the fraction of the total DNA in treated organisms which is capable of
serving as a template for replication, that is, that the DNA from treated organisms
consists of 8-0 % of alkylated but biologically active DNA and of 91-4% biologically
inactive DNA with single +double strand breaks (Fig. 6). The active alkylated
DNA would have the normal transforming activity which in this experiment was
615 transformed colonies/g. DNA. Any new DNA synthesized would also have
normal transforming activity. After incubation for 20 min. there was a 34%
increase in the DNA of the treated material (Fig. 5). In every 1-34fig. DNA
extracted after incubation there would then be 0-34+0-086 = 0-4?/flg. active DNA
and (-8 fig. inactive DNA which had not participated in replication. The active
DNA would produce 6150 transformed colonies//ig. DNA so that after incubation
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one would expect 0-42x615 = 258 transformed colonies/1-34 1,5 or 193 trans-
formed colonies//ig. DNA as comgared with an actual figure of 131 transformed
colonies/,ttg. after Incubation and 53 transformed coloniesf/». DNA before incuba-
tion. 1 the newly synthesized DNA still containing an alkyl group bad a lower
transforming effi wncr than normal DNA the calcUlated value would approach

that found more. closely. . :

arlhe, pﬂyslca |(?ent| ?/catmn of the state produced by heating alkylated DNA at
50° with Single strand breaks cannot be made with ssurance in the absence of
more P_hysmal data., It is still possible that this inactivation mltht represent the
formation of apurinic sites, as su%%ested by the eerrlments of Brookes & Lawley
(1961) and of Bautz & Freese (1960). It is also likely that the state of organisms
after aIkKIatl,on is more complex than we have indicafed. AIthough the. incorpora-
tion of thymidine-14C by treated organisms was linear from the start of incubatign,
there was no net incregse in the DNA of treated organisms until 120 min. of in-
cubation. Actually a slight decrease in DNA contenf after the start of incubation
was a reqular feature of our exPerlments. |t seems reasonable to suppose that some
Rrocess oceurs soon after the start of incubation which serves to deqrade DNA that
as heen alkylated. A degradative \Brocess affecting alkylated DNA has been
described (Strauss, 19626).” Breakdown of Haemophilus DNA was reported by
Stuy (1960) after X-ray treatment. Deﬁradatlon of DNA would of course introduce
another elément of uncertainty into the calculations above. Finally, there is no
evidence that the ‘recovery’ from heat sensitivity of the extracted” DNA (which
actually represents synthesis of new DNA) is related to the rapid and dramatic
recovery of vigoiljty ‘of organlsms from the effects of alkylation after very short
periods of incubation n growth medium.
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INTRODUCTION

BIue and green metallo-protein complexes have been isolated from a number of
Wi eydlffer|ngDsources In nature. Several of the blue copper proteins isolated have
been Shown to e phenol oxidases, but other compounds Without apparent enzymic
activities have aso been_discovered. A green pigment, termed ‘desulphoviridin,
was_obtained from the obligate anaerobic bactena Desulphoyibrio, desulphuricans
by Postgate (1956), while a copper protein was found in the chloroplasts of Chiorels
elUpsoigea and in higher plants and named J)Iastoc yanin (Katoh, 1960; Katoh &
Takamiya, 1961). A que protein was first discovered in pseudomonas. aeruginosa
some years ago (Verhoeven & Takeda, 1956) It was since isolated as a blue water-
soluble, copper-protein complexb Horio f1958a) and its physical and chemical
propertles Investigated (Horio, 19585; Coval, Horio & Kamen, 1961). The presence
a blue protein in fractions obtame 0 from B orgetella pertussis Was first reported by
Hammarsten Palmstierna & Meyer 21959) The present paper describes the [é-
paration, purification and' some rop rties, of a blue protel gresent In the three

species of the genus Bordetella. A preliminary account of part of this work has
appeared (Sutherland & Wilkinson, 1962)

METHODS

Orgamsms and methods of culture. THe pacteria used were obtained from the
Nat|onal Collection of Type Cultures, Colindale, unless otherwise indicated. The
strains USed Were: Bordetella pertussis, nctc 8474, 4412 (obtained from Dr H.

aera
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Billaudelle, Karolinska Institute, Stockholm), 4507 #rsolated at the Ci Hosprtal
EdrnburgtB and 364 ﬂthe original Phase 1V strain of Leslie & Gardner kindly pro-
vided by Dr Jean Dolby, Lister Institute, Elstree). Strain 364 was avirulen{ for
mice and a further avirdlent strain, 4507 av, was obtained by repeated subculture
of strain 4507. Two Bordetella parapertussis Strains Were nctc /385 and nctc
8250. The 8. bronchrseptrca Strains Were nctc 454, nctc 8344, nctc 8761 and
ncte 8762, strain BR/L %solated in the Bacterrolo% Department, Edinburgh
Unrversrtyé and strain 8759 (obtained from Dr A. P. Maclennan, Microbiological
Research statilrshment Porton
Media. VIrUlent Bordetelja pertussrs strains were\g/own in the tris + resin liquid
medium descrrbedrnan earlier Raper (Sutherland & |Ik|nson 1961). Other species
were grown In @ medium whrc contarned (quantrtres me wm Casamrno acids
6 i tecSn(I)CEW-IZO %030 wn(r: l(J)ztdeaZt(()e 618 CI2001 t extract
Fe U st extra
200 r%l The yeast extractwsprepareg bN emetﬂo Cohen 89Whegler 19463
The medrum was adjusted to pH 7-0 with N-NaOH, drstrr uted in 250 ml, quantrtres
into 500 ml. Ehrlenme erflasks and sterrlrzedb autoclawng at 120° for 15 min.
After inoculation the tlasks, were incubated at 37° and shaken at apgroxrmately
100 oscillations/min. ona reciprocating shaker (Distillers Company Lta som
CU|'[UFGS of B, bronchrseptrca B. ara ertussrs and B pertussis WEIE |ncu hatéd for
4,48 and 72 respectwelkr/I The bacteria were harvested b centrifugation at
ab_‘o(r)rtStO? g for 30dmrn in a MSE refrigerated centrifuge, and stored unwashed at
until require
Absorgtron (s]pectra A Unicam SP 500 spectrophotometer with Lcm. light path
Was Use
Total nitrogen. Nitrogen was determined by the micro-Kjeldahl method, the
traen;mecr)]nra being trapped”in horic acid and estimated colorimetrically with Nessler
Pgaper chromatography Two-gimensional paper chromatography was used to
|dentrtyt eamrno acrds in proternh dro %/sates Wh atman No Lpdper sheets were
run for_ 18 hr. with 8 %\/\Qphen containing 0-3% (v/v) ammonia. They were
then dried, rotated throu >and run for 24 hr with butanol + acetic acid  water
84+1+ 5 by vor? | chromatograms were run at 25°. Amino acid spots were
etected with ninhydrin,
Buffer solutions. All Salfs used were analytical grade reagents. The pH values were
readp on a Pye *Dynacap Tp meter.
Krebs-Ringer solution. This had the following composition (%/IOO ml. solution):
NaCI 0-9; K &1 0-04; MgS04 7H), 0-04; NaHP042HA), 0-39; 0-4
Measyrement of oxjdation-reduction potentials. THESe Were determrned potentio-
metrically by the method of Gibson (1961) in an atmosphere of oxygen-free nrtrooen
Concentratign, of sojutjons of heat-labile substances. Ba %terral extracts and other
Brotern -containing solutions were concentrated by the method of Palmstierna (1960),
¥usrnga form carboxymet yl ceIIquse known as ‘courulose”’ gBrrtrsh Celanese
Coventry AIternatweY polyethy ene glycol of molecular weight about 6000
was sed accord mo to the methad of Ko ng ). Both methods wefe satisfactory,
the first being preferable when it was necessary to concentrate large volumes,
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RESULTS
Extraction of blue protein

Washings of the frozen Bordetella pertussis Organisms in distilled water, or in
Krebs-Ringer solution were blue in colour, but no coloured material was observed
in Washmqs from_or?amsms of the other two species. This was probably hecause
they were less easily fysed by the freezmgf ang subsequent thawing, Several extrac-
tion Frocedures were jnvestigated ; the following routine was found to be applicable
to all the species which were examined. The frozen bacteria (equivalent to about
50g. dry we;ght obtained from 301 of medlum(}, were susBended_m one 1 Kreps-
Riiger Solufion to which 0T M-urea had been added. The s sP_ensmn wags stirred at
0° for 30 min. by a high-speed stirrer, followed by centrifugation at c. 25,000% for
60 min. in the model greparatlve,Splnco ultracentrifuge: The su%)ernatant luid
was stored in the cold and the bacterial deposit was extracted with a further 500 ml.
of Krehs-Ringer solution containing urea. After ce_ntrlfuganon, as before, the
supernatant fitid was again retained while the bacteria weré suspended in 250 mf
distilled water, frozen and thawed. The viscous suspension was stirred as abgve
then centrifuged, The organisms were extracted with a further sample of distilled
water, removed by centri u?atjon and discarded. The four extracts were pooled to
give a viscous, opalescent sofution; 1t was dark, greenish blue in colour. This solution
Was dialysed against cold running tap-water for 8 hr., then concentrated until the
volume was atiout 100 ml. The extract was, centrifuged at 100,000g for 15 min. in
the ultracentrrfuge. The deposit was washed with a small volume of distilled water
recentrifuged anq discarded, the supernatant fluid being added to the nitial
solution. The coloured solution was dialysed against _PhosRhate buffer (9-0z0 -
KH204+ NaHP04) for 24 hr. at 4° witti constant agitation. The non-dlffusmle
material was applied to a column of DEAE cellulose equilibrated against the same
buffer, and pu Bed_throu?h the column at 4 rate of 10 ml./hr. The column was then
washed through with a further 20ml. buffer, the washings being added to the
original eluate; This was bn?ht_ blug_in colour and appeared'to be con3|derabIY less
vistous than the original solution. The hlue eluate was_concentrated and dialysed
for 48 hr, a?amst acetate bufter (0-02m, pH 4-6%. A varjable amount of Precg)ltate
%ppeareda this stage and was removed by centrifugation at 100,000q tor 15 min.

he suRernatant fluid was apoIIed 0 & ci cellulosé column in the sodium form
which_had heen thoroughly washed with the same acetate buffer. The coloured
material was all adsorbgd at the top of the column. The pH value was gradually
Increased, using a gradient of acetate buffer %o-ozm, pH 516) and 200 ml. mixer
volume, and fractions were collected in an automatic fraction collector. The flow
rate of the buffer was adjusted to 10 ml./hr. The blue material started to elute
from the column at about pH 5-12. After the complete elution of the blue material,
the top of the column was reddish brown in colour, grobably_due to the retention of
cytochromes or other haemoproteins, The fractions containing blue material were
concentrated, dialysed against acetate buffer (pH 4-62 and_rechromatographed on
oM Sephadex %Pharmau . U g ala) usm%,th_e same conditions, The final product
Was con_clentaat d, dialysed against glass-distilled water and either stored at —40°

ized.

or lyophi : . . .
IX R/pICEﬁ experiments With Bordetella bronchiseptica, Strain 8344, equiv. 50 g,
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dg_y weaght of bacteria yielded 50-55 mg. of purified blue materjal. Although_ straing
454 and" 8761 yielded comparable amounts of the product, the other strains and
species contained less blue pigment. The differences did not appear. to be due to in-
complete extraction of the pigment from the bacteria, as ultrasonic dlsmtegrat!on
of the cells at the end of the extraction process, followed b;r the complete extraction
cycle, yielded no further blue material. In 8. pertussis cultures, the longer incyba-
tion period resulted in some autolysis, with consequent liberation otblue plﬁment Into
the surrounding medium. When Supernatants fluids from . pertussis Cultures were
dialysed, concéntrated and treated in the same way as cell extracts, about 0-2 mg,
blué material/1. sugernat,ant fluid was recovered. However, no pigment was isolated
from the supernatant fluids of cultures of the other two species, even after prolonged
Incubation. This was probably because of the different degrees of autolysis occurring
In these Bordetella SPECIES.

Properties of the blue protein

The blue material was presentin all strains ofthe three Bordetella species tested.
[t could be extracted from the bacteria with Krebs-Ringer solution alone hut
omission of the urea made it necessary to increase the number of extractions to five
or six before all the pigment was removed from the cells. The blue material could
also be obtained in the soluble fraction after ultrasonic disintegration of the bacteria.
All the pigment was in the solution after ultra-centrifugation of the sonic extracts
and none was associated with the sedimentable portion. Lo

The final product from ion exchan?e chromatography was_verY soluble in distilled
Wﬁter an s%lutlons up to 10% coufd be preparéd. '1t'was insoluble in chloroform,
ether and ethanol. _ o

Absorption spectrum. 1Ne_absorption spectrum af the purified pigment from a
Bertusms strain is shown in FIP. 1" In the oxidized form, maxima were observed at

19 rap and 625 rap, but the [atter apeak disappeared on reduction. The millimolar
extinction coefficient at 625 rap, calculated on the basis of the molecular weignt
iven below, was 3-5x 103 Table l,gwes the ratio of E6bto EAat various stages of
urrfication, Attempts to raise this value by other methods of purification,” such

as electr% oresis or chromatography on ‘other ion exchange materials, were
unsuccesstul.
W
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Fig. 1. Absorption spectrum of Bordetella blue protein
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Stability. The blue material was readily oxidized by air or oxygen. In the
oxidized form, no colour change was observed over the range pH 2-5-10-0. The
material was rapidly destroyed by boiling, the colour disappearing and a white
precipitate of denatured protein being deposited. The pigment could be Iyophilized
to a blue powder which was completely soluple .in distilled water. )

Oxidation-requction potential  After purification, the plgmen_t was in the fully
oxidized blue form. it coidd be reduced by a variety of feducing %%ents such &
ascorbic acid, cysteing, sodium thioglycollate or sodium dithionite. The oxidation-
reductl(ﬂ] potgr}nal f samples of the blue material (5 mg.) was titrated potentio-
metrically and found to be’ +395 mV at 20"

Tab.e 1. Extinction ratios of blue protein at various stages of purification

~ 62501-/7280

(2) Crvde, ooli?d extract after concentration and 00
ultracentrifugation

gg Eluate f][omleEAE cellulose columg p 0049
As (2), after dialysis again r (pH 1
LA ot T e O o

543 Eluate from CM cellulose column 0-343

5) Eluate from CM Sephadex column 0-465

Nitrogen content, Determination of the total nitrogen in sam%Ies of the pigment
extracted from different strains revealed a content of 14-9-15-3%. This wag indi-
cative of g Rrotem and paper chromatograph?/ of acid hydrolysates, showed the
presence of the following amino acids : cystine, glycine, aspartic acid, serine, glutamic
acid, Ia/sme, arlgmme, threonine, alaning, tyrosine, henﬁlalamne, Isoleucine; leucine.
The passible presence of others, in amounts too small to be detected by the techniques
used, was not excluded.

Molecular weight. The sedimentation coefficient of the blue protein from Bordetella
bronchisevtica was determined in a series of runs in a Spinco model E analytical
ultracentrifuge. The samples, at three congentrations (015, 014 and 1-0%), were
dissolved in phosphate buffer ("2m, pH 7-0) and dialysed against the same buffer.
The value obtained for the sedimentation coefficient extrapolated for zero protein
concentration was SO W= 1-59x 10~13

The diffusion coefficient was obtained from a single run for 30 hr. in a modified
Tiselius electrophoresis apparatus, at 20°, from which the resultant D20 W= 10-6 x
10-7. The partial specific volume was assumed to be 0-75. This yields a molecular
weight for the blue protein of 14,600 and a frictional ratio of 1-28. During sedi-
mentation, a single peak was apparent and the blue peak moved with the Schlieren
peak throughout the runs. Similar values were obtained for a run with a sample of
Bordetella pertussis pigment. ) C

Copper content. opectrophotometric analysis indicated the presence of copper
and the absence of iron, manganese and magnesmm. Analysis of samples for their
copger_ content was performed by activation analysis at_the Atgmic Energy
Establishment, Wanta?e. The copper content of blug protein from four different
strains 1s shown in Table 2; the mean value obtained from these results was 0-447 %,
This, allied to the molecular weight, indicates the presence of one copper atom per
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molecule of Proteln. No.increase in copper content was obtained by dialysis against
a copper sulphate _solution followed by dialysis against distilled water to rémove
free copper fons. Dialysis against the chelatln? agent ethylenediamine tetra-acetic
acid decreased the copper Content of a sample of blue protein to 0-210%, while
dialysis against cyanide completely removed the copper.

Table 2 Copper content of blue protein from different Bordetella strains

Copper

conteﬁP (%)
B . pertussis 4412 0-436
B . pertussis 364 0-452
B.parapertussis 7585 (-448
B . bronchiseptica 8344 0-451

Metabolic activities. The hlye protein was autoxidizable. A solution of the colour-
less reduged Rrotem containing 100 /;mole/ml. was completely oxidized in 20-25
min. at 37° when oxfy%en or alr was passed thrOUﬂh it. The rate of re-oxidation was
very much greater, foflowing the addition of small quantities of cell-free extracts of
Bordetella Species. The pigiment was i the reduced form when the bacteria were
harvested. This could beshown by visual examination of thick susBensmns of
Bordetella pronchiseptica CEllS imme |ateIP/ after harvesting; they were buff oy pale
pink In colour, However, when they were allowed to stand_in ir, or when air was
passed through the suspensions, they raé)ldly_turned greenish blue. This was seen
most markedly in centnfulged bacterial depasits, the surface of which became blue
while the undérlying material remained pink. In the presence of succinate, the blue
protein was rapidlyreduced by cell-free extracts of Bordetella species.

Presence ofsimilar pigments in other bacterja. Samples of bacteria of several other
species were_extracted b)i the method applied to Bordetella cells. Blue profeins
with properties very similar to those destribed for Bordetella material, were found
IN Alcaligenes faecalis nctc 695, Alcaligenes denitrificans nctc 89582, and Pseudo-
monas fluorescens Strain 2. No trace of this type of protein was found in escherichia
coli B, Salmonella typhimurium Strain 5, Bacillus megaterium Strain 19, chromo-
hacterium violaceum nctc 9757, Achromobacter anitratus nctc (844 OF Moraxella
bovis ncte 8901,

DISCUSSION

The results described in this paper indicate that all three Bordetella species
examined possess blue copper-proteins which are jdentical with respect to the tests
that were made. We suggest the name azurin for this protein, as being in agreement
with the nomenclature”sed for similar pigments, e.?. desulphoyiridin (Postgate,

. The Presence of copper-protein Complexes of different function is Wide-
spread in nature. However, the only one of these compounds with any resemblance
t0 azurin 15 the ‘blue protein’ isolated from pseudomonas aeruginosa by Horo

84, b). This IS remarkably similar 1 its redox é)otentlal (+3% mM, the dmended
olecular weight of 14,600 (Coval, Horio & Kamen, 1961) and in the presence of one
atom, of coppér per molecule. Further, the ‘blue protein’ of p. aeruginosa can he
ﬁ]urlﬁed bly the method outlined for BordetT<IIa azurin. A fur%her similarity lies in

e report that the Pseudomonas protein, like azurin, can be freed from copper by
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diaIYsis against cyanide solution at neutral pH (Horio, Sekuzu, Higashi & Okunuki,
1961). I both tases, the copper could be restored by dialysis against copper
sulphate solution. This g[opertyjs common to several colpper-protem complexes
(Westerteld, 196l)|. There 15 one difference in the reported properties; Horio (1958a
stated that the ‘blue protein” was not autoxidizable. However, when it is pregare

fromp . aeruginosa Dy the method described above, the product is autoxidizable at
a rate similar to that of azurin (Sutherland, unpublished results). .

The continuous sPectru_m ofazurin shows the absence of any Soret band similar to
that found in desulphoviridin (Postgate, 1956), This indicatgs that the copper Is
not bound to the Rrotem through " parphyrin molecule. The visible spectrum
closely resembles tnat obtained “for artificial copper-glycine complexes' (Klotz,
Faller &_Ur%uart, 1950) and it seems possible that the”chromophore is a copper-
amino acid complex.

. The function of azurin is uncertain, Its distribution appears to be somewhat
limited in nature. The presence of azurin or similar pigments has only been found in
the three genera Bordetella, Alcaligenes and pseudomonas. NO trace of similar com-
pounds could be found_m the species of Salmonella, Escherichia, Achromobacter OF
Bacillus tested. A relationship between the genus Alcaligenes and certain pseudo-
monas SPecies was indicated by Lysenko g 61) and it has been suggested that
A faecalis IS related t0 B bronchiseptica %Sz urm & Bourdon, 1948). However, it is
difficult to see what, if any, Is the common metabolic process in azurin-containing
micro-organisms. One |m?ortant difference between the metabolism of pseudo-
monas SPecies and that of the %enus Bordetella IS the ability of the former to grow
anagroblcally. The conditions 0f growth used by Horio (1958a), 100 1 unaerated
medium in deep Vessels, would indicate that growth was anaerobic, It therefore
appears that the ‘blue protein "was produced under anaerobic conditions, although
the actual yield was not reported. Nor is there any quantitative result for the pro-
duction of the protejn under different oxygen tensions. Azurin, however, is obtained
from highly aérated cultures and it is rearkable that some strains of 8, bronchi-
septica COntain as much as 0T % of their dry wejght as this copper protejn.

The “blue protein” of pseudomonas aeruginosa IS thought to act as an alternative
electron-transport system between a cytocan,ome ofthe ¢ tyP_e (Pseudomaonas cyto-
chrome 551) and cytochrome oxidase’ (Horio, 195862. Initjal mv_eshgatlons With
azurin, USINg Bordetella bronchiseptica Cell-freg extracts and purified Cytochromes
suggest a similar function (Sutherland, unpublished results).

The authors wish to thank Professor E. Hammarsten and Dr H. Palmstierna
for 3 gift of pertussis material: Dr H. J. Cruft for ultracentrifuge and electrophoresis
studiés and calculations; and Miss S, C. McCabe, Miss J. Thompson and Mr J. D,
Caird for technical assistance. One of ug (I.W,S.) is.indebted to the Unjversity of
Edinburgh for a Graduate Research Fellowship during part of this work.
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Changes in Gross Chem|cal Coml%)nents of Trichophyton
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INTRODUCTION

A previous report from this laboratory (Chin & Knight, 1957) described the
stimulation of macroconidial formation in Trichophyton mentagrophytes during in-
cubation at increased carbon dioxide tensions. A requirement for glucose was
demonstrated, since macroconidia formation was not stimulated in increased
atmospheric tensions of C02 when glucose was omitted from the medium. The
experiments described in the present paper attempted to analyse and compare the
gross chemical components of macroconidia, microconidia and hyphae. It was our
intention to find some measurable difference between macroconidia and the other
morphological units of T. mentagrophytes with the hope that this difference might
be induced in the normally non-sporulating strains when macroconidia formation
was stimulated by carbon dioxide. Because of difficulties involved in separating
macroconidia from microconidia and hyphae, mutant strains which differed in type
of sporulation were derived from a common parent. Macroconidia are easily
harvested from a sporulating mutant which does not form microconidia, and vice
versa.

8 G. Microb. xxx
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Mutants METHODS

All mutants were derived from Trlchoph%/lon mentagrophytes strain A-280 (from
the Communicable Disease Center, Chamblee, Georgia, U.S.A.). Stock cultures
were maintained by 3-monthly transfer on Sabouraud’s %Iucose agar (Difco) and
incubation at 30° for 10-14 days followed by storage at 5°, SabaUraud's glucose
agar. (4% glucose, 1% Neopeptone, 1-5% agag) Was used throughout. Liquid
medium was prepared by Omlttlnﬂ the agar, andl Sabouraud’s conservation medium
%)‘Y] the omission, of glucose. Cultures Were incubated for 5 days before harvest.
e genetic purities of parent and mutant strains were assuréd by sm%le spore
isolafions to avoid the ‘selection of macroconidia-forming variants from mixed
clones qungg Incubation in CO%(E mons & Hollaender, 393. Amero _omdu*m
was Isolated"from strain A-280 by the excision and transfer t0 fresh medium of a
erminated microconidium from ruled ag]ar blocks of Sabouraud’s glucose agar,

he clone resulting from the growth of this slpore Wwas maintained &s the [par_ent
culture, strain 5-7.” Spores from this clong were seeded on Petri plates containing
solid media and irradiated with ultraviolet radiation. _Morpholoqlcal mutants
differing in %pe of sporulation were selected from the survivors and transferred to
fresh mediurn. In turn, clones resulting from the_growth of transferred survivors
were purified by the isolation of microconidia. _Since strain 1-2-1 does not form
microconjdia, & macroconidium was isolated. The growth characteristics of all
mutants have remained stable through 3 years_of serial transfer. Their sporulating
patterns and responses to C02are recorded in Table 1

Table 1. Macroconidial formation by mutants of Trichophyton mentagrophytes
an t%e?r response to llncregseov carbon dloxf(Ye Pen%}onsrpn atl rg Py

Mutant Normal air ~ 16% (v/v)

oomo
%- } agundant Ero{use
-3 none 00r

Inoculum and growth

Inoculum for_solid media was prepared by dispersing the growth on a stock
culture slope with sterile water and pipette. “Cultures for chemical analysis were
grown as surface mats on liquid media. A floating inoculum was prepared by pipet-
|n? 1'ml. medium on to the surface of a stock cllture slope. The culture tube was
rolfed gently to dislodge spores and hyphal fragments, the majority of which tloated
on the surface of the medium. In irioculation, this preparation Was poured nto a
flask containing. liquid medium, Flasks which were incubated with increased
atmospheric tensions of C02(0-16% viv) were fitted with rubber stogﬁ_ers and glass
tubing outlets. The gassmg procedure was as previous| descnbed_g in & Knight,
1957)" Atter incubation the floatm,? cultures were waglied by pouring off the média
and refloatlng the culture mats, with water 4 times. The mats, were then removed
from the flasks and suspended. in cold acetone (Umbreit, Burris & Stauffer, 1957).
The organism was separated from the acetone by centrifugation and the super-
natant “acetone drawn off through q cainllaré/ %)ette_connected to an aspirator
pump. Samples of organism were dried In vacuo ovemight.



CO2and metabolism of T. mentagrophytes 115

Spores

Spores were harvested from cultures ?rown on solid media in Roux hottles;
macroconidia were harvested from strain 1-2-1, microeonidia from strain 5-7. After
5 days of Incubation, 40 ml. water were added to each bottle, the contents vlgorouslz
shaken and strained through gauze. Althoutqh man;r}_saores were retained wit
mycelium in the filter, the effluént usually contained a high percentage of the spores
In‘the original harvest. Spares were separated from the effluent by Centrifugation.
Thg sP_orswere vv_%shed times, after which they were suspended in cold acetone
and dried as described above.

Spore walls

Macroconidia were harvested and broken, prior to acetone treatment, in a Serval
Omni-mix with water and %Iass microbeads for 30 min. The proportions of the
mixture were sPoreSchIass Deads + water F1+2+3 by vo 3 |croscog|c exami-
nation of samples stained with [actophenol cotton biue revéaled that 95% of the
macroconidia were broken in all compartments. The spore walls were washed with
water In excess of twenty times, suspended in cold acetone, and dried.

Extraction procedure

Weighed samples were transferred to test tubes and sequentla_llﬁ extracted in a
hoiling” water bath with water for 15min, with 5% (w/v) trichloroacetic acid
(TCA) for 30 min., with N-NaOH for 30 min. The tubes were cap?ed with glass
marbles to prevent evaporation. After each extraction, the contents of the tiibes
were separated by centrifugation. Samples of extracts were removed for analysis
with a pipetting bulb; the’rest of the extract was discarded t,hrou?h a capillary
pipette connectéd to an aspiratoy umﬁ). The cell residues remaining after extraction
with hot NaOH were washed with water four times by repeated céniritugation and
transferred to tared aluminum cups. The residues were dried overnight at 80° and
the weights determined by difference.

Chemical analyses

Carbohydrate was measured with the anthrone reagent, with glucose as the
standard bO%WUS’ 1952), Samg)lfes from TCA extracts were hyr%rOIZSfd with 06 n-
(1 ¥1 a noiling waterhath Defore paper chromato raphg. % olvent system
used for paper ¢ romatogr 3Dh¥ Were'Is glr panol + wate g+2, yvol.g gxn am
ac_etate+’\i)8/r|d|ne+wate_ +3+1, byvol.). Paper chromatograms weré develop
Wl'gh Aq 3reagent SS Ith,. 95%?. :
oteln was, measured with the Folin phenol rﬁi ent method based on the
mQ |f|(iat|0n of Lov\é@/, Rosen rough,. Farr &bRarhda 1%5%}.
Tofal nucleic aci ESNA were Estimated by the method of Logan, Mannell &
Rossiter (1952) at 268-5mji in a Beckman model DU spectrophatometer with
30ml. silica cuvettes after extraction by the method of Schngider (1945). Samples
were read against a bjank of 5% TCA, errlnlg sgerm deoxyribonucleic acid (DNA
Nutritional Biochemical Co.), similarly hydro gs d, was USed as the standard.
DNA content was determined by the method of Kech (1958). Ribonucleic acid
(RNA) was estimated by the difference between total NA"and DNA.

8-2
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RESULTS

The gross chemical composmons of macroconidia m|crocon|d|a and whole
culture o Trichophyton mentagrophytes strain 5-/, which produces microconidia
but no macroconidia on Sabouraud’s glucose agar, are described in Table 2. The

Table 2. Gross chemical companents of macroconidia, microconidia, and
whole culture of strain 5-7 of Trichophyton mentagrophytes

I : .
co?lcd?a conl(?la Strain 5-7
(% of dry wt)
Extract ~ Component 'eeeeeev

O - S A &
TCA 9R-|8 £§g 1 gllé\ 1%%
1

o £8 g 2
NeOl & 106 15 301
CHO: carbohydrate, PRO, protein; RNA, ribonucleic acid; DNA, deoxyribonucleic acid;
CR cell residue. 30 -
Mutant 1-2-1

Mutant
30 g
CHO-TCA g 20
w
¥
CR
= 20 =
qt_:; PRO-NaCH O—
g z 1-3-1
1ol
2 PRO-H,0 32 -
° 10| 5.7 5 GLU
3 CHO-H,C
I‘ PRO-TCA
RNA
0 O=——0 ¢ o ® DNA 0 % I
0 4 8 12 16 0 4 8 1
% (v/V).COZiﬂ air % (v/v) co 2 in air
Fig. 1 Fig. 2

Fig. L C an es in ro S 7ch ical com osition, in erc nto ny(}Ne| ht ofTrlchopm?)n

fal sstra er| |on In_incr caro 0g'ten
E@%@W el ﬁzgc el e
cIe ac1§>%ﬁA deoxyr|b0n¥1c[e|cat:| OA (SH h%l—flextacta P

proteln re5|
\3/ Icﬁ VChan es in amg -soluble c rboh rate in ercent of dr Wel ht in mut nts
10

arr¥ qree o or atl f dur |nc bat|o in. |n m% car
élde te smns || mutants were rveste(*ass ecu res on ab urau
edium, strain 5-7 was grown on me umwn an outgucose
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macroconidia coptained 33% hot-water-insoluble, . hot-acid-soluble carhohydrate
as compared with. 11% in microconidia and 12% in strain 5-7. These differences
became more striking when paper chromato?rams of hydrolysates of thesg fractions
were examined. Glucose and trace amountS of an, at preSent, unidentified sugar
were found in the hydrolysate of the TCA extract from macroconidia: in micro-
conidia and whole organisms of strain 5-7, grlucose and trace amounts of galactose and
the same unidentifiéd sugar were found. The unidentified sugar is suspected to be
fructose, rhamnose or sorbose. Macroconidia harvested from strain 1-2-1 ?r_own
on Sabouraud’s conseryation a%ar (prepared by the omission of glucose) confained
19% acid-soluble carbohydrate. ~Again, paper chromatography showed that

30~ 40l'

A
\Mutant 575 GLU

Mutant 1-1-2

A a Mutant 1-2-1

2
20
» [}
g 20 - o
X 5
< ‘6
o B B Mutant 5-7 2
c Mutant 5-7 S GLU o
&
O T
g " g
EN Mutant 1-3-1 =
O

1 1 1 ] 10 ] 1 1 J

0 4 8 12 16 0 4 8 12 16
% (v/v) CO, in air % (v[v) CO, in air
Fig. 3 Fig. 4

Fig. 3. grg{'in esin grote| contgnt, in loercent,ofdry, weight, in mutan(tjs wh(jch varx in
&/ean eqree of sporulation %rmg cubation In‘iner mlg; carhon AOXI € tensiops,
[Fmutants Were harvesteq as surface™cu tlfres on Iméu apouraud’s medium: strain 5-7
was grown on medium with and without glucose (S GLU).

Fi é Changes in cFII,re3|gue, mPercentofdry.weight, in mutants, which vary in tyRﬁ
and degree 0 szi)oru ation urgn ncubation 1”increasing carbon dioxide tensions,
mutants were harvested as aur,a ecultvres on I(]GUI abouraud’s medium; strain 5-7 was
grown on medium with and without glucose (S GLU).

glucose was the predominant sugar in hydrolysates of this fraction; only traces of
galactose and the unidentified sugar were found. Walls of macroconidia from strain
1-2-1 grown on Sabouraud’s glucose agar contained 9% acid-soluble carbohydrate.

After pre-treatment with acetone, the cytoplasm of macroconidia, microconidia
and hyphae stain red-brown with Lugol’s iodine solution. Hyphal and spore walls
do not take the stain.

Strains 5-7 and 1-2-1 responded markedly to incubation in increased atmospheric
tensions of C02and macroconidia formation was stimulated greatly. Strains 1-1-2
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and 1-3-1 did not respond well to C02 and macroconidia formation was poorl
stimulated. The changes in gross chemical components of the parent strain, 5 \
grown in increasing amounts of CO2are shown in Fig. 1. The greatest fluctuations
occur in three fractions: acid soluble carbohydrate (CHO-TCA), NaOH-extractable
protein (PRO-NaOH), and cell residue (CR). The changes in these fractions, for
all mutants, in response to CO2are described in Fig. 2 (CHO-TCA), Fig. 3 (PRO-
NaOH), and Fig. 4 (CR). In strains 57 and 1-2-1, increases in carbohydrate and
protein, and decreases in cell residue, accompanied increased macroconidia forma-
tion as it was induced by increasing CO2 tensions. Strains 112 and 1-31 were
poorly stimulated to form macroconidia and did not show increases in carbohydrate.
Under increased atmospheric tensions of C02 strain 1-1-2 increased in protein and
decreased in cell residue; strain 1-3-1 did not increase in protein or decrease in cell
residue. Paper chromatograms of TCA extract hydrolysates from all cultures
showed that glucose was the predominant sugar in these fractions; traces of galactose
and the unidentified sugar were also present. When strain 57 was grown on
Sabouraud’s conservation medium under increased tensions of CO2 macroconidia
formation was poorly stimulated. Analyses of gross chemical components during
incubation with CO2revealed no increase in carbohydrate, an increase in protein,
and no decrease in cell residue.

DISCUSSION

. The formation of macroconidia and microconidia by Trichophyton mentegrophytes
implies that differences in structure and function, as well gs sizé, exist betieen the
two spore_forms. Unfortunately, information apout functjonal differences between
macraconidia and microconidia is not available. - One difference in function_ has
been _|mglled (Wilhelm, 1947).” Since macroconidia are multinucleate and micro-
conidia are uninucleate (Emmons, 1934), a heterokaryotic state may exist in the
multipuclear compartment of a macroconidium and provide a survival advantage
by_allowing the macroconidium to carry a recessive gene. .

The stimulation of macroconidia formation by ‘Incubation in increased C02
tensions s difficult fo mvestl(‘;ate, since very little’is known about the physiology
of the organism. If ang/ existing differences in the gross chemical components 0f
morphological structurés were_known, it should be possible to mvesUgate the
physiological changes in mycelia during the process of sPo_ruIatmn and the effect
?gt (I)SZ é)r?dthese changes. The experiments described in this paper were designed
. It was previously demonstrated that stimulation of macroconidia formation b%
incubation in Increased C02tensjons did not occur when glucose was omitted fro
the medium. This requirement for glucose may be a direct reflexion of the hlgher
concentration of carbohydrate in macroconidia than in microconidia or hyphag.
Perhaps the formation of macroconidia requires higher concentrations of glucose in
the meéﬂum Lor a structural precursor of the spore Ttself. The carbohydrate appears
t0 reside In the cytoplasm. - _ _ o

I is our experience that macroconidia germmate more ragldly than microconidia
on Sabouraua’sglucose agar. Wheeler, Cabaniss & Cawley (1958) showed that macro-
conidia of Microsporumfulvum, another dermatophyte, iwere capable ofgermmatln
in distilled water in 4-5-30 hr. (confirmed In our laboratory). Macroconidia o
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Trichophyton mentagrophytes germinate in distilled water in 8 hr, when they are
aerated: “microconidia will not germinate under the same conditions. We "have
postulateq that the higher concentration of ca_rboha/drate in macroconidia may be
more available_as an ener%y source for germination than the lower quantity n
microconidia. This is not the only factor™to be considered, however, since micro-
conidia suspended in 4 % glucgse Solution will not qermmate n4ghr,

. Other changes in gross chemical components of cultyres also ogeur durln]g incuba-
tion 1n increased CQ2 tensions, particularly, in protein and cell residue fractions.
However, investigations into these two fractions have been deferred because the
separation of st_rong macrocomdla-formlng mutants and weak macroconidia-
forming mutants Is not as clear as in the carbohydrate fraction. These fractions have
not, by an()!_ means, heen dismissed from furthér consideration since the process of

|

macroconidia formation must be complex, Physiological and structural changes
%urlng sporulation will rely heavily upon the formation of new and more Emt'erlt?'
ene e. The

alizations apout the sporulatln?_ processes of fungi are difficult to ma
factors which influence spore formation are many and varied (Cochrane, 1958);
an agent which stimulates sporulation in one organism may inhibit it in another.
Comparisons of sporulating processes will have to await more studies similar to
those of Wright & Anderson (1958}_0[1 Dictyostelium_discoideum and Cantino f1956)
on Blastocladiella emersonii, 1t isofinterestthat D. discoiceum accumulates cellulose
during one, phase of sporulation and that C02induces the formation of resistant
sporangia in B. emersonii. Cantino & Horenstein (1956) Implicated a succinate-
Ketog|Utarate-isocitrate cycle in the sporulation of Blastocladiella. Whether these
aspects of carbohydrate Mmetabolism are related to the accumulation of glucose in

Trichophyton mentagrophytes remains to be seen.

This work was supported by Grant E-1201 from the National Institutes of
Health, USA.
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INTRODUCTION

cour as result ots Sequen ari

Two previous papers from this laboratory (Chin & Knight, 1957, 1963) described
the stimulation of macroconidial format|on In Tnchophg/ton menta rcgohytes whenthe
organism was grown on Sabouraud’s glucose meaium dnd mcuba under increas-
ing atmospheric tensions of C02 When glucose was omitted from_the medium,
macroconidial formation was nof, stimuldted. Macroconidia contain 33% aud
soluble carbohydrate; microconidia and the whole culture ofastram wh|c
duces mlcroconldla but no macroconidia, contain 11% an 12% car oh ¥ rate
respectivel g A corelation between increase of acid-soluble carbohy e and
macrocom jal formation was demonstrated in whole cultures as theyweremcu ate
In increased CO2tensions, Two strains, 5-7 and 1-2-1, were stronghy stimulated to
form macroconidia and |ncrease in carbohydrafe content; two Strains, 1-1-2 and

-1, were weakly stimulated to form macroconidia and did not increase in carbo-
hydrate content.

Bre iminary experiment, which forms he ba3|s ofth|s paper, demon frated the
stimulation of uridinegipnosphoglucose_(UD Gg pyrophosp orY ase z
glucose -1-phosphate urigyltransferase, EC2.7.7.9) act|V|t¥ In cell-free extracts of
ultures incubated. under mcreased CO2 tensions. The study of polysaccharide
formation, during induction of macroconidial formation by incubation of the
organism in increased C02ten3|ons Was d|V|ded Into three parts: (1?]the effect of C02
on'other enz%mes involved in polysaccharide formation; {2) the chemical nature of
the polysaccharide . (3) an attemP to demonstrate the transfer of glucose from UDPG
to polysaccharide. e first part of these studies Is described in"this paper.
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METHODS

_Mutants and, culture methods. The mutants and culture methods used were as pre-
viously described %Chm & ngiht, 195/ 19632. Trichophyton mentagrophytes strains
57 arjd 12-1 which are strongly stimulated to form macroconidiaand Increase, i
carbohydrate content during mCubation in increased C02tensions, as well as strains
1-1-2 and 1-3-1 which are weakly stimulated to form macroconidia and do not
Increase in carbohydrate content, were used in the present work. Cultures were
%rown as surface mats on Sabouraud’s liquid medium under increasing tensions of

02 (normal air to 16%, v/v). The inoculating and gassing procedures were as
descand previously. , _ ,

Cell-free extracts. “After 4 days of incubation at 30°, floating cultures were washed
by pouring off the medium and refloan_nrq the culture mats with water 4 times. The
mycelial mats were transferred to chilled mortars, and after cold 0-02M-sodjum
acetate buffer (pH 59) and acid-washed sand were added, the mats were crushed
with a chilled pestle for' 5 min. The crushed material and sand was transferred to test
tubes and the supernatant solutjons separafed by centrifygation at 700g for 5min.
The supernatant solutions, which will be referred to as cell-free extracts, were with-
drawn with a pipetting bulb.

Protein determination. The protein content of cell-free extracts was measured by
the method of Lowry, Rosenbrough, Farr & Randall (1951) with bovine serur
albumin as the standard. o _

Assays of enzymes. Enzymatic activities of cell-free extracts were measured in a
Beckman Model DK-11 Récording Spectrophotometer with a thermostatically con-
trolled 30°Lcuvette holder and Tml. silica cuvettes. All enzymes, with the éxcep-
tion of UDPG pvrophosphorylase, were assayed b _takmﬁ atvantage of an active
glucose-6-Rhosphate_ deh d[oge_nase, éEC 1.1:1.49 [I-free extracts and mea-

ured hy the reduction of nicttinamide-adenine dinueleotide phosphate (NADP) at
340 miji- Cell-free extract equivalent to 100/|%. protein was used In_each_assay.
However, where activities were low, nqtably in the assay of hexokinase EEC 2.1.1.1),
up 10 500/;¢, protein was used. Specific activities are expressed as the increase in
optical density at 340 m/t/mgr protein/min.

Hexokinase LEC 2.71.1.1). The hexokinase assay was adapted from the method of
Chattaway, Thompson & Barlow (1960), using"a volume of Iml. The reaction
mixture “contained ~30/;moles 2-amino-2-h roxymeth¥l ropane-|,3-diol (tnsg
butter (pH 7-4%, 0-25/|mol? glucose, 006/imale MgS04 cell-ree extract equivalent
100/ig. ‘protein, 0-50/;mole”NADP and 1-00/imdle adenosine triphosphate (ATP).
sAtngE }/ﬁaesrg?&tlfoerg from the reference cuvette and added to the sample cuvette to

Glucose-6-phosphate dehydrogenase {EC 1.1.1.49). Glucose-6-phosphate dehydro-
genase activity was assayed bx an adaptation of the phosphohexoseisomerase assa

y Slein (1955). The reaction mixture contained 30/imoles tris buffer d(pH 1-4),
0-25/¢mole glucose-6-phosphate, 1-00/imole MgCI2 0-50/;mole NADP ang cell-free
extract equivalent to 100/lg. protein In a total reaction volume of 1ml. Glucose-6-
Pc?%% Ptattﬁewraesa(c%md from the reference cuvette and added to the sample cuvette

Glucosephosphate isomerase {EC5.3.1.9). Glucosephosphate isomerase was

In Ce
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assayed by the method of SIeln (1955) in a total reaction volume of L ml. The reac-
tion"mixtire contalned 30/;moles tris buffer (pH 7-4), 0-25/;mole fructoe-6-phos-
Rhate 1-00/;mole M?C| (‘150 J;mole NADP, ‘and céll-free extract equivalent to
38 tg groteln Fructose-6- phosphate was omitted from the reference cuvette and
the sample cuvette to start the reachon
6-Phosphogluconate dehydrogenase (EC 1 E 6- Phosphogluconate dehydro
?enase was assayed after adapting the method of hattawa et al, oareac-
lon volume of 1 ml. The reactioil mixture contained 3 omole tris uffer (pH 7
25/<m0|e6phosPho gluconate, 060«m0e MnCIZO 50/tmole NADP, and cellfree
extract equivalent to”100/; é} protein. 6-Phosphogluconate was omitted from the
reference Cuvette and adde to the sample cuvette to start the reaction.
Phosphoglucomutase (EC 2 . ?ucomutase was assayed after
adapting t(he method of Chattawa etaI 190 0 a reaction volume of 1 ml. The
reactlon mlxture contained 30/ moes tns huffer (pH 7-4), 0-25/;mole glucose-1-
Qhos phate, 0 moeMnCI 0501 J;mole NADP, and cell-free exiract equivalent tg
8 gprotem |ucose posphate as omfted from the reference cuvette and
ded to the sample cuvette to startt e reaction.
UDPG pyro hosphorylase EC 2 L UDPG pyrophos€h0r¥lase Was, assayed
ya modtfy caFlon of the method of Kalc ar &Anderson he reaction mix-
ture contame in a volume oflm 100 imoles g che H87 G-L/zmole
undlne tn/o hosphate (UTP} 0 6//mole Iucose hos hate G| P 10/ mole
0/gmole NAD, cell-free extract equwalent 0. protein, and 54nits
commerual UDPG dehydrogenase (Sigma Chemical o fwo reactions were run
S|mu taneously the formatlon of UD G from UTP and G-I-P by UDPG.
ﬁo Dp or ase an t eOX|dat|on reduction ofUDPG to UDP glucuronlc acl and
to deh)idrogenase % Under the conditions
described, UDPGp rophosphory ase Was malntameda the rate-limiting reaction.
UTP was omifted from the reference cuvette and added to the sample Cuvette to
gtaétl (t)hne] reaction. Progress of the reaction was measured by the reduction of NAD

RESULTS AND DISCUSSION

The demonstration of an inducible UDPG 83/ ophosphorylase in Trichophyton
mentagrophytes AUFING incubation in mcreasmq rbon dIOXId tensions IS presented
as presumptlve eV|dence that the concomltan accumulation of high levels of poh{
sacchan e proceeds via this pathway rather than directly thfough glucose-
pos phate dlrectl EJSOIS 1961). The expenments In this loaper were designed to
determine whether phosp oryl ase was the ony enzyme, in the early
steps ofglucose metabolism, W ich was stimulated by C02 r, 1f other enzymes are
stimulatéd, whether the |nduct|on of UDPG pyrophosphorylase is sequential
Siitanler 195w) Four stramsg T mentagro hytes, derived from the same Barent
ere Used. Two strains, 5-7 and 1-2-1, respon ded stion ly to incubatjon In increased
C02tensions: macroconidial ormat|0nwas profuse an hlgh levels of polysaccharige
accumulated, Two strains, 1-1-2_and 131 responded Weak|¥] t0'in ubat|0n |n
Increased CO2tensions; macroconidial formation Was poor and high levels of poly
saccharide were nof accumulated. Cell-free extracts from cultures mcubated |n
Increasing CO2tensions were assayed for hexokinase, phosphoglucomutase, UDPG
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Ryrophosphorylase, glucose-6-phosphate dehydrogenase 6-phos?h0?|uconate de-
ydrogenase, and glucosephosphate Isomerase activities, The fesults of these assays,
as they are depicted jn Figs. 1,2, 3and 4, demonstrate that UDPG pyroghosghor |-
ase Was not the onIY enzyme which was induced by C02 Glucose- -Ph sphate
deh?édrogenase and glucoséphosphate isomerase were rore strongly stimulated than
UDPG yrophosphorylase. Hexokinase, phosphoglucomutase  and 6-Bhosph0-
oluconate (iefydrogenase were more weakly stimulatéd 1f at all, than UDPG pyro-
phosphorylase. Sequential induction of UDPG pyrophosphorylase, through step-
wise_induction of hexi)kmase and then &hosphoglucomutase before induction of
UDPG pyrophosphorylase, was not observed.
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On the other hand, conditions which contribute to the accumulation of poly-
saccharide during incubation in increased C02tensions were shown to exist. The
greatest amount™of enzyme stimulation resided In %Iucose-6-ghosphate dehydro-

enase, glucosephospnate isomerase and UDPG pyrophosphorylase. Figures 1and 2
show that UDPG pyrophosphorylase activity instrains 5-7 and 1-2-1; which were
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strongly stimulated by cozto form macroconrdra and accumulate poI%rsacchande
continued to increase after Iucose6 hos{n ate denydrogenase, the first enzyme
leading into the hexosemonophosphate'shunt, and glucosephosphate isomerase; the
first enz%me leading mto glycolysis, had attained maximum stimulation. In strain

ich was weakly Stimulated by co2to form macroconidia and accumulate
polysacchande the stimulation of UDPG yroF)hosphoryIase activity followed a
course similar o those of glucose-6-phosphate de dro%enase and glucosephos hate
ISomerase activities. Thesé three enzymes were stimulated (Fig. 3) to their maxima at
84 (v €02 Figure 4 shows that the stimulation of all ehzymes in strain 1-1-2,

which responded poorly to coz was weaker than in the otherstrains tested.
0-6 r 06
05 05

Q@
A
1

03+

AQDImg. protein/min.

% (v/v) CO, inair % (v/v) CO, in air
Fig. 3 Fig. 4
Fi Xq ar[hqes in spec frc actrvrtres as AOD/m rote&n/m of enzymes in cell-free
ract

(d%gﬁﬂSlOﬂgmﬁe ENzymes

sa Wer é |n (fN |n readgocdta%n % orylase
E;qéucose tf ate deh nas I pospﬁ d?ueonate dgdy ogeﬁase and
ucosephosp ersomerae

in. specific activities, as AODI, rote / , of enz |n cell-free
act d]n?esr |nIO f e a%re dngar m seros een mes
d e wer eﬁ m ucmtas roph ase
Ucose-6-priosphate den genas osp o conate r and

0) g ucosephospha e ISomerase.

These results pose two ﬂuestrons which must be answered as the ph%srol n%rrcal

studer Trrchog yion me ta%rog es |s contrnue What Is the mechanis
wh |c cozlndUC s%lucoseﬁ ate eh rorIrenase %Iucosephos hate | |somerase
n of glucose--phosphate

08 og/ase Dogs the stimulat
dehydrogenase and glucoséphosphate 1somerase Imply that cozmay bnng bout
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macroconidia formation by stimulating the hexosemonophosphate shunt and/or
glycolysis?

! gfg\s work was supported by Grant E-1201 from the National Institutes of Health,
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SUMMARY

The cell wall of Salmonella gallinarum, like that of other Gram-negative
organisms, was found to contain a separate continuous rigid mucopolymer
layer. This structure was rapidly broken down by the cell’'s own enzymes
durini wall preparation when suitable precaution against this action was
not taken. Possible errorsin theinterpretation of cell-wall structure, deriving
from this and other causes, are discussed.

INTRODUCTION

Recent work on Gram-negative cell-wall structure has led several authors, working
independently, to differing views about the mucopolymer component of the wall
(cf. Shafa & Salton, 19607 work, 1961: weidel, Frank & Martin, 1960). The op-
posing views are that the wall contains no continuous separate mucopolymer layer
or that it does contain such a layer (/@-IaXeé). Its absence was concluded from two
sets of observations. Shafa & Salton ( 9 0) found complete disaggregation by
anionic detergents of walls prepared according to their methods. Work 961 , on
the other hand, found a complex spectrum of peptides to be released from walls of
Escherichia coli by enzymes of lysozyme-like character, and interpreted these
peptides as containing typical mucopolymer components linked to sets of amino
acids derived from protein. Her conclusion was that ‘each of the so-called “ layers”
contained mucopeptide components’. .

Since our own resylts seemed to demonstrate clear\% the existence of a separate
mucopolymer layer in the walls of escherichia colj (Weldel et al. 1960) and other
Gram-negative mlcro-orrqanl_sms (Martin & Frank, 19623; Schocher, Bayley &
Watson, 1962), the simplest interpretation of the findings of Shafa & Salton (11960)
is that their wall preparations no Ion?er contained an Intact muco‘oolymer ayer,
As found recently in this Iaborator)i, he empt Gram-negatwe cell wal] does not
necessarily dlsmtegrates ontaneously evenupo thorough estruction of its /¢ -layer
with lysozyme (Martin & Frank, 19626). Hydrogen gr other non-covalent bondn:%
between components of the outer wall layérs IS sufficiently strong to keep the
toqether, thereby reservmg the shape of ttie cell wall fairly well; but by interfering
with these weak bonds, méchanically or by anionic detefgents, such a precarious
structure d|smte?rates comlplete_ly. It Is 8asy to see how damage can be done
Inadvertently to the /;-layer during wall preparation. For theoretical reasons, the
cell must contain enzymés for the"specific purpose of systematically h}ldrol smq
certain covalent bonds which hold the r -layer together. ofherwise the wall could no
grow (Weidel et a1 1960). If not inactivated during wall preparation, these enzymes
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can be expected to digest the E-layer, with the result that such cell walls can indeed
be disintegrated by detergent alone. With Gram-negative organisms especially, the
damaging effect of the enzymes is likely to be rapid and efficient, since the E-layer
is extremely thin and closest to the cytoplasm, which is difficult to remove completely
from the walls.

Two early observations were taken by us as directly indicating the presence and
actrvrty of such enzymes within Escherichia coli. First, most of the cell walls of
E. coli in preparations made by our old method which involves a prolonged period
of ‘autolysis’ under toluene (Weidel, 1951) are obtained as rounded-off rather than
oblong forms. Secondly, cell walls prepared in this way yielded, on incubation of
their phenol-insoluble fraction with lysozyme, proportions of the two main mueo-
polymer split products Chand (6 (Primosigh, Pelzer, Maass & Weidel, 1961) which
varied from preparation to preparation. In the hope of suppressing both effects,
the procedure for wall preparation was changed so as to use the enzyme-inhibiting
powers of sodium dodecylsulphate (SDS) at the earliest possible stage. When this
was done, only oblong cell walls were obtained, in which the presence of a separate
E-layer was now easily demonstratable.

Thus one is confronted with the apparent paradox that the very agent which in
the hands of Shafa &Salton led to complete disintegration of their cell-wall prepara-
tions, served to preserve our walls in good shape. We thought it advisable therefore to
investigate this paradoxical phenomenon further with one of Dr Salton’sowncultures,
and he kindly sent us his strain of Salmonella gallinarum for the purpose.

The H-layer of Salmonella gallinarum

The organrsms were rI;rown at 37° on a shaker for 9 hr. in nutrient broth '500 ml.),
%Bun down and careful %resuspended in 200 ml. distilled water. To this suspension,
0'ml, of a 4% (wiv) SDS solution in water were added. The suspension became
very viscous, and was allowed to stand overnrght at about 20°, affer which It was
diluted to 1600 ml. with water and centrrfu? 66,000 q The sedrment Was taken
up in 200 ml. water, the suspension treated brie |yw h DNAase and RNAase
Sr + agded) and centrrfuged at 66,000 g The sediment was then resuspended in
(wiv) SDS_solution, shaken for {hr. with glass beads in a Mickle disintegrator,
washed three times with water on the centrifuige at 23,500 g and then_shaken for
1hr. n 4% (wiv) SDS solution. This was followed by six more vvashrngs on the
centrrfu? lectron microscopic control showed the “sediment now to Consist of
cell wals unchanrged in shape more than two-thirds of them completelv emptv
(Pl. G rg Since we had the impressjon that most of the WaIIIrpopoIvsaccha e
had alredd een removed (contrary to the behaviour o scherichia colj Straif b lipo-
polysacchdride Pheno drssocratron Was omitted and the final rro]roteolgtrr:drgestron
ffctedrmme lately with eith ertrypsrnor pepsin. Eith erenzy e released material
which still covered the mucop vmer layer of these walls without being arranged
In a pattern of tightly packed spheres, @ with £. coti. What was not Solubilized
of this materral remained deposited on or beside the empty mucopolymer bag
(1. 1, fig, 2), but could be removed now by Washrn the sedimented mixture thr
times at 23 500, then sha rnth e deposit 1n 4% Twiv) SDS solution for 15 min.
and washing a Sqarnten times at"66,000 g. The fin Isedrment consrsted of pure muco-

polymer layers of salmonella gallinarum Cell walls (1. 1, fig. 3)
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As expected, this material dissolved completely in a buffered solution of lysozyme.
The chromatographm pattern of mnhydnn-Posnwe split products yielded by the
Ixsozyme_trea ment had a marked qualitative and quantitative resemblance to
that obtained with a Igsozyme digest of the Escherichia coli mucapolymer laver
(anom%h etal. 1961 PI. 2 f|[q. 4)” There was only one magor spot (X) between C3
and CAwhich was either absent from or much weaker on thé €. coli Chfomatogram.
The similarity of the two Patter,ns was confirmed by the determination of the molar
ratios of muramic acid, glutamic acid, dlamanleellc acig and alanine in a hydro-
lysate of pure Salmonefla mucopolymer (methods described by Primosigh et al.

9%1). In this sequence, they were found to be 1-02:1-01:0-99:1-00:1-82 (mean
of four determinations). Comiparable protein-free mucogolymer bags from e . coli B
gave ratios of |:1:1:171-8 (Martin & Frank, 19626). Other amind acids were not

etectable on the chromatograms run for quantitative analysis.

Disappearance of the D-layerfrom unstabilized cell walls

. After establishing the presence in the salmonella gajtinarum Cell wall of a con-
tinuous separate muc%%olymer I_a}éer, walls of this organism were Prepared accordmg
to Shafa & Salton ‘19 ), 1.6. Mickle disintegrator tréatment of organisms suspende
In distilled water, _horou%h washmP of thé cell-wall fraction ajd treatment with
trypsin. Plate 2 fig. 5, shows an eectronmlcrograﬁh of this cell-wall preparation,
which was not further washed in order not to losé a ythm?. The walls are definjtely
deformed, as compared to walls shown in PL 1, fig. 1. The Turbid suspension of these
cell walls when mixed with one-tenth of its volume of 4% (wfv) SDS solution cleared
almost immediately, and electron microscopy of the mixture then revealed no
structures res,emblmgf_cell walls or mucogoéymer ba%s among the debris (PL 2 fig. 6),
thus confirming the mdm?s of Shafa & Salton (1960) and, at the same time, our
interpretation Of this result.

DISCUSSION

The lesson to, be learnt from the foregoing is that ‘a cell wall is not a cell wall is
not acell wall’ i.e. is not nearly as static an object as might be thought. Just because
in the complete Gram-negative cell wall (as opposed 10 the wall of Gram-positive
or%anlsms) the mucopolymer layer is onlya mingr (yet functionally highly import-
ant) component, It s an es%emal_ly sensitive. indicator of shifts in‘the Interplay of
the enzymes building and rebuilding it. This js illustrated by the fact that we found
the structure of the Escherichia coli mucopolymer to chande even during the short
time 1t takes to spin_down the organisms from the liquid culture, resuspend them
and treat them with SDS or heat for'stabilization. Lysozyme dlgests of mucopolymer
from sych. organisms contain }hebcom onentﬁ%and % (f|9. ; see also Prlmoslgh
et al. 1961) I a molar ratio of about 1:2, Shortening the time between harvestl g
the orgamsms and blocking the degradative enzymes noticeably decreases th
ratio, Butin order reall¥_t0 freeze’ the mucopolymer structure in the form in which
It exists in the fully{ active cells, one has to squirt the culture into boﬂmg water
immediately after stopping_aeration. Then the mucopolymer yields almost no Co
but correspondingly more Ubinstead. This is explained by the finding of one of our
colleagues that €. coli cells contain an enzyme capable or removing C-terminal

D-alaniine from the peptide chain of the Cosubunit of the mucopolyier, thereby
Q G. Microb. xxx
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changing it into a C6 subunit (Pelzer, 1962). For structural analysis of the Gram-
negative cell wall it is essential to keep in mind, in addition to the necessity of
working with stabilized wall material, that the whole structure is established
through the intricate co-operation of covalent and non-covalent bonds. This means
that upon destruction of the supporting mucopolymer layer, e.g. with lysozyme,
a host of wall components will be freed, most of which are anything but lysozyme
split products. These non-mucopolymer components may have contributed to the
multitude of peptides encountered by Work (1961) in her lysozyme digests of
E. coli cell walls. Judging from the chemical nature of split products obtained, it
seems possible that her cell-wall preparations contained a variety of active hydro-
lytic enzymes, including proteolytic ones. We feel that it is unsafe to draw con-
clusions about cell wall structure unless the various wall layers are separated as far
as possible, before analysing their components (Weidel & Primosigh, 155 [: Martin &
Frank, 19625
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llagalli f ment in a Mickle disintegrator with sodium
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F|g 2. Same as fig. 1, after treatment with trypsin, x 32,000.
Fig. 3. Pure preparation of Salmonella gallinarum mucopolymer bags (fi-layer). x 32,000.
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ig. 6. Same as fig. 5 after addition of sodium dodecyl sulphate x 32,000,
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IntraceIIuIar Sites of %ynth sis of Enceghalomyocarﬁi tis Virus
Components Irm Krens-2 Ascites Tumour Cells
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SUMMARY
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somal Traction.

INTRODUCTION

Murine encephalomyocarditis (EMC) virys is a small ribonucleic acid (RNA) virus
which can be grown under one-step conditions | |n a itated susPensmns of ascites
carcinoma cells (Sanders, Huppert & Hoskins, 1958). After infection there is.an
eclipse phase lasting 4-4J hr. followed by mtracellular ‘accumulation of virus until a
maximum is reachéd about 8 hr, after infection. From 8to 12 hr. virus is released
into the medium; at the same time. the ells dje.

Huppert & Sanders gl958) obtained |nfect|ve RNA preparations b¥ cold { a

henol extraction of infected”cells, but similar Rreparau ns from Rarna ly purifie

MC virus were not infective, This led the authors to postulate that the"source, of
Infective RNA in infected cells was not the virus, but'an RNA component which
might be a virus precursor. Bellett et ar. (1962) have shown that infective RNA can
be obtained from virus bY using the improved cold phenol extraction described b
Sanders (1960% and that the result obtained by Huppert & Sanders (1958) ma¥ have
been dueto i onuclease Intheir preparations; The syntnesis and subseqlent Tate of
Virus ﬁrecursor RNA ave, therefore, heen followed by studxln g changes in. the
amou of infective RNA which occur without corresporiding changes in Virus ttre,

Such studies of ascites cells infected by EMC virus conf|rm that the s nthe3|s of
infective, RNA begins, 1-2 hr. before virus format|on ems and is complete 3
before virus reacties ifs maximum titre (Sanders, 1960). Martin & Work (1962)
showed that 60% of the RNA destined to be mcorporated Into virus particles has
been synthesized before virus protein Xnt esis eg|ns4 r. after infection. Cells
inhibited by the_ addition of eliffavine 4-5 hr. after infection prodyce the normal
amount of infective RNA, but no haemagglutinin or infective virus (Sanders, 1960).

9-2
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As a workm%_hy othesis, the multiplication of EMC virus in this system has
therefore been divided into the following stages given in chronological order:
1) synthesis of a precursor, consisting of or containing infective RNA,
2) synthesis of haemagglutinin, e ,
assembly of RNA and protein intq plaque-forming, virus particles.
. Experiments reported here were designed to deterniine in which part of the
infected cell each stage occurs.

METHODS

Cell cultures and virus growth, Krebs-2 ascites cells at a concentration of 108ml. in
Ehogph_ate buffered saline (PBSI) were infected with 3 plaque forming units (pfu) of

MCirus (K-2 strain)/cell'and Teft at 4°for one or more hours. Storage at 4°for up to
16 hr. had n effect on subsequent virus 7V|eld. These infected cells were then diluted
rapidly to 107ml. in Earle’s saling at 37° and maintained. in_suspensions; one-step

rowth of virus with maximum possible synchrony of multiplication gccurred under

ese conditions. Thus, times after infection referred to were times after transfer to
37°. After virus growth the cultures were chilled rapidly and kept at 0° during all
subsequent procedures. Cells were harvested, washed ance in PBS free of calCium
andm %nesmm and resuspended to a concentration of 108ml. Asample was removed
as a control; the remainder was lysed and ssparated into sub-cellular fractions.

Lysis and fractionation of cells. Cells were lysed by double osmotic shock followed
bY homogenization (Martin, Malec, Coote & Work, 1961). The lysate was centrifuged
at 500q (max.), for 5min. at 0°, the deposited nuclear fraction ashed ance in about
Svol. ora solution containing 0-25M-sugrose and 0-1m-KC_]f_and the washings added to
the supernatant fluid. The crude nucler were further purified by homogenization at
¢. 1000 rev./min,_for 15 sec. in 10 vol. of 2M-sucrose, followed by centrifugation at
40,000g for 30 min. Nuclei were deposited while whole cells and ntclei with attached
%foplas,m formed a band at the top of the tube SBusch, Starbuck & Davis, 1959).

e purified puclei were washed in the sucrose KC1 solution and resuspended in this
solution to give about 5 x 107nuclei/ml, _

The cell homogienate after removal of nuclei at SOO%Was centyifuged at 9,000 for
15 min. then at 144 000Ig for 45 min. to deposit the mitochondrial and microsomal
fractions, respectively, feaving the supernatant fluid as cell sap. The mitochondrial
and microsomal fractions wer€ resuspended In the same volume of (-25 M-sucrose +
0-Im-KCl as that used for the nuclel. Samples were removed for deoxyribonucleic
acid éDNA) and suceinic gehydrogenase aeterminatjons, and the remainder was
?Et%etlor?st —20° until used for RNA extraction and haemagglutinin and plaque

Purity of thefractions. We have follciwed the comman practice of calllnglthe 500g,
90009 and 144,000g deposits the nuclear, mitochondrial and microsomal fractions
respectively, to indicate the main constituents of the fractions. The material not
sedimented at 144,000g we have called cell saP_. Each of these fractions probably
contfms minor comPon?nts, and the,n]am constituent of a fraction is not necessarily
Involved In synthesls of virus material. _ _

Since our results were affected by contamination of one fraction b}/ another, it was
necessary {o estimate the extent of such contamination. We attempted to do this by
cytological and biochemical investigations of she fractions. Haemocytometer counts

~—!



Sites of synthesis of EMC virus components 133

of the crude lysates after stainin? for 5min. in 10 vol. of 0-2% (Iw/v) ni([qrosin in
0-8MHKCL showved that they usually contained more than 95 % nuclei and fess than
5% whole cells. Similar counts of the nuclear fraction after purification showed on
average 86% nuclei without cytgplasmic attachments, 9% nuclei with c?/toplasmlc
attaciments, 5% free cytoplasmic fragments and fess than 1% whole cells based on
counts of about 100 nucler. These results were confirmed by observing unstained
material with the phase-contrast microscope.  About 0-7% ofthe nuclei in the crude
lysate was deposited with. the mitochondrial fraction as shown by staining with two
volumes of 0-2% (wiv) nigrosin. _ _ _ _
The contamination of other fractions by mitochondria can be estimated by their
content of succinic dehydrogenase, a known_mitochondrial enzyme, determined by
the method of Aldridgé & Johnson (1959). The nuclear fraction usually contained
about 10% and microsomes and cell sap up to 2-0% of mitochondria or un-
broken cells. Contamination in excess of these figures is mentioned in the text.
Similarly, DNA was used as a measure of nuclear contamination of the cz\oplasmlc
fractions. DNA was extracted by the Schneider technique as modified by Ogur &
Rosen (1950) and. determined by’ the method of Burton (1956). Over 96% of the
DNA was found in the nuclear fraction, hetween 0-3-2-8% in the mitochondrial
fraction, 0-4-1-4 % in the microsomal fraction, and 0-2-1-1 % in the cell sap. Nuclear
contamination of cytoplasmic fractions was, therefore, not shqulcant.
Infectious RN A, ThiSwas prepared by phenol extraction at 4 (Gierer & Schramm,
1956; Sanders, 1960) with 0-25M-sucfose + 0-1m-KCI as the suspending mediym
during extraction. The concentration of RNA was estimated by optical density
meastrements at 260 mp. Al samples had spectra typical of RNA. “Infectivity of
RNA preparations was estimated by mlxmngllunqns In PBS with an equal volime
of Krebs-2 ascites cells 5108!ml.) in PBS. "Five mice per dilution were inoculated
intraperitoneally with 0-2 ml. of mixture after it had stood at room temperature for
3) min, %I:Iu pert & Sanders, 1958). LD50 endpoints were calculated by the method
of Reed & Muench (1938). Results were expressed in terms of infectivity (LD50/108
cell equivalents), and ‘specific infectivity (LD50//<g. RNA) which allows for
differences in recovery of RNA. A fraction in which infective RNA is concen-
trated. can be identified since its specific infectivity will exceed that of whole cells.
Specific infectivity may, however, obscure the importance of a fraction rich in nop-
infective RNA (g.g. microsomes) so,that it Is also necessary to consider results in
terms of infectivity per 10s cell equivalents. _ _
Haemagglutinin tests Were performed in MRC pattern plastic trays with sheep red
blood Cell (0-1%, v/v). The diluent was one part glucose solution (4-5%, wiv) +
1part PBS With 0-05% (wiv) gelatin added. _ _
Virus titrations Were b1y a a%Te technique usmq Krebs-2 as?n s cells in aqar SUS-
%ensmn Sanders et al, 9589. ates were Incubdted In a sealed vessel corttaining
02buffer (Bellett, 1960).

RESULTS

Absence of non-specific adsorption by cell fractions. One poss_lble dlsad_vant_age of
cell fractionation in the study of the intracellular location of virus materials 1snon-
specific adsorption of these Materials b?]/"cell Earncles after homogenization of the
cells (Stickl, quoted by Breitenfeld & Schéfer, 1957). Two experimental facts suggest
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that non-specific adsorption is not significant in the EMC-ascites cell system. First,
the distribution of virus matertas etween cell fractions varies with time after
Infection. Secondly, virus added directly to a cell homogenate sedimented with the
microsomes as expected and showed no evidence of non- sgecmc adsorption (Table 1),

Infective RNA in the nuclear fraction |mmed|ateIX after infection. When cells were
fractionated after 30 min. contact with V|rus at & Infective RNA was recovered
from the nuclear fraction while RNA from other fractions was non-infective f(Table

T e %ecmc |nfect|V|ty (LD 50//'93 of nuclear RNA was greater than that of whole
ce since the latter was diluted with non-infective RNA from other fractions.
After a further hr. at 4°, the infectivity of RNA from the nuclear fraction did not
Increase, but a small amount of infectivity was detected in the mitochondrial frac-
tion, not all of which could be accounted. for by nuclear contamination. The specific
|n1|‘|ect|V|ty of RNA from the mitochondrial fraction did not exceed that from whole
cells

Table 1 The distribution of virus added to an homogenate of uninfected cells

Virus
_ IIaemagqutmattng PIa(tue formlng units
Cell fraction units total otal (x 10-5)
Nuclei , 25 20
Mitochondria 200 200
Microsomes 800 1950
Sap < 175 250

Virus (2000 hacmaﬂglutmatmg units, 3 x 108plaque forming units) was added to an homogenate
of Krebs-2 ascites cells which was then centrifuged :0 give subcellular fractions.

Table 2. Infective RNA in the nuclei of cells infected at 4°

30 min. 90 min.
, . ,S#)ecjfi,c o _ Specific

Cell fraction Infectivity infectivity  Infectivity infectivity
Whole cells 32 0026 680 0072
Nuclei . 69 0-220 24-6 0160
Mitochondria 0 0 10 0-015
Microsomes 0 0 0 0
Cell sap 0 0 0 0

Cells were infected with 3 p.f.u. of virus per cell and kept at 4° for the stated times. The cells
were then lysed and fractionated. RNA was extracted from the fractions, its concentration was
estimated by optical density measurements at 260 m« and its infectivit for mice was determined.
Infectivity, LD50/108 cell equivalents; specific infectivity, CD50 /ig.

Sg/nthesw of |ntect|ve RNA m the nuclearfractlon of mfec ed cellﬁ during the eclipse
hase. Synthesis of infective RN %Eparent occurre |nt e nuclear fraction when
Infected ‘cells were transferred fro The Infectivity of RNA from the
nuclear fraction increased rapidly from aboat 3y, after transfer to 37° (Fig, 1),
reaching a maximum at about 41"hr._and exceeded the specific infectivitv of whole
cell RNA during this perjod (Fig. 2) Themfecttwt of RNA from the mitochondral
fractign. Increased shghtlﬁ urml(\;/It e eclipse phase but did not exceed the specific
Infectivity of whole cell icrosomal and cell sap RNA showed little infec-
tivity throughout the echpse phase.
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Association of infective RNA with the mitochondrial fraction after the eclipse phase.
There was a loss of infective RNA from the nuclear fraction between 4| and 8 hr.
after infection (Figs, 1 and 2). This was accompanied by an increase in hoth the
Infectivity and specific infectivity of RNA extracted from the mitochondrial frac-
tion from 4J to 5\ hr. No comparable increase occurred in the infectivity of micro-
somal or cell sap RNA. The amount of infective RNA recovered from all fractions

105

104 -

Infectivity of RNA

(LD 50/108 cell equivalents)

Nuclei "~
\.Sap

1 2 3 4 6 7 8
Hours 2fter infection

Fiﬂ. 1. Infectivity (LD50/108cell equivalents) of RNA extracted from fractions of infected
cells_duri % virus growth., Hours after Lnfef]tlon refers to time, of incubation at 37°.
0, cells; » —e7 nuclei; x----x, mitochondria; A—A, microsomes; A------- A

sap.

2
10F

10"~

100

Specific infectivity of RNA (LD5©

-

1 2 3 4 5 [ 7 8
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Fig. 2. Specific infectivity (LD50//ig.) of RNA extracted from infected cells dyring virus
rgwth. pC% ------ , ceIYs;yo(—o, ngu)cleu X—X, mitochondria; A—A, mlcrogomes;
ap.

decreased from 5-& to, 8 hr. This loss was also reported by Sanders (19602 who sug-
gested It was due to mcorP_oratlon of RNA into Virus particles, whence It could not
De extracted In an infective form with cold phenol, While we can now obtain
Infective RNA from virus by the technique used in ﬂc“e?l gaper, it still seems that it

may be more difficult to obtain it from virus within cells 5] to 8 hr. after infection
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than from precursor RNA or extracellular virys, From 108 pfu of extracellular
virus we usually obtained about 10° L D50 of infective RNA. However, from
109pfu of virus within § hr. infected cells we obtaned_only 3x 105 LD50 of RNA.
The reduced recovery of RNA from all fractions after 5| hf. m,a};, therefore, be due
to assembly of the RNA comﬁonent into virus particles which, within cells, are
apparently more resistant to pnenol extraction, ,

. Association ofha_emagglutmm with mitochondria after the eclipse Phase. Haemagglu-
tinin increased rapialy ffom about 48-8hr.; most of the haemagglutinin was found in
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Fig. 3. Haemagglutipin in fractions of infected cells during virus grong. O0—0> cells;

—-e nuclei; X— X, mitochondria; | ---- I, microsomes; A, sap.

the. mitochondrial fraction, which showed the_%reatest increase in titre durm% thig
period (Fig.. 3). The nuclear fraction also contained haemagglutinin which increased
In titre"during the same period but neither the amount 0 haemalgglutmm nor its
Increase was 4s great as that found in the mitochondrial fraction, F{rther, some of
this haemagglufinin may have been due to cytoplasmic contaminatjon, since 19%
of the succinic dehydrogenase activity was found in the nuclear fraction at 8 hr. The
microsomal fraction sowed an increase in haema %lutmm from 6 to §hr. after
Infection, although the total amount was st:|l. low; This Increase was grobably,n,ot
due to cytoplasmic contamination (< 1%). This suggests that some haemagglutinin
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had been incorporated into virus particles which were then liberated from the mito-
chondrial fraction and so were deposited with the microsomes which have similar
sedimentation properties (Table 1f
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Fig. 4. Plague-forming virus in fractions of infected cells during virus growth. 0—0,
’ ceIII ;qo —e, nucq|e|; P mﬂoc ondr?a; A—)Q-\, mfcrgosomes,gAsap.

Association of virus progeny with the mitochondrial fraction. Infective .(pla(iue-
forming) virys was detected in the mitochondrial fraction at 4| hy. after infection
(Fig. 4?_and Increased raP|dIy up to 8 hr. after infection, reﬁresentmg a substantjal
proportion of the virus fourid in the whole_cel| control. The nuclear fraction also
contained virus; this showed little increase in titre. and, as suggested in the case of
haemagglutinin, may have been due to cytoplasmic contamination at 8 hr. Little
Virus Was detectable in the microsomal fraction before 6 hr. but. between 6 and 8 hr.
after infection a marked increase In titre occurred, reaching 30% of the total virus af
8 hr, This increase was ?reater than the increase in haemagglutinin of the microsomal
fraction and provided further evidence that completed virus particles were released
from the mitochondrial fraction and were then deposited with the microsomes on

centrifugation (Table 1).

DISCUSSION
The infective RNA obtained from the nuclear fraction after infection of cells at 4°

may be derived from complete virus particles or from some component (which may
be RNA) released by them. However, the RNA synthesized during the first 4| hr.
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after transfer to 37° appeared tq be in the form of RNA component and not virus,
since increase In the amount of infective RNA obtained was not accompanied b%/ a
correspanding increase in haemagglutinin or plaque-forming virus. Increase in the
infectivity of nuclear RNA betwéén 0 and if hr. and the subsequent decrease may
then be interpreted as s%nthesm ofthe RNA companent in the nuclel and the transfer
of this component to the cytoplasm to, initiate the production of haemaqglutlnm
and infective virus, Another interpretation is that the RNA is synthesized €lSewhere
and concentrated in.the nuclear fraction ; but this is unlikely Since other fractions
are virtually free of infective RNA until 4 hr. after mfection. [t has also been sug-
?ested (Franklin &Rosner, 1962) that our results m|?ht have heen due to contamina-
lon of our nuclear fractign by Viral RNA of cytopfasmic origin. We attempted to
assess this type of contamination in the nuclear fraction by measuring the aqtlwty of
succinic dehydrotgenase, which is a mitochongial enzyme. The amount of infective
RNA recovered from the nuclear fraction could not e correlated with the amount of
C toRIasmm contamination in a series of experiments at a given time after infection.
Further, In one experiment, although there. was no succinic dehydrogenase activity
in the nuclear fraction, three timeS more infective RNA was fecovered from this
fraction than from all the cytoplasmic fractions PUt fogether. In another experiment
infective RNA was, recovered immediately after infection only from the nuclear
fraction, whereas if this RNA resulted “from contaminatiori with cytoplasmic
ﬁlaa(t:%ré%ls some Infective RNA should also have been obtained from the cftoplasmic

Some of the infective RNA obtained from the mitochondrial fractjon from 5 hr.
onward may come from virus althqugh. the bnlk of the RNA must be from the RNA
componentup to 5 hr. since little virus is detectable durmg this time. It thus appears
that the RNA component is transferred from the nuclear fraction to the mitochon-
drial fraction and only then does synthesis of haemagglutinin and production of
complete virus be?m. B _ _

The synthesis of haemagglutinin and assembly of virus components into plaque-
forming Parncl_es took place in the cgtogla,sm and was assoclated with the mito-
chondrial fraction. This result was also obtained by Martin & Work (1961), and can
be interpreted in at least four ways: - _

(1) Virus material free in the cell was non-s ecmcallr adsorbed hy the mjtochon-
dria which are not involved in virus synthesis. The results of an experiment in which
\dlnrtuesn Y z?g added to a homogenate of uninfected cells (Table 1) suggest that this is

2) Virus was produced in packets which sedimented with the mitochondria. .
s i%gc e0 XI Hg-synthesmn organelle containing virus material sedimented with

84) Mitochondria, themselves, were the sites of synthesis of haemagglutinin and
of ssemblt}/ of RNA component and haemagglutiniriinto the mature virus particles.

|t will be impossible to distinguish betwéen the last three interpretations until
techniques. are available which Vield guaranteed gure fractions and yet are suffi-
ciently _ragld to preserve virys actmty. In the absence of such techniques, we must
emphasize that the term mitochondrial fraction includes all C}/\to lasmic, particles
sedimented at 9000g. No evidence was obtained sugg}esﬂngt at the microsomal
(144,000q) fraction was in anyway involved 1:t the synthesis of EMC virus although
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virus was deposited with the microsomes from cells fractionated between 6 and 8 hr.
after infection (Fig. 4). Microsomes and EMC virys have similar sedimentation pro-
perties; 70-80 % of the virus was recovered from the microsomal fraction when virus
Was added to an uninfected cell homogenate which was then fractionated (Table 1),
Any virus free in the cell would be expected to deposit with the microsomes and
therefore that found in the microsomal fraction obtained from 6 to 8 hr. infected
cells was possibly mature virus recently liberated from the mitochondrial (9000g)

articles,
Sanders (1960) s_uggested that haemagglutinin synthesis and virus assembly are
separate processes inEMC virus multiplication. Additional evidence for this view is
that the ratio of haema%glut_mm to nP_Ia%ue-formmg titre was much_ higher in_our
mitochondrial fraction than in the microsomal fration 8 hr, after infection, This
suggests that the mitochondrial fraction contained haema%glutmm not yet incor-
Borated into plaque-forming virus particles, although no difference was detected
etween the times of appearance of haemagglutmm and virus, .
.Biochemical chan%es Induyced in Krebs ascites tumour cells on infecting with EMC
virus have been stutlied using. 4C-labelled orqtic acid and valine (Martin & Wark,
1961). Changes in the rate qf incorporation of labels into cell materials after infec-
tion obscured incorporation into virus components and the movement of these com-
onents within the cell. However, the_reported loss of Phosphat_e soluble, nuclear
NA which was compensated by a similar rise in mitochondrial RNA possibly
represented the transfer of infective RNA component from the nugleus to the mito-
chondrial fraction that we observed. Increased incorporation of orotic acid into
cytoplasmic RNA during the appearance of virus was not due to viral RNA synthesis
since this had already taken place (Martin & Work, 1962). L
Qur results usmﬂ biological markers sugqest a hrpot_hesm for the multiplication of
MC virus which Ras as its main feature the replication of the RNA component in
the nucleus of the cell during the eclipse phase and the transfer of this component to
the cytoplasm where it may initiate and act as a template for the synthesis of
haem_a?glutmm. The RNA Component and haemagglutinin are then incorporated
Into infective particles. Similar conclusions have beén reached by Martin & Work

%1, 1962), , , , ,
Franklin'& Rosner (1962) have studied by_autoradgogr_aphy the incorporation of
3-Igur|d|ne into L cells infected by Menqo Virys, which Is closelyr related to EMC.
Théy found decreased nuclear incorporation, followed by stimulated cytoplasmic
incorporation during and after the appearance of virus, thus conﬁrmm? the results
obtained by Martin’ & Work (1961). Franklin & Rosner, unlike Martin & Work,
concludeg that synthesis of virus RNA was cytoplasmic.

It has been a plg demonstrated that RNA synthesis precedes the appearance of
EMC virus in infected ascites cells (Sanders, 1960; Martin' & Work, 1962; this paper),
Since in the L cells-mengg virus system virus was detected 2 hr. after infection, it
may be presumed that only changgs occurring in the first two hours have anY rele-
varice to viral RNA synthiesis. During this time the stimulation of ca/top asmic
Incorporation as meastired bY autorad g{%ohlc techniques amounted tq less than
2 pho_to%raphlc grains per celf (Franklin &Rosner, 1962), whereas after virus multi-
?hcano was complete a stimulation of 5060 grains per cell was observed. It seems
hat the experiment of Franklin & Rosner has detected a gross disturbance of the
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nucle|gyancweglsetabollsm of the host cells, but gives no indication of the site of viral

We are rateful 10 DrF Sanders, DrE M. Martin and Dr T. S. Work for
advice and”discussion urm%the course of this work We wish to acknowledge the
technical assistance of MissJ. Mass and Mr R. G. Harris.
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INTRODUCTION

The nutritional requirements of the Mycoplasmataceae are of special interest
since they are the smallest qutonomous_ Self-replicating organisms known. Qur
knowledge concerning the nutritional requirements of this group is still fragmentary

and based on ex errments Performed Wit partraII defrne media Adler Shifring,
1960 Razin, 19%62a). Anattempt to compoun ac emrca ef] rne cu turemedrum
for Mrrco lasma was made by Razin & %ht Tgr with the saprop gtrc
Mycoplasma_laidlawii as the main test organism. The medium obtained was onl
partially defined, but enabled the determrnatron of nuclerc acld grecursor regurre
ments of the saprophytic Mycorrlasma (Razin &Knr t 19606; Razin, 19626
Te Im of the presentwark \vas t render the g%rtral \y de ined me?rum ofRazm

dgtﬁl%Oa as chemrcall defined as. os arious. modifications of this

lum led to the developmént of a ‘minimal " medium, vvhrch enabled the deter-
mrnatron of inorganic ron carbohydrate amino acid, nucleic acid precursor and
vitamin requirements of M. lailawir. In order to refate the observed nutritjonal
re uiremen sto metabolic activity, the amino acid metabolism of M. Taidlawi was
s]ornvestr ated.

he ‘minfmal *medium obtained proved tq be cholesterol-free and was thus suit-
able for ascertaining the cholesterol requirement. The problem of cholesterol
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requirement by saprophytic Mycoplasma is of great theoretical interest. The
parasitic Mycoplasma have heen ‘shown to require Cholesterol or related sterqls for
growth (Edward & Fitzgerald, 1951 Smith ‘& Lynn, 1958 Rodwell, 1956). As
itherto no ether group of bacteria is known to require cholesterol, it was suggested
to use, this requifement as a criterion for dlstmgmshln_%_ Mycoplasma spp.” from
bacteria and L-forms (Edward &Freundt, 1956?. The possibility that the saprophytic
I\é(ycoplasma do not require_cholesterol was already indicated by several autfiors
E azin & Knight, 1960a; Rothblat & Smith, 1961). Growth of M. laidlawii in
he ‘minimal”medium has proved that this saprophytic strain does not require
cholesterol for growth.

METHODS

Oaganisms. Mgco lasma laidlawii strain A (PG 8} was kindly provided by Dr
D. G, ff, Edward (The Wellcome Research Laboratories, Beckennham, KentP]; in the
sequel ‘Mgcoplasma laiglawii’” will refer to this strain, Mycoplasma hominis
strain no. 23 Was Isolated in our Iaboratory from a case of vaginitis. _
Media. A modified Edward medium (Razin & Oliver, 1961) was used for keeping
stock cultures and growing the qrganism used in the nutrition’and metabolic exP_erl-
ments. The same medium; solidified with. 1-25% é}/)v/v)r Bacto-aqar (Dfco, certified)
was used for viable counts Butler&Knlght, 19 { he partially defined medium
described by Razin_& Knight (1960 a% and Razin (19626) servedas a basis for the
nutritional Studies. This médjum will be referred to as the partially defined medium.
Pyrex glassware was used in all experiments, Before use [t"was cleaned in a
chromic + sulphuric acid mixture and thoroughly, rinsed In distilled water. The
tested medium was dispensed in 10 ml. %uantltles into 6 in. sterile screw-capped
test tubes. Sterilization of heat-labile substances was carried out by suction through
sintered glass filters or t%steamlng for 20 min. (Merrifield & Durin, 1950).
Conditions of growth. The organiSms were grown in 5. Tiquid, Edward medium
for 24 . at 3(°, harvested and" washed according to Butler & Knight #1960). Each
tube of experimental medium received 0-1 ml. of a 1/10 dilution of the ‘washed
organisms, The initial inoculum contained about 105viable particles/ml. medium.
Inoculated test tubes were *ncubqﬁed statically in air at 37°. Growth was usually
estimated after incubation for % nr. _ o
Assessment of growth. Growth in experimental media was measured by titration
of the acid forméd bP]/ the organisms during growth gS(Razm &Knight, 190a) or by
the viable count technique as described by Butler & Knight (1960). g
. Suspensions of grganisms. The orfqamsms were grown in° 1-2°1 quantities of
I|%uu?] Edward m?dlum In gently r%ta e? Erlenmeyer tlasks, Wcogla?ma Ialﬁlawu
was harvested arter 24 hr. and the slower growing M. hominis after 48 hr. of
incubation at 37°. The organisms were sediménted by centrifugation at 9000 g for
10 min. at 6° and resusHended In 0-06/ M-_E)hosPhate ouffey SQH -8). Since wasning
with buffer decreased the metabolic activity of the organisms very markedly, they
Were use anas ed. Suspensdons of the %r anism in ouffer Wéere made to c/ontam
1mg. N/ml. Cellular-N was cetermined by comparing turbidity at 420 mit to a
ﬁrewouslé/ %repﬁred _standar? %lirve ngc related_tirbidity and cellular-N as
etermined oy t emlcro-K{e danl procedure (fMa&Zuazaga 194)

Cell-free extract. A very thick suspension of Mycoplasma laidlawii was crushed
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without abrasives in a Hughes press previously cooled to. —35° (Hughes, 1951).
The mtact organisms and debris were sedimentéd by centnfugatron at 10,000 g for
20 min. The resuItrng supernatant fluid was opalescent.

Chemicals. Most of the chemicals used were analytical reagents. Crystallized
bovine plasma albumin was the product of Armour Pharmaceutical Co. (Kankakee,
[llinois, U.S.A.). Albumin (bovine powder fraction V was obtained from the
Mann Research Laboratorres Inc. (New York 6, N.Y., US.A). Defatted albumin
ractron V was l&re ared extractron ofthe dr % alpowder with methanol and ether

y, Few & McQuillen, 958 Dial srso human serum and albumin fraction V
was carrred out as described p revrousdy Razin & Knight, 1960a ). Dialysis was
prove bp constant stirring of the ag/srn g med |um The djalysed serum and
albumin solutions were sterilized by fr tration” through sintered glass filters. The
dialysed serum was kept at —10° until used.
anometric methods. Oxygen uptake was measured by the conventional Warburq
manometric technrque BUm reit Burrrs &Stauffer 1957), Each Warburg vesse
contarned 10/moe substrate, 1m ce suspensron eurv Img. N), Tml. of
os Fate buffer ng7 and -1 ml. of 1x 1 gndoxal hos hate
the totaI vol ume was 32 ml |, of 15% (wiv) KOHW In the centr
Incubation was carried out inair at 30° for3 hr. Allmanometric data were corrected
for the endogenous rates.

Transamination. This was tested in Thunberg tubes with h dro&en as the gas
Bhase Each tube contained 0-5 ml. of cell-free extract, 0-2 ml. of,0-06/ M-phosphate
urfer ( H78) 10/¢mole sodium pyruvate 10 /;mole glutamrc acid or aspartic
acid an t%Olt mole psyndoxal phosphate: fofal Yolumé -2 ml. Tncubation was
carried ot af 37

Determination of amin, acids. Paper chromatogra h% Was used for qualrtatrve

and .quantitative determinations of aming acids and their degradation produgts
(Grrr Radnakrishnan & Vaidyanathan, 1952) The standard soIvent was butanol+
acetrc acrd+water (40+10+ 50, by vol), epapersweresprayed wrth 0-5% (wiv
nin %/ rin in acetone. Proline was |dent|f|ed 5réspragrnlg‘;t e paper with 0-2% (w/v
|sat| In acetone (Block Durrum t erdentrfrcatron of citrullin
t(BeI paper Was sgprayed with 1%( gipd|methylamrnebenzaldehyde in n-HC

ock et
StAngfmonra roductron was estimated by nesslerization (Umbreit, Burris &
auffe
Totaf %Ireszerol Fifty ml. of the minimal medium (Table 2) were freeze-dried.
The Tipid of the resulting solid residue was extracted by methanol and ether
(Giloyetal. 1958). The ethéral extract was saponified to liberate esterified cholesterol
and the total cholesterol determrned digitonin precipitation and the Liebermann-
Burchard test, as outlined by Cook ( 8%

RESULTS
Inorganic ion requirements

buffer included in the partially defined medium of Razin & Knight
has a low buffering capacity. at pH. values, near 8:0, which Is the
rowth of Mycoplasma laialawir (Razin & Oliver, 1961) and becomes

The phosphat
(19603, Table 1
optimal pH for

CQ\—’('D
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grovvt,h-inhibitor at concentrations higher than 0-04m (Razin &K,night 1960a).
-Amino-2-hvaroxymethylpropane-I:3-giol (tris) buffer,” with optimal bu_ﬁerm%
capacity at pH 8-0, was ttierefore tried as a substitute for phosphate buffer. Figure,

shows that growth of M. laidlawii was markedly improved hoth in the rate and in
the total growth when phosphate buffer was réplaced by tris buffer. The optimal
concentration of tris buffer for growth was found to be 0-05m. Tris buffer was used
instead of phosphate buffer in &l subsequent experiments.
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Fig. 2. Effects of: sodium chloride {-); sodium acetate (O?; sodium lactate ?A);
su _roseSA_); on Hhe_ rowth of Mycoplasma lajdlawii in partlala/ defined medium from
which sodium chloride was omitted. The medium contained 10% (v/v) human serum
and salt-free Bacto-vitamin free Casamino acids.
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The role of sodium chloride included in the partially defined medium was tested
bly its_ omission from the_%rowth medium. For this éxperiment the Bacto-vitamin
free Casamino acids which contain about 38% (wiw) NaCl, was replaced by
salt-free Bacto-vitamin free Casamino acids. As seen from F|%.2 no growth of
the test organism took place when NaCl was omitted. Optimal growth was obtained
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with 0-15 Ji-NaCl. Sodjum acetate, and to a less extent sodium lactate and sucrose,
may rep Iace XaCI n_the growth medlum (Fig. 2).. Spermine, which 15 kngwn to
[%rotect fragile or?amsms and  organelles from Iysis in” hypotonic media BTabor
abor & Rosenthal, 1961) could not rePIace NaCl in the medlum Spermine became

rowth inhibitory at concentratlonso 10 /tg./ml. or higher.

No growth of the test organism occurred when KCL was omitted from the Hg?gvg}

medium (Fig. 3). Mycoplasma laidlawii did not grow when magnesium sulp
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Fig. 3 Fig. 4
%3 The growth of Mycoplasma laidlawii in partially defined medium contammg
erent amounts of potassium chloride +10 °0 (v/v) humian serum.

? 4, Re%uwement of Iucose f rowth of Mycoplasma laidlawii. The par
efined medium containeq: whole human serum (-2 equiv. 10% (v/_
human serum |a lysed (0); 1% bovme serum albumin fraction V (A). —; with

0-759% (WIV) glucose.—- W|thout glucose.

sodium phosphate were omitted from the minimal medium gTabIe 2). Addition to
the minimal medium of several inorganic salts known_to De required by micro-
organisms In trace amounts fa|Ied to Tm rove growth The salts tested were:
Fe(NH ZnS04.HA);
CuS04.5 ‘N 4)6\/I K)24 HZO' 3303 _
Growth of M. laidlawii was |nh|b| ed by Fe(NH42S042.6H2 at concentrations
of 10f.g Iml. or higher,

mIm

G. Microb. xxx
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Carbohydrate requirement

Glucose was essential for the ?rowth of Mycorrlasma laidlawii | m aII the experi-
mental media used in the present work (Fig. 2). The requirement for glycose, when
tested in the albumin-containing medium, could be completely replaced by maltose,
but not by galactose, fructose, mannose, lactose or sucrose.

Amino acid requirements

Casaming acids served as the main source of amino acids in the partially defined
medrum of Razin & Knight (1960a). Small amounts of amino acids Were also
supP by the serum component of the medium. To eliminate the [atter source

f'free amino acids, the serum was thoroughly dialysed. Dialysis did not affect
to any significant degree the growth-promating activity of the serum Re Iacement
of Casaniing acids by known amino acid mixtures was then tried with te partiall rX
defined medium, whichcontained 10% (v/v) dialysed human serum. Thrrteendrffere t
amino acid mixtures were tested. Twelve' mixtures were compounded according to
variouys authors wha had used them in defined media for tissue cultures or miCro-
organisms.  One amino acid mixture was compounced according to an analysis, of
Casamino acids kindly provided by Difco Laboratories, Several 0f the tested amino
g%dngtél)étgres enabled good growth of the test organism, but none equalled Cas-

N0 acids

The mixture which provided best growth was then chosen for the anaIYsrs of
the amino acid requirements, B asrngleomrssrontechnrque cystine and isoleucine
were found to be essentral for e?rowth of ycoplasma ladlawii._ Aming acias
were now added one by one to Y]s Ine and isoleucine, and the resulting mixtures
tested fortherreftectonthe growt ofM laidlawir.” Good growth coul be obtained

ly with mixtures contarnrn at least 15 amino acids. "As most of these aming
acr s were interchangeable, it was suggested that mixtures containing a small
number of amino acids, were unable to promote growth not only because of the lack
of essential amino acids, but also because of an insufficient amount of pitrogen in
the medjum. The effect of the adgition of an ammoniym salt was therefore tested.
Ammonium sulphate or ammonium chloride markedly improved growth when
mcorPorated Into media containing various amino acid mixtures (Fig. 5). Potassium
nitrate had no such effect.

The adgition o the drallysed serum medium of (NH 2504togetherwrthamrxture
o 1 amrno acrds (the fi teIeven mentioned In Table 2) enabled good growth of

%/cop asma laid awn equivalent to that obtained with” Casaming”acids, (Fig. 6).

the eleven amino acids included in this medium only cystine, Isoleucing, glut-
amine and asparagine were shown to be defrnrte growth requrrements The omission
of any one of these 4 amino acids abalished or markedl rr/]decrease growth whereas
the omission of any of the other 7 affected growth slightly or not at all. However,
growth in the presénce of all 11 amino acrds Was aIways better than in the presence
Of cystine + isoleucine + glutamine + asparagine only,

0 growth of Mycopl sma Iardlawrr tooK place wrth the above mentioned amrno
acid mixture when the d |a)ise Serum was rep ace crystalline bowne asma
albumin or bovine serum dlbumin fraction V |g rowth appeare when
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methionine was added, and was further improved by the addition. of threonine.
As seen in Fig. 6, growth of M. laidlawii in the medium co_ntammg a mixture
of thirteen amino_ 4cids and 1% (wiv) bovine. serum albumin_ fracfion V was
equal to that obtained with Casamino ‘acids + dialysed serum. Experiments were
carrjed oyt with a view to re,BIamr]]%the methioriine reﬁ]uwed for growth of M.
latdlawii in, the albumin medium. The addition to the medium of homocysteine
to?ether with ‘C, unit’ donors, such as glycine, sering, formate or choling, with
\flgalsng:mal%g dand vitamin B22as co-factors, diid not enable growth when methionine

b

20 -

1 1 ] 1 1 1 1 1 1 -
0 1 2 3 4 5 6 7 8 9 10
Concentration of (NH),SO4 (mg./ml. medium)

Acid production equivalent 0-01N-NaOH ml./10 ml. culture

Fig. 5. The effect of ammonium sulphate on the growth of Mycoplasma laidlawii. The
partially defined medium contained 10 % (v/v) dialysed human serum and 10 amino
acids (the first ten mentioned in Table £, '3, amino acids (glycine, DL-leucine,
L-tyrosine, L-histidine, L-arginine, DL-valine, DL-isoleucine, L-tryptophan, DL-phenyl-
alanine, DL-aspartic acid, r.-lysine, L-glutamic acid, DL-methionine, L-cystine, d1I-
threonine; X amino acids (the previous mixture+ L-hydroxyproline, DL-serme,
i.-cyst.eine, DL-alanine, L-glutamine, L-asparagine;

Amino acid metabolism

To establish the most suitable conditions, for testing amino acid metabolism of
non-multiplying suspensions of Mycoplasma laidlawit nianometric experiments with
Licose FS Substrate were made.” Glucose is known to be oxidized by M. laidlawii
ourtellotte & Jacabs, 1960; Neimark & Pickett, 1960). [t was foung that even
ne washing of the organisms, with (-067 M-phosphate buffer_(ﬁH (-6) markedly
decreased tfieir oxidative activity, while a second washing abolished it Completely.
As the endogenous 0xygen uptake by unwashed organisms was very low, unwashéd
or?anlsms were used for all subsequént experiments. The pH value of the phosphate
butfer used in the reaction vessels had a marked influence on glucose oxidation by
the suspensions, No oxyt[;en uptake was noted at pH 6-0, low values were obtained
at pH 7-0 and the highest values at pH 7-8 to 8-4. Consequently 0-067 M-phosphate
burfer (pH 7-8) was chosen for the Tollowing experiments. 0
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Twenty-two amino acids (glycing, «..alanine, DL-leucine, m.-isoleueine
tyrosine, DL-phenylalanine, L-{ryptophan, L-proline, Lhydroxyprollne thstldlne
| -arginine, DL-serine, DL- valine,” d- aspartlc acid, L-asparagine, Lgfutamlc acid,

gilutamlne L-lysine, DL-methionine, L-cystine, L-cysteing, . DL-threonine) were
tested for oxidation and degradation by suspensions of M. Taidlawii. In repeated
experiments no significant 0xygen uptake, Substrate dlsapeearance or ammonia
production was observed with any of these amino acids xPerlments were also
made with strict adherence to the procedure described by Smith (1955 for demon-
strating amino acid degradation b% Mycoplasma hominis. The results of these
experiments, carried out under aerobic and under anaerobic conditions and in the
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g. 6. Growth of . + 1wieaw 0 WIth Casamino amds or known amino acid
mixtures. The partially” defm d medium conﬁ ined 0-/ % (w g ) (NH 2504+ 10% ¢ 45
| I¥sed serum-or 1% (w/v) bovine serum albumin fraction V+ : (1) Casamino amds
(2 amino acids (the first acids mentioned in Table £}, (3) the same as + mg.
DL-methionine/ml.; (4) the same as (3)+ 0-4 mg. DL-threonine/ml. O, bovine serum
albumin (1% w/v); dialysed human serum (10% w/v).

Fig 7. Growth of . with various vitamin mixures. The, mlnlmal
médium (Table 2) contained: (1) riboflavin alone: (2) nboflavm+n|cot|n|c aC| L (3 as
2) -t-folinic acid; é4) as (3 * pyridoxine HCL; (5) as 4)+p r| oxal (h
thiamine; (7 as ) + nicotinaniide, pz% ntothenic acid Ca salt f0|IC amd come C
21-[NOSIto], nal conce tratlon of each vitamin was 2-5/;g./ml. medium, except
folinic acid WhICh was 1/jg./ml. medium.
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gresence of 10~5 M-pyridoxal phosphate were likewise negative. The addition of
IImole glucose to edch of the react|on vessels did not promote der%;radatlon of
any of | eammo amd tested. sm?eexeenmen {10 test fransaminase activity
In acel free extracto M. laidlawii also gaVe negative results.
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To make sure that our experimental cond|t|ons were suitable for amino acid
de radatlon by MYco asma or%msms a simu taneous experiment was carried qut
YCO |asma lai awn and hom|n|s the latter havmg been found by Smith
(1960 egrade several aming acids, The following amind acids were tested:
argmme L-lutamine, L-glutamic acid, DL-aspartic acid, L-alanine. M. Ialdlawu
not attack an)i of thiese substrates, whereas M. hominis degraded_arginine
completely to citrulline and omithine, and glutamine to glutamic acid (Table 1)
This degradatlon was_not accompanied by any significant oxygen uptake. The

three other amino acids tested were not attacked by M. hominis,
Table 1 Degradation of arginine and glutamine by resting Mycoplasma hominis
orgamsms
E hW I 1 I
L R
tota V0 % 11“ tre w$ Q § ncu§a| n wa
inair at 30 or [ € Amou to i strages andd g g&a lon ‘products was determine
chromatographically at the end of the incubation perio
Amount ofsubs ate ang degradation rod ts at the end of
Substrate the Incubation penod (Vtmo S
i
A Aroginine C|Brulllne Ornithine ~ Glutamine GauctleéimIC
; .7 . — —
L-Gfg{glrﬂlene — o 9—0 54 41

Vitamin requirements

The requirements of Mycoplasma laidlawii for nicotinic acid, riboflavin, folinic
acid and pyridoxine or pyridoxal could be demonstrated in_all the exRerlmentaI
media testéd. In some éxperiments the omission of thiamine from t growth
medium decreased growth fo some extent. A mixture of the above mentioried six
vitamins enabled growth of M. laidlawii comparable with that obtamed with the
full mixture of ten vitamins mcIuded in the p art|all}/ defined medjum (Fig. 7).

Nicotinamide, diphosphopyridine nuclegtide or triphosphopyridine nucleonde
were.much less effective n growth-promotion than nicotinic acid, whereas flavin-
adenine dinucleotide, pyridoXal phosphate and thiamine pyrophosphate were fully
capable of replacing the entire requirement fort e corresponaing ng)arent wtamms
The aadition to the minimal medium (Table 2) of varlous vitamins and growth
factors, such as vitamin B12 bigtin, Pamlnobenzom acid, thioctic acid or putrescme
did not improve the growth of M. Taidlawi

The minimal medium

The determination of inorganic jon, amino gcid, carbohydrate, vitamin, nugleic
acid precursor (Razin, 19626) and albumin requirements, permitted the composition
of a minimal medium, suitable for growzh, of Mycoplasma [aidlaw Themgredlents
of this medium are presented in Table 2. The extent of growth of the test (rwmsm
inthis m|n|mal medium was comparable to that obtained in earlier serum-con ammg
medja. (Fig. 8). The minimal mediun) was also found suitale for serial transferso
M. laidlawii.” More than ten transfers were made in this medium without a %
reduction in growth.  Sodium acetate, sodium lactate, glycerol and potassiu
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Citrate have been reported to promote ?rowth of various Mycoplasma organisms
(Smith &Lynn, 1958; Roawell &Abbat, 1961; Dr M. Shifrine, Pers_onal communica-
tion). These substances did not improve %rowth of M. laidlawii when added in
various concentrations and mixtures to the minimal medium; lactate and citrate
inhibited growth at concentrations hlgher than 0-5 mg./ml. The development of the
minimal medium enabled a more diréct approach to"the examination of the chal-
esterol requirement of saprophytic Mycoplasma; no cholesterol was detected in
this medium. Lipid extraction or d|al5rsgs of the serum albumin included in the
medium did not affect growth of M. Taidlawii. Cholesterol, when added to the
minimal medium, did not improve growth,

Table 2. The ingredients of the minimal medium for Mycoplasma laidlawii

|HR§€PIC salts (g./1) _ Anﬂl_%oysatlch(eis.(mg./l.) 8 8
g H4504 78 e soleucine 6
-Amm_o-z-hoyd pxymethylpro- -Glutamipe 100
ne-1:3-dli I(trs) L-Asparagine 200
AK;J& ATHD gg Glyi\féﬁin 0
Naq;? P04 01 ED_LT'-F}OgnR/faIanine Lzlgg
Vignisioel) T &
|$.o.avm - |3-A mhne-HCI 200
T E Hreonte. i
l?irigoxaq-H%ﬁ: ﬁ
lamine -
N%ﬁeoﬁégfﬁg(m@“-) 100 Mgi@é%@g;ﬁm albumin fraction v715’8/l
Syﬁg?ne 100 Beniciin G 200 aml R

Medium finally adjusted to pH 8-3

Growth curves of Mycoplasma laidlawii in the experimental media

In most of the experiments described so far growth was measured mdwectlhl
bﬁ’ the titration of acid formed b¥ the organisms durmg growth, ,ExPenments wit
the viable count technique were therefore made to studly more directly the rate and
extenh of growth of Mycoﬁlasma laidlawii in the experimental mﬁdlﬁ used, The
%ro_vvt curves presented | FI‘?' 8 show that growtn obtained with the partially
efined medium, contammq either whole or dialysed serum, was, comparable to
that obtained in the complex Edward medjum. ~ Replacement of the serum by
serum albumin fraction V" or by crystallized albumin decreased growth to some
extent. Replacement of the serurn component by activated charcoal did not promote
rowth, but the inoculum survived for about 48 hr. and then decreased. Bacto-

PLQ serum fraction (Smith & Morton, 1951) was much inferior to serum when
tested in. the partially defined medium. No growth of M. laidlawi took place in
this medium when 1t contained less than 3% {v/v) of Bacto-PPLO serum fraction:
growth with 10% (v/v) Bacto-PPLO serum fraction was still less to that obtained
with serum (Fig. 8).
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Log. no. viable particles/ml.
~

1 1

0 16 40 64 88 112
Time (hr)

F|g Growt OfM co Ia Iadlawn in v rious experi entleb dward
dium; 2 % de n&e | asamm aC| s+ ]2 serum
act|0n e iw/v cr stﬂ)ue ovme ma a umm
= minimal m ow e seru umi rctlon |
ed|um+ 10%7f dla ans rum; 6.= minimal medium+ 10’% Vi
uman serum; ini a me lum+ /o Wiv) charcoal.

DISCUSSION

The minimal medium developed in the present work may not reflect the minimal
growth requirements of Mycoplasma laidlawii in the strict sense; nevertheless it
nabled a better analysis of the putritional requirements of this organism than
heretofore. The rate ang extent of growth, of M. [aidlawii in this m|n|mal medium
exceeded that olgtained In the less well-defined medium of Razin & Kn g ht (19603).

The demonstration of the requirements for phosphate, Mg+ and K+ was to be
expected, as these are common growth requirements of micro-organisms (Snell,
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1951). The growth response of M. laidlawii to the concentration of NaCl (Fig%. ,2%
conforms with the f_mdm? that Mycoplasma organisms can_multlply,onlr withi
very restricted tonicity values ofth Fgrowth medium and require an optimar osmotic
gl)ressure of about 10 atmaospheres (Rodwell, 1956; Adler & Shifrine, 1960; Leach,
9%2). Sucrose onl partlalh( rePIac_ed the NaCl requirement; growth In the presence
of sticrose was inferior to that with e1qU|moIar concentrations of NaCl. " Similar
results were obtained by Leach (1962, Table 4). | oV
of the obligate halophile Achromobacter fischerii in a hypotonic NaCl-deficient
medium (Ma%er, 1959) did pot enahle gro_wth of M. laidlawii'when NaCl was omitted
from our meaium. The failure of spermine to protect growth of Mycoplasma in the
hypotonic medium is apparentlg due to_growth inhibitory proger_ les of this poly-
amine. The antibacterial effect of sperminie was most proriounced in alkaline media
Ro_z_ansk¥, Bachrach & Grossowicz, 1954). This explaing the marked growth in-
ibition of M. laidlawii bXI relatively low concentrations of spermine in tfie minjmal
medium, which has a pH value of 8-3. However, spermine did inhibit lysis of
M. Taidlawii by aIternate_freezm% and thawm? (Razin & Argaman, 1962). Thus
sperming R_ro,tects the fragile Mycoplasma cells from lysis, but at the same Concen-
tration innibjts their multiplication in_the growth medium.

A metabolizable carbohydrae was found to_be indispensable for the Prowth_of
Mycoplasma laidlawii in thie minimal medium, This finding may be correfated with
the inability of this MycoRIasma strain to catabolize aminoacids. The carbo hydrate
included jn’the medium therefore served both as a source of carbon and of gnergy.
Similar findings were reported by Rodwell (19,603 for M¥co lasma mycoides var.
mycoides. This Mycoplasma organism also requiréd a mefabolizable carbohydrate

able 4). Spermine, which enabled growth

in'the medium, and ts amino acid catabolism was very limited, serine and thréonine
being the only aming acids which were deqgraded.” Although M. laidlawii was
reported by Edward (1954) ang Freundt (1958) to be ahle to"ferment fructose, ng
significant growth was obtained when glucose in the minimal medium was replaced
by fructose.” However, the fermentation studies of Edward and Freundt were carried
out inrich complex media. _ _ _ _ _
The Casamino acids included in the partially defined medium of Razin & Knight
1960a) were replaced by a mixture of 13 amino acids without affectmq growth,
pparently not all amino acids included in this mixture were essential ‘growtli
requirements; several amino acids could be omitted without decreasing the amount
of gro_wth. Methionine and threonine were required only when serum albumin was
substituted for_d_lal¥sed serum Jn the medium.. This milght have been dug to the
Rresence of sufficient amounts of these amino acids in thedialysed serum. Dialysed
Fman serum, stored for long g)enods at 57, was found to contain 3|\gNn|f|cant amounts
of free amino acids 1berated by é)roteolysm (Piez, Oyama, Levintow & Eagle, 1960
\We therefore stored the dialysed seruniat —10°to minimize this proteolytic effect.
QOur findings indicate the apility of M¥coplasma laidlawii to utilize ammionium jon
as a nitrogen source. The inability of this M coPIasma to utilize nitrate for this
purgose i$1n accordance with the findings of Handler & Handler 19553 ang Freunat
(1958), wiio were unable to demonstrate pitrate reduction by M. laidlawii.
Rather unexpected was our complete failure to_show deﬁradanon of any amino
acid by suspensions of Mycoplasma lajdlawii. This could hardly be attributed to
Inadequate experimental conditions, since arginine and glutamine were degraded
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by .a culture of M;{coplasma hominis under identical conditions. It seems that
amino acids are no good ener%| and carbon sources for any. of the MycoFIas_ma
strains tested sofar, Even with™ycoplasma strains which aré incapable of utilizing
carbohydrates, amino acids cannot Serve as the sole e_nerg%i and carbon source,
?lsnr%eltﬁmllggoamd metabolism of these strains is predominantly anabolic in nature

Of the vitamins requjred b){) Mxﬁoplasm_a laidlawii, nicotinic acid, riboflavin and
thiamine were required also by M. mycoides var. mycoides (Rodwell, 1960?. The
requirement_for folinic acid_could bemet by the addition of thymidine to the
growth. medium (Razin, 19626), The no more than partial replacement of the
nicotinic acid requirement by nicotinamide is not yet explained. The function of
the serum albumin included in the minimal medium has not yet been studied in
detail. The questign s whether the albumin acts as a nutrient or merely as an ad-
sorbent of growth inhibitors, sych as unsaturated fatty acjds (Davis & Dubos, 1947).
|1 seems that neutralization of toxic agents s nat the sole function of the albumin
since in the minimal medium it was not rer,Iaced ba/ charcoal. Albumin might act
a5 a carrier of essential nutrients (Ez%gle &Piez, 1960) or might grow_de an adequate
%gﬂcal environment for growth o ma

the plastic Mycaplasma organisms (Salzman,

\We thank Mrs E. Friedberg and Mr M. Wormser for their valuable technical
assistance, This work was supported in part b(¥ a grant from the Joint Research
Fund of the Hebrew University-Hadassah Medical School.
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INTRODUCTION

One of the most peculiar features of the Mycoplasma organisms (pIeuro?neumoma
like organisms, PPLO) is their thin and plastic envelope; Evidence for the absence
of a nPld cell wall has been furnished, by electron microscope studles of whole
mycoplasma cells and of ultrathin sectioris EVan lterson & Ruys, g
Van Iterson, 1961; Edwards & Fogh, 1960; Sharp 1960; KI|eneberqer Nobel 1962).
Ultrathin sections of mycoplasma organisms showed the envelope To consist of two
electron- dense outer layers and a transparent inner zone (Van Iterson & Ruys
s & Van Iterson, 1961) rese bImg the ‘unit membrane’ which 1S’ of
umversal d|str|but|on in nature (Robertson, 1959). The thickness of the mycoplasma
cell enyelope was found to be X 75 A'by Van lterson &Ruys 1960), “similar to
thaz of the bactenal Plasma membrang. {Thorsson &W b 1958; van terson
|mae a & Convit, 192). L[acté of the_‘mucope Rne lymer in M¥coP asma
Kand er & Zehender,” 195/ Pac ett, 1959 Razl ﬂ man,. 1% urt er
sug%orted the assum tlon that Mycoplasma has no cell wafl and 'is I|m|te vy
brane which resembles the Ras a membraneg of bacterlal protop asts. \Very
little 1s known as yet about the chemical com osmono the hX gasma envel og
The presence of a Cardiolipin-like compound mt e envel ogl)eo coplasma mycoides
var. mycoides was suggested by Rodwell & Abbot (1961). Complex phosphatidic
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acid, resembling cardiolipin, was found to be the major |iPid component of the
bacterial plasma membrane (Weibull &Ber(h]strom, 1958; Gilby, Few & McQuillen,
98). Caratenaid pigments were found in the ‘membrane fraction” of Mycoplasma
laidlawii. (Rothblat & Smith 196%2, as in the plasma membrane of Micrococcus
lysodeikticus {G_llby et al. 1958). Rothblat & Smith (1961) found cholesterol or
erivatives of it 1n the ‘membrane fraction” of several Mycoplasma strains. No
cholesterol has so far been found in any of the bacterial plasma membranes studied
(WelbuII&BerPstro_m, 1958; Gilby etal. 1958). _
The apParen similarity between the Mycoplasma envelope and that of bacterial
Brotop_lass prompted us’to compare the susceptibility of these organlsms to_lysis
y various physical and chemical agents. Bacterial spheroplasts and stable L-forms
containing detective cell walls (Kligneberger-Nobel, 1960) were also examined.

METHODS

Organisms. Mycoplasma laidlawii strain A (PG 8) was obtained from Dr D. G. ff
Edward (The Wellcome Research Laboratories, Beckenham, Kent).. Mycoplasma
mycoides var, capri and the stable L-form of Streptobacillus, moniliformis were
kindly provided by Dr E. Klieneberger-Nobel ghe Ister Institute of Preventive
Medicine, London). . Mycoplasma hominis no, 23 was isolated in our laboratory
from a case of vaginitis. ‘Micrococcus Iysodeikticus and Escherichia coli strain b
were obtained front the collection of the eﬁ)artment_. ) _

Media and organism suspensions. Mycoplasma laidlawii and M. mycoides var.
capri were grown in a modified liquid” Edward medium ﬁRazm & Qliver, 19612
contamln? % (v/v). Bacto PPLO Serum fraction. M}/]cop asma hominis and th
L-form of Streptobacillus moniliformis were grown in the same medium, but with
15% %v/v) inactivated (p_ooled? human serim instead of PPLO serum fraction.
Growth was carried out’in rotated Erlenmeyer flasks for 24-48 hr. at 3/°. The
organisms were collected in a Sharpies superceritrifuge and resusPended in de-ionized
water or in M-sucrose + 0-05M-NaCl solution, referred to below as the sucrose
medium. Micrococcus lysoderkticus was grown on brain-heart infusion agar (D|fcog
for 18 hr. at 37°, collected, washed three times in de-ionized water and reSuspende
In de-ionized water or In the sucrose medium, o

Preparation ofprotoplasts. Protoplasts of Micrococcus lysodeikticus were prepared
by the action on the washed organisms (at equiv, 10 mg; dry wt./ml.) of crystalling
lysozyme (100_/¢'g./ml.?1|n the sucrose medium (Gilby & Fety, 1960a). The quanti-
fativé conversion of the hacteria into lprotoplasts wias_ usually accomplished after
Incubation at 37° for 30-45 min. The resulting protoplasts were centrifuged. down
gnéjmggt%etiSmsupernatant fluid was decantéd, were gently resuspendéd in the

Preparation of spheroplasts, The method described by Ledcrberg 91956) Was Used.
Escherichia coli B was grown in 11 nutrient broth (Difco) at 37° for 18 hr, The broth
culture was then transferred to 31 fresh nutrient broth containing 20% (wiv)
sucrose +0-2% gwlvg MgSO4.rH20+ 1000 units crystalling Pemcnlm /ml. Incuba-
tignwas continued at 37° andthe formatjon ofspheroplasts followed by phase-contrast
microscopy. The quantitative. conversion of the bacilli into spheroplasts usually
took place after 4-5 hr. of incubation. The spheroplasts were sedimented by
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centrifI{J/Pation at 7000 g for 15 min. and resuspended in 20% (wiv) sucrose + 0-2%
(wiv) MgS04.7THZ) solution. _

Chemicals. SBpermme tetrahydrochloride was the product of Hoffmann La Roche
and Co. Ltd, (Basle, Switzerland): Protamlne sulphate was obtained from L. Light
&Co, Ltd., FCQInbrook, Bucks., England) poly-L-lysine (n-34) was a Plft of Professor
E. Katchalski (The Weizmann Institute of Science, Rehavoth, Israel). Sodium
IaurKll sulphate (U.S,P.) was the product of Amend Drug and Chemical Co. (New York
10, N.Y., U_.S.A.QA./_C_e %Itrlmethllammomum hromidg ggure: CTAB) was obtajned
from Hopkin & Williams Ltd. (Londan, E.C. 1). Sodium deoxycholate and sodium
taurocholate were the products of Difco Laboratories, Inc., Detroit 1. Michigan

SA Tween 80, USP. was bought from the CIH Chemical Co ¢\Iew York
and “Triton” WR-1339 from Winthrop-Stearns Inc, (New York 18, N.Y., USAL.
Ethanol, «-propanol and «-butanol of AR. quality were used without further
yrification. Digitonin was obtained from the Nutritional Biochemicals Corp.
Cleveland, Ohio; U.S.A.) and saponin from Hopkin & Williams Ltd. (London

.C._1). Lysozyme chlorice ch(stalllne, egq white) was the product of L, Light &
Co. Trk/psm (2 crystallized), lipase. (bovine), bromelin and pepsin (1/20,000) were
bought from Nutritional Biochemicals Corporation,

Examination of lysis

Tanicity changes, Test tubes contained 4 ml. of serial twofold difutions of sucrose
medium or of a2 M-NaCl (in 0-01 M-Phosphate buffer, pH 6-8) solution, Each test
tupe_received OT ml. suspension of test organism to an optical density (OD?, of
0-3-0-4at 500m//. Changes In optical density were measured after 30min. incubation
at room temperature in"a ‘Unicam SP 500" spectrophotometer. The effect of the
substitution of other solutes for the sucrose or NaCl in the suspending medium was
tested by the method of Mitchell & Moyle (1956a). Samples (-1 ml.) of suspensions
of the drganisms In the sucrose medium were added to 4 ml. of 1-5m solution (in
0-OIM-phosphate buffer, pH 6—82 of the solute to be tested. The rate of lysis was
np]?ealrsugliasd by optical density Changes at room temperature during short time
intervals.

Alternate freezing and thawing. Suspensions, of the organisms were_ made in
dilutions of the sticrose medium or 1n de-ionized water.” The susRensmns were
dls;?ensed Into test tubes In quantities of 4ml. and frozen in an ethanol bath at

4°. When frozen, the test tubes were transferred for thawing to a water bath at
40°. This procedure was rePeate_d as many fimes as required and the optical
densn¥ measured after each freezing and thawing, o ,

Heating. .Suspensions of organisms were made"in sucrose medium, dispensed in
4ml. quantities in test tubesand heated for 10 min. at 40°, 50° 60°, 70° or 80°.
The optical densyty. of the suspensions was measured as described above. ,
_ Chemicals. Solutions of the chemicals to be tested were pregared In 4 ml. quanti-
ties of sucrose medium or In de-ionized water. Each test tube received 0Y'ml. of
suspension of organism in sucrose medium or de-lonized water. Changes in the
oPtlcaI densities "of the suspensions were determined after 30 min. of incubation
at room temperature. In some experiments where ionic detergents were tested,
the organisms were pre-treated with uranyl nitrate according™to Gilby & Few
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(1960a). The ordanrsms were sus[nended in the usual sucrose medium, containing
different concentratjons of uran nrtrate Atter 30 min. incubation at room tem-
perature the organisms were centrr fuged down, resuspended In sucrose. medium
and recentrifuged. Finall OIy theB/ were resuspended in sucrose medium and lysis with
the detergents was tested as abiove

Enzymés. The sensitivity of the organrsms to the l\){trc action of I%sozyme Was
tested on washed organrsms suspended in 0 hos hate buffe
Smolelis & Hartsell, 1949) or on orﬂanrsms pre treate % heating and can rn
pH from 35 to 105 (Grula & Hartsell, 1957), or treatment by freezing and tawrng
(Kohn, 1960), trypsinization (Becker&HartseII 1954), treatment with ethvleng-
diaminetetra-acetate FEDTA Repaske, 1

The effect of proteolytic and lipolytic’ en mes was tested on organisms suspended
rn0067Mphos82atebuffeMﬁ)H703/ or 0-01 M-phos hatebutfer pH80)contarnrng
0-00 ++ and Mnt+ as chloride. For J)aratrve expenments Wit
bacterial Protoplasts and spheroplasts, sucrose was added to the buffer to final
concentration of 1m, The test tubes thus contarned35m enzyme solution in buffer
and (-5 ml. suspension of org[ nisms.__ Parallel experiments were carried out with
organisms pre- treatedb Ing at 70° for 15 min. The test tubes were incubated
at™37° and optical density changes determined at varrous time |ntervals

Aqglutrnatron by polyamines, Agglutrnatron of the organisms by onamrnes
was tésted In de-ionized water according to the method of Razin &Rozansky (1959).

RESULTS
Lysis by decreasing the tonicity of the medium

The effect on the test or%anrsms of decreasrng the tonrcrg/ ty of the medium was
Mmeasureq bNO serving the gptical density changes of suspensions Prepare n
sucrose or NaCl. solutions (Fig. 1). The roto Iasts of Mrcrococcus soder rcus
Were Very sensitive o decreases |n tonici underwent almost complete lysis
at 0-25 M-sucrose. The spheraplasts of Esc errchra coli were less sensrtwe to | ysrs
than the protoplasts; decreases in the optical density of their suspensions appedred
only at concentrations of sucrose less than 0-12m. The Mycoplasma organisms
observed and the L-form of Stregtobacrllus monrlrtormrs were not_lysed’to an
srﬁnrfrcant degree even by transfer from Msucrose so |ution to de-ionized water.
The increase “n the optical ensrty of the rt]/cop asma_ suspensions at hr?her
sucrose concentratrons might have been dug to the shrinkage o the plastic cells in
rE)ertonrc medium, w rIe the decrease In optical densrty at the hrrtrhest sucrose
conc tratrons Was apRarenty caused by depressron of the Irght scat errng of the
rganisms because of the high' refractive Index of the concentrated sucrose Solution
Ib & Few, 1959). The decrease of the optical density of bacterial suspensions
at rncreasrnq SUC/QSe concentratrons Is clearly demonstrated in the case of intact
Micrococcus Tysodeikticus % |g The results were similar to those described above
with media which contained different amounts of sodium chioride, _Attempts at
assessment by phase contrast microscopy (maximal magnification x 1250) of changes
In_ cell volune of Mycoplasma Jaidlawii suspended in media of various tonicity
failed owing to the very small dimensiqns of the Mycoplasma organisms,
The nature of the solute used for obtaining the required tonicity of the suspending
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medium was ofgreat importance. Solutes capable of penetrating bacterial proto-

plasts eg %grcero Drrbose wereunsurtable or use as osmotic stabilizers (Mitchell

Rep acemento the sucrose in our medium by other suPars or

b gycero Was therefore tried. 1t may be seen from F r% 2 that the protoplasts of

Icrgcoceus lysodeikticus and the spheraplasts of Escherichia colj underwent complete
and Immedidte lysis when suspended In 15 M-glycerol solution. Lgsrs in 15 m

D-ribose solution was slower. Mycoplasma laidlawii and the L-form of treptobacrllus
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1. The effect of the ?ucrose concentration in th suspensron medium on the optical
de SI%O suspensions 0 Mycoplasn}a laidlawii e/eoplasma mycoides Var. capri
coplasma hominis (m,: L-fOrm of Strepto acillus monrlrformrs (1) SPNEro-

fasts of Escherichia. co Micrococcus, Iys erktrcus rotoplasts 0f M
R/soderktrcusES F)ptrca\de‘%sa;ymeasuredaftey min. mcu(b ion at oom[t)emperature.

moniliformis were lysed to a certain degree in dqueerol or D- rrbose solutron No
significant lysis of any of the organisns teste occyrred when 1 9Iucose or
frictose replaced sucrdse in the sus endrnrs; med rum Maglr:resrum sup ale

wiy) decreased the degree of lysis of the Spherop asts of E. coli in 15ngcero|
or in de-lonized water b Va bout one half, Spermrne (10 tg./ml.) completely protected
the spheroplasts from fysis in these media.
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Lysis by alternate freezing and thawing

When suspended in the sucrose medium, Mycoplasma organisms, L-form of
Streptonacillns monilitormis, spheroplasts of Escherichia, coli and intact Micrococous
[ysodetkticus were not ysed by alternate freezing and thawing. Ten transfers from

Mycoplasma laidlawii Protoplasts of M. lysodeikticus
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Fig. 2, Opticgl density changes of suspensions prepared in 1-5m solutions (in 0 01m-
o bt o s T e el L
—24- 10 +40- did not cause any significant decrease in the optical density of
swensmns of these ,org%msms, While ?roto Iast of M. IXsodelkncus undenwent
aimost complete lysis arter several alternate freezings and. thawmqs (Fig. 3).
However, the Mycoplasma organisms became sensitive™ to lysis when the ‘suicrose
concentration in‘the medium was markedly decreased. The degree of lysis In the
presence of o-ops M-sCrose equalled that in de-ionized water, but even o-os m-
sucrose had a significant protective effect (Fig. 3).

0
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Spermine, known to protect some fragile or&anlsms and organelles from lysis under
unfavourabie conditions ‘Tabor Tahor & Rosenthal,  1961) was teste for such
effect on Mycoplasma treated hy freezing and thaW|n in de-jonized water. A con-
centration of 10//g./ml. of this"polyamine protected %coplasma organisms, from
lysis by ten altermate freezmgs and thawm s, while 2/;./ml. waS insufficient.
hese esults were obtained. with E/coplasma mycmdes var. capri_and M.
laidlawil. - Spermine, protamine and pon lysine agglutinated M. mycoides var.
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curve of protoplasts of Micrococcus lysodeikticus In M-Sucrose IS
comparison
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Erotamlne 5000 Mg./ml.; polylysine, 80-320/g / Ig Intact
sodelktlcu organlsmswereagg utlnated tesame 0 amlneﬁzo c r&tratlonsd
sedimente

The ag reglates were formed within 1-2 hr. 0 mcubatlon at 37°; t
overnight, leaving the supernatant qu|d Clear.

i G. Microb. xxx
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Lysis by heating

Sgheroglas,ts of Aerobacter aerogenes were found to lyse at temperatures of about
56-05° (Gebicki & James, 1960). Similar experiments with our test organisms
suspended in the sucrose medium showed that the optical densng of the suspension
of Micrococeus lysodeikticus protoplasts decreased by abouf 50% after heating at
80° for 10min. “A decrease of about 30% In opticl densn}/ was found with“the
Mycoplasma suspensions heated to the same temperature; the optical density of
these suspensions hegan to decrease at 50°.
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Lysis by treatment with surface active agents

The I\/,choPIasma or%amsms tested were sensitive to lysis br% sodium deoxycholate
and sodiim taurocholate (Fig. 4). The Mycoplasma organisms were more sensitive
to lysis by these aﬁen_ts,t an were the L-form of Streptobaciflus moniliformis and
spheroplasts of Escherichia coli. On the other hand the Mycoplasma organisms were
more resistant to_ lysis than were protoplasts of Micrococcus lysodeikticus. Similar
results were obtained with the anionic detergent sodium lauryl sulphate (Fig. 5a)
The cationic detergent cetyltrimethylammonium bromide (CTAB) caused Iysis of
the bacterial protoplasts and of Mycoplasma laiglawir only within a narrow ranﬁe
of concentrations; at higher concentrations agglutination and precipitation of the



04

Optical density reading at 500 my
) o
N <

o
-

1
2:5 50 75 10 25 50 75 100

0-4

° =
N w

o
-

Optical density reading at 500 mu

Sodium lauryl sulphate concentration (M x 10°%)

b

0

1 i 1 1 ! 1

10 25 5-0 75 10 25
Cetyltrimethylammonium bromide concentration (MX 105)

Fig. 5. .Lys onic detergents, ium lauryl sul hate ) cetyltrime
rﬁmomur}q l) IdI ycoi)_l %ma laj dlawn({ 5” Mycroyplasmg myc s Vahero @l

Mycoplasma ho

A e e

asured a

orm 0 Strepto acillus m n|I|form|s e:
’_2 (E]I‘O oplasts sodelktlcus
lum an opt|cal ensﬂy was

er incubation for 30 min. at room temperature.

11-2

163



164 S. Razin and M. Argaman

organtsms occurred and the optlcal density of their suspensions increased (Fig. 5h).
The cationic detergent CTAB had nomarked lytic effect on any of the otheror([tanlsms
tested Pre treatment of M. laidlawii orgariisms and M, Iysodeikticus protoplasts
\t/glrtg e rdtrsanglngrate gave protection against lysis by anionic and by cationic de-
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even when suspended In e|on|ze Water.
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Lysis by alcohols

The Mycoplasma ;[)]roto lasts, like bacterial protoplasts, were very sensitive to
5{)s|s b¥ primary alconols (F On a molar basis the |ytic effect of A-butanol was
out our tlmes reater t an that of w-propanol and abiout ten times greater than
that of ethanol. The increase in the optical density of the suspensions at high
ethanol concentrations was apparently due to precipitation of the cellular com-
ponents at these high alcohol concentrations. The L-form of streptobacillus monili-
formis Was much more resistant to the Iytic effects of alcohols than were the
Mycoplasma organisms.
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Fig. 8. Lysis by alkali. Mycoplasma laidlawii (A): Mycoplasma mycoides var. capri (i );
Mycoplasma hominis (m); L-form ot Streptobaciflus moniliformis (x); spheroplasts of
Escherichia coli (o); intact Micrococcus lysodeikticus (O): protoplasts of M. lysodeikticus
(-

). The experiment was carried out in the sucrose medium and the optlcal density
measured after incubation for 30 min. at room temperature.

Lysis by alkali

All the orgamsms tested, except intact Micrococcus Iysodeikticus, Showed various
degrees of sénsitivity to Iy3|s by NaOH. Mycoplasma organisms and spheroplasts
OfEscherlchlascoll Showed tehlghest sensmvny, bacterlal rotoplasts and L-
forms were less sensitive to lX is by alkali %H drochloric acid did not cause
lysis of any of the test organisms within the Tange o concentrations 0-03-5-Om,
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Lysis by digitonin and saponin L ]

All the Mdycoplasma strains tested showed a marked sen5|t|V|t¥ to lysis b
digitonin and saponin; all the other_qrganisms tested were completely resistant,
Himan erythrocytes were more sensitive than Mycoplasma organismsto lysis by
digitonin and, saponin (Fig. 9). Washed digitonin-resistant organisms were not
refdered sensitive to lysis by exposure to 0-01 mg. cholesterol/ml, in the sucrose
medium for 3hr, at 37°. Mycoplasma laidlawii OFGaNISMS grown.in a cholesterol-
free defined medium (Razin'& &ohen, 1962) were much more resistant to I¥sgs_by

digitonin and saponin than were organisms grown in the cholesterol-containin
é medcljumF%Fig. 10), . ’ :
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Fig. 9. Lysis by digitonin. M_Ycoplasm.a. laidlawii (a); Mycoplasma m%coldes. var,
Capri (A); L-form of Streptobacillus moniliformis (x); spheroplasts_of EScherichia coli
(@); intact Micrococcus lysodeikticus (o); protoplasts of M. lysodeikticus («); human
erythrocytes (m). The experiment was carried outin the sucrose medium and the optical
density measured after incubation for 30 min. at room temperature.

Fig. 10. Lysis by digitonin of Mycoplasma laidlawii grown in a cholesterol-free defined
medium (Razin Cohen, 1962; O) orin the cholesterol-containing Edward medium (*).
The experiment was carried out in de-ionized water and optical density measured after
incubation for 30 min. at room temperature.

Lysis by enzymes

Lysozyme. This enzyme had no lytic effect on Mycoplasma organisms or on the
L-form of Streptobacillus moniliformis by any of the methods tested. .

Lipase._ Crude pancreatic lipase caused %sw of all the Mycoplasma_strains ex-
amined. The |ytic effect was greater In 0-06/ M-phosphate baffer (pH 7-0) than in
001 M-ghosphate buffer ng -Og. Pancreatic lipase also_ caused Iysis of bacterial

rotoplasts, spheroplasts and L-forms. Intact organisms of micrococcus lysodeikticus
and Escherichia coli Were not lysed by this enzyme (F#. 11). _

Proteolytic enzymes, T%)sm had very little Tytic eftect on any fresh organism
tested. A marked Iytic effect was seen with the Mycoplasma orglamsms and Sphero-
plasts of Escherichia coli When these were preheated at 70° for 15 min. The L-form
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Of streptobaciflus moniliformis Was inSensitive to (ijsis b% trypsin even when pre-
heated. Of the other proteolytic enzymes tested, bromelin, like trypsin, acte
only on heated organisms; papain had no lydc activity.
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Fig. 11. Lysis by pancreatic lipase. Cells of M){coplasm,a laidlawii (a), Mycoplasma
Mycoides var. Caprl (a); L-form of Streptobaciflus moniliformis (x): spheroplasts of
Escherichia coli (7 ); protoplasts of Micrococcus lysodeikticus (-); intact cells of M.
|y50de|kt|CUS (0) or E. coli (m ) were suspended in M-sucrose+ 0067 M-phosphate buffer
(pH 7-0) solution containing various concentrations of lipase. Optical density was
measured at 37° after incubation for 90 min.

DISCUSSION

The relative resistance of Mycoplasma organisms to_osmotic shock has been
described by several authors (Smith & Sasaki, 1958; Plackett, 1959 Butler &
night . Several hypotheses might be provided to explain the resistance of
Mycoplasma o Iysis by osmotic shock: (a) The very small dimensions and spherical
shape ofmost MYcopIasma organisms decrease the ddverse effects of osmotic pressure
changes (Mitchell &Moyle, 19565). Thus, the small elements ofthe L-form of proteus
vulgaris WEre much more resistant to osmotic shock than were the Iar%r elements
ot this L-form (Thorsson & Weibull, 1958). (o) The elasticity of the Mycoplasma
envelope might permit considerable distension of the or?amsm without it bemg
ruptured, () The internal osmotic pressure of the M)icop asma orgamsms might b
low. There are markeg differences between the interndl osmotic pressures of different
bacteria. Gram-positive COCCI, SUCH &S Micrococcus lysodeikticus, NNave 0SmQtic
pressures of 20-30 atmospheres (Mitchell & Moyle, 19565) while Gram-neganve
rods have internal ogmotic_pressure of 4-8 atmaspheres only (Gebicki & James,
960: Hugo & Russell, 1960). Protoplasts of . Iysodeikticus therefore underwent
almost complete lysis in (-25 M-sucrose, while sghero lasts Of Escperichia coli

lysed to a similar degree only In 0-03 M-sucrose (Fig. 1). We have no direct way of
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measurmq the internal osmotic pressure of Mycoplasma cells, However, indirect
evidence Tor a low Internal osmotic pressure was obtained while, testing the sensi-
tivity of Mycoplasma to lysis by alternate freezing and. thawing. Mycoplasma
organisms were lysed by thls ,\Procedure when suspended in ge-ioriized water, but
resisted lysis when sucrose or NaCl were added to the medium (Fig. 3). A concentra-
tion of 0T2-0-25 M-sucrose protected almost all Mycoplasma “organisms against
lysis by freezing and thawing. The protoplasts of M, Iysodeikticus Were lysed b
dlternate freezing and thawing, even when suspended in M-sucrose solution F|?. 3)
The protective érfect of these solutes might be explained by the shrinkage of the

lastic M%/coplasma cells by osmotic dehydration in hP/pertomc media (Pstate &

unter, 2961). The cell envelope of the Shrunken celf'is capable of remstmq more
efficiently the shearing forces of the ice crystals. | this explanation_be correct, then
0-25 Msficrose solution has t(i be regarded as hxpertonlc, and 0T2 M-sucrose as
about isotonic, to the MycoP asma organisms. The osmotic pressure of @ 0T2 m-
sycrose solution is about'3 atmospheres (Handbook of Chemistry & Physics, 1954-
955). Hence, the internal osmotic pressure of Mycoplasma organisms ‘seems to be
remarkably Tow.

The marked resistance of the stable L-form of Streptobacillus moniliformis to
lysis in hypotonic media might be explained along the same lines as the resistance
of Mycoplasma organisms to osmotic shock. Medill-Brown, Hutchinson & Cocklin

dj, on comparing the osmotic fragility of penicillin-induced spheroplasts and
L-forms derived from Proteus mirabilis, found that the spheroplasts were much
more sensitive to osmotic shock than were the L-forms. The agglutination of the
Mycoplasma organisms by spermine and other polyamines indicates that the cell
envelope of Mycoplasma has a net negative charge, like that of the bacterial pro-
toplast membrane (Few, Gilby & Seaman, 1960) and of bacterial cell walls (Razin &
Rozansky, 1959). The great sensitivity of Mycoplasma organisms to surface active
substances is well known (Klieneberger-Nobel, f962). Our studies have shown the
close similarity between Mycoplasma organisms and bacterial protoplasts with
respect to lysis by surface active agents. Mycoplasma organisms were lysed by
about the same concentrations of ionic detergents as were bacterial protoplasts.
Apparently the ionic detergents act on similar components present in the membranes
of Mycoplasma organisms and of bacterial protoplasts, as indicated by the inhibition
of lysis when the organisms were pre-treated with uranyl nitrate. Uranyl ions have
a strong affinity for the phosphate groups of phospholipids present in the bacterial
membrane (Gilby & Few, 1860&). Since the cationic detergent cetyltrimethyl-
ammonium bromide (CTAB) combines with these acidic groups, its lytic action is
inhibited more efficiently by uranyl ions than by the anionic detergent sodium
lauryl sulphate (SLS), which_combines mainly with the protein component of the
membrane (Gilby & Few, 196061). The cationic detergent CTAB causes lysis of
Mycoplasma organisms and bacterial protoplasts only within a narrow limit of
concentrations. At concentrations higher than 5 x 10_5m this detergent caused
protein denaturation and ‘fixation’ of the organisms, as well as agglutination by
neutralization of surface negative charge (Dawson, Lominski & Stern, 1953).

The similar sensitivity of Mycoplasma organisms and bacterial protoplasts to
lysis by primary alcohols and pancreatic lipase suggests the presence of a lipid
component in the Mycoplasma cell envelope. Gilby & Few (15606) claimed that
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alcohols act on the lipid component of the protoplast membrane, causing lysis by
disruption of membrane permeability. The markedlysis by alkalt of all the drganisms
tested, except intact bacteria, Is apgarently due fo the hydration and diSpersion
of ceIIProterns (Grula & Hartsell, 19 2 The mucopeptide polymer of the bacterial
cell wall is aIkaIrresrstant and protects the intact bacterial call from Iysis, Digestion
?é thle EuHcopteptrde % lysozyme renders the bacteria sensitive to lysis by alkal

rula & Hartsell

The most remarkable difference between Mycoplasma organrsms and all the
other organrsms examrned was the sensrtrvrtyo Mycoplasma'to | ysrs g( digitonin
and saponin; ysrs of ycoplasma digitonin was reported by mith Rothblat
(1960). This mrgtbe explained by the presence of cholestero in the Mycop asma
ceII enveIo e (Rothblat & Smith; 1961; Razin &A?aman unp ub IShed data)
The mych Iower sensitivity of Mycoplasma laidlawii To lysis by Igitonin when
grown In a_ cholesterol-free medium (Fig..10) sugoests that at east most of the
cholesterol jn this Mycoplasma species dérives from the growth medium.

Qur studies show that bacterral Lforms and spheroplasts are less sensitive to
lysis than bacterral roto? asts and Myc op asma org anrsms The higher resistance

of L-forms and spheroplasts to | srsmrP the attrib ute to the presence of a modified
ceIIwaII(Thorsson& eibull, 1958; Ktieneberger-Nobel, 1960). The presentfrndrngs
and the morphological_studies of ultrathin®sections ‘of Mycoplasma organisms
(van Iterson Ruys 1960) su?gestthat the Mycoplasma organisms are limited bﬁ
a membrane of rgoprotern natUre, very like that of the plasma memb rane whic
encloses the bact rial rotoplast Chemical analysrs of isolated M)é opl asma ce
memp ranes also supgortst IS assumption (Razin & Argaman, to e published)
The only difference so far found between the cell membrarie of Mycoplasha and thie
plasma membrane of bacteria is the presence of cholesterol in the former

Qur thanks are dug to Mrs E. Friedberg and MrM, Wormser for their valuable
technical assistance, This work was supporte in fart a grant from the Joint
Research Fund of the Hebrew University-Hadassah Me caI chool.

REFERENCES

BeCker M.E. & Hartsell S.E. (1954). Factors affecting bacteriolysis using lysozym e
in dual enzy systemss. ArCh Biocliem. BlOphyS 53, 40

Butler M. & ANl ht C.J. G.(1960). The survrvalo washed suspensions of M yco-
plasma. J. geri_ rcrobrol 22, 470.

DaW30n 1. M OmlnSkI . & Stern H. (1958). An electron-microscope study of the
action of cetyl-trim ethyl-am monium bromide on Staphylococcus aureus. J. Path. Bad.
66, 513.

EdWﬁrdS G.A. & Fogh J. (1960). Fine structure of pleuropneum onia-like organisms
in pure culture and in infegted tissue culture cells, J. Bad. 79 267.

Few,a. V., Grlby A . R. & Otaman, G.V.F (1960) An electrophoretic study on struc-
tural com ponents of MiCroCOCCUS Iysoderktrcus Biochim. biophys. Acta, s, é

GleCkl J.M. & jameS A. M. (1960). The preparation and properties of spheroplasts of
Aerobacter aerogenes. J. gen. Microbiol. 23, 9.

Y, A.R. & FEW, A. V. (1959). Osmotic properties of protoplasts of Micrococcus
I{soderktrcus I]__ gen. Microbiol. 20, 321.

Dy,a.R. & FEW, A. V. (1960a). Lysis of protoplasts of Micrococcus lysodeikticus by
ionic detergents. J. gen. MleOblOl 23, 19.



Lysis of Mycoplasma 171

Gilby, A.R. & Few,A.v. (19600). Lysis of protoplasts of Micrococcus lysodeikticus by
alcohols. J. gen. Microbiol. 23, 27.
||by, A.R. FEW, A v, & MCQUlllen, K. (1958). The chemical composition of the
protoplast membrane of Micrococcus lysodeikticus. Biochim. biophys. Acta, 29, 21.

Grula, E.A.&Hartsel |, S.E. (1957). Lysozyme in the bacteriolysis of Gram-negativ
bacteria. Il. Factors influencing clearing during the Nakamura treatm ent. Canad.
Microbiol. 3, 23.

Handbook of Chew,istry and Physics (1954—1955), 36th ed. Ed.C.D. Hodgman. Cleveland,
Ohio, U.S.A.: Chemical Rubber Publishing Co.
ugo, w. s. & USSE‘”, A. D. (1960). Quantitative aspects of penicillin action on
Escherichia cgli in_hypertonic medium. J. Bad. 8o, 43s.

ImaEda, 7. & WONVIL, 1. (1962). Electron microscope study ofMycobacterium Ieprae and
its environment in a vesicular leprous lesion. J. Bad. 83, 43.

H andler,o0.& Zehender, C.(1957). UberdasVerkommenvon a, e-Diaminopim elinsaure
bei verschiedenen L-Phasentypen von PIoteus VU|gal'|S und bei den pleuropneumonie-
ahnlichen Organismen. Z. Naturf, 12b, 725.

Klieneberger-Nobel, e. (1960). L-forms of bacteria. In The Bacteria, A Treatise on
Structure and Function, vol. 1, p. 361. Ed.I. C. Gunsalus & R. Y. Stanier. New York:
Academic Press Inc.

Klieneberger-Nobel, e. (1962). Pleuropneumonia-like organisms (PPLO) Mycoplasma-
taceae. London: Academic Press.

Ohn, A. (1960). Lysis of frozen and thawed cells of Escherichia coli by lysozyme, and
their conversion into spheroplasts. J. Bad. 79, 697,

Lederberg,J. (1956) Bacterial protoplasts induced by penicilin. Proc. nat. Acad. Sei.,
Wash. a2, 574

Medill-Brown, m ., Hutchinson, w. 6. & Cocklin, €. (1960). The L-forms of Proteus
mirabilis. Ann. N.Y. Acad. Sei. 79, 874.

MitCh(_E“, P. & l\/loylel, J. (1956a). Liberation and osmotic properties of the protoplasts
of Micrococcus lysodeikticus ana Sarcina lutea. J. gen. Microbiol. 15, s12.

MitChe“,P L& l\/loyle,J. (19566). Osmotic function and structure in bacteria, in Bacterial
Anatomy. Symp. Soc. gen. Microbiol. 6, 150.

PIaCkett, P. (1959). On the probable absence of ‘mucocomplex’ from Mycoplasma
mycoides. Biochim. biophys. Acta, 35, 260. _ _

Postgate, 5. r. & Hunter, 5. r. (1961). on the survival of frozen bacteria. J. gen.
Micrabiol. 26, 367.

Razin, S. & Argaman, M. (1961). Properties of the Mycoplasma (PPLO ) cell envelope.
Bull. Res. Coun. Israel, o€, 121.

Razin,s. & Cohen, A.(1962). Nutritional requirements and metabolism of Mycoplasma
laidlawii. J. gen. Microbiol. 3o, 141.

Razin, S. & OIiver_, O (1961) Morphogenesis of Mycoplasma and bacterial L-form
colonies. 3. Jen. Microbiol. 24, 225.

Razin, s. & Rozansky, R. (1959). Mechanism of the antibacterial action of spermine.
Arch. Biochem. Biophys. s1, 36. , _

Repaske, R. (1956). Lysis of Gram -negative bacteria by lysozyme. Biochem. blOphys.
Acta, 22, 189.

RObeI’tSOH, J. D. (1959). The ultrastructure of cell membranes and their derivatives.
Biochem. Soc. Sym}&. 16, 3.

ROdWE”, AW.& bet, A.(1961). The function of glycerol, cholesterol and long-chain
fatty acids in the nutrition of Mycoplasma mycoides. J. gen. Microbiol. 25, 201.

Rothblat, G.H. & Smith, P.F.(1961). Nonsaponiflable lipids of representative pleuro-
pneumonia-like organisms. J. Bad 82, 479.

RuyS, A.c.& Van Iterson,w. (1961). some characteristics of pathogenic avian PPLO .
Antonie van Leeuwenhoek J. Microbiol. Serol. 27, 129.

Shal’p,J. T.(1960). The cellwallofbacterialL-form s and pleuropneum onia-like organisms.
Ann. N.Y. Acad. Sei. 79, 344.



172 S. Razin and M. Argaman

Smith, P.F. & ROtthat, G.H.(1960). Incorporation ofcholesterolby pleuropneumonia-
like organisms, J. Bact. so, s42.

Smlth, P.F. & Sasakl, S. (1958). Stability of pleuropneum onia-like organisms to some
physical factors. ﬁppl Microbiol. 6, 184.

SmO E‘IIS,A. N. & artse”, S.E. (1949). The determination of lysozyme. J. Bad. ss,

731.

Tabor, H., Tabor, C.W.& Rosenthal, S.M.(1961). The biochem istry ofthe polyam ines:
spermidine and sp ine. Ann. Rev. Biochem. 30, 579.

ThOfSSOﬂ, K.G. &V\TElbU“, C. (1958). Studies on the structure of bacterial L-form's
protoplasts and protoplast-like bodies. J. Ultrastr. Res. 1,412,

van Iterson, W . (1961). Some features of a remarkable organelle in Bacillus subtilis.

J. Fiophys. biochem. Cytol. o, 183.

van lterson, w. & UYS, A. C. (1960). The fine structure of the Mycoplasmataceae
(micro-organisms of the pleuropneumonia group = PPLO). 1. Mycoplasma homlnls,
M. fermentangana M. salivarium. J. Ultrastr. Res. s, 2s2.

WelbUI I, C. & ergstrom, L. (1958). The chemical nature ofthe cytoplasmic membrane
and cellwall of Bacillus megaterium, strain m. Biochim. hiophys. Acta, so, s40.



	JOURNAL OF GENERAL MICROBIOLOGY 1963 VOLUME 30 NO.1
	Contents
	Studies on Marine Flavobacteria
	Cellular Morphology of Form 2 Mycobacteria in Slide Culture
	Mutants with Impaired Respiration in Staphylococcus afermentans
	Transamination Reactions in Uredospores of Puccinia helianthi
	Pulmonary Infection of Adult White Mice with the TE 55 Strain of Trachoma Virus
	Factors which Affect the Size of the Organisms and the Optical Density of Suspensions of Pseudomonas aeruginosa and Escherichia coli
	Structure and Replication of the Trachoma Agent in Cell Cultures, as shown by Electron Microscopy
	Mycological Examination of Dust from Mouldy Hay Associated with Farmer’s Lung Disease
	Recovery of Deoxyribonucleic Acid from the Effects of Alkylation
	Azurin: A Copper Protein Found in Bordetella
	Changes in Gross Chemical Components of Trichophyton mentagrophytes During Incubation in Increased Carbon Dioxide Tensions
	Stimulation of Glucose Metabolism in Trichophyton mentagrophytes during Incubation in Increased Carbon Dioxide Tension
	Autolytic Enzymes as a Source of Error in the Preparation and Study of Gram-negative Cell Walls
	Intracellular Sites of Synthesis of Encephalomyocarditis Virus Components in Krebs-2 Ascites Tumour Cells
	Nutritional Requirements and Metabolism of Mycoplasma laidlawii
	Lysis of Mycoplasma, Bacterial Protoplasts, Spheroplasts and L-forms by Various Agents

