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Extracellular Products of Blue-Green Algae

By B. A, WHITTON
Department of Botany, University of Durham

(Received 4 June 1964)

SUMMARY

Aﬂnaﬁamrnatr mad(e of solulil]e exbreaccieelslu(l rbrlrlrjaterr(aelrrs1 %rioduc

}</a netAr they Nave any Tnctional i ortance asi

Mo b, ?pecreﬁ g{elpre% [Q ar]f&/ eneralg examr roducedg X\raco jafr
L iy
ifllase'rs rr(lglcrejsh%C ngramr o

i exal:ard (gﬁEOHg Slg eren rom

mé’
0se 0 ext ace l’0 ther lO Ol nrsms
lfeoer#r ﬁate |ca IS [aC IOH agﬁsetrsnr enrsn

o m¥f>]< a arn rrca
eror% ere W nea |uns Ween concen -
|ono Ym ><h an amounto alga |s actron vrrhrc
l ermi Urvive, Thi ec rac ular roduc
ch yxrn oxrcr ﬁ]h ? erate mrl uresrnce acr uspol myxa often
IS’ I assoclation with hitie-green algae.

INTRODUCTION

There is much_evidence that the production of extracellular substances by blue-
green algae Is widespread and sometimes %uantrtatrvey im ortant mucildginous
heaths are fre uent seen, and these are often coloured; usually in shades of yellow
or brown. Ig 952) surveyed the literature about the production of soluble
extracellular nifrogenous substances by blue-green algae and concluded that this
Is & general featurg of these organisms; Iaterg Eers have suEporte this vrew See
review by FO% 1962; Fay, 1962: Stewart, 1963: Taha Irefai, Venka-
taraman, 1961), However’ little attempt has been made to assess the possible
r‘unc[< Bal srgrlufrcan ﬁf this soluble] extracellula{ mateg

owed that the extracell ucts of a strain of Nostoc
muscorum confarned a dialysis diffusate component which was hiologically active
0N various other mjcro- or%anrsms Filtrates of ofd cultures with many hetérocysts
were esBecrall active; when heterocysts were absent, the frltratew S.Not active,

OP sowed that the extracellular golyR] trdeso Ang aenacylrndrrcawere

ble’to co Sex 324mg1 og ner with eac total peptid enrtroqen FO ?&
Westlake (1955) gave further evidence for an int ractronbtweenalga polypeptid
and catrons and ‘showed that colour changes occurred with pH value in thie case of

Vol. 39, No. 3 was issued 25 August 1965
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2 B. A. Whitton

Fe ﬁl 11) and polypeptide mixtures. Algal polypeptide binding of cop er decreased its
toxicity towards' A, cylindrical similar binding was also found with other elements
which might be important for the growth of the alga. Superficially at least, it
Seems stran%e that the chelation of orie metal decreases its toxicity, whilst the chela-
tion of others may be exPected to Increase their availability. =

Fogg (1952) found that in later stagies of growth of Anabaena cylindrica, the pro-
duction of extracellular nitrogen always ™ occurred. . However, comparison at
equivalent stages of growth showed that'such produgtion was Increased consider-
abIY_bx deficincy of certain elements e.q. iron) and was decreased slightly by a
deficiency of molybdenum. The extracellular combined nitrogen was mainly poly-
pei)tlde, with lesser amounts of an amide, the proportions of which decreased as tfe
cultures a%ed. Fogg concludeg that the ponpie_Pudes were liberated during meta-
bolism at the outér surface of the organlsm. ughes, Gorham & Zehnder (19583
and Gorham (1960) showed that a substance, toxIc'to various mammals and terme
‘fast death factor’ (FDF), was present in the organisms and in the culture fluid
of an uni-algal culture of Microcystis aerug_mosa. Bishop, Anet & Gorham '@959
showed that FDF extracted from'the organisms was one of a mixture of 5 distinc
polrpeptldes (see Table 2), and concluded that FDF was probably cyclic and of
molecular weight hetween” 1300 and 2600. ,

_Soluble extracellular produgts of blue-?reen algae may thus have several quite
different kinds of biological effect, some of which may be of ecological interest. The
present work was dofie mainly with Anabaena cylindrica.. Some comparative
observations on other blue-green algae are also included in this paper.

METHODS

Anabagna cylindrica was obtained from the culture collection of Westfield College,
London. There are af present two strains (at least) of this organism In culture;
one produces spores in older cultures (Cambridge collection no. 1403/2), and the
other doesnot. The strain used in all experiments described here produced spores. The
alga was grown in the medium described by Fogg (1949) with the modification that
Iron was added as Fe (I11). EDTA chelaté and’the trace element mixture used was
that of Allen & Arnon _1955%. The alga was jnocylated into 250 ml. volumes of
medium contained In Ben_ICI”I flasks, and incubated at 25° and a Ilgiht intensity of
7000 me. Durmg Incubation the flasks were shaken at 1-2-day intervals. The cultlres
were harvested at a late exPonenUaI stage_of?rowth and filtered through Kieselquhr
and then thr_ou?h an Oxold membrane filter. When sterile sami)les_ ere required
membrang filtes were used, filtration bel_n_% done with a sterile filter flask, the
lower surface of the filter havmﬁ been sterilized by ultraviolet irradiation.
. Growth studies were done with 25 ml. medium in 100 ml. conical flasks incubated
in a thermostat-controlled water bath_ provided with a shaking mechanism
Miller &F_ogg,195_73. Extracellular material of Anacystis nidulans was obtained b
rowmg this organism in the same way, but in the medium of Kraiz & Myers 9955 .
Othe or%am ms were grown In media and under conditions i which they are
known to_qow well; these cultures were harvested af late stages in growth, *
Some fiéld materials were also used. These included g dense bloom of Oscillajoria
planctonica taken from St James’s Park lake, London, in August 192, a sample of
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London reservoir water contamm% Microcystis aeruginosa, and colonies of Nostoc
commune brought from The Burren, Co. Clare, Ireland. The samples of water con-
taining blooms” were filtered through kieselguhr and then membrane filters. The
NostoC colonies were grown in media.in the laboratory for a few weeks and then
treated like the pure Cultures. With field collections it'was obviously not possible
to be sure that any extracellular material found had been released by the algae.
However, with the O. planctonica In particular the alga had been ove he_Imlneg
dominant in the lake for some weeks before collection, so that material discussed
below may have come from this alga.

Table 1 List of cultures used in various studies

_ Westfield ~ Cam- _ Absorption .. Amino
Organism no.  bridge no. Pigment spectra  Dialysis  acids
Pu'&e cgjlture ey
nabaena cylindrica Lemm. 10 140312 + + + +
A.varlarEI|IZKutz. Allen’s strain) 24 +
A. varianilis Kiitz. (N-fixer) kY +
AnaBaenas : 28 - - ¥
Anabaena sp. 31 + + + .
Anacystis nidulans Drouet 3 + + ¥ -
ﬁo r|xs5£ e 20 + +
oragle fritschii Mitra 50 141111 n + + +
In oigarmﬁlm SP\' 19 14151 + .

astl Of us laminosus Cohn 2 14471 + +

Icrocoleus vaginatus (Vaucher) Gom. 5 1459/6 + +

ostac sp 53 +

seudanabaena oo wi 49 +

ynechocystis salina Wislouch 55 + +

Field samples . )

Mlcrocystls aeruginosa Kiitz. + + + :
0sf ccommlune aucher + + + +
Oscillatoria planctonica Wolszynska + + + +

Alist of the algae used and a summar}/] of investigations made is given in Table L
Pollgmxxm B was sugé)lledb Burroughs Wellcome and Co. in 10,000 unit packs.

mino aclds were separated by two-way descendm(% chromatography on What-
man 3 MM paper. The first solvént was phenol saturated with water, with a trace
of ammonia in the chromatography tank. The second solvent was butanol + glacial
acetic acid +water (90+ 10+29, by vol.). Amino acids were located by ninfiydrin

Spray.
Prey RESULTS

Physical and chemical observations on extracellular material

Pigments. The filtrate from old cultures of Anabaena cylindrica was, reddish
brown by reflected light, brown by transmitted light. Filirates from cultures of
14 algae were also observed to Be coloured dui ? the later stages of growth
(Table 1). After concentration of those samples of culture filtrate where colour was
not very intense, the colours were: Mastlgocladus laminosus, purgle; Anacystis
nidulans, lime-yellow; the remander, shadgs of brown to brown-yellow. Sirlar
colours have béen noted frequently n the sheaths of natural populations of blue-
green aI?ae. In some cases (e.g. Nostac verrycosum) these pjﬁments are probably
intimately associated with th soluble. In‘the field

ucilaginous sheaths and are |
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samples |,nvest|?ated_ here, all the colours showed evidence of being associated with
soluble pigments. Filtrates of the lake water containing Oscillatoria were coloured
brown, whilst filtrates of the water. containing Micracystis aeruginosa showed a
brown-yellow colour after concentration. _

Absrption spectra of filtrates. Absorption spectra of 10 filtrates and the two
natural ‘water ‘samples (see Table 1) were examined between 240 and 600 my.
All the filtrates absorted throu%_hout this range, generaIIR/ with high absorp-
tion at 240 me, gradually decreaSing at longer” wavelengths. High “Ultraviolet
absorption values were riot necessarily associated with those media which were
strongly coloured. For instance the two highest sets, of absorption readings over
most gf the ultraviolet range were from _An?cystls nidulans and Chl?_ro lpea
fritschii, the filtrates of which were only sllghty coloured, Anabaena cylindrica
showed a marked peak at 280-290 my, "Mastigocladus, laminosus at 270-280 mij.
All the others except Syne_choc%stw saling showed inflexions implying peaks in their
spectra In this region. 'With the exception of A. nidulans, theré was ng tendency
for peak formation or detectable inflection elsewhere, The filtrate of an old A, nidy-
lans culture showed marked inflexions at 300 and 360 mg' pteridines_found in old
cultures of this species (Forrest, van Baalen & Myers, 195(} have a main absorption
peak at about 320 my. However, the particufar compound later 1solated from
A. nidulans organisms showed neither of its peaks in this region.

Preparation 0f Anabaena cylindrica ponpeEmde. Several methods (ion-exchange,
activated charcoal, el flltratlory were ‘tested as means, for gartlally_ Purlfym%
extracellular polg/(g)ep Ide of Anaiaena cylindrica. Part of the cultyre Tiltrate ‘wa
non-dialysable; some poI;r eptide was_present in this fraction which was chosen
for experiments, being sdlt-free material obtained by a method unlikely to have
caused much breakdown of polypeptide. The absorption spectra of a sample of
filtrate before and after Prolo_n ed dlial S|S,S‘V|sk|ng’ tubing) against distilled water,
after making allowance for slight changes in the spectrum with changes in pH value
were different, RelatlveI%/ more material absorbing In the ultraviolet region passed
through the membrane than material which absorbed in the visible region. The
moleclle causing a peak at 290 my passed preferentially through the membrane as
compared with “other absorbing material. Poss_lb(l]y_the_Peak was caused by the
aromatic Igroups known to be present in A. cylindrica filtrates (tyrosine, pfenyl-
alanine: Fogg, 1952). A comparjson between retention of chromophore and
retention of Titrogen showed as follows

Extinction Em mg. N/I.
Culture filtrate 0-397 3lHtl-4
Dialysis residue. . (-145 10-2+0-7
Prop_yortlon In dialysis 36-5 21-2
residue (%)

Dialysis of culture_filtrates of five other que-?reen algae and of the two natural
water Samples (see Table 1) gave similar results. The” most obvious differences
hetween the materials from_ different organisms were gonsmera le differences In
the proportion of material in the dla|5fSIS residue, and the fact that prolonged
dWsw of Anacystis delﬁTtsr acttélturfetﬂ tra%e a%amst water led to a precipitation,

which did not occur wit S 0f the other Specles.
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Amino acid composition of dialysis residuefraction offiltrates. The dialysis residue
fraction of Anabaena cylindrica filtrate contained nitrogen: its amino acid composi-
tion was examined together with samples re resentlng 4 other ?enera (Table %)
Samples of the dialysis residue fractions of filtrates were evaporated to about 5%
their original volume, and then heated with an equal volume of concentrated HCl
for 21 hr, at 105°. After this hé/drolysls tpere was much charred material in all the
samples except that from Anacystis nidulans.

Table 2. Amino-acid composition of blue-green algal non-dialysable extracellular
materials, together with various results in the literature (for details, see text)

. Anabaena (Fogg, 1952) Phor-
i , . _ midium
12-day 28-day Non-dlalysablﬁ\fractlons FDF  wall
. culture culture | e Hughes (Frank
Amino acids _ ~— N £ na-  Ana- Oscilla- ~ ef al. “etal,
and amines  Pre-h. Post-h. Pre-h. Post-h. baena  cystis  Nostoc  toria  1958)  1962)
Alanine + + + + 4 + +
[7-Alanine ? 6 1 6
Aspartic + 6 6 6 1 + +
Ethanolamine
Glutamic + + + 6 6 + +
Glutamine + 4
Glycine 7+ + + i 1 i i +
Leucing + + + 2 2 +
Phenylalanine + 1 1
Proline 1 1
Serine 2 + + 1 i i i + +
Threonine + 3 2 3 % +
Ifyrosme + + nr 1 nr
aline + + 2 4 2 2 +
Unknown + 2 + 1
Mise, non- 1 +
hasic
Basic acid(s) + 0 0 0 0 +
Total/poly- 1 10 12 1 7
peptiF()iey (7)

f the various acids in_a

The use of numbers for individual amino-acids indicates the relative proportion o
st-n. = pre- and post-hydrolysis.

particular polypeptide. “? tr’ = possibly a slight trace present. Pre-h., Post-

. Duplicate chromatograms were run with Anabaena and Oscillatoria material and
single ones with the ofher samples. The amino acigs found are shown in Table 2
togiether with the list for an undialysed sa_mgle of filtrate QFO(I;g, 1952) and the fast
death factor (FDF) of Microcysti aeruginosa (Hu%hese al. 1958). Several un-
identified spots are omitted from Table 2. The mast prominent of these was one
separating from aRd movmg sh?htlx ahead of leucine ln the butan_ol+a8et|c aC|d
+Water splvent. Thiswas présent in Anacystis and Oscillatoriamaterial and possibly
also In others. This unrecognized compaund is almost certainly not an artitact dug
to the breakdown of leucing. The several other faint spots did riot include one which
seemed ||keI3/ tg be diamingpimelic gud, o _ _

Good Sepdration was not obtained with the ninhydrin-reactive material on the
Chlorogloea chromatogram. From the other 4 chromatograms it was concluded
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"hat the_sam;gles of filtrate contained polypeptides of rather similar amino acid
composition. he}/_ agreed in the prominence of alanine, glycing and serine, and the
presence of aspartic acid, (tqlutamlc acid, leucin, threoning and valine. There were
several differences among the other substances, though the Anabaena and Nostoc
Rro_ducts \vere similar, (Luahtanvely and quantitatively. Two observations are worth
oting: (1) the presence of /1-alariine In"Anabagna dnd Nostoc material: (i) the
robable absence.of tyrosine as compared with 1ts marked presence with the other
0 algae. Tyrosine Was found in both the desalted hydrolysed filtrate samples
studied by F gg ‘1952). Other observations and tests made dn the non-dialysable
fraction of the Tiltrate 'of Anabaena cylindrica were reported by Whitton (1963).

Some biological effects of algal polypeptides

Samples. of the dialysis residue fraction of Anabaena cylindrica culture filtrate
were used in all the foflowing experiments. Several samples of culture filtrate were
used, but all the experiments with polmeX|n B were made with the same sample
of filtrate, The filtrates were evaporated to about one-twentieth of their original
volume, the temperature not being allowed to rise above 65°. The concentrate”was
membrane-filtered, dialysed against water, re-filtered, and stored at a concentration
corresponding to an extinction of 10 units at 400 my/. This material will be called
polype tide elow, although it may have contained other extracellular non-

dia Ysa le components. _ .
E fe(it of Pol¥ge flde on g oreforgqa,tlon. Anab?ena cglmdrlca can e dsubcultured
for at leas ﬁ times, in a condition almost free from mucilage and spores, yef

when growth in shaken cyltures of limited volume the organism always chan?es
from 4 freely suspended planktonic state to a mucilaginods and spore-producing
state. This occurred quite early in growth, and thus might not be due to a deficiency
of a nutrient, but rather to the secretion of extracellular material above a glven con-
centration. Replicate sets of cultures grown with and withqut poI%{pept de_added
to the medium showed no difference in spore counts after incubaion for 7 days.

Etfect of polypeptide on Phosphate uptake, Experiments were done to see whether
the presence of polypeptide In the medium affected the short-term uptake of
phosphate by the alda. There was no significant effect,

Effect of 80| peptide on the toxicity of poIFm xin B. The results of Hunter &
McVeigh (1961) indicated. that Anatiaena cylindrica was verly resistant to nPOI%I-
myxin"B; there was no inhibition of growth. at a concentration of polymyxin
B 200 é)%gml Other results in the literatlre indicate that_blue-green algae are much
more sensitive to polymyxin B than is A. cylindrica; this was confirmed b% tests
made In the present work. Some explanatidn was therefore so_u%h_t for Hunter &
M_(:Velgh’s result, Experiments were made to see whether A. cylindrica polypeptide
might decrease the, toxic affect of polymyxin B on the alga, (The term polypeptide
I Used In this section as synonymous with the algal dialysis residue. 1t is however
possible. that the etfects obServed are due to @ component other than polypeptides.)

Certain procedures were used in all the following experiments with” Anabaena
c?;llndrlca. Medium (20 ml.) was added to tourteen 100-ml. conical flasks, sterilized
and KHPO4solytion was added, to_ four-fifths the concentration normally Used,
to minimize the formation of precipitate. Polypeptide was added to the experi-
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mental set of flasks, and then the po V\ymyxrn B solution to a series of concentrations
in control and experimental flasks. Water was added where necessary to bring the
volume Up to 25 ml. After inpculation with spore-free filaments to give 28-40 cells/
mm.3 the cultures were rncubated at 25° wrth continuous shaking.

Toxrceﬁectofoolymyxrn onA nabaenac rndrrca Inthe first éperiment of this
Serigs, a concentrafion of the stock p ogge tr esamgewas Used correspondrnr; 0
extrnctronE 0-020, and pol mxrnB ncentrations of 0, 2, 4, 6, 8,10,12 unitsm.
Some cultures grew only, after a lag, and a rougi estimate of this | a? was made
Visua Ig The results are in Table 3. It was concluded that addition of al aI poly-
Pe tide caused more po gmyxrnBto he needed before 1t was toxic to young algal

laments. Microscopic observation of those cultures which lagged in gro ths Jowed
that manP/ frlaments were killed and the cells fragmented.” Another experrment
Wrt a polypeptide concentration equivalent to Eum{-040 showed a similar picture,
Th ere Was novrsrblernhrbrtron of growth atpolym xinB 18/tg./nil. thehr hest ose
teste with Boo ype tice present; without po gpeptrde there wasa ag of Zday with
polymyxin B 67tg./ml. ahd no survival abové this concentration.

Table 3. Effect of Anabaena cylindrica drahrsrs resicue on toxicity
of polymyxin to"Anabaena cylindrica

Polymyxin
ooncentréatron
(tg./ml.) —Algal dialysis residue  + Algal dialysis residue
9 + +
+ +
L
Y i
— ag (3 da
| - )
— ag (2 days

No inhibition of growth. —, No growth after 3 weeks” incubation.

A further experiment with a ponpeptrde concentration equivalent to Eiw 0-100,
ave rather different results Wrthout 0 dyJ)raptrde  growth occurred with polymyxrn
dunitsil., but not unrtsm Wrt adde poypeptrdeandarangeofpoalmyxrn
concentratrons from 30-150 units/m. the, filaments in each case femained Intact
an ap Parent y health By for several days (rncontrast to those without polypeptice
an with polymyxin B at 6 units/ml. and above). But microsco rcobservatron on
day 5, showed that the filaments had become moribund, and no growth sub-
(sjequentlytoccurred Unlike the cultures without polypeptide the cells did not
Isintegrate
Toxr%rt of onmern B to Anacystis nidulans. ExPerrments like the previous
ones Wer doewrt Anacystis_pidulans to test whether the effect of Anabaena
cy lindrica po ypeptrde Was soecrfrc for jts own cells, or whether it could decrease
polymyxin' B foxicity for other organisms, The experiments were like the first
ex errmentswrthA c lindrica except that the A, nidulans ingculum gave an initial
ceI count of 84 cel s m, and Kratz & Myers's %t955) medjum at"35° was used.
an rica pol Pepr de concentration tested was equivalent to E * 0-020,

The results obtained after incubation for 7 days are shown in Table 4. From these
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70

® Lowest polymyxin level at which no survival
o Lag of 13-2 days
® Lag of -1 day

60 [~
O Highest polymyxin level at which no detectable toxic effect

Polymyxin B (units/ml.)

! 1 1 1 1 ] ! 1 1 ]

0 0-040 0-080 0120 0160 0-200
Extinction Em  dialysis residue fraction

Fig. 1. iMinimum lethal dose of Holgm xin to AnacYStis nidulans plotted against con

?neendtirgrt]%on of algal (Anabaena cylindrica) extracellufar material added to the growtﬁ

Table 4. Effect of Anabaena cylindrica dialysis residuefraction
on toxicity of polymyxin to Anacystis nidulans

Polgmyxm
concentration
tested o o
(tg./ml) — Algal dialysis residue ~ + Algal dialysis residue
~ Eheatin!
12 | ’

+, No inhibition of growth. —, No growth after 1 week’s incubation.

It was concluded that the lowering of the toxicity of E?olg/mgxm B W A. cylindrica
Polypeptlde was not specific for A cylindrica only, Because there was variation In
he hehavioyr of the controls with regard to sensman to polymyxin B, the effects
of a range of algal po_I%peptlde and poI}/m XIn concentrations s uItaneous_!Y were
U

compared. This experiment was done with "4, cylindrica polypeptide and A. nidulans.
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The experiment was done in a hundred 4 ml. tubes, with a 2-5 ml. medium in each.
The 8rowth medium was that of Kratz & Myers ‘1955)_at half strength, and with
added NaHC03 SO-Z Gg._/l.). The tubes were incubated without shaking at 35°. The
results are illustrated’in"Fig. 1. It was concluded that there was an almost linear
relationship between concentration of polymyxin B toxic to A. nidulans and the
concentration of Anabaena cylindrica polypeptide, over the range tested. The algal
R}oly%eeude caysed no precipitation aadition to a solution of polymyxin B 10001|g.g
nl.” Several cultures In which the polymixin B added had had no toxic effect wer

filtered; these showed no difference in absorption spectrum_in the visible range as
compared with that of the polypeptide originally present. The retention of exira-
cellular material by a dialysis membranewas decreased only sll?htw by )POIP(-
myxin B 100 /ig./ml" It seems likely that the algal golYpeRtlde_ acted In these experi-
ments by competing with the polyriyxin B for some site on or in the organism rather
than by combining with it in'tné medium.

DISCUSSION

The results reported suggest that the extracellular substances from the pure
cultures tested, and also from the field materials, have many features,in common.
Whitton 1963? compared the ﬁroductlon and amino aclg composition of extra-
cellular polypeptides of blue-green algae and bacteria. All the non-dialysable blue-
green al([JaI polypeptides are more cIose_I()! related to each other than to any bacterial
Ones et described. There js much evidence suggesting that, a situation in many
ways similar to that occurring with the blue-green algae stydied Js also W|d_esgread
among bacteria. Thisis perhaps especially true of the groups including some nitr %en-
fixingforms, and amongst these, the Bacillaceae, FOr instance, Beredict & Stoflola
(194% noted the production_of a brown ;I)lgment in the culture medium of Bacillys
polymyxa durm% growth. They stated that, while there 15 some relationship In
colour between the"supernatan fluid and olﬁmw/xm yields, the correlation between
the two was not suﬁluentlr significant to allovi use”of colour measurement as an
analytical progedure for po ,¥myxm assay. _

Two examples from the literature which look particularly close to those of blug-
green algae are from the genus Clostridium (Rosenblum & \Wilson, 1950; |zumi,
9622. I the mucopolysaccharides isolated from culture medium of C. perfringens
byl umi, the main constifuents were neutral sugars, amino acids, uronic acids and
0 |gogept|des._ This material Is part,lcular_lg clost to the blue-green algal produgts
studied here In that a ranqe of amino acids Is present (all of them ocCurring with
Anabaena cylindrica), and that there are no basic ones present. ,

Flnallyt e work of Lill g1962E) on a lipomueoprotein released into the medium
by a lysine-requiring mutant of Escherichia coli may be mentigned. Lilly pointed
out thiat the amino acid composition of this lipomugoprotein differed from that of
E. coli cell walls ma|nl?/ in the absence ofdlamm_oleeIlc acid, and suggested that It
represented an outer layer of the cell wall which was sloughed off Uinder certain
nufrient deﬂuen%)‘ conditions, . _

It seems possidle that such a situation may also hold with blue-green algae.
Frank, Lefort & Martin (19623 studied the comPosmon_of the cell wall of Phor-

midium uncinatum. The "amino acids present In addition to the mucopeptide



10 B. A. Whitton

fraction are shown in Table 2. It can be seen that the amino acid composition has
many similarities to the extracellular polypeptide of Oscillatoria planctonica.

Functjon of algal po_Iggepude._The OWering of ;olymyxm toxicity by the algal
extracellular polyapeptl IS of interest for several reasons. Bacillus polymyxa is
a very widespread organism, and grows under conditions suitable for many’ blue-
green algae (See Benedict & Stodola, 1949). Bacillus rods are. freqruentl visible on
staining the sheaths of blue-green algae, and Miss V. G, Collins of the Freshwater
BloloPu:aI Association (personal cOmmunication) states that these are often
B, polymyxa, and that with some species at least the rods are generally present and
often Very abundant, Bisset (1962) stated that B. polymyxa was a welf-known plant
pathogen, and that it produced an (extracellular) péctinase. This pectinase might
Presu ably he expected to attack the mucilages fblue-(flreen algae. Inspection of
he data_in Benedict & Stodola (1949) shows that the formation of extracellular
PolypePtlde might determine frequently whether or not an alga m|?ht be Killed b
he polymyxin formed by the bacteria. 1t thus seems likely that the ability to
withstand the_polypeﬁ)tl_ e antibiotics Produced by B. polymyxa is likely to be of
considerable biological significance for the alga. ~ ~ ° * _

Afurther feature of interest in this phenomenon is that it provides 3 possible clue
to another important b_|olog_|c_al function ofthe polypeptide. ‘Newton (1953) showed
that there was some inhibition of é)o_lgmyxm toxicity by metal cations, and he
concluded that the polymyxin and cations’ competed directly for sites on the cells
Since blue-green algal polYpeptlde I known to complex variods metals, and since the
results indicate that the a gial extracellular material containing polypeptide probably
competes d|re%t|y with po meyxm for sites on or in the cell, it Is su? ested that it
may function by cPresentmg cértain polyvalent cations in a chelated form to loci on
or in the cell, ahd there exchange then for univalent cations, probably H+.

The author is very grateful to Professor L. Fowden, F.R.S., and Mr D. Brown
gUr_nversLt Callege, "Lonclon) for help with chromatography and Identification of
mino acids, Healso wishes to thank Mr G. H. Baribury; Professor G. E. Fogg
%29 ]er émvr\wlwaelr?%y for reading through the manuscript of'this paper and making
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INTRODUCTION

Blastocladiella_emersonii Cant. & Hyatt is an aquatic phycomycete in the order
Blastocladiales. The organisms consist of two_portions at ‘maturity, a vegetative
Eortlon and a s orangf|um The basal vegetative portion which bears hizoids is
eparated by a septumtrom the terminal sporangium. The organisms are unbranched
and produce only one sporangium. Two types of sporangia occur: (fl) thin-walled
hyaline ePhemeraI sporangia Which dlscharge Z00spores Spon after formation; (2)
th|ck -walled brown re5|stantsoran awhlc mustaefor several weeks hefore
disch arlgm zoosgores Iym ols OC, ordinary col ouress for ephemeral sgl)oran
glateo anisms and RS for eslstﬁnts orangiaté, were used bey(% nt|no$ ang
re use |nte resent paper In the same sense. The life-cycle of B. emersonif is of
the hrachyallomyces type® there is no evidence of syngamy or meiosis (Cantino,
1961?1 Thus the Zoospores from eithert n}/pe of sporangiym can develop into grganisms
which bear either type of sporangium.” With this ambivalent beaviour It'is clear
that some factor of factors in the environment play a role in determining which

* Present address: Botany Department, University of lowa, lowa City, lowa 52240.
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type of sporangium an individual zoospore will produce. Cantino (1_961hstud|ed the
evelopment of ephemeral and resistant sporangia by B. emersonii, He observed
BCan,tmo, 1951) that zoosr[i)o_res widely sPread on p_eg)tone aé}ar grew into organisms
earing eﬁhe eral sporangia. These' organisms discharged zoospores that” germi-
nated in the surface wateraround the parent organism.and grew to form a Cluster
of organisms. Within these clusters, and only tfiere, did organisms, with resistant
sporangia d_evelog. With sodium hicarbonate or calcium carbonate included in the
medium, widely gread zoospores developed into resistant sporangiate (RS) organ-
Isms. From thiese observations Cantino (1951, p. 331%00 cluded that “C02Was
Indeed of fundamental importance in determining whether or not RS plants...were
formed’. and that the a#[)]pear_ance of resistant sporangia In clusters of orgamsms Was
the result of local accumulation of caron dioxide.” Canting ‘1951, . 333) reportea
that “a relatively small increase in available COZ..afé)eared 0 be necessary for the
formation of individual RS plants’, but (Cantino, 1951, B 3322 that ‘Incongjstent
results were obtained with plates placed in gas chambers containing dirferent
quantities of C02', and that &19_51 pp. 333-335) “extreme reduction. of the atmos-
Pherlc C02concentration often induced the formation of large quantities of RS..."
n these experiments no recard was made of the pH values of the media.

Canting 8956) %resented further data about the relationship between pH value
and hicarhonate’effects on the formation of resistant sporangia, These experiments
are difficult to interpret hecause hicarbonate concentration and hvdrogen-mn con-
centration were varied simultangously, and the experiments were made on agar
media where the pH value and CO2environment of the plants is difficult to defer-

mmg acdpwatelz. _ . .
The dirferences in development of ephemeral sporangiate plants and resistant
?Pora_nglate plants are complex (Canting, 196111 as one would expect for such a
rastic difference in function. The short-lived epnemeral sporangiate plants are the
rapigly regroducmg portion of the lite cycle and make their appearance when the
environment has the proper conditions ofnutrition, temperature, aeration, moisture,
etc., for such growth. The resistant sporangium with its thick relatively impervious
wall, [ipid resérves and inactive metabolism allows Blastocladiella to survive ad-
verse conditions. As the environment shifts from growth congitions to adverse
conditions some factors characteristic .of this change act on the developmental
control machinery of the_organlsm causing changes which result in the growth of a
resistant sporangium. Sincé there are many ways In which an environment can
becom? %d erse, 1t 15 likely that there are m r% Wa ?to Eﬁecé,the_ gontr_ol mechan-
ISmS of the organism. Qne question 1S, what Torm O cargon dioxide,Is Important?
The carbon dioxide equilibrium with water Is the crux of this question. The three
variables, PH value, carbon dioxide concentration and hicarbonate cancentration,
at equilibrium are described by the Henderson-Hasselbalch equation. To determine
which factor IS Important, two of the factors, e.g. carbon dioxide and bicarbonate
must he varied over a wide range at each of several values of the third variable, the
PH value, The environmental control necessary to do these experiments is difficult
10 attain in batch culture because, the growing organisms make continuing changes
In the culture as they grow: nutrients are used and metabolic prodycts, mcludl_n%
carpon gioxide, are formed, Ieadmg to change_s In the h;{drogen jon, bicarbonate i
and carbon dioxide concentration3. In continuous culture”these variables can he
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precisely controlled because new medium is continuously fed_into the culture and
spent medium and orgianlsms are continuously washed out. The growth rate and
wash-outrate of the culture are so balanced in continuous culture that a steady state
Is achieved jn which the concentrations of organisms, nutrients angd metgholic pro-
ducts are all constant. Thus there need be no opportum%for alterations of pH value,
bicarbnate or carbon dioxide congentrations because of the activities ofthe organism,

Continuous culture theory. Continyous culture theory has been developed (Monod
1950; Novick & Szilard, ,19502 and tested experlmentalllg( (Herbert, Elsworth &
Telling, _1956?7. The thegretical treatment of continuous cufture is dependent on the
assumption that there is comPIet_e and, instantaneous mixing of the contents of the
culture such that the concentratjon of the_ components in the eftluent is equal to
their concentration in the vessel. The residence times of the components of the
culture are determined by the ratio of the flow rate, /, to the volume of the vessel, V.
This ratio is called the dilution rate, D. There are_two sources of chanqe In the
concentration of organisms, X, the wash-out rate of the organisms by dilution of

the culture, didl = D )
Xjdl = Dx,
and the growth of the organisms, J .
dvfdt = /ix, o

Equation SZ) is the familiar logarithmic growth equation where /i is the specific
growth constant., _ _ _

During continugus culture, changes in the concentration of organlsms are
dependent on the balance between the growth rate and the wash-out fate,

dx/dt = fix—Dx. (3

During a stealy state dx/dt is zerg and therefore D equals Z _

One"can calculate the length of time it takes_for a zooSpore to develop into a
mature organism during steddy-state ?rowth with equation (4%, where P is the
number of mature org_anlsms In the culture, PTis the total number of organisms in
the culture, D 1s the dilution rate, and G s the development time of the drganisms:

N PP, =« :
This equation is derived from the kinetics of continuous culture theory, It IS
directly useful when the culture contains only ephemeral sporangiate Blastocladiella
organisms.

0 mterPret the results of continuoys culture experiments with Blastocladiella
one would like to know the proportion of organisms ina culture which are developing
resistant sporangw. Since there is a larde difference in the development times
of epnemeral- and resistant-sporangiate organisms, many which develop along
the resistant sporangium path a)( Will be washed out ofthe culture before they
reach a recognizable state qf matyyity, whereas most of the ragldly developmg
ephemeral sporangiate organisms will reach maturity in the culture tube. When th
numbers qf mature eé)_hemeral and resistant sporan%late or?amsms are counted, the
culture will have a |sprogort|onate numbey of ephemeral s oranqlate forms. B
using e(ﬂuatlon 4) 1o solve simultaneously for the fraction of the Total pumber, of
eﬁh,eme al and resistant S oranglate organlsms that will reach maturity during
their residence in the culture tubé, one obtains equation (5), where PE3and Pecare,

X

1 fITUQViyif P'If
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reg ectlvely, the numbers of mature resistant ranglate orgamsms and mature
r#emera sporangate or%amsms and Gt and Goc aré, respectively, the develop-

ent times In hotrs of the resistant and ephemeral sporangiate Qrganisms, and
pra.is the porportion of organlsms which produce resistant sporangia

R A ey 0

Equation {5 ) takes into account the varlat|0n in dllutlon rates hetween cultures and
th disparity in deveIvoment times of the two kinds of sp orangla when estimating
the Rroport on of orga 1sms which will develop resistant s?or

The results of the present paper S #[port the hypathesis that a varjety of factors
can stimulate the formation of resista sporangb Resistant sporangiurn formation
is stimulated by bicarbonate or carbonate jon, but these interact in Some way with
the yeast-extract peptone medjum used. Potassium ion alsg stimulates the forma-
tion"of resistant sporangia and this effect is independent of the bicarbonate effect
and of differences In the yeast-extract peptone media.

METHODS

The strain of Blastocladiella emersonii used in these experiments was optained
from a subculture of Canting’s original isolate which has been maintained In the
Berkeley Culture Collection since 1949,

Table 1. Compositions of culture media used

PYG medium
Yeast extract SD|fco) 12-50. Trls 2am|n0 -2- h)() roxymethyl-
Peptone (Difco 12-54. 3pr0pane iol) buffer 60 0.
Glucose 30g. De-ionized water 101
PG/6 medium

Peptone (Difco 20 Tris 6-0
GﬁBcose (Difo) 508 De |on|zed Water 101
D

efined medium

Gluco 10 Mn 0-5p.p.m.
Lgutamlc acid 10§ n 01 BBm
DL-methionine 0 Mo 0-2 p.p.m.
Thlamme HC1 200 i} Co 0-2 p.p.m.
khdod 10-6 0. Cu 01 p.p.m.
’\I%Z-IP043H20 38 ga 8§BBm
m

Feg?e senoZPCheIa gpm De-ionized water 101pp

*NagN- hydroxyethylethelenedlammetnacetate (Dow Chemical Co., Midland, Mich., U.S.A.)

The ingredients of the media used ﬁdeflned medium, Barner & Cantino, 1952;
PYG: PGIb) are listed 1n Table . For all the media the glucose, the nitrogenous
organic. materials, the minerals, and the bulk of the water {about 9-5 1 after auto-
claving), were autoclaved se arately from each other. The pH values of the media
were d gustedb addln? H or HA04; the K+ concentration was adjusted with

fr
HX
04¢éxcept wnere noted In the esul
The culture apparatus (Fig. 1) (Griffin, 1962) was a modified version of that
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developed in the Bio-organic Chemlstr¥ Laboratory at Berkeley for the continuous
culture of algae. The véssel consists of an outer tube 9cm. i diameter by about
0cm. long and an inner tube 7 cm. in diameter by about 65 cm. Ionq PrOJectmg
concentrically into the outer tube. The two fubes are sealed together at the'top s0
there is a cyfindrical space of about 1-5 cm. between them. Both tubes taper coni-
cally at thé bottom. The volume of the culture is about 600 ml. The inner tube,

Inlet to water-bath Outlet from water bath

Over-flow outlet\ //Medium jug
Outer tubeﬂl\ ) ﬁ Check valve
Inner tubetr—__ 1| ‘

Solenoid

"

Culturef—u___| I [ VBhE
Gas effluent I—. =—
to CO, meter Pinch clamps
N
Medium
/ line

Graduated cylinder:

\/ = i
[Ths=1

w
Medium inlet
Culture effluent Air line

to carboy

Sparger A A Sample outlet

Air source—*

Fig. 1. Diagram of continuous culture apparatus.

closed at the bottom and open at the top, is a water bath throu%h which water is
circulated from a thermo-r %ulated water bath, The outer tube has an opening at
the hottom through a ground glass joint wherein a Sintered glass spar%er mournted
In the tip, of the Mmale portion of the ground %Iass joint is inserted. There are two
openings in the side of the outer tube riear the bottom, one for the mfdlum inlet and
one for withdrawing samples and moculatmgi the apparatus. The eftluent gpening is
located at the tog of the outer tube just helow the ring-seal joining the inner and
outer tubes at the top. The culture is’contained in the Space between the inner and

outer tybes, . : :
T?we How rate of medjum into the culturg is controlled by a clock-operated solenoid
valve. The back-ug valve in the medjum line prevents the culture from accidentall
flowing into the medium jug. Airis Slowly bled into the lower portion of the mediy
Imedt_o svxi_eep it free from™nedium and to"prevent zoospores from swimming up the
medium line. . L
All"experiments in the continuous culture apparatus were made at 25° b|n light
2 G. Microb. x1
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from G.E., cool white fluorescent bulbs. The intensity at the surface of the culture
tube, measured by a Weston Foot Candle Meter was 600 tt.-C.

Inocula were prepared bg glrowmg cultures on medium PYG+2% agar at room
temperature (about 23°) for "15-24 fr, then flooding them for Smin. t0 3 hr with
sterile dilute pond water (L vol. filtered pond water+ 2 vol, distilled water; Emerson,
i 2/.The resulting suspension of zoospores was used to inoculate the cultures. At
Intervals after inoculation samples were withdrawn for observation. The pH value
of the medium was_determined with samples freshly aerated with_ effluent gas of
the parent culture. The numbers of mature organisms were determined in samples
containing 200 or more, o

Glucose was measured by the method of Bernfeld (1955%,and glutamic acid by the
mlcro-_KHeIdahI method. For mineral analyses the dry ashing pracedure of Joinson
& Ulrich (1959) was used. Atter taking the ash up in 3n-HCl and filtering off
unburned carbon, K+ analyses were made with a Beckman DU Spectrophotorieter
egrmpped for tlame %oho_tometgy. A portion of the HCL solution was made up to
0T n-HC104and 57 rmi:-SrCI2for Mg+ analyses in an atomic absorption spectro-
pholtometer. Carbon dioxide analyses weré done In a Liston-Becker infra-red
analyser.

RESULTS _
Carbon halance on a steady-state continuous culture

According to Cantino (1961,%246% “The evidence su qests that a predominant|
fermentative type of metabolism is involved. For example, a homolactic fermentd-
tion 15 demonstrable under certain conditions during qrowth._’ The observations of
Cantino & Hyatt 1953% which showed the presence of the tricarboxylic acid cycle
enzymes, and of Cantino & Lovett (1960) which showed the high™rate of endo-
genous O, uptake by ephemeral sporangiate Blastocladiella organisms, are not com-
Datible with this view. To help resolve this inconsistency a carbon balance on a
stead%-state continuous culture under aerobic copditions  was made to determine
whether the dissimilatory metabolism of Blastocladiel|a emersonii growing in defined
medium had a fermentafive or oxidative character. The rates of consumption of the
carbon sources, glucose and Gglutamu: acid, were correlated with the rates of prodyc-
tion of funqus material and” C02 If the catabolism of the fungus was (learlly
fermentative, one would expect that only a small portign of the carbon consumed
would be converted to fungus material: and in the case of a homolactic fermentatign
no. CO2would be produced. On the other_hand, if the ca%abohsm Was rmuﬁjally
oxidative, one would expect that up to 50% of the carpon consumed would be
converted to fungus material (onste . 1949) and the remainder to C02
Cultures were “grown in defined medium (pH 7-5) in the continuous culture
apparatys at 25°. “The aeration rate was 0-67]./min. The Inflowing gas was air con-
talnln% 0-0005 atmosphere of C02 and the effluent gas contained (F0010 atmosphere
of C0Z Glucose and 8]Iutam|c acld analyses were made as described i Methods,
The data showing the rates of consumption of the carbon sources gluco_se and
lutamic acid, and the fate of this carbon’ as fungus material and C02are given in
able 2. Assuming the carbon content of the fungus_to be 45% of the dr welght
FCochrane 19583, e [ate of Incorporation of carp Blnto tr\e fungu was calculated
rom the dry-weight data. As can be seen from Table 2, all the Carbon taken from
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the mediym was accounted for by f_unqus material + CO2 This is compatible with
the hypothesis that under these particular conditions of nutrition and aeratign, the
metabolism of the Blastocladiella emersonii was largely oxidative and no lactic acid
was produced. The conclusion that lactic acid was ot produced is supgorted by the
carbon balance and by there _bem% no decrease in pH value. In several Batch
cultures with defined mhedium in the continuous cylture aPparatu_s the pH value
became more alkaline as the culture grew, also indicating that aciol was not belng
produced. The data of Cantino &L ovett (1960) which snowed a high degree of lacti

acid production may have been due to a lower degree of aeration thah was main-

tained In the preserit experiments.

Table 2. Steady-state carbon balance of Blastocladiella growing in defined medium
Carbon consumed/100 ml. culture

mg. dry wt./hr/ Glucose Glutamic acid Total carbon
n%]g. d¥y wt.) (/tmo?efhr) (V<mo e/hrS (¢ttat0m/P1r)
*A 0061 339 40-9 408+ 10
B 0063 350 430 425+ 10
Carbon accounted for/200 ml. culture
: Fungus
€03 mg. dr liatom Total carban
(/Lmo?e/hr) (WQ/hr)y (eﬂ]r) (/}atom/g%
*A 0061 180 61 229 409+ 35
B 0-063 187 6-8 255 442+ 35
fe

* Lines A refer to one determination; lines B refer to a second determination on the same
steady state 10 hr after the first.

Growth of resistant sporangiate and ephemeral
sporangiate Blastocladiella organisms in continuous culture

The conditions under which, resistant _srPorangiate, and, ephemeral seoran late,
organlsms developed were studied_in continuoys culture with medium PYG, and in
batch culture with medjum PG/6. The reasons for using different methods of cultiva-

tion for these two media are explained below. Other Conditions and methods were

as 8rev10usy deicrl ed. _ _

ontinyous culture experiments. Equation (5) was used to help interpret the
results of these experiments b accountmg for the differences in dilution rates
between cultures and the differences in eveIoP_ment times of ephemeral and
resistant sporangiate organlsms. The development time of an eBheme al SR_oranglate
or?amsm s the fime fo a_zoos'oore to grow Into an organism bearing a thin-walled
cofourless sporangium with cleaved-qut zoospores. The developmient time of a
resistant sporangiate organism Is the fime for a zoospore to grow Into an organism
bearing a pl?mented thick-walled resistant sporangium. _

Th? devfeo ment. times 0‘ ePhemer%I sporangate, bl socﬁdlellas, Gy, Werg
calculated from continuous culture data by using equation (4); the GOvalues varie
from 13t0 19 hr FTabIe 3). Aburst of mature ephemeral s oranglate blastocladiellas
was evident inall of the cultures withinthe first 24 hr, These were the first ephemeral
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%poranglate forms to matyre from the inoculum and also ?av_e a measure of the
_eveIoPment time. These, Goc values are in general aIgreemen with the development
times reported by Cantino and co-workers: 12 h” (McCurdy & Cantino, '1960),
1721 hr gCantmo & Horenstein, 1959), 34 hr gCantlno_, 1961g. _ _

In those cultures where a significant number of resistant Sporangiate organisms
d_eveloEed, a burst of mature gphemeral sporangiate orqamsms occurred within the
first 24 hr after inoculation, indicating that the Goc value was also of the order of
20 hr In these cultures. Mature resistant sporangiate organlsms began to appear In
these cultures from 40 to 60 hr after jnoculation and gradually Incréased thereatter,
Indicating that the Grs value for individual organisms was h(!q%hly variable; but the
avera?e value was certainly longer than 60 hr. Cantino (1961) reported that the

time for 5% of the RS organismis to mature averaged 108 hr.
Table 3. Development times of ephemeral sporan?iate blastocladiellas

in medium PY G continuous culture
Co, Eartial K+ Development

pH pressure  concentration time D

value (atm.x 102  (m-equiv./l.) zhr) (hr-))

81 005 80 13 010

17 I8 80 16 018

12 40 80 19 015

7-35 005 80 19 012

Table 4, The probability of a blastocladiella producing a resistant sporangium under
various conditions “of H+ K+ and C02 concentration* in” continuotis cultures,
assuming Goc = 20 hr and GES= 100 hr

K+

COZEartlaI congentra-
pH pressure tion K+ D Prs

value v >zp (m-equiv.l)  added as (hr-1) prstp00  Tes

8-8 005 80 0048 0-41 0-97

81 0-4 80 0-052 0-46 0-98

1-6 40 21 0-047 0-98 1-0

80 005 21 Iz o 0-015 0-83 0-94

I 005 28-6 0-046 0-92 1-0

6-7 005 20 k,so4 0-038 0-83 0-94
*Two methgqhs, of stimulatin% resistant sgoran jum forma}ion were used in thes exReriants
25%?1 gtﬂé% and high K+ concefitration. These fattors stimulate RS formation independently of

The proportion of blastocladiellas groducmg resistant sporanga, rPFG in cultures
containing resistant sRoran late orgf nisms, wias calculated by "usi g{ equation SS)
and G values of 20 hr and, GES values of 100 hr. For comparison the ratio Plld
PE9+P(I@ the value of pm if one were to consider qnly the ratio of the number of
avourable events to the total number of events without takm_% Into account the
variation in dilution rates between cultures and the dlsparl%y IN the development
times between the two types of blastocladiella) is shown in Table 4.
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The effect of potassium ion on the development of resistant sporangia

The effect of K+ congentration on development of Blastocladiella in continuous
culture 1s summarized in Table 5. Potassium at 27 m-equiv./I. induced resistant
si)orangla. This effect was, mde}gendent of pH value petween pH 6-7 and 80, and
also ingependent of the anion; KA 04and KC1 at equivalent concentrations had the
same effect, Batch culture experiments in medium PG/6 also showed that potassium
lon Induced the development of resistant sporangia. These experiments were per-
formed as batch culture experiments because the growth rate of those cultures in
which resistant sporangiate organisms develoP_ed Wwas very slow and even the slowest
dilution rate maintainable in Continuous cultivation washed the culture out of the
tube. This slow growth rate appeared to be the result of the small number of
ephemeral s?oran jate organisms in_the culture rather than a change in the rate of
development of eghemera sporangiate organisms. Changes in pH” value In batch
cultures inmedium PG/6 were generally lessthan 0T pH unit and often less than 0-05.

Table 5. The effects of K+ on theformation of resistant
sporangia In medium. PYG; continuous culture

Kind of
K+ sporangla
H rtces%&re contci(e)ﬂtra- K+ hco3 ct pro%g%/ ;
CO, - C. 0
vglue (art)m.x102) (m-equiv./l.) added as (m-equiv./l.) (m-eqﬁlv./l.) the organoisms
1-2 005 80 k 504 il 0162 Eph I
81 005 30 cZod 090 104" Efhemerd
[-6 40 21 KOH 23 80 Resistant
N S RO SRS (N -
6-7 005 325 k504 0-36 00138 Rgglgtgﬂt
Table 6. The effect of K250t on theformation of resistant
sporangia in medium PG/6; batch cultures
C02partial Kind of sporangia
pH pregsure hcod K+ proéuced b@ C. 180 %
value (atm. x 102 (m-equiv./l.)  (m-equiv./l.) of the organisms
- 005 0-58 34 Eph I
;-85 005 0-6 2 c.p Serg/loera
eRhemeraI
and 50 %
resistant
79 005 0-58 28 Resistant
-9 005 0-6 34 No growth
8-85 0-05 50 20 No growth

In the, batch culture experiments there were three types of results; (1% those
cultures in which 40-70 % of the or%anlsms developed epfiemeral sporangiain aout
20 hr (designated OC cultures); (2% hose cultures in which 1-10% of the organisms
dev_eloRed eghem_era! sporandia In 20 hr and 10-30 % of the organisms developed
resistant sporangia In 80-100 hr (designated RS cultures); (321 those cultures in
which less than 10 of the organisms developed themeraIs orangia and less than
two developed resistant sporangia in 100 hr (designated as no growth).
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The effect of varying KZS04concentration is summarized in Table 6. Ata low K+
concentration (3-4'm-gquiv./b) ephemeral sporangiate organisms, and at a higher
concentration 8m-e(I]U|v./I.) resistant sporangiaté organisms deveIoE)ed;abov_e his
latter concentration growtn was inhibited. These experiments suggest that resistant
gooran late organisms were formed under particular stress™Conditjons. They
eveloged In a farrow zone hetween where ephemeral sporangiate organisms ceased
to develop and where no growth occurreg.

The effects of pH, Ceand HCO3~on the development of resistant sporangia

Experiments to determine the effect of H+, C02and HCO3 concentration on
development were made in medium PYG. 1t was necessary to 00 these experiments
in confinuous culture in order to maintain a constant pH Value, since the' pH value
of resistant sporangiate culfures changied raﬁldly in batch culture, (see Table 9).
fTrhese experi Ietnts, summarized in Table 7, showed, under the conditions used, the
ollowing results:

(1) antrol of development was independent of C02partial pressure since resistant
sporangiate organisms and ePhemeraI sgoran late organisms both developed over
the ran%e of 0-0005 to 0-004 atmosphere C02 _{2) Control of development was inde-
penden ofPH value since resistant SRoran%late organisms and ephemeral sPoran-
8|ate organisms both developed at the same RH value, pH &L 83) Contro| of
evelopment was independent of HCO3_ concentration since resistant sporangiate
cultures developed from 45 to 7-2 m-equiv./|. 11C03', and eghemerals orangiate
cultures developed from 0-L1 to 9-2 m-eauw./l.,HCO;h I(4%(: ntrol of development
was dependent on COZ~concentration since resistant spora gilate cultures dev IoPed
filtz)%v?v' %%urwﬁq%v./. CO-and ephemeral sporangiate cuftures developed below

Table 7. The effects of pH, C02 HCO3~ and COf- on theformation of resistant
sporangia in medium PYG; continuous culture

, d

Kind of

. K+ sporangla

C02partial concentra- produced b

p,—l pressure tion K+ hcod co/- ¢. 100 % o¥
value  (atm. x 102 (m-equiv./l) addedas (m-equiv./l) (/;-equiv./l.) the organisms
1-2 005 80 k04 0-11 0-162 Ephemeral
1 005 8-0 k504 0-90 10-4 Ephemeral
[-2 40 80 KOH 9-2 12-8 Ephemeral
88 0-05 g0 KOH 45 200 Resistant
81 0-4 80 KOH 1-2 82 Resistant

A similar series of experiments performed with medium PG/6 ?ave shggtl(y
different results. These were batch culture experiments, as J)rewousy describe
and pH changes_du_rln? arunwere less than 0-] pH unit. The results are summarized
In Table 8 and, indicate the followln? conclusions, (13 Control of development was
|nde[pendent of pH value since resistant srporan late rqanlsms developed from pH
6-7 10 89 and ephemeral sporangiate organisms deve_oi)ed from pH 7-1 to 79,
Z%Control of development was in( egendent of CO2partial pressure, although some
2was required for growth. Resist ntsporan late organisms developeq i 0-0005-
0-10 atmosphere COZand ephemeral sporangiate organisms developed in less than
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0-0001-0-01 atmosphere.C02 (3) Control of development was dependent on bicar-
bonate congentration, since resistant sporanglate_ glants developed between 5 and
8 m-equiv./l. hicarbonate and ephemeral sporangiate plants developed at or below
2 m-equiv./. hicarbonate.

Table 8, The effects of pH, HC03-and CO20n theformation of
resistant sporangia in medium PGft; batch cultures

Kind of
. hcod cod sporangla
CO02partial congentra-  congcentra- produce bY
pH pressure tion tion K+, ¢. 100%.0
value  (atm. x 102 (m-equiv./L) (fi-equiv./l) (m-equiv./l.) the organisms
-9 005 0-58 40 3 Ephemeral
1 10 1-8 20 3 Ephemeral
11 005 009 110 3 Ephemeral
89 005 >8 400 3 Resistant
-9 (-42 49 32 3 Resistant
[-2 4- 81 13 3 Resistant
6-/ 10 [-2 0-44 3 Resistant
8-85 000 000 000 3 No growth
-9 000 000 000 3 No growth
1-9 < 001 <001 < 0-80 2-9 Ephemeral

The internal pH value, K+ content and Mg+ content of ephemeral sporangjate and
resistant sBoranglate blastocladiellas grown in single-generation batch cultures

The foregoing exPerl_ments showed that the external K+ concentration and pH
value, sincé concentration of ionized C0O2species are dependent on pH value, were
important parameters in the morphogenesis of Blastodadiella emersonii. The follow-
Ing experiments were done to determine whether the internal pH. value_and K+
coneentrations were correlated with resistant sporarllﬂlum formation. Since K+
affects the uptake ofthe other major cation of the cell, | g2+ Rothstein, 1955,19613
the_ cell content of Mg+ was also measured.  Sufficierit material for analysis of
resistant sporangiate Cultures could not be obtained from continuous cultures.
Therefore, single-generation cultures were grown in 10 L of medium PYG in 20 1
carboys. The Culttire was inoculated with a suspension of zoospores prepared as
Prewously described but standardized with a Klett-Summerson colgrimeter so
hat 1-/ X 107 zoospores were inoculated into each 10 1 culture. The cultures were
vigorously aerated with air blown through a bubbler tube. They were ﬁrown at 25°
in"dim light from G.E. white fluorescent'bulbs at less than 1 ft--c. at the surface of
the carb0¥s as measured by a Weston Foot Candle Meter, The results are given in
Table 9, The results from OC cultures are the averagi_e of three replicates and the
results from RS cultures are the average of two replicates. The oldest of the OC
cultures contained anout 5 of the organisms with cleaved or discharged zoospores,
The RS cultures contained very few ephemeral sporangiate organisms; about half
the orPamsnﬁ had reached, aurléY by hr :

Table 9 shows no significant differences with respect to internal pH value,
potassium  content or magnesium content as_between ephemeral sporangiate
on{;anlsms OC? and resistant s o_ranglate or%anlsms %RS?n here were differences
between organisms grown under different conditions, but these differences were not
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correlated with the type of organism produced in the culture. The pH value of
ephemeral sporangiate Oﬁanlsmsvarled from pH 6-4 to 7-3, and of resistant sporan-
giate organisms from pH 6-5 to 7-0. The K+ content of ephemeral sporangiate
organisms varied from 2L m-equiv./I0O0 ¢. dry wt. organism to 41 m-equiv./I00 g.
drg wt. organism; that of resistant sporangiate organisms varied from 14 m-equiv./
100 g. drywt. organism to 57 m-equiv./lO0 g. dry wt. The Mg2+content of ephemeral
sporangiate organisms varied from 6-4 m-equiv./100 g. dry wt. organism to 15
m-equiv./I00 g. dry wt.; that of resistant sporangiate organisms from 3-2 m-equiv./
100 ¢. dry wt."to 10 m-equiv./I00 g. dry wt.

Table 9. The internal pH, K and Mg1" content of blastocladiellas grown in
single generation batch cUltures in medium PYG

Analysis of organisms

Medium _ : ) _
r AL Minerals Kind of
. . . (m-equiv./100 g. sporan%m
Tlme?]f Initial ~ Final K+ Internal dry wt.) produce b}/
growth  pH pH  asKX04 pH | ——— ¢ 100%0
() value  value m-equiv./l. value K+ Mg+ the plants
13 13 14 80 6-4 21 15 Ephemeral
175 13 [-3 80 0-6 22 o-4 Ephemeral
12 6-75 67 80 -3 3 89 Ephemeral
16 6-75 b7 80 - 4 10-6 Ephemeral
24 7-8 1-4 21 1-0 51 10 Resistant
43 1-8 1-4 21 1-0 20 4-8 Resjstant
12 1-8 1-5 21 70 14 51 Resistant
24 1-3 1-3 21 6-6 51 10 Resistant
48 -3 6-5 20 6-0 28 38 Resistant
12 1-3 6-5 2( 6-6 31 55 Resistant
24 8-4 1-9 80 6-9 28 -2 Resistant
48 8-4 -1 80 6-9 17 34 Resistant
12 8-4 6-6 80 6-5 23 32 Resistant
DISCUSSION

. The re?ults ?how that several factorf can inflyence resistant s oran%;lum forma-
tion In Blastoclacliella emersonir, name Y Fotassmm_lon, bicarbonate fon and car-
bonate 1on. The latter two also appear to Interact with  factor In yeast extract or
peptone: however the potassium effect appears to be independent of this. One
Wauld like to know by what mechanisms these factors operate and whether they are
affecting the same or cIoseISy related processes, The end R_roduct agg_ears morpho-
Io_glcally identical regardless of the set of conitions In which the resistant sporan-
gl fe 0 ?anlsms were grown. There are, goubtless, bigchemical features common to
esistant s oranglate rgamsms developm? under djfferent conditions. The known
biochemical diftérences between ephemera _s?oranglate organisms grown at a hHh
H+ and low HCO3 concentration, dand resistant sEorangmte organisms at low H+
and high HCO3 , were summarize l%y Canting 2961? There may also be ofher
differenices. Sorme, 1t not aII,oftheC?ec aracteristics must be common to the particu-
lar develo ment%f pathway regardless of the environmental factors which direct it.
Thus, whether the' concentration of E)otassmm, bicarponate or carbonate directs
development, there is %common resylt, and these varianles must act on the same
Initial companents of the cell, those found n the young plants.
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Rothstein f(19552 mentioned a number of interesting phenomena in his review on
the effects of electrolytes .on the metabolism. of yeast.  Potassium stimulates the
fermentation of glucoSe without affecting respiratjon. This stimulation is dependent
on the external K+ concentration and is independent of internal concentration. The
effect is not deBen_dent on the simultaneous uptake of potassium. The effect is only
on sugar metaolism and not on the metabolism of alcohol or endo%enous syb-
strateS. Potassium not only affects the rate of fermentation but also _hanges the
ratios of the Products,_ lycerol, ethanol and carbon dixoide, and inhibits the pro-
duction of po l_}/sacchan €, a by-product of metabolism. These effects of K+ concen-
D depenldent. In‘the absence of ﬁotas_smm the rate of sugar fermenta-

tration are pH.
optima at pH 4-5 and"8-5. In high

tion shows a himodal dependence on PH wit
K+ concentration the curve hecomes flat over the range of pH 2to 10. The internal
PH as measured b%/ the freeze-thaw techmq[ue of oan & Downey (1950) 1s
constant over this external pH range. Rothstein (19552) Interpreted thése datd as
an effect of potassium at the cell Surface on the metabolism of the cell but the
mechanism of action has not yet been explained.

There are_certain interesting parallels between the yeast story and the effects
opserved with Blastocladiella emersonir, namely, the internal pH of the blasto-
cladiellas is not correlated with the external pHand the Internal K+ concentration
I5 not correlated with the external concentration qver the rang_es,studled. Perhaps
the effect of K+ In dwectmg the development of B. emersonii is alsg at the cell
surface, It is possible that the effects of HCO3~and CO3- have a similar explana-
tion. Cantino S1961 stated that hicarbonate acts as a C02source, reversing the
decarboxylation steps centring around a-ketoglutarate in a weakly functional TCA
cycle. One would expect that™an increase in free CO2would be more effective than
Increasing the bicarbonate concentration In, equilibrium with the C02 The data
from the batch culture experiments in medium PG[6 and the continuous culture
experiments in medium PYG are against the hypothesis that bicarbonate acts as
a source of free CO2 since it was shown that the partial pressure of CO2itself was
unimportant In determining the development of the blastocladiellas, The carbon
balance and the difficulties”in sweeping out the metabolic C02in the ‘CO2free’
cultures also sutggest that B, emersonii has a str_on? Conforming metabolism rather
than a homolactiC fermentation. Furthermore, if it can be assumed that unhydrated
C02 molecules are freely diffusable throu?h a cell membrane ((1as supported by
Conway & Downey, 1950), then the internal pH value of a cell under known partial
Pressures of C02 determines the internal bicarbonate concentration and thus the
otal CO2content. The internal pH of ephemeral sporangiate blastocladiellas Elrown
at pH 67_wash|?herthan that of resistant spora_nglate organisms grown at pH 84,
Thus the internal pH vaWe and refu ably the Internal Bicarbondte concent athon
are not correlated with the external valugs, and they are just the opposite of what
one would expect for bicarbonate to act directly inside the cell in the manner postu-
lated by Cantino. Thus the effects of HCO3~ and CO2~ may also be at the cell
surface, However, If the primary effect is at the cell surface, 1t 1s also transmitted
to the_Internal machmerg}J of the cell to act on such mitochondrial constituents as
succinic dehydrogenase and cytocrhome oxidase (Cantino, 1961).

One of the'principal difficulfies yet to be overcome in the studY of development of
resistant sporangia and ephemeral sporangia of Blastocladielfa emersonii 1S the
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inability to obtain resistant sporangia in a defined medium, This, coupled with the
differerice between cultures grown'in media PYG and PG/6, suggests that some
unknown factor In the peptone and yeast exiract is playing a céntral role jn the
formation of resistant sporangia. Understandln% the natlre of this factor will lead
to further insight into the machinery of the control of morphogenesis in B. emersonil.

The helpful advice of Drs R. Park and R. Emerson and the use of the facilities
of the Bio-organic Chemistry Laboratory are gratefully acknowledged.

APPENDIX

_ Continuoys culture theory, This treatment degend_s on the assumptigns that dilu-
tion Is continuous and that there is complete and instantaneous mixing of the In-
flowing medium with the culture contents. _

A given concentration of blastocladiellas, PT, at any time, t, under a constant
dilution rate will be washed out at the rate

Integration of equation (6) ields_dpmt =Pt (©)
: q " —p pa (n)

where P_zu? is the initial concentration of zoospores inoculated into the aPpara_tus
and PTis the concentration of growing blastocladiellas in the apparatus arter dilu-
tion for thours since inoculation. When'these plastocladiellas are, releasing zoospores,
t=G, the deveIoP_ment time, and there will be PO blastocladiellas inthe culture

according to equation (8), Po = ADe-I )

Under conditions of steady-state growth with a multi-generation culture it is not
possible to follow a single sét of zodspores. Since the growth rate of the cultyre is
constant, the number "of zoospores, Pz is constant, “All mature blastocladiellas
= Ghrold. Let %: the number of hours older than_ G any_particular mature
blastocladiella is. Then the number of mature blastocladiellas,”Praiae G+Q hours

ola'is
e = poror 9)
The total number of mature blastocladiellas, PM is given by
Pm= JJP &-Ds+«dQ, (10)
and o
PM= (P2D)e-*". (H)

All immature plants are < Ghours old. Let R = the age of any immature lolant.
R may take values from 0 to G. The number of immature blastocladiellas, Pimaue
at some age, R, IS

(12)

. T coo
The total number of immature blastocladiellas, P J; Is given by
Pi - j°oPz-™dR, (is)

Pi = (P/D)(I-e~ Dy (14)

and
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Dividing equation (14) by equation (11) and rearranging gives
[ M(PMHX) = e-™, (15)
Since Pi+PM=PT, equation (15) can be written

PmlPt = (16)
which is identical to equation(‘4). The logarithmic form (equation(17)) of equation

(16) is used for ease of calculation,
G = D~nn(PTIPM. (17)
If one knowsthe d_eveloPment times of ¢ hemeralsPorangiate blastocladiellas
and resistant sporangiate_blastocladiellas, the probability of a zopspore developin
Into a resistant sporan%me glastocladiella can be calculated from the ratio 0
at%Jrel rde_3||s|tant sporangiate”blastocladiellas to mature ephemeral sporangiate
astocladiellas.
For the case where resistant sPorangiate blastocladiellas ang eﬁhemeral sparan-

o=

late blastocladiellas both occur in the Same culture, equation (16) can be rewritten
nto two Simultaneous equations (quuatlon,s ﬁ18) and l p where PESIs the number
mature resistant sporantl;late blastocladiellas, Pits is the total number of blasto-
adiellas develo m_g along the resistant s?oran Il pathway, and Gss is the develop-
ment time of a resista tsg%ran |alle blastocla wél#? ThT sub?crlpt OC refers to the
corresponding values for ephemeral sporangiate blastocladiellas,
PRBITIS = off-DG"}, (18)
PodToC —ep{—PG03. (19
The total number of blastocladiellas, TP, is given by
N Ppl = Prs+ PoC _ (20)
Therefore the probability of a zoospore developing into a resistant sporangiate
blastocladiella, prs is

By combining equations (18), (19) grﬁ%ﬂ):ar?(fn making the proper rearrangemg%?s
one gets equation (22),

OO =

" | f{g AP C ) [ )
If Goc = Ges, then equation (22) reduces to
Prs —Prol(Rat Pro) (23)

Inspection. of equation (22). shows that for a given pES when Go; = G, the
observed ratio of mature re5|st%nt S orangla 0] ephertneral sporangia is qlghl
dependent on the dilution rate. Therefore, ¢ mRarls,on_o results between cultlire
based on the ratio PMPcc. is only valid when the dilution rates of the cultures are
all igentical. Use of equation (22) eliminates the necessity of precisely duplicating
dilution rates in different cultures.
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INTRODUCTION

This paper. deals with the various stages of flagellar development in a pIate culture
of Proteus mirabilis inoculated sparsely all over a Sequence not frevrous hoto-
graphed. This paper is one ofaserres earlier papers having examined by phase-
contrast microscopy the changes In living organisms (Hogniger, 1964)"and b
ordrnar mrcroscowthe changes manifest in stained Pre arations Hoenrger 1965),

(tl a are now generally regarded to be the locomotor organelles of most
eubacteria. In life these orqanelles are shaped like a helix, but when dried before
viewing In the ordrnarY light microscope orin the electron mrcroscope their helical
structure hecomes flattened on the supporting surface and they then assume a
sinusoidal shaoe in the plane, with a waveleng h that is fairl X constant from one
specres to another. The chemical and phrsrca propertres ofb cterial tlagella have
Iarg ){ been worked oyt with Proteus f qella (particularly Proteus vulgarrsg We

now that Proteus flagella consist almost entirely orprotein, Called flagellin (Astoury,
erghton & Weibull,” 1955), which has a chracter|s~|c amino acid comgosrtron
s elbull, 1949: Kobayashi, Rinker & Koffler, 1959) and a molecular w %ht of
bout, 20,000 (Kobayashi et al. 1959). It is beIreved that these protein molecules
constitute the subupits of the flagefium proPer According to all recent models,
strands or rows of tlagellin moleciles are ar an%ed helically or lengthwise in the
Intact flagellum (Kerridge, Horne &Glauert, 1962; Abram, Vatter &Kofler, 1964a;
Lowy &Fanson, 1964).” In the case of the Proteus flagellum, the subunits have
a digmeter of 45 (Rogers&FrIshre 1&63) or 50 A (Lowy & Hanson, 1964), and
the flagellum proper a diameter of 120
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More relevant to the present study is the past work on the flagellated Proteus
bacteria themselves. Leifson and his associates (Leifson, Carhart & Fulton, 1955;
Leifson, 1960) studied Proteus flagellation under varjous physiological conditigns
by sta_lnm% for light microscopy; Rl‘?per, Neser & Abraham E)l_ b6) made comparanle
experiments, viewing living hacteria by sunllqht dark-_?round_|IIum|nat|0n. Electron
micrographs have béen published from time o time i Iustratmgsﬂagfllated Proteus
organisms _(Houwink & van Iterson, 1950: van Iterson, 1953; 1954; Preusser
1958; Robinow, 1960; Thornley & Horne, 1962), but these_did not’ follow an
orderl¥ sequence of differentiation or ﬂaﬁ]ellar dev_elog)ment. The only study thus
far of tlagellar development in Proteus 1S that by Bisset and his co-worker (Bisset,
1951; Bisset & Hale, 1951). _ _ _

In the Present work, the bacterja were inoculated uniformly but sparsely on a
solid medium, and sta%es of flagellar cievelopment followed in‘the electron micro-
scope bﬁ_usmg the negative stamln(rl technique. Flagellation was correlated with tyﬁe
of motility 11 living cultures. Microscopic observations were combingd with the
determingtion of the growth-curve in an attempt to correlate morphological with
P,hysmloglcal events. This study also afforded an opportunity for re-exanining the
IMbriae of Proteus since the inoculum contained many fimbriate organisms; and
for examining the basal appendages of both flagella and fimbriae.

METHODS

Organism, media and incubation. The strain of Proteus mirabilis used in this work
was_Tsolated from a stool specimen and maintained on e?g slopes (Mackie &
McCartney, 1960) at 4°. The inoculum was prepared from culfures grown on slopes
of heart infusion agar (IDn‘co) 0r passed through a Crai |e-tyPe motility tube
(Tulloch, 1939) of semi-solid agar (heart infusion broth + 0-3 oaga%.The organisms
were sus;r)]ended in physiological saling to a concentration of about 109bacteria/ml .
1 ml. ofthis suspension was spread unlforml,% over the surface of heart infusion agar
Ina 15cm. diameter Petri dish, thus giving an_inoculum of approximately one
bacterium/20 fi2of surface. Incubation ‘Wwas at 30°, this temperature havingbeen
found previously (IHoenlger, 1964) to he most suitable for following the morpno-
logical changes in |V|U\gnor anisms by phase-contrast mmroscoPy.

easurement of growth, Growth was measured by drY weight and colony count,
Bacteria harvested™in saline from three plates were“pogled and made up to 100 ml.
with saline, For cglo’r#' counts, a Lml. sample wa?]_%l_luted, and O-1 ml. plated on
heart Infusion medium containing 4% agar to inhibit swarming (Mackie & Mc-
Cartney, 1960?. The remaining 99 ml. of bacterial suspension Were centrifuged,
and the deposit washed and dried to_constant weight at 105°, _ _

Electron mmrosc_oRX. Negative s_talnlng was done with I|V|ng or fixed bagteria.
With living or?anls, s, the"hacteria werg floated off the agar by addmg saline to
the plate and ockm% to and fro Sto avojd breaking oft fIa%eIIa by shedring); the
bacteria were then decanted into_a centrifuge tubg, spun down, and washed with
distilled water. With fixed orPanlsms, the Dacteria were taken up in 0-5% éw/v)
formaldehyde @eutral and allowed to fix for several hours, then centrifuged down
and washed as before. The bacteria were suspended in distilled water at a concentra-
tion of about 108 organisms/ml. and mixed with an equal volume of 2% (wiv)
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potassium phosphotungstate (PTA; Thornley & Horne, 1962)+0-02-0-04% boving
serum albumin’ (BSA:”Fraction V from hovine plasma: Armour Pharmaceutical
Company, Kanakee, lllinois, U.S.A.): the BSA, which promotes the spreading of
the PTA solution by dec_reasm% the surface tension, was added to the PTA solytion
Immediately before’staining. The stained bacteria were placed on an electron micro-
scoP_e grid coated with Formvar and carbon by breaking a thin film in a 5mm.
platinum Ioog on to the surface of the supgortlng membfane éMurra , 1963). The
rd itself rested on a pad of filter Papers that excess fluid drained away as the
lIm_ of bacterja dried down rapidly. Electron mlcrO%raphs were taken” with a
Philips 1008 electron m;cro_scogJe, ogeratm% at 80 kV with a 25 ji abjective aperture,
at instrumental magnifications of x 2000-10,000. _
In most experiménts with the electron microscope, correlated observations were
made qn ||V|n? bacteria. The stage of differentjation in a plate culture could be
determined quickl b%{ focusing on the surface of growth derived from the sparsely
inoculated plate. Mofility, whéther rotational, translational or absent, was checked
with the phase-contrast microscope in hanglrrlg- r?lp mounts of organisms from the
plates suspended in broth (see Stocker & Camipbell, 1959). _
Measurements of bacteria and flﬁella. Tpe width an Iength of bacteria were
measured directly from electron micrograpns; estimates of volume were based on
the assumi)_tlon_ hat the organisms were cylindrical. The number of flagella/bact-
erium was likewise determingd from micrographs, while the length of each tlagellum
was measured with a piece of string laid alon% the curves fromfree end to point of
Insertion, whenevey E)_ossmle. I thie case of the elongated bacteria seen durmq later
stages of differentiation 6wh|ch can have hundreds, even thousands of flagella), a
lsler{]/letreaoll /r}umber (about 50-100) was counted or measured over a bacterial léngth of

RESULTS
The choice of inoculum

Previous studies QHoenl er, 1964, 1965) were made with an inoculum ofor(ganlsms
which had passed through a tube of semi-solid agar, 1. mo_tlll(t]y_-tube ultures
incubated for about 40 h. When such cultures weré now examinedin the electron
microscope, they were found to consist largely of bacteria which were fully fimbriate
with usually 100-300 fimbriae/bacterium—as in PL 1, fig. 1) or had both fimbriae
50-1_003 and flagella (usually 1-3, but occasionally more as In Pl. 1, fig. 2); the
remainder of the bacteria were flagellate but nop-fimbriate, or had no a P_en_ages.
OAI7I tzh%s/e (lJrgagnsms were small in size and coccoid to rod-snaped (0-6-0-7 /i widg by

-1-2-01 long).

The finding of large numbers of fimbriate bacteria from the 40-hr moUhtX tubes
was surprising, and 1t seemed advisable to mve_stlgat_e the t E)es of appendages on
or?anls s from such cultures incubated for various times up to 48 hr, and to com-
pra e them with cultures of similar ages [qrown on solid medium, 1.e. agar slopes.

he results are given in Table L; sincé only a hundred organl_sms Wwere screened Ber
sRemmen the data are intended to show trends rather than finite values. The table
snows that: in mofility-tube cultures the gro ortion of fimbriate bacteria gl.e. total
of bacteria with fimbriae only and those with fimhriag + flagella) increased with

Incubation-time; the proportion of flagellate bacteria (i.e. total of bacteria with
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flagella only and with flagella + fimbriae) decreased; the r(\)/eortlon of non-flagellate
non-fimbyiate bacteria remained more or less constant. With bacteria grown on
solid medium: the slope cultures always contained a Iarge proportion of tlagellate
bacteria with usuaIIY 1-4 ﬂa(I]eIIa/bacterlum, less often 5-10. These ﬂagellate_or%an-
1sms_ closely resembled the 12 hr_bacteria whose morphology will be”described In
detail_below (see PI. 5, fig, 10). The slope cultures containgd far fewer fimbriate
organisms than the motility-tube cultures, and there were always some without

ang_aggendages. . _

ince 30-30 hr motility tubes and 18 hr slopes had aPprommately the same pro-
ortion of flagellate bacteria, these cultures were used for inoculating plates in'the
rowth experiments which follow.

Table 1 Types of appendages on bacteria of Proteus mirabilis passed through. semi-
solid medium {motility-tube™culture) or grown out on agar Slopes over a period of

18-48 hr Percentage of bacteria with

Flagella  Flagella Fimbriae No
Type of culture oly  +fimbriae  only  appendages

Motility-tube, 18 hr* - - - -
Moti|ity-tube, 24 hr 93 0 0 T
Moti !t%u g, 30hr 58 10 20 12
Motility-tube, 36 hr 32 20 28 14
l\/ot|||t -tuBe, 42pr 22 22 46 10
Motility-tube, 48 hr 24 10 56 10
Slope, 18 hr 67 3 8 22
Slope, 24 hr 06 4 4 26
Slope, 30Pr 50 4 24 22
SoBe, 3onr 43 2 19 36
Slope, 42 hr 44 6 20 24
Slope, 48 hr 46 9 15 33

* Sufficient bacteria for electron microscopy had not yet passed through medium.

Sequence of growth in plate cultures

Figure 1%|ves the results of an experiment inwhich growth was measured in terms
of viaple count (upper curve, open circles) and dry weight (lower curve, closed
circles). It will be seen that the, dr We|ght curve has a Shor Iag phase (c. 1hr),
an exponentjal ghase_ of approximately 5hr, a retardation phase of 4 hr, and a
_stat|onar)(_ phase beginning at 12hr. The colon¥ count curve shows an almost
Imperceptible Iag phase, an exponential phase of ¢. 6 r, a retardation phase of
Afr. and the stationary phase again begins at 12 hr, There Is no true phase. of
decline during the 48 hr of the experiment” The generation time of Proteus mirabilis
wl)thls exgenmeg_t was 40 min,, a value whic agrees fawlgwell with phase-contrast
observations of division In living organisms (Hoeniger, 1964). _

When one correfates the growth Sequence in Fig: 1 with morphological changes
on the plates and in the organisms themselves, several paints sgem to emerge: e
short | g phase encompassés the time during which the bacteria are known from
Phase-c ntrast studies (Hoenlger, 1964) to be enlarglng prior to theyr first division;
he latter half of the exPon ntial phase corresEond to the period when most
organisms differentiate into long motile filaments commonly called swarmers (see
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D|scu55|on2; and the retardation and stationary phases to the time during which
the elongated organisms break down into progressively shorter rods that evéntually
become quite smiall resting organisms, _ _ _

As for %rowth starting frony'a_slope culture, i.e. an inoculum of mainly flarqel_lat?
bacteria, the two curves are similar to those In Fig. 1, and so are the mofphologica
changes. Evidently, restmg orgamsms from slope cultures, with few, fimbriate
lf)_achenat, %eh%ve_ very muchi lik8 those from motillty-tube cultures, with ¢. 50%

imbriate bacteria.
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Fig. 1. Growth of Proteys mirabilis on heart infusion agar starting from an inoculimi of
partIY fimbriate, partly flagellate bacteria (motility-tube culture).” Calculated as colony
coun gopen aircles) and dry'weight (closed circles), Both parameters being derived per crop
from three 15 cm. plates.

Electron microscopy of negatively stained bacteria

To turn now to the mag'or part of this paper: the morphological Sequence
particularly as regards flagellar' development, Which takes place during 48 hr of
|n?ubat|o_n. The first observable chan(hqe 0CCurs durm% the first hour: the hacteria
enlarge significantly, their diameter increasing from 0-6-0-/ ji fo between 0-9 and
1-2p; new ﬂatqel_la n%;rpw out and appear as shart curved spikes (see PI. 2, figs. 3, 4\>'
The bare bacteriuni in PI. 2, fig. 3has 6 aRparentIy new flagella, and the fimbriate
bacterium in fig, 4 has 9, (Of Course, in this type of experiment it is impossible to
dlstmgmsh_ new from old flagella with certainty.) The mean ﬂ_a%ellar Ien(rﬁ s on these
two bacteria are_-03/1 and 1-09 ,respecnvew the distribution of lengths is plotted
asahlsto,%ram in Fig. Zg,a,rts a) and (b), When organisms from 1 i plates were
observed in the Jiving condition using ha mg-drqP_ mounts, many showed arotating
motility. In this and other observations of motility, 1t was necessary to allow for
that P oportion of the inoculum, i.e. a pr_ommatelg 50%, which alread?; 8ossessed
Iorﬁ] lagella and so moved In quite a rapid, translatory fashion (see Table 1)

at the bacteria continue to _grow and synthesize ﬂa%ella durlng the next hoyr
can be seen from PI. 2, fig. 5. This rod has 3o flagella with a mean [Ength of 1-981i;
o G. Microb. x1
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the distribution of the Iengths of its fIaPeIIa I shown in F| ). Hanging-drops
of such 2 hr cultures showdd that the pro ortron ofbacterr wrt rotatinig motility
had decreased, many now movrn% In atrans atrona manner.

The end of another bacterium Yrom a 2 hr culture 15.to be seen in PI. 6, fig, 11
this bacterium bore a cluster of some hundred fimbriae at either end,  In fact
fimbriae which were present on about 50 % of the inoculated organisms were

(a) (b) (©
50
1 hr 1hr 2 hr
40 N=6 N=9 N=36

Percentage of bacteria having the indicated lengths of flagella
s 883 s B8 83
I T | L1 1 1

L 408 400 L 408 40
Lengths of flagella (/)

Fig. 2. Distribution of lengths of flagella on Proteus mirabilis bacteria shown in electron
micrographs. Age of culture is Indicated in hr: N'= " no. of flagella/bacterium.

ro%ressrvel segreqated to the tips of the bacterig in succeedrng generatrons and
vlver not seén héyond 2| hr of incubation. We shall have more t0 Say about PI. 6

B the trme3 hr have ela]psed eIongated forms are to be found a arrofthese
wh hhad not yet se arate IS shown’in PI. 3, g Both organisms have 116
Iaeaan many of these have not yet attained thir full Ienﬁt the mean Iengths
and2 ft. The range of flagellar Jengths has been plotted in the h |st0gi

0 F| It Wéas further observ d that™by this time most bacteria in Tiving
pre aratrons moved In a trans| atrona manner,

uring the next 2- 3 hr progP ssively longer and srgnrfrcantly thinner bacteria
are to be seen, the well-known Proteus swarmers. These can rarige anywhere from
61080 il ong are 0-65-0-75 /t wide, and are e uipp edwrth hundreds, evén thousands
offlagellla relatively short swarmer from & 4J'hr culture is shown'in PI. 4, fig. 7:
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its complement of_176_flagella had a mean length of 40 the actual distribution of
lengths Is Plotted in Flg. (e). Plate 4, fig. 8 presents the tip of a longer (i.e. 22 /.
swarmer from a 5, hr Culture; by this time more than 60% of the baCteria on th
a8ar plate had differentiated into such long motile filaments. Approximatel
300 flaella could be counted onad/i length at the tip of the bacterium_in PI. 4
fig. 8: thus, by inference, the whole organism had over a thousand_ (c. 1300). The
fl%ge_lla ran%e rom 2 to 10/i long, the mean from a measurahle sampling of 50 being
4:971; as 1t 0bviously Is not poss| Ietoplot al| the lengths of tlagella on this organism,
no hlstogram has lieen prepared, Further Jt is to be noted hat these flalgella are
P_roduce all over the surface of the organism, a feature which could nof be dis-
mgmshed_ln most shadow-cast specimens gHouwmk &van Iterson, 1950; Preusser,
1958; Robinow, 1960). When one examines such bacteria in the ||V|ng1 condition
they are seen to move in a sinuous manner which is doubtless responsible for their
syrionym of ‘snakes’. . _ _

“Aftér 6 hr of incubation the elongated forms start breaking down into progres-
sively shorter ynits. Plate 5, fg. 9, Shows a fairly short swarmer which had. divided
%une symmetrically to PIVG tw0 rods still attached together at the time of fixation.
he average length of flagella on these rods is 4-9 and _6-28 respectlvew; the range
of lengths’in each case IS1o be seen In F,%;. 25/). Living Dacteria at this stage (i.e
in a 6hr culture) were all still moving in a translatory fashjon. _ _

The process of subdivision continues until the culturé consists of coccoid bacteria
or short rods like those (from a 12 hr plate) in PI. 5, fig. 10, which move either
rotationally or translationally, de endmg on the Ien%]th Of the flagella. It will be
noted that Some of the flagelld onthe bact€ria in Pl. 5, %9 10, are shorter than durlnR
pre\ln(t)tusdstaglg_s (tgew average lengths are 3-7 and 4-1 %; the distribution of lengt
Is plotted n°Fig. 2 (g).

he seguencg of Eggllular differentiation and flag%llar development described in

the preceding paragraphs Is summarized in Table 2" The data for each age of culture
Inregardto s aPe and size-range of organisms, range ofnumber offlagella/bacterjum
and “average flagellar length™(mean s.a.) have been determined from at least
10 mmrograﬁhs; he one éxception is the 5| hr measurement of avera%e flagellar
length which comes from a single specimen (that in PI, 4, f|?. 8). The hedding
‘Déveloping flag_ella "Is based on the assumption that the shorter Tlagella seen during
early stages, of differentiation are neva% developed ones (see above, p. 33). Further,
In determining the t Ee of motility in angm;-drop mounts, allowance Was always
made for the Inoculated hacteria (about 50%) known to possess long flagella and
hence.moving in a translatory fashion, _

As Table Z'shows, the averdge flagellar Ien?th increases from Lto S%hr, then falls.

An even more informative measure of flageliar synthesis is obtamned hy calculatin
the number of Ha?ella}umt voflume otT ba&erlumyand the total%\agel a¥ I_engHw?un_ﬁ
volume, as presented in Table 3, It will be seen that there is a ([qradual Increase In
both number and total length of ﬂa%ella tg amaximum of about 5 | hr, and then a
decling. That the avera%e a elIarI_ngth Increases with time to a 6{)eak and then
declines can also be seen front the histdgrams of Fig. 2. The rise naturally reflects
an increase in the production of flagellin; so that we'can really regard the Swarmers
as ‘flagellin-factories’. The decling’ suggests that in later stageS the bacteria are
synthesizing flagella at a lower rate.
32
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Characteristics of Proteus flagella and fimbriae

Apparently fully grown fIageIIa 6 1]/< in Ienr_rth are to be seen on a propartion
of the moculated DaCteria (as'n P 2), on eswarmers EPL4 10s. 7, 8) and
on short ros derived by the breakdo nof the latter (See hese
org ane les %ea mean wavelength or pitch (Leifson, 19 ?ofz 13+ 14 (s
an are 120 Awide. InanumberofpreparatronsWherethe la eIIahad been puIIed
offas the PTA drjed down, hook-like endings were observe ate 6 I?h sows
the end of a fod from a 2 hr culture with one free flagellum jUSt above ece and
another indicated by arrows, on the lower surface, evrdentgstr attached and
genetra %9 the wall.” Both flagella terminate, in hooks. These basal hooks measure

in length, and have the same diameter as the rest of the flageljum.
Sometimes the hooks were found attached to rounded cytoplasmic structures about

Table 3. Development offIarIreIIa by Proteus mirabilis in plate culture at 30°; data
calculated from electron micrographs

No. fIageIIa/unrt Total flagellar length (//)/
vol. bacterium . unit vol. bacterium .

Age of culture Mean SD Mean SD.

BEEE

1. : |

o i

200 Awide (i.e. between 150 and. 250 A); a cluster of fla eIIa endrn |n such struc-
tures can be observed in the partially | sed swarmer of Frgf Possrble
significance of these rounded siructures as ‘hasal bodies " for the Tagella will be dis
cussed below. The free ends of the flagella always abpear square off. The presence
of an axial core of p hosphotunrqstate fn a number of short, developing fIa ella sug-
gested %haf)the fla ella themse e? are hollow.

Imbriae of Proteus mirabils are to be found chiefly on inocylum bacteria
taken from motility-tube cultures see PLl | 2) and i plate cultures derived
from them gsee Pl 2 fig, 4 and g On the moculated bacteri the
numberedbtween 50 and 300 and Werep [itr1 housIY arranged.. In plate cultures,

Am rraegverﬁgra uag iluted out” as the P |atron mulérplred bein segfe
ate towar oles f e acterra A LP rlcula example 0 P ar
Imbriae 15 to be found in P Prote frmbrraeaestrar t Tijaments, In
contrast to the wavy fIageIIa and usua Ily project srnnyrom the errphery of the
org anrsm thou(?h occasionally the¥ form' small bundles with the individual fibres
twrste aroun one another. "The Timbriae are 0-2-1-3 p In length and have a dia-
meter closeto 40 A 1.6, tneg are one-third as wide as the fIarIreIIa In afew mstancets
evidence was obtained_of 4n attachment organelle on Proteus fimbriae, as can
seen In PI. 6, fig. 13. These polyhedral structures are ¢. 250 Awide, and closely
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resemble the protusions from which fimbriae have been found projecting on the
surface of lysed organisms of a Pseudomonas species by Dr T. Yamamoto gpersonal
communication).

DISCUSSION

The sequence of bacterial differentiation described, which started from a uni-
formly distributed inocuum, corresgonds recisely, fo_that observed by phase-
contrast mrcroscogg n plate cultures of Proteus mirabilis moculated at’a single
Pornt (Hoeniger, 1964—see Figs. 10-19). 1t seemed, therefore, justified to apply the
erm ‘swarmer’ fo the elongated forms observed ‘at about 4-6 hr In the tyPe of
experiment glescribed in this rb]aper Swarmers removed from either of these two R
ofcultures aIImovernthe same sinuous translatory manner when viewed in hanging-
drop mounts. Further the sequence here descrrbed of the breakdown of swarmers
into ro ressrve shorter orrianrsms was_exactly the same as that observed n
mg ear |er work %Hoenr er, 1964, Figs. 25- 271 However, one is h)m ab ynot

tifled In using the ter swarmrn? to refer to the errod of chur rr}lg swirl mg
actrvrty that takes place on the uniformly inoculated plate between 4 and

‘Swarming’ should be restrrcted to the ereadrng of growth over the unrnoculated
area of the medium. It Is indeed to this lattér type of migration by Proteus
swarmers that_the term was aBplred In the past (Russ-Munzer,” 1935; Lominski &
Lendrum, 1947 Kvittingen, 1949; Hughes, 1957).

Several aspects ofthe Sequence by which the small Proteus bacteria ofthe inpculum
are ditferentiated, via rod-shaped organisms, Into elongated swarmers merit com-
ment. The fact that the errtrrchous imbriae present on about 50% of the moculum
are ro%ressrvely segregated durrn(Tr the first Z| hr to the poles of derivative bacterra
suggests that new Cell-wall material Is berngn Ynt esrzed In the equatorial regron
rather than b drﬁuse rnterealatron of new material with ofd. Such an equatarial
manner of ce wa [ I-P lication has already been observed n streptococcr (Cole &
Hahn, 1962 awirko & Isaac, 1964); Salmonella typhi, on the other hand
synihesizes new wall by rntercalatron (Cole 194). The aP lication of fluorescent
antrbod?/ staining to. cell-wall replication during the differentiation of Proteus
SWarmers WI|| throw further light on this problem The syrnthesrs of flage la during
bacterial differentiation apRears to be a random process, The onrrrest and presum-
ably the first, flagella (which develgp durrn? the 1-2 hrafter inocu atron are Iocated
either at the equator as I Pl. 2frg 3), 0 towardsa ole (Pl. 2, Tig. 4), or in both
reorons Pl. 2 SJ ere s no evidence to su gor th vrewthaf the i stflao ellum
is Tnyariably h) duced bY Proteus atasrn?Ie le (Bisset & Hale, 1951). Nor were
the flag elas ed during Tater stages as earfier observed by Bisset & Hale

Durrn% the develogmental sequience Ieadrn? t swarmers, the whole physrologrcal
organization of the bacterjum han%es There is a switch’ from the production of
vegetative rods to that of elongated forms.. This switch is presumably mediated
through an inhibition of the normal mechanism of cell division. The bacteria thus
ro ced are urte drfferent from therrprogenrtors not only are they much longer
an sr nificantly thinner, but they have many more fIa?eIIa/unr volume (See

In fact, the swarmers have aIreadY been called ‘t gellrn factories . TIS
ges thatthere isapartial curtailment inthe production of Cellular protein whieh
results In the greatly increased production offI gellar protein.
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To discuss now the characteris '&f Proteus flagella and fimbriae described in
this paper. The flagellar width of agrees well with that reported for shadowed
Bre arations of Proteus vulgaris by Astoury & Weibull (1949); the wavelength of
T3+0-14 [1 is likewise close to previous determinations (Reichert, 1909; Weloull,
1950; Leifson et al. 1955; Pijper et at. 1956). The hook-shaPed endings seen in PI. 6
figs. 11°and 12, are reminiscent of the Jittle hooks or ‘rootlets’ observed on solated
flagella of A_(I]ro_bacterlum radiobacter (‘Hou_wm_k_ & van lterson, 1950), P. vulgans
(Ragers &Filshie, 1963) and Vibrio metchnikovii (Glauer~, Kerridge & Horne, 1963),
and"of the hockey-stick shaped endings seen on intact flagella of Spirillum spp.
EHouwmk, 1953 Murray &Bireh-Andersen, 1963) and V. mefChnikovii (Glauert etal.
%3). The observatjon t% Ahe_ flagellar hooks gre attached within the cell to
roundled structures about AU Awide (See PL b, Fig. 12) is indeed mtergstlnp. Similar
Dasal discs were recently observed in lysed bacteria of V. metchnikovii (Glauert et al.
93), P. vulgaris (Abram, Vatter & Koffler, 19646) and some Bacillus species
(Abram et al. "19646). Vian Iterson & Leene (1964) have found the basal regions of
the flagella in P. w ?ans to be sites for binding reduced tellurite, which su%g%ests
the presence there of reductive enzymes, 1t 1S the opinion of the Bresent Iter
that these ‘basal bodies "are the regions In which the tlagellin molecules are aggre-
gated to form fIa%eIIa, there being anywhere between 3:and 10 strands or rows of
uch flagellin molecules/tlagellum accordmtho the various models proposed to date
(Kerridge et al. 1962; Abram et al. 1964a; Lowy & Hanson, 1964). _
The fimbriae of Proteus mirabilis are thinner'than those of other enterobacteria
Duguid & Gillies, 1958; Duguid, 1959; Brinton, 1959; Thornley & Home, 1962).
n fact, the dimension é}lven here of ¢. 40 Ais significantly lower than previousl
reported from shadowe greparatlons of intact finbriae SCOetzee Pernet & Theron,
1962: Shedden, 1962), and slightly lower than that from negatively stained prepara-
tions of isolated fimbriae gRogers &Filshie, 1963%. Of partiCular noe Is the R_resence
ofa ‘basal body also on these organelles, as can be seen in Pl 6, fig. 13. This body
may arise either within the cytoplasm proper or in the cytoplasmic membrané,
Thas fimbriae and flagella in general appear to originate inside of the bacterial cell
wall. Indeed, both stfuctures-are retained when a;t)groprlate strains of Escherichia
eoli or P. mirabilis are converted to sphaeroplas bg treatment with_penicillin
(Lederberg & St. Clair, 1958; Maccacaro & Turri, 1959; Martin, 1963). The bagal
structures on the fimbriag, like those on the flagella, are probably the sites at which
H}% g)rggéebrgos#et;unlts (Brinton & Stone, 1961; Brinton, 1965) are"assembled into the

This work was supported b¥ a grant from the Medical Research Council of
Canada. Iagw indebted to Protessor B. A. D, St?cker for his nht_erest nd r\elgfvl
criticism, and for rea mg the manuscript; to Professor C. F, Robinow for valuable
suggestions; to Professor A. F. Howatson, Mrs June Almeida and Mr L. Pinteric
for advice regarding electron microscopy; and to Miss Olga Kuderewko for able
technical assistance.
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EXPLANATION OF PLATES
In figs. 1-10, the marker represents 1y; in figs. 11-13, it represents 01 /i.

Plate 1
Electron micrographs of inoculum organisms which had Eassed through a tube of
_ 7 “semi-solid agar, 1.e. from a motility-tube culture.
Fig. L. Pair of fimbriate_coccobacilll.
Fig. 2. Fimbriate rod with 6 long flagella.
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Plate 2
Electron micrographs of bacteria showing early stages of flagellar development.

Fig. 3. Bare rod with 6_¥oung flagella; from 1 hr Elate.
Fig. 4. Fimbriate rod with 9 young flagella; from 1hr plate.
Fig. 5. Rod with 36 flagella of various lengths: from 2 hr plate.

I'LATK 3

?F’th 6. |Etlectron micrograph of a pair of young swarmers which have not yet separated; from a
r plate.

Plate 4
Electron micrographs of Proteus swarmers.

Fig. 7. Short swarmer from a 4i hr plate.
Fig. 8. 6/: tip of a much longer (i.e. 22 Il) swarmer taken from a 5Lhr plate.

Plate 5
Electron micrographs of bacteria derived by the breakdown of swarmers,

Fig. 9. Pair of rods from fli hr plate culture, with many long flagella.
Fig. 10. Pair of rods from 12 hr plate, with flagella of various lengths.

Plate 6
Electron micrographs of Proteus flagella and fimbriae showing details of basal structure.
Fig= 11, Tip of rod from a 2 hr plate bearing flagella and fimbriae; terminal hooks on 2 flagella are
Indicated by arrows.

Fig. 12. Flagella penetrating the cellular envelope of a partially lysed swarmer; each flagellum
ends in a hook which Is attached to a si)herlcal mass of cytoplasm.

Fig. 13. Three fimbriae with polyhedral appendages presumed to be cytoplasmic in origin.
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INTRODUCTION

Some strains of the Enterobacteriaceae prodyce colicines which are antibiotics
active against some other members of this famll¥ and for this reason are termed
‘col_lcmo%enlc’ IgGratlat, 1925; Frederlc_% 1957). The ability to Rrod_uce colicine is
attributed to the presence. in the caliCinogenic strain of a transmissible_ genetic
determinant called' a “colicine factor’ re(IJarded as belonging to a group of Genetic
elements termed ‘plasm|ds’(Le_derber?, 9%2). Many differént coliCines are Known,
the ab|I|tY_ to form each one being defermined by a different factor,

Non-colicinogenic strains may™be made coli¢inogenic for certain calicings b

rowth In mixed culture with an aBproprlate collcmo_?,emc strain gFredenc , 1954).

uring culture together, cell conjugation occurs, Initiated. by the presence of the
colicinie factor, which Is thereby trarismitted to the non-colicinogenic strain (Ozeki
Stocker & Smith 1962). Amongst the factors transferred in” this way 1§ that
responsible for the production of colicing I, that is colicing | factor (henceforth
referred to as coll%. In Salmonella typhimurium strain 1t2 and Escherichia coli
strain « 12, coll benaves as a sex factor, analogous to the mating factor, F, of E.
coll k12, so that undey certain conditions not only are colicing factors transferred
ggt ﬁISO 1%%rzomosomal genes (Ozeki & Howarth; 1961; Clowes, 191, Smith &

OCKer, : : : » :

_An attem #[)] was made to increase the number of recombinants arising from coli-
cine-factor-mediated recombination in Salmonella typhimurium, as outlined above,
by u.v. Irradiation of one or other of the parent straifs (see Hayes, 1953); it was then

* Present address: Department cf Microbiology, University of Otago Medical School, Dunedin,
New Zealand.
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found that the parent lings differed consrderaby in Uy, sensitivity; the strain
carryrn? coll was more resistant than the non-co |crnorienrc J)arent
Colicines are Produced sPontaneousl bg only a small fraction of a colicinogenic
R/(I)pu atron and hese bacteria are, In consequerice, non-viable (Ozeki, Stocker & de
argerie, 1959), Some colicine factors are mducbe y UV, radratron (Frederrcq
but |nduc|b|||ty has not been demonstrated for coII when present |n Salmon-
eIIatyphrmurrum JOzekr etal 1 g Amati (1963) and Monk & Iowesﬁ ?have
nowever, reported u.v |nduct|on f colicine’ | production n Escherichia coli k 12
Therefore, one would.expect, aprigr, the presence of coll to have no effect on u.v.
survival or that possibly it might increase'sensitivity, if induction did occur

METHODS

Bacterial strains, Wild-type Salmonella typhimurium_i.t2 and auxotrolohrc mu-
tants came from the Department of Gene |cs Carnelgre Institution, Cold Spring
Harbour, New York. Mutant cysD-36 (Clowes, 1958 equrresc sterne for growth
athC SFYura 1956) requires adenine and thiamine for growth. Colicinogenic deriva-
tives, of these and other strains are indicated by the addition of the symbol for the
co||c|ne factor concerned for examp Iec $D-36 (coII) |sader|vat|ve producrng coll-
cne I, The following col |crno nrc errvatrves cysD-36 (co Q ColE |2
csD 36 Econ? colE2), sD3 (colll- 17i) 0ysD-3 (coIBlg an atC5%co
romstoc aintain da if eGurnness Lister Unit and have been described b Ozekr
et al. (1962). The source of the coll factor was Shrdelasonner strain pd. Safmonella
typhimurium s1427, wild-type 1t2 “cured” of a B proph aﬁ go d, lg maintained
at the Guinness-Lister Unit_had been supplied originalfy by Dr N Zrnder Rocke-
feller Institute for Medical Research, New York.

A’ non-colicinogenic, non- Iysogenrc subline of Escherichia coli k12 HfrC was
obtained from DrK. W, Fisher, Microbial Genetics Unit, Medical Research Council
Hammersmrth Hospital, London.. It Js an Hfr recombinant of Hfr Hayes cureg| of
lambda (A) prophage, requiring thiamine for growth, resistant to azide and sensrtrve
to Aoghage Three colrcrnogenrc and/or lysogenic derivatives of HfrC were pretoare
g coll) and /-\)gcollg Lysogeny for lamhda phage is indicated

monella typhimurium strain ¢ysD-36 {colf) was used as the Source of coll. La bda
E peer forr“P/sogenrzatron was kindly supplied by Dr G. G. Meynell of the Guinness-

Medra Nutrient broth was made from a tryptic digest of beef, Forrrqrowthstudres
involving the use ofane heIometer cultures Were gr wnin buffered LICOSe peptone
waterco tajning. qucoe dnpeBtone 10 Na g S0 wmgycerophos hate

- distilled Water, 1000'ml.: brought o adding -HCI. Peptone
8ar "Used as a routrr]e medium for vraFe counts consrsted of peptone (Evans),

g NaCl, 509 distilled water 1000 ml.; agar, 1 gl

ulture ¢t con tions. Broth cultures were grown In"loosely ¢ C,oped 25ml, bottles

‘Universal contarners&contamrng Oml. “nutrient broth an |ncubated at 3

ithout aeratron or shaking. Platg cultures were also Incubated at 3/

Estimation of bacterial drowth Growth curves were gotted from liquid cuItures
%argrlrt)res el estrmated n a nephelometer (Evans Electroselenium Ltd., Bishop’s
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Preparation of colicinogenic derivatjves. The methods used for obtaining colicino-
genic strains of SalmonelTa tyPh|mu_r|ur_n have been described in detail by Ozeki et
al. (1962). In the case of coll, which is readily transmitted b}{ mixed culture, it
consisted of growmg together a suitable c_ollcmogemc_ donor strain and the non-
colicinogenic acceptor strain. For preparation of Colicinogenic gerivatives of wild-
te/pe 162, and s1427, strain cysD-36 (coll) was the source of coll. A strain of
tscpe%gzla coli, c1 104, was used as the colicine-sensitive indicator strain (Ozeki
etal 192)

_Escherichia coli is sensitive to colicing I, unlike Salmonella typhimurium. Re-
sistant mytants of both the non_-Igsogemc parental strain HirC and its derivative
lysogenic for A(see below)7were IS0lated from colonies appearing In colicine-innibi-
tionzones (Fredericq, 1957). Resistant strains were mage colicinogenic for colicine
1be culture in common with cysD-36 (coll). = _ _

Preparation of_lys%;em_c strains of Escherichia coli HrC. Bacteria were infected
with phage Aat hlgh nultiplicity and survivors tested for Iysogeny by u.v. induction.

Ultraviolet irradiiation, - Overnight unaerated broth cultdres’ were centrlfuped,
washed and resuspended. in saline, then usualll}/ aqltated In the. M.S,E. blendor for
2'min. at a speed of 12,000 rev./min. to break up clumps and r[])alrs of bacteria. This
suspension contained 108109 bacteria/ml., depending on the organism. It was
usually diluted 10-2 or 10-3 in saline for |rrad|at|8_n. A 3ml. voltme of the final
susperision was u.v. irradiated in an open Petri dish, on a mechanical rocker, to
ensure uniform irradiation. Dose was measured as time of exposure, at a standard
distance from the u.v. source. Treated bacteria were plated for viable counts on

eptone agar.

p_p[wo Iar%ps were used for u.v. irradiation: one was a high-pressure mercury arc
Iving an ouput in many regions of the u.v. spectrum: the other was a low-pressure
Westinghquse Sterilamp, type no. 782L-30, emitting more than 80 % of its radiation
in the region of 2537 A L _

Ultraviolet induction_of prophage A‘Lvyoff, Siminovitch & K;eldqaa_rd, 195(2.
A saline suspension of A-Iyso?emc bacteria containing about 107bacteria/ml. wés
P_Iated for viable count and plaque count (Adams, 1959) before and after irradia-
lon. The A-sensitive strain HfrC was used s an indicator for plagye counts, After
overnight incubation bacteria which formed plagues at the time of plating in over-
lays produced large distinct plaques, distinguishable from the small “clearings
surrounding most Colonies of the lysogenic sfrain. o

10 measvre the effect of dirferent doses of u.v. radiation on induction, separate
3ml. samples of the saline suspension were Irradiated for Increasing periods. To
ensure a h||gh er_centa?e of inquction in irradiated bacteri, they were incubated
In broth fo" 30 min. before plating for plague counts (Weigle & Delbriick, 1951).

RESULTS
 Effect of coll on the u.v. sensitivity of Salmonella typhimurium 12

TB/pmaI dose-survival curves, gbtained for the pair of strains cysD-36 col~ and

%SledB?n Scoll), are given in Fl_%.l I1 The non-colicinogenic strain, CYSD-36 col-, was

re Qr less” exponenti }/; with a slight Increase In death-rate at doses
greater than 2 min.; the curve of the colicinogenic strain, on the other hand, showed
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a pronounced shoulder. The final sIoRes of the two curves were about the same,
From examination of survival curves the dose of u.v. radiation required to give 50%
survival of the non-golicinogenic strain was about 30 sec. and.that for the"colicino-
genic strain about 100 sec. RePeated testing of the, two strains, cysD-36 col~ and
CysD-36 (coll), gave rePeruub e results when the hi fw)ressure Mercury ar¢ lamp
Was used for U.V. Irradiation (see Methods{(. This Iar_ng as used for all experiments
to be described, but results were later checked by using a low-pressure Westmqhouse
Sterilamp, when the same difference in survival of cdlicinogenic and non-calicino-
genic strains was apparent. _ o

In the experiment represented in Flg. 1possihle photo-reactivation was prevented
by doing the experiment in a darkened room with only subdued yellow light. How-
ever, 0d Ilght, when not direct sunllght, had no noticeable effect quo survival
a?(lj sgt_al ubsequent experiments were done under normal laboratory conditions
of lighting.

S_egv_eraP possible explanations of the apparent increase in resistance to u.v.
radiation, brought about br coll agent, were tested experimentally. _
_ 1R That the Tesistance of the colicinogenic strain was gue tq clurhping of bacteria
in the irradiated suspension. As a precaution against clumping, suspensions were
routinely agitated, in a blendor hefore irradiation, at a Speed sufficient to break up
all clumps and pairs of bacteyia, _ _

(2% That a substance or substances which affected survival after u.v. treatment

t be secreted jnfo the medium during %ro_wth. In one experiment, an o_vernl%ht

trn‘U(I;ed and samples of hacteria resus-

mi in
cuﬁure of the collcmogenlc strain was ce _
ures of the colicinogenic and the

pended. in supernatant fluids of overnight cul _
non-colicinogenic Strains where they were left for Lhr at 37°, before dilution in
saline for irradiation. Bacteria of the non-colicinggenic strain were treated In the
same way. In a second test, a saling suspension of the collcmo?enlc strain was u.v.
Irradiated in the usual way, but before plating for vigble counts, the hacteria were
diluted in supernatant fluids of overnight cuftures of the collcmo%en_lc and. of the
non-colicinogenic strains. In neither tst was the survival of a strain noticeably
changed bY exposure to the two different su?ernatants. o
3" That the difference in the sensitivity of the two strains might have been due
to differences In sen5|t|_v|t¥ to the indirect effects of u.v. radiation, for example, to
geromde_lons_formed in_the irradiated medium. This was tested by irragiating
acteria in saline containing 0-1 % sodium sulghlte, to eliminate free peroxjde ions,
The dirference in the survival curves was the same as obtained by u.v. irradiation In
Elam saling, Furthermore, when bacteria were .v. jrradiated’ after be_mg1 ently
pread on the surface of JJ_%@tone agar plates, when indirect effects of irradiation
would be minimized, the ditference between the two curves was unchanged, though
the rate of killing of both strains vyas_sh%htl g_reater than when the same doses of
radiation Were? en to the bacteria In s SEHIOH. , _
84 The resulsofAIRer&Gnlles ﬁ1958' 9%0) su_?(r;est thataslow-?rowm strain
shoyld have a greater chance of survival after u.v, iffadiation than a faster rowmq
strain. The growth of cultures of several pairs of strains, non-colicinogenic paren
and colicinogenic derivafive were comgared by turbidity measurements. The strains
tested were crsD-36 col~ and cysD-3 colll; athC-5 tol~ and ahC-5 ﬁcoll); It2
(wild-type) col~ and 12 (wild-type) (coll); sL427 col~and s1427 (coll). In no case
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d|d the gr Elowth rate of a patr of strains differ once growth was_in the exponential
Pase owever, in each case the irradjated non-Colicinogenic strain showed a
onger lag fertod éabout 3hrafter 1 min. dose) than the coliCinogenic strain 1(atbout
Lhrafter L min, dose) ﬁresumablybecausetherewerefewersurvworsmthe ormer
suspension. A dose of 1 min. was expected to give about 70% survival of the col-
cinogenic strain and aboyt 15% survival of the non-colicinogenic strain. With
mcrease |n dose there was Increase in the Ien%th of the lag period, more apparent in
t e case of t enon col |cmogen|e traln in which the lag period increased to about
t]rwn 2min osenqvr hereas, the ag period oféhec licinogenic strain increased

Percentage survival

only slight yto about 1 hr 30 min. with & 2 min. dose
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Fig. | Fig. 2

th 1 UItravaetsurvwaIcurvesofSalmoneII htmurtum.tz 0, strain ¢ysD-36 col~;
he ﬁOhCIn enic deriv 3t|ve C*/ID -36 6 0 Ia acterta grown ov Jntfght |n unae}ated
rot culture, were agttate In an e or or2m|n azaspee 0 rev./min
to break up clumps and pairs of acterta, en resuspended in saltne ataconcentratton
of about 2x107bacter|a ml, Separate 3 m|. volumes of this suspension were irradiated
at each dose level, Irradiation was carried out n an open Petri dish on a mechanical
rocker, usm? a Nigh pressure mercury arc as u.v. source (see Methods). For viable
counts samples were diluted in saline and plated on peptone agar.
FI? 2. Ultraviolet survival curves. O, Salmonellatﬁhtmurtum 1t2 wild-t Pe #, the
) |cmogen|cder|vat|ve |/t2W|Idtypeécoll A sl4 tyi) imurjum wild-type, cured
of a B-phage); A, the collcmopentc erivative sl 427 coll),  Saline suspensions con
taining about2 x 106bacteria/mF. were irradiated. For other details see legend to Fig. 1

None_of the results outllned gave an explanatlon for the observed dtfference in
sen3|t|V|ty to uv rag |at|on of a on-col |C|no%en|c strain and a derivaive carrying
the coll E he enera It ofttﬁ effect]é) coll in aImoneIIatyphtm%rlumttz
Was esta ished by ansmtttn coll to wild-type 1+2 and to si427 (wild-type S
t{phtmurtum cure ofaB ph ge) These stratns and an additional auxotrophic
strain, athC-o (coll), were uv. irradiated, together with the non- coltcmogenlcst ains
from which they were derived. Survival clrves of the pairs of straing 12 (wild-
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type) col~and 12 (wild-type) (coll) and athC-5 col~ and athC-5 ﬁcoll) were similar

0 those of the correspon mg pair cysD-36 col~ and_ cysD- 36 coll), ‘Strain s1427

was esssensrtrvetou radiation than wild-type 12 (Fig. 2), possibly because the
gncarrre by wild-type 12 is to some extent induced by u.v. radiation. H

evlelrf teuv sensrtrvrty of s1427 was significantly decreased by the presence of

coll factor (F

v

The effect of colicinefactors, other than coll, on u.v. sensitivity
of Salmonella typhimurium, strain 1¢2

The u.y. sensitivity of strains cysD-36 (col 11 171 and csD 36 ( coIBI) were
compared with the sensitivity of strain cysD | resembles coll in
berng readily transmitted by mixed culture Ozekr et al 1962 Stocker, Smith &

100

10

10

Percentage survival

01

0:01 1 i 1 1 !
10 20 30 40 50 60

U.v. dose (min.)
Fig. 8. Ultraviolet survival curves of SaImoneIIa tlyfhrmurrum it2 Carrying various
coficine factors: 0.colE2; +, colt; A, colBl: A, col 11-17: ®, colEl. Each was present
Ln a Se ar?te subline fthg auxotropln le D-36. Saline sus ensrons contargrn x 109
Ecterr were irradiated. . Survival curves of strains carrying colEl and col werg
fained In a separate experiment from th ose of strains carr |n col 11-17, colBl an
coIE2 For other details see legend to Fig. 1

Ozeki, 1963: Smith, Ozeki & Stocker, 1963 coI 11-17, afactordetermrnrng roduyc-
tion of a_colicine different from the standar tg{)es and common In Salmonella
typhimurium strains from Australia (Prof, B ocker, personal communication)
IS likewise readily transmissible. These factors also conferred reIatrve resistance to
.. radiation but colB1to a lesser degree than coll, These results ares own In Fl%v

together with the resuits of a further ex&enment in which strain cysD- as

u.V. Irradiated, as was a strain colicinogenic for colicine E1, cysD-36 (co The
1? was similay o that of the non-colicino-

survival curve of the strain cysD-36 (co
colicine E I 1s known to be Induced by

genic parent (Figs. 1, 3). As’production 0



Ultraviolet resistance associated with colicinogeny 49
uv. irradiation in S. typhimurium, . . - (Ozeki et al. 1959) one might have expected
e%sD-SG (colEl) to be more sensitive to U.v. than the non-colicinggenic parent. The
absence ofsuch enhanced sensitivity has been observed before (H. Ozeki personal com-
munication), Astrain collcmogenlcfo_rEZ, alsou.v. inducible, similarlygaveasuryival
curve resembling_that of the non-colicinagenic parent EFlg. 3). The presence of coll
in bacteria carrying colEl increased their survival after'u,v. irradiation to about
the same extent as when present in n_on-collcmo?emc bacteria. Survival of bacteria
carrying both cole2 and coll was slightly lower. Moreover, newly acquired colf s
alsoeffective, as was_demonstrated Dy the increased survival of a strain carrym%
colE Land coll, of which about half the bacteria had acquired coll during overnigh
%rowth in mixed cultyre with cysD-36 (coll), and the remainder had acquired coll

uring growth in broth for 2 hr'before irradiation.
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Fig. 4. Influence of coll on the u.v. induction of colE2 in Salmonella tyPhimu,rium m 2,
Résults %lven ingra hAWfreobt ined usn%g strain cysD-36 (golEZ?,and hose In raPh B
using_cysD-36 (cole2) (coll). Both show the percentage of bacteria surviving [colony-
formeTs) and the perCentage of bacteria induced to form colicing E2. (lacuna-formers)
after u.v. rradiation for 40 sec. and 2 min., 30 sec. (Note: arithmetic scales). Saline
suspensions for Irradiation contained about 4 x 107bacteria /ml. A high-pressure' mercury
arc was used as a source of u.v. (see Methods). After irradiation samples were diluted
In saline and Plated on peptone agar for viable counts; a further 01 ml. sample was
diluted in 5 ml, pre-warmed brcth at 37° and incubated for 90 min. to permit synthesm
of colicine bg mduc,eq bacterAa. Th|? suspension Wag further diluted in Proth 0 ylglg
about 8x 103 bacteria/ml, and 0-1 ml. samples plated in streptomycin soft-agar, seede

100

with about 108 Indicator bacteria, on peptone agar plates. The indjcator strain used was
a colicine-sensitive, streptomycin-resistant derivative of Escherichia coll, strain c1104.

Influence of coll on the ultraviolet induction of colE2

Ozeki et al (1959).in an ex;t)eriment onan. . - line carrying colE2, found that after

uv, Irradiation giving abut 30 % survival, more than half'the bacteria, that is the

majority of those which did not survive, were induced to form cohcmg I%AZ_. tSi%cme
. . IVIIcron.
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produced by a single bacterium formed a clear spot or ‘lacuna’ in the lawn of a
colicine-sensitive indicator strain. At the same dose of u.v. irradiation, the survival
of a strain carrying coll 1s.abaut 80%, much higher than a strain not carrying this
factor. As colicine production is a lethal process (Ozeki etal. 1959) 1t would therefore
be expected that increased survival _cau%ed by the aPresence of coll in bacteria also
carrying colE2 would be accompanied by a tecrease in the proportion of bacteria
induced to form colicine E2—that is of bacteria forming lacunae. This prediction

100

10

1-0

01

Percentage survival

0-001 — 1 | | 1 | 1
10 20 30 40 50 60 7-0
U.v. dose (min.)
Fi?. 5. Ultraviolet-survival curves of non-lysogenic, non-colicinogenic strain Escherichia
coli « 12 HirC and its lysogenic and/or colicinogenic derivatives: Q, strain HfrC A- col~:
¢ A-(coll); A, q_A)_col~' A (A) (coll). Lyso%en?/ for A phage s denoted by (A) and
colicinogeny for colicine | by (coll); absence of the two charactérs is indicated b¥ A~and

col~ resPectlveI[y., Saline suspensians for irradiation contained about 6 x 107 bae
For further details see legend to Fig. 1.

was tested using the method of Ozeki et al (1959%. Strains cyst-36 (_coIEza and
oysD-36 (colE2)” (call) were u.v. irradiated “for 30sec. and “for. 2 min. 30 sec.,
doses expected to give about 30% survival for the strain carr mg colE?2 alone
and that carrym? ColE2 and coll. After u.v. irradiation samples were plated for
viable counts; after 90 min. incubation in broth, to permit synthesis of colicine
by Induced bacteria, lacuna counts were made by plating bacteria in a streptomycin
soft-agar layer seeded with a_streptomycin-résistant “colicine-sensitive ‘indicator
strain.. The “lacunae formed after incubation _for 8 hr each r?prese_nted i smrg]le
bacterium which had synthesized colicine E2. The proportion of survivors_(coloriy-
formers) and of induced bacteria (lacuna-formers) are plotted, on arithmetic scalgs,
I Fig. 4. The presence of coll increased the survival of the bacteria irradiated for

eria/ml.
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40 sec. from 26% to 75%; and, as predicted, the proportion of lacuna-formers at this
dose was correspondingly depressed, from 52%t0 22 %. Survival ofthe strain carry-
ing colE2 and coll at 2 riin. 40 sec,, 7 %, was.lower than the anticipated value, 30%.
Répeated tests of the u.v. sensitivity of this strain showed it to be slightly more
sensitive than a strain _carr(ymg coll dlone; and this was most apparent when dilute
suspensions were irradiated.
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Fig. 6. Influence of coll on the u.v. induction of A phage in Escherichia coli k 12 HfrC.
Results given In graph A were qbtained using a IY_sogemc, non-colicinogenic derivative
(A) col~ and those'in"graph B using a lysogenic colicinogeme derivative [A) (coll). Both
graphs show the percentage of baCteria styviving, (colony-formers) and the percenta?e
of bacterja induced to form phage ,(plaque-fprme_rs?_wnh increasing doses of u.v. (Note:
arithmetic scales.) Saline suspensions for irradiation contained about 107 bacterja/ml.
A hqh-pressure_mercury arc was used as a u.v. source (see Methods). After Irradiation
samples were diluted and plated for viable counts ongpeptone, agar; a further 01 ml.
sample was diluted in 9-9ml. of pre-warmed broth at 37° and incubated for 30 min. to
allow synthesis of phage in induced bacteria. This suspension was then further diluted
t0_¥le| apout 1000 bacteria/ml. and 01 ml. samples plated in a soft-agar layer, seeded
with about 5 x 107indicator bacteria, on Feptone agar. The Iindicator strain was a deriva-
tive of strain HfrC, resistant to colicine .

Influence of coll on ultraviolet induction of prophage in Escherichia coli k12

s coll reduced the u.v. inductign of coIFHZ its effect otn the irkducible Rrophaqe
Aof Escherichia coll k 12 was investigated, The presence of Aprophage In this strain
greatly Increases Its sensitivity to the Killing effect of u.v. irradiation, due to phage
inductio SLwoff, 19?(3). Sub-lines, HfrC (Ag oo~ A {coll) and | icow Were
prepared from a stock of strain HfrC, which is normally non-lysogenic tor pro-
phage A For each of these four strains the survival curve showied a pronounced
shoulder &Flg. 52&/ As expected, the survival of the Iysogenlc non-colicinogenic strain

col~ was lower at all doses than that of its noft- sogemc_non-c_hcmo enic
arent, A" col~. Furthermore, the presence of coll in thé lySogenic strain (A) {coll)

4-2
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resulted in increased u.v. resistance to apout the same extent s it did in the non-
lysogenic strain A (coll), Thus coll confers some protection against u.v. Killing in

. ¢l k12, both when it is non-lysogenic and when it carries thé inducible propha[qe
A Since the completion of this vork Mank & Devoret 996'4% haye reported similar
Increased resistance to u.v. irradiation of non-lysogenic Strains of . coli x 12 carry-
mg coll. To see whether: the presence of coll in thie lysogenic strain would decreaSe
the proportion of bacteria induced to form phage an éxperiment was made similar to
that described In the previous section using the two strains HfrC (A) col~ and rﬁ
(coll). Ultraviolet irradiated samples were incubated in broth for 30'min. to permi
Evh_age synthesis i induced_bacteria and were then Elat_ed in soﬂ-al%ar layers Seeded

It a phage-sensitive colicine-resistant indicator Strain. The_results (Fig. 6; note
that the scales are arithmetic) showed that the Iysogenlc strain carrying col| gave
a |g ,er_ﬁro ortion of survivors at all doses tested, and that the proportion of
bactéria induced to phage groductlon by a %lven dose of u.v, was reduced by the
presence of coll; e.g. from 47% to 9% in'the 90 sec. samples, .On comparison of the
curves it s also apparent that for some u.v. doses bacteria which would have formed
plaques in the absence of coll were recovered as colonxr-forme_rs In its presence;
e.0. 1n the 90'sec. sample 47% of the non-colicinogenic Tysogenic bacteria formed
Pla ues, but 73% of the calicinogenic lysogenic” bacteria "survived as colony-
ormers. Thus the presence of coll partly %revented the lethal inducing effect of
uv. Irradiation gn bacteria carr mg_ Jaro _age A" However, comparison of the
survival curves of the two colicinogenic strains shows that, even in the presence of
coll, the Iﬁ/sogenlc strain is much more u.v. sensitive than the non-lysogenic strain—
that s, Itte protection conferred by coll against lethal induction of prophage Ais
Incomplete.,

DISCUSSION

Oneway inwhich the coll factor might affect ragiation sensitivity would be by. in-
crease In the chain Jength of bacteria, which would cause a shoulder on the survival
curve. However, this possiility Is not supported by direct microsGopic examination
which reveals no obvious differences in morPhOIO% between colicinogenic and non-
collcmogemc,bacterla. Secondly, itis possible thatthe coll factor increases the ploidy
of the bacteria: this again would'be e Pected to cause a shoulder on a survival curve,
Thlrdly, one mlght Slppose that coll increases, in some way, the Fro ortion of
bacterawnhap ol of RNA and protein precursors adequate t@ allow these hagteria
to withstand lethal gamage (Hill, 1963). Gillies & Alper (1960) found that cultures
In the stationary phase of growth, where a large intracellular pool of precursors
would be exPece . 0ave a Survival curve with a pronounced shoulder. It is also
Eosmble hat col] factf_r_of Shlg%flla_sonnel st[]am p9 carries, In addition to the
tructural gene for colicine production and the gene or genes concerned In IS
ability to confer maleness, a further gene for decreased u.V. sen_sm_wt}(_, perhaps
comgarable t0 the genetic [oci controlli gu.v. sensitivity in Escherichi coli (Adler &
Copeland, 1962: Howard-Flanders, B Xoe, Simson & Theriot, 1962; Rorsch,
Edelman'& Cohen, 1963; Greenberg, 1964). 'Such a gene may be a stryctural gene
for an enzyme responsible for the repair of U.v. damaq_e or alternatively |t may cause
de-repression of a host gene controlling the production of a reactivating enzyme.
Sauerbier (1962) has proposed an enzymic mechanism to explain the”host cell
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reactivation of u.v. irradiated phage. Furthermore, Rupert (1961) demonstrated
that photo-reactivation Is an enzymic process, There IS ng evidence to support
any one of these h%potheses rather than another. The following considerations
raise a further possiility. S

1) The mechanism of the lethal effect of u.v. jrradiation is nof well understood,
but in at least one Instance, that ot Escherichia coli « 12 lysogenic for phage A much
of the lethal effect is due to induction, since the I)(sogenlc strain'is much more
sensitive to killing by u.v. irradiation than its_ non-lysogenic parent. In bacteria
carr mg defective forms of inducible pro;fahage irradiation will be exPected to cause
lethal induction, even though, because of thé defect in the genome of the Frophage,
no Iaque-formmrg units are released. Defective prophaﬂes are a#parent
common as laboratory mutants and also occur naturafly F]Lwo & Sinfinovitch
1951 ApRIe ard, 1954: Jacoh & Wollman, 1956). T: is; therefore -possible that
much of the lethal effect of u.v. irradigtion on the apparently non-lysogh;emc straing
we have Investigated (Escherichia coli k12 HfrC non-lysogenic for phage A and
Salmonella t¥ himurium 12 cured of a B phage) results from jnd| ?thﬂ of un-
detected defective propha%es In these strains—or perhaps inducible defective
plasmids of some other soft,

y 1ot Un-

perhaps_ colicine factors, although under conditions
used for u,v.-survival tests u.v. inducible colicine factors colEl and colE2 do not
appear {o Increase Sensitivity. L _
, %} The (Presence of one sort of plasmid in an irradiated bacterium ma% éjrevent
induction of a plasmid of some other sort which is also present %Hamon, 1959): and
experiments described in this Faper (Figs. 4-6) show that the presence of coll
con3|derabl>( reduces the induction of prophage” Ain Escherichia coll k12 and of
ColE2 in Sa on%llat[r)hlmurdum. _ _
% oposed, as a speculative hypothesis, that the effect of coll
non-lysogenic and non-c_hcmoPenlc strains against the
|t¥ to suppress the lethal

. (3) It Is therefore
in protecting apparen,tIY )
lethal effects of Ultraviolet irradiation results from its api
induction of a defective plasmid in these strains without itself being Induced. Never-
theless, coll is Inducible in sublines of Escherichia coli k 12 as shown by Amati (1963
and Monk & Clowes (1_964% Experiments have shown that ultraviolet induction g
the production of colicine E2 in Salmonellatyﬁhlmurlum 15 partlg/ prevented by coll,
but this effect can hardly account for the ncreased survival of bacteria carrymgi
coll as well as colE2; because, though colE2 is Inducible, its, presence does no
increase the susceptibility of S, typhimUrium 1+2 to the lethal effects of irradiation.
The reasons for this are not known; but if, as is heypothesued strain 12 carries an
inducible defective plasmid then perhaps the presence of colE2 in u.v. irradiated
bacteria results in the lethal induction of colE2 instead of the postulated defective

lasmid : L : :
_p alsﬁne% pothesis that coll protects b}/ suglpressmg induction of defective plasmids
in the strains concerned predicts that, unlike photo-reactivation, it will decrease
the lethal but not the mutagenic effect of irradiation. Preliminary experiments
have shown that the presencé of coll in_some auxotrophic mutants”of Salmonella
typhimurium strain 12 digl not result in a decrease of the number of revertants
for a given dose of u.v. radiation but an actual increase (Howarth, to be published).
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INTRODUCTION

|t has long been known that Pha e I¥sates conain a lytic agent which can act on
the host bacterium, but s distinct from particulate ‘phagé (Bronfenbrenner &
Muckenfuss, 1927). "Evans 81934) demonstrated that a strarn of group A strepto-
coccus normal| resrstantt roup C phage, was, lysed when grown in mixed
culture with the phage-infecte roup strarn Thrs so-called *nascent’ phag
reaction was shown by Maxted El 57) 10 be due to a lytic agent resent In crude
phage lysaes of this partrculars rain of group CstrePtococcus th gtrc agent Was
active against grou streRtococcr Naylor & Czulak geste
that the™*nasceént’ hae henomeno shown by rouENstre ooccr the Tactic
gcrdt stre ttt%coccrd als catsedb ggshrn These factor tare S |ar to th far(:jteur
acteriostatique des lysates bacteriophagique " of Streptococcus lactis reporte
i&Joss Gorcho¥ ?19509 The nce of lhape assoclate isrﬁs In tgy
se%ue f age-lysins) active a%arnst group DstrePtococcr gBIerwers& |mmerman
ngotfer bacterra gnera uch_as Bacillus m Kg feriun urphlré
Esc errchra coli (Brown, 1956; Adams, & och an
Staphylococous aureus (Ralston, Baer, Lreberman &Krueger 1955) |sweII establrshed
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The presence of phage-bound enz me wh|ch attacked the_ host cell-wall was first
observed with coliphage T2 by Weidel (1951) and has since been described for
pgaa?es of B. megaenum Murghy 1960) 'and Micrococcus lysodetkticus (Brumitt,

e present communicagion describes methods for the isolation of lysins from
pp ges and pha(l;e lysates of some lactic acid streptococct, and some of the'properties

these phage-1ysins.
METHODS
Organisms
The followm strams of streptococci were used. (National Collection of Dairying
ramsms O catalogue numpers are %Nen in brackets):
roup N: Stre tococcus cremoris: e8(8 57 2 us3 (1197), z8 (1199
rb (764@ kh 511 83 er (1200), 924 (924), 803 803 2 (972): Slactls ML3 (763),
¢l0’(509), 71 . Oiacetilactis: arc (1007).
GroupAS yo enes 33a, R |chards( 3), Pope (1716).

Group B: S. agalactiag: a 17 81351) ncte 8187 (1 §36) 8080,

Grou C S, dB/sr%;aIaCUae c4 g3 1), ko4 (9393 $H1,

rouso ons: Pearf 11 (597): S, zymoT s; Mahoney (586); S. durans: 98/
(5% ||qU|faC|ens Elv/2025 558) S.faecalls: 775 (581);

Bactenophage straing; homologous to their appropriate strains of group N
Streptococci: ml3, clO, 712

edia and propagation. Glucose Lemco (GL) broth consisting of (9 /ll) Evans
peptone, 10; Oxoid Lab-Lemco, 10; Iucose 0; NaCl, 5; water 00 ml.;
adjusted pH to 72 glucose Lemeo ( %ar was prepared from GL broth by
addl%gl % agar. S ang D streptococci were incubated

rains of Ogrmée
at 37%; strains Of group N at 3 rowth was est|m ted yreadmgoso extlncnon
wit aH|I8erB|oc emAbsorpnometerat 580 mg 2 corres on e
to ahout 9x 108 coccl cm-2 Viahle streptococ | Wer enumerate eth o

of Miles & Misra (1938). Pha?e counts were made by adding 20-200 p%age garnc e
in 10ml.) to 30ml."of \ strength GL agar contdining 0-025% (wi 3 CI2 and
1ml. of & 24 by culture of the omologous streptococcus at 45°, and poured on
GL agar. The efficiency of plating was about (-1

Preparation of cell-wall suspensicms. Coccl were harvested from GL broth, washed
twice In distilled water and broken by shaking with ballofini beads (Chance no. 22
Ina Mlckle dlsmtegrator In the cold room. After shaking for 2 hr the cell walls wer
free cytoplasmic |mgur|t|e by treatment with” trypsin, pepsin and ribo-
nucl ease Cu ns& ars, 1956).

Assay ofp age sin, Coc<:| rown for 18hr|nGLbrothwerewashedmJ stren?th
Ringer’s solution resus ended in 0-1 M-K-phosphate befer (pH 6-7) and adjusted
to give an [SHof 0-8 w en d|Iuted f|vefold 1-0ml. of t estandardlzed susg%nsmn
pre warmed {0 7wasa ed to 4-0ml, of enzyme preparation in the same huffer
also at 37 [)(swwas followed b measurm the decrease In extinction. |t was found
hya%hl srlg 'a%oons g first-order réaction kinetics, the velocity constant K being given

23
K 4 log 1oa_x
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where a = Efmat 0 min,, and x = Elmat tmin. One unit of activity was defined
as the amount of enz[yme required to give K = Lunder the conditions defined above,
Fl(IJ_ur_e 1?th3 hat there was a linear relationship between concentration and
activity of the ml 3 enzyme.

_ Purification of phage-lysins

Preparation of[phage-l sates of streptococel, 20 L of GL broth, pre-warmed to 30°,
were given a 10% (Viv] inoculum of a 12 ir culture of appropriate streptococcus
and incunated at 30°. When the extinction had risen to 06 (in about 3 hr) the cocc
were harvested and resusgended i 100 ml. of | strength mger’s solution. This
suspension was added to 351 double-strength GL brath at 30° which contained
sufficient phage to give a phage:coccus ratio of about 6. The Infected culture was
stirred at 30°"and maintained"at pH 6-5. After 2 hr about 90% of the cocci were
lysed. A few milligrams of DNAase were added to the viscous lysate, and after
another Smin. at 30° the lysate. was centrituged for 20 min. at 2000g to remove
unlysed cocci and some cell debris. The supernatant fluid was chilled fo 0° and all
susequent steps were done. In a cold room at 4°,

Removal of foha e bY preC|P|tat_|on with acetone. Acetone at —20° was added to
11 batches of coccal Tysate to give 40% (v/v) acetone; the temperature was kept
at 0° by mnmersmg the'flask in dn ice +salt mixture, which was left overnight at 4°
and then filtered through Whatman no. 40 paper. The orlglnal phage titre of 102ml.
was decreased to 109ml. in the filtrate by this_procedure, _

Chromatography on Amberlite CG 50 resin. The clear filtrate from the previoys
step was Pa se throu&;h ah0x?2 ?m. column gf Amberlite CG 50 ion-exchange resin
equilibrated with a 60+ 40 by vol. mixture of 0-002 M-K-phosphate (pH 5-5) + ace-
tone. The resin was washed with about 10 bed-volumes of (-002 -K-_phosghate
(pH 55) and then eluted with Q-2 M-K-phosphate (pH 7-3), 10 ml. fractions being
collected. and assayed. The active fractions were pooled, ‘shell-frozen and finally
freeze-ried. . .

Fractional preu%ntanonf_rom potassium phos%ghate buffers. The freeze-dried powder
was shaken with 30.ml, distilled water at 37°. After about 1min. the clear red-
brown supernatant fluid was decanted from a small quantity of Inspluble material
and left overnight at 4°. A light-yellow 8re(:|p|tate P1) was remov?d %y_centrlfu 8-
tion, washed with_jce-cold 1-5_M-K-So_h sphateg) 6-0) and dissolved in (-1 MK
phosphate (pH 6-72._Th|s_ solution (St) on standing at 4° overmght_?ave a second
precipitate (P2) of inactive material which was removed by céntrifugation. The
colourless supernatant solutign 582) contained the enzyme, ° _

Table 1 shows that a 500-fold pdrification of ml 3 phage-lysin was achieved b
the above procedure. Attempts at further Punﬂcaﬂo on"Sephadex G 100, DEA
cellulose and carboxymethylcellulose led to considerable losses of activity. The
Purlﬂed enzyme was Telatively unstable: stora?e for 6 days at 4° resulted in 50%
08s Of activity. The freeze-dried preparation Tetained much of its activity when
stored for 18 months In a desiccator at 4° and has been used routinely to prepare
cell-free extracts %f %rou‘p N sIFe tcocc. . .

A shorter method of purification. was used in some experiments, Coccal
lysates were freed from phage by centnfuganon for 2 hrat 100, OOg and the Pha%e-
Iysin in the supernatant fliid precipitatéd by adding solid ammonium sulphate.
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The ml3 ghage lysin éareupttated at between 50 and 75% saturation; the ¢ 10
enz me was eC|p|tat at 25-50% saturation, These precipitates were dissolved

1 M-K- 2n 0 TD hate (pH 6-7) and de-salted by passa?e through columns of
Se hadex G25. The pltage Iysms prepared by the two methods appeared to have
the same properties.

Table L Purification of ml 3 phage-lysin

Volyme , Total mg.//protein
Step (ml.) Units/ml. units ml,
Crude phagqe lysate 3,400 14-5 49,200 100
Eluate from Amberlite
50.column 455 47-1 21,400 2-1
Pre0|p|tate Pl from 2 75 1,400 10,500 2-34
M-potassium_phosphate
Supernatant iluid $2 75 875 6,550 1-20
Specific Purifica- Yield Total
Step activity tion (%) phage
Crude phage lysate 1-45 _ _ 9-5x10*
Eluate from Amberlite 22-4 15-4 43-5 8-1x 101
50 ¢olumn
Precipitate PI from 2 600 414 21-4 3-3x 109
M-potassium phos hate
Supernatant fluid 730 503 13-3 1-0X109
Table 2. Isolation of a Iytic enzymefrom ml 3 phage particles
_ Volyme  Total
Step Unitsiml.  (ml.) units Phage/:nl. Total phage
Washed phage particles 2-56 2:5 6-4 36x 10u 9x 101

Frozen-thawed haq
Before centrifygation 0-64 %8 6-4 — _

Supernatant fluid 0-224 2-24 2-5x109 0-25x 10"
Deposit 221 55 1-:33X10 3-34x 10u
Phage -treated W|th ultra-sonic vibrations
ore centrifugation 0-03 10 6-3 -

Supernatant fluid 0-36 10 356 4x10» 0-4x 101
Deposit 1-21 2-5 302 8-8x 101 2-2x10"

Amount of enzyme in original ge suspension: 64 unjts

Amount ofenzymereleas d Info solution: 98 units

Amount of enzyme remaining in phage particles: 3-25 units

Tﬂtal amount of enzyme recovered 10-5 units
That is a recovery of 157 %

PreParatton of Iyttc e”fé e from ntteit % ?arttcles Phage m|I3
8arttc es were freed_ from cell tebris and agey ce tn ugation (thre cyces
f80009 for 30 min. followed by 100,000 for 2hr). A Iytic enzyme was th
reIeased rom a congentrated suspension of the particles tn 0T, M-K- hosphate
F ﬁyte reezmg and thawm? method of etdeI&anosqh E19 7)I After
reezm%adthawm times, about 70% of the phage was non-infeg |veathou%h
N0 Increase In viscosity was observed. After centrifugation at 100,000)» for 2h

deposit, which presumably contained ghage ghosts”as well as infective particles,
was Ultrasonically treated“at 0° in a Dawe Soniprobe Type 1130A (Dawe Instru-

ments Ltd., London). Six exposures for 30 sec. at position 6 were separated by
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cooling periods of 2min.; insoluble material was deposited by centrifugation
(3100,0 OW' Th(i amount of enzyme released into the supernatant By these méthods

IS gIven I Table 2

_ ~ RESULTS _
Physical properties of ml 3 and ¢ 10 phage-lysins

Effect ofpH value. The effect of pH value on the activity of the two phage-lysins
was determined in OT M-K-gho_sphate. Both enz[ymes Showed a hroad "peak of
activity in the range PH 6-7-5 with an optimum af pH 6-5-6-8. ,
Cations. Various-authors (e.g. Doughty &Hayashi, 1962; Ghuysens & Strominger,
19633 have emphasized the importanCe of cations for the activity of enzymes which
act on bacterial cell walls. Both ml 3and ¢ 10 phage-lysins werg activated by Nat,
Li+, and NH&. Figure 2 shows the influence of Na+ concentration on the activity
of ¢lO phage-lysin.” There was a sharp optimum at ionic strength 0-15; higher

concentrations were inhibitory.

10 50

i ©

30

20

T
Units of enzyme/ml.

1 | 1 | |
0 02 04 06 0-8 1-0 0 01 0z 03 0-4 0-5 06
mg. protein NaCl concentration (mole/l.)

Fig. 1 Fig. 2
Fig. 1 ml3 phage-lgsin, activity measured as a function of protein concentration.
Activity was measured with vacuim dried cells of Streptococcus cremoris e 8.

Fig. 2. The influence of ionic strength on the activitg of ¢ 10 phage-lysin a&ainst Strepto-
coceus cremoris kh in NaCl solutions buffered with 0 005 M-phoSphate, (pH 6-7).

Divalent cations Ca2+ and Mg2+ also activated the phaqe-lysms, but were less
eﬁec\lve than monovalent catlorﬁ although not inhibitory 61 hmer lonic s\rer]gths.

Influence of reducing agents, The ml 3 ha?e-!ysm was relatively unstahle; losses
of the order of 50% occurred on dialysis at 47 or on standmg I the refrigerator
for a few days. Other phage-lysins have been shown to be susceptible to oxidation
or to rer%uwe reducing agents for maximum activity (Maxted, 1957; Bleiweis &
Zimmerman, 1961, Doug ty & Hayashi, 1962). However, nong of the roug N
hage-lysins was affected significaritly by cysteine, ascorbic acid or thioglycollic
mercapto-acetic) acid in the concentration fange 10 1-10"4m, nor was it possible
0 reactivate aged preparations with reducing agents.
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Heat activation and |nact|vat|on Both of the phage-lysins had high temperature
coe fficients ( ? 4-9) and possessed almost identical energies of activation: 28-0
keal. molel or the 3andclO|phage lysins, respectively. ‘At temperatures ahove
[, rapid heat inactivation occurred |gure35h0wsthe eﬁectof HvaIue on the
heat inactivation of the two hg e-lysins. AIthoug{ g Sin was more
resistant to heat than the ml 3 phage-lysin, the inactivation of oth had the same
dependency on pH value.
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Fig. 3. The effect of pH on the heat inactivation of ml 3 and 010 phage-lysins, The Iysms
(i OT M-phosphate) were held at 45-5° for 3 min. and then ragld y cooled to 0°. Residual
activity was measured with Stre tococcus cremorls kh for cl Iysm and S. cremoris e 8
(vacuum dried) for mI 3 1ysin. O = ml'3 phage-lysin; A = phage-lysin.

¥SIS of Streptococcus cremoris kb by clO 8ha§6e Iysm—the effect of age &g of the
cocm ont e rate and extent of lysis, Q --=------ culture; @ —eeee-

culture; A----- 2hr culture aged 7 days at 0° in OT M- phosphate pH 67
A e A 12hr cutture aged 5 daysat 20° in 0-1 M-phosphate pH 6-7.

Effect of age of streptococci on their susceptibility to phage-lysin

Doughty & Hayas ‘19622 reported that agelng of group A streptococei led to
aprogresswe re5| tance owa ds ysis by the group C pha eh(sms similar effect
has been found in the | SIS ofgrou Nstreptococu thee ect of age on the lysis of
Streptococeus cremonskh y the ¢ P age- Ialsm is 1llustrafed |nF|g Coccl from
4 hy cultures were much Iess read IY than those from a 10g-phase culture
&1 2 The storage of cocc!)at4 resu teg n rlo loss of susceptibility; whereas those
ept &t room temperature became significantly more resistant.

Lysis of viable streptococci and the specificity of phage-lysins

Phage lysin from mI 3 was tested algalnst a representative selection of strepto-
cocet of groups A, B, C, D and N. The conditions of assay were as given under
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“Methods except that a much wider ranqe of phage-l¥5|n concenration was used
up to 105 Unl'[SF)). The first column in Table 3 représents the a_ctm% of the phage-
ysin towards each streptococcal strain; the second column gives the activity ex-
Eressgdl as) a ratio of that towards a reference strain, Streptococcus cremoris e8
see below).

Table 3. The specii"icitrno(f3 rrr(l)lug J)Ragg-l sinD t%vr\%r(l{ls strains of streptococci
Relative

Group Strain Activity/ml.*  activity/mLf

cremoris E8 76-5 191
cremoris e 8 401 100

(vacuum dried)
Cremoris hp
cremoris us 3
cremoris z8
Cremoris r 6
lactis mu3
lactls ¢lO
(Ijgctls 7|12 ,
lacetylactis drcl
pyogenes 3/3a
yo enes Richards

ogenes Poi)e

. agalactiae a 178

. afalactiae 8187

. a0alactiae 8080
dysgalactiae c4

. qysgalactiae k 64

. dysgalactiae s52

. bovis Pearl 11

. ?ziymogenes Mahoney
|
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urans 98/d
quefaciens Elv/2025
D S. faecalis 775

* The activity was measured as described under ‘Methods’,
f The relative activity 15 defined as the ratio:

. Activity towards a strain _
Activity towards the reference strain (vacuum dried e 8)
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Table 4. A comparison of the specificities of ml 3and clO phage-lysins

ml 3 phage-lysin ¢ 10 phage-lysin
, o Relative o Relative
Strain Activity/ml.*  activity/mLf  Activity/ml.*  activity/mL.f
: ' 4-33 100 50-3 1-00
g. SFSW&FE 554 6-41 1-48 5[5 0114
T A
2 Tactismos1 19 114 &5 0126

* The activity was measured as described under ‘Methods’,
f Relative activity is defined as the ratio:

~Activity towards a strain
Activity towards the reference strain (kn)
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Strains of groups A, B and C streptococci were unaffected by ml 3 pha _e-IYSin,
but the groups D and N strains were all lysed. Strains within a group varied'in their
suscepti |I|t¥ to the phage lysin. S_treF 0coccus cremoris e 8 was the most readily
lyseq and, dried over CaCl2iri a dessicator at 4°, was a useful reference organism for
use In assaying ml 3 phage-lysin. Micrococcus lysodeikticus was not lyséd by ml 3
ph(a}ge-lysm. . . . o

hen several strains of group N streptococci were examined for their sensifivity
to the ¢ 10 phage-lysin, the pattern of susceptibility to the ¢ Id phage-lysin was found
to be different’from that to the ml 3 ghage-lysm able 42_. The ditferénces are most
apparent when activities are expressed rélative to the activity towards one particu-
lar strain (jnthis case Streptococcus cremoris k). Strain kn Was the most susceptible
strain for the ¢ 10 phage-Iysin and the least affected _b¥ the ml 3 phage-lysin Frovmﬁ
that the two phage Rost’systems produced two difterent pha%e-lysms. Althoug|
these have many physical properties in common, they: can be dirferentiated by théir
kind of s emﬁmtg(gattern% and also in their diffefing solubilities in ammonium

N
sulphate solutions (See Methods).

The effect of phage-lysin and lysozyme on viable streptococei and cell walls

Viable cocgi of lactic_streptocci were lysed at very different rates b){ the ml 3
phage-lysin (Table 3)|. This variation was also fourid with isolated céll walls of
différent streptococcal strains. Figure 5 shows that cell walls of the very sensitive
strain of Streptococcus cremoris e 8 were IYsed much more rapidly than those of the
relatively resistant S. lactis clO. Cell walls and viable coccr have the same relative
susceptibilities to phage-lysin: this indicated that cell-wall structure was more im-
Bor_tant than other factors F\e.g. osmotic fragility) in determining the inter-strain
ariations In sensitivity to the phage-lysin, o

Egg-white Iﬁsotzg%/me_ lyses 9ueroug N streptocgeci only in the presence of EDTA
(Brovin, Sandine &Elliker, 1962) and has no effect on group A streptococcus cell-
walls (Krause &McCarty, 1961). 'In Fig. 6 a comparisonis made between the action
of ml phage-lyrsm and lysozyme on viable cocci and_cell walls of Streptocaccus
cremoris 972, Although Iysoz_)(me in the absence of EDTA was without apparent
action on whole organisis, it was more effective in lysing. cell walls than was
ml 3 phage-lysin at Concentrations which gave rapid lysis of viable cocci. The simi-
larif bejween the effects of EDTA on waﬁle cocci and madifications of the cell
Burf ce during the preparation of cell walls on their sensitivity to lysozyme is
eing |nvest|ggated.

The relationship hetween ml 3pha%e-lysin and a Iytic
enzyme obtained from ml'3 phagé famcles

It is not known whether the IYtlc enzyme prepared from ml 3 phage Partlcles Was
obtained as discrete protein mofecules or whether it was still attachéd to phage-tail
subunits not sedimented by the centrlfuqatmn procedure. It is noticeable from
Table 2, that in addjtion fo Iy5|s_bY the sojuble phage-tail enzyme, S. cremorjs e 8
Is also lysed by the infective particles of ml 3 Phage. This was due to a lysis-from-
without’ phendmenon, D_urln?_ the isolation of thé phat{qe-tall enzyme, an Increase

In the total amount of Iytic activity occurred. This might have been due to a variety



Groups N and D streptococcal phage ysis 65

of factors, The irreversible adsorption. of the phage to the bacterial surface might
have resulted Ina ‘blocking’ of the actrvrty ofthe pha([;e -bound tail enzyme but hot
of the sou ephage tarI enzyme The release.of more han one molecule of enzyme
from eac hage particle during the paratrono the phage-tail enzyme would be
X ecte to gIve an mcrease I the_effective enzyme concentration,

he pH optimym of the g} age-tail enzr{me Was measured Wrth dried Streptococcus
cremonse8and found to be identical with that of ml3gha|r:re ysin. A comparison
of the specificities of the two enz mes Is given in Table 5. From these results, the
two enzymes appear to be identi
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g.5 L srsofvrable coccrandcellwa Is by ml 3 pha eI sin. 10 mg. (dry weight) of cells

or cel a Is Were suspended in 5 , ¥0 nd)phgosp ate buf ferJ E)I-P/Ei?gcontarn?ng

-0 unit of m 3 phage IYsrn 0 e 0> e 8 cellwalls; o ---memmemme *, e8viable cells;
--------- , 1O cell walls; A--------A, clO viahle cells.

Frg 6. Lysrsofvrable cocci andceIIwaIIsofStreptococeuscremorrs972 by ml3 lysin and
(yioMyme 10 m%u dry Wer ht) of viable cocci or cell walls was suspended in 5-0 ml.

8r -1, contarnrngertherm 13ph ageAysrn 12un|ts ) orlysozyme
--------- iable cocci + phage-lysin; A-----—--A" viable cocci + lysozyme;
--------- ». cell walls + phage-lysin: A A, ceII walls + lysozyme.

Phage control of lysin production

Since the two ha?e lysins (ml 3, ¢ 10) differed in certain respects, and since no

xtrc actjvit dy was detected in cell-free extracts of non- mfected coccr an experiment

as (evised to |||ustrate the role of Ph ge In lysin production. Streptococcus lactis

m13 15 susceptible to two phages; ml' 3 Which forms large Fr]rla%ues and 12 which

gives minute Rla ues. The sanie host was used to grepar Xsms by Infection

with either pnage race. Whereas phage ml 3 produced Iarge quantities or; phage-
5 G Microb. x1
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lysin, phage 712 qave lysates with little or no activity towards viable cqcci. Treat-
|

ment of
?ysm When the 712 lysate was tested against acetone-treated cocci, a weak

phage-

coccl with acétone had been found to Increase their sensitivity to ml 3

Table 5. A comparison of the specificities of ml 3 phage-lysin and the

WWNDULNHLHRLD

[pldpldplde]

lytic enzyme from ml 3 phage particles
Enzyme from thawed

Phage lysin and thawed phage
, Activity Relative Activity Relative
Strain units/ml. X 10 activity*  units/ml. X 102 activity*
. Cremoris kh 1-86 10 262 10
. cremoris e 8 316 1-10 4-38 1-68
. cremoris 972 10 0-53 1-46 0-56
. lactis mi 3 0-62 0-37 0-62 (-24
. lactis clO 0-53 0-28 0-88 0-33
. Enzyme from
Phage lysin sonicated phage
ACtIVIt Relative Activity Relative
units/ml. activity*  units/ml. X 102 activity*
. CIemoris kh 2-48 10 1-86 10
. cremoris 803 2-18 0-88 1-63 0-88
. lactis 712 1-23 0-50 0-73 0-39
. lactis clO 0-63 0-25 0-41 0-22

* The relative activity is defined as the ratio:

Streg}

onigs

Activity towards a strain
Activity towards the reference strain (kh)'

Table 6. The mfluence of phage fype on the properties of ph 3ge lysins produced in

oceus, lactis arison of the specificities of mI 3'1ysin, 712 lysin, and
mIIyse b;P P ey )

ysm (m1 3 112 see text)
A. Lysis of viable cocu (activity/ml.)
Strain ml 3 lysin 712 lysin ML 3/712 lysin
S. lactis m13 2-1x%10-2 0 0
S. lactis CIO 1-2x 10~2 0 0
S. lactis 712 6-5x 10-2 0 [-2x 10“3
S. cremoris kh 1-8x10-1 0 0
g cremori e It 0 16 10-3
3" cremoris 803 3.3x 10 0 i XO
B. Lysis of acetone treated cocci (activity/ml.)
| Straln3 mI3 lysin 712 lysin ML 3/712 lysin
. lactis m1 1-3x 10" 7-8x 103 2-6x 10-2
S Cl0 73 %10 0 0
S. lactis 712 23xﬂ01 1-4x|0-2 4-6x]0-2
S. cremor|s kh 3-0xl0“1 )? 0
S, cremoris e 8 8-1x10-1 3-8 X10-2 1-7x]0“1
S. cremor|s h8 3-7x 10~2 11 XI10*2 5.7 X10-2
S. cremoris 803 103 36X 10~2 11 x10M
|3wa a rt jal fled ration (1 mg./ml.); the 712 and ML 3/712 lysins were crude
sates re f)yg?e %y cent |? t%on glml.) y
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lytic activity against some but not all strains was detected. In Table 6.a comparison
15 made between the lytic act|V|t¥ of lysates of the host . Iactlsm|3lysedb ghage
ml 3 qr pha(%e 712, and of S, lactis 712 lysed b)(] hage 712 1t 1S evigent that the
lysin found In lysates of S. lactis m1 3 lyséd by phage 12was_ver?{3|mllarto that of
lysates of S. lactis 712 I>rsed b%/ phage 712 and not at all like_the lysate obtained
when S. lactis my 3 was 1ysed Dy its"homologous phage, ml 3. This Shows that the
hen S, | 3 i f hage, ml 3. This shows that th
hﬁé@tﬁ{g% %%(16 In lysates of S. lactis m13 Was undgr the genetic control of the

07

0 20 40 60 80 100 120
Minutes

Fig. 7. The lvsis-from-without of Stregtococcus lactis m13 by ml3 phage. Cocci were
suspended_in 01 M-K- hosPhate pH 6-7) at 37° and pha%e added to give the multi-
plicities; Q- ,OEcon rol); A-m A, 13-5; 1 -oeemeenes V2,8 s .. 54,

Effect of particulate phage on the lysis of viable streptococci I¥sis-from-without

Ina prellmmar¥ account of this work (Reiter & Oram, 1963) evidence was given
that the lysis of streptococci by ml 3 phage-lysin could be inhibited b}/_th_e homo-
logous ph ge,. These results appeared convineing because ncreasing multiplicities of
Phage infection caused a progressive Inhibition”of lysis. Furthermore, ml 3 phage-
ysin %as not inhibited bx hé %rolo 0 slpha 6. . .

At that time we had not observed lysis-from-without by phage;_ this was not
surpn,sm%asthls henomenon had been previously reported op forGram-negatlv%
olggamsm. However, recent attempts to cause Iysis-from-withiout were successfu
(Fig. 7%. High multiplicities of ml'3 phage lysed not only S. lactis mi3, but also
a number. 0 heterol%gous strains of group N'streptococcl: Lysis-from-without of
these strains occurred”at different ratés, but the relative rates of lysis followed the

5-2
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same specificity pattern as those obtained for ml 3 phage-lysin and ml 3 phage-tail

Sy Ince these results were in direct contradiction to the |nh|b|t|on of Ilysis by homo-
logous phage, the earlier ex OBeriments Wwere repeated. g sate freed of
phage ){centrifu gation (| for 2 r) lysed all the heterolog Us strains which
Were tested butwasinactive againstS |ﬁC’[ISmI3 However, this strain was sensi-
tive to a_purified preparation of ml 3 p %e lysin, indicating the presence of an
Inhibitor in the crude gre arations.  Since phage mi'3 particles could'be freed of the
Inhibitor by several washes with \ strength Rifiger’s solution, It now seems probable
that our earlier phage preparations were contaminated with the inhibitor.

DISCUSSION

In common with a number of other phage- Iysins the %roup N streptococcus phage-
gsrns were activated by certarn catrons and npi |ted reagents whrch Inactivate
roups. However, unlike the p ag[e) ysing rom a grou C streptococcus
gDoughty&Hayashi 1962) andagroup Streptococcus ( Ieiweis&Zimmerman
b961)dthe lysis oftstreptococm by the ml'3 and ¢ 10 phage-lysins was not enhanced
reducing, agents
yThe SfDeCIfICI'[ y of the ml 3 hagel Sin s qurte different from that of the phige
ysrn of a group C stre toc ceus (h axted, 1957). arkulrs Smith, Botralr
Hevmann (1964) reported that a phage- ysin prepare from agrouB C strepto-
COCCUS differed rom eqg-white lysozyme In.the nature of the susceptiole chemrcal
bond wereas ysozy me acts as amuramidlase rea ing the bond between the
ce% muramic acr NAMA) and the A'-acet %ucosamine gNA A% residues
in the ucopeptide polymers ofthe cell-wall. the gro pCstreptoc ccal phage-lysin
acted as a glu osamini ase, breaking the NAGA-NAMA Tinkage:

----- NANA~—~ NAGA-—~ NANA~— NAGA~— NAMA-—1

t t f
lysozyme group C streptococcus
phage-lysin

Our work éunpublished) shows that the ml 3 phage-lysin is, like egg -white lysozyme,
a muramidase. It seems possrble that the speci ir:iydifference Btween the phae
lysins of the group Cand roup streptococci ma ue to differences in hoth
cell-wall structure and the site of enzyme action, The sis of grou Dstrepto
cocel by the ml 3 phage Iysin is not sur risrng In view of the serological similarities
Detween the streptococcl of%rroups D and N(Sharpe, 1952).

Whereas the streptococca ,p/]h e-lysins_act on viable streptococci, the ghag
sins of Bacillus megaterium (Murpny; 1957) and of Sta hplococcus aureus (Ralst
aer, Liebermann & Krueger, 19 7lzwere not active against viable bacteraunless
narticulate phage was also present. Ralston (1963) propdsed that teichoic acids in the
nhage receptor sites mask regions in the staghylococcal wall which are sensitive to
phade-lysin. . Since the removal of terchorc cids with hot 5% trichloroacetic acld
eft The"cocci sensitive to phage-lysin, she suggested t at the agsorption of phaﬁ
nvolved changes in the arrangemeént of teicholC acid, eadinﬂ to the xposure oft
¥srn sensitive sites. Terchorc acids are ahsent Jrom the ce wa!lso the rgrodp
streptococct (Oram & Reiter, unpublished) and to our knowledge have not been
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found in the cell walls of group A streptococci, lysis of which by group C strepto-
coccus phage-lysin 1 also Independent of Pha? ensmzatton (Krailse 19582

The lysis-from-without ofthe oupNsre ococct by phage is similar to that by
the phage-tail enzyme and by phage-lysin. he relative rates of lysis for different
strains Of streptocaccl are very S|m||ar In each case. It seems, thérefore, that the
three processes occur at the same site on the acterial surface—the Phage receptor,
Both ml 3 and ¢ 10, phages adsorb to a variety of streptococm within"the group,
Wlthout ph ge multlphcatton (Oram & Reiter, unpubhshed?1 The differences In the
rate of Iysis 0f a strain by the ml 3and ¢ Ophaqe 1ysins mi tweII be due to attacks
a |ferent pha%e recepitors. The proposal that the substrate of these phage-lysins
lies within the g age receptor is su&ported by the |nab|I|t of the phages {0 a sorb
to mucopolysaccharice materjal released from the ceI w |l by phage-lysin. L
zyme caused a similar loss in the integrity of the dp 9e recePtors of Baci Ius
egaterium km (Salton, 1956) and of Micrococcus lysodeikficus (Brumfitt, 1960).

REFERENCES

Adams, M. H. & Park, B. H. (1956). An enzyme produced, b){ a phag7e -host cell system.
1. The progertles oftheBpolysacehartde depolymerase. Viro

Barkulis,S. S, Smith,C,, Botralik,/ Heymann,H. (19649 Purtftcatton properties
and action ofstreptococcal muralysm Bad roc. p. 32.

Bleiweis, A, S. & Zimmerman, L. N. (1961). Formation of two tM)es of osmotlcally
fragile bodies from Streptococcus faecalis var. liquefaciens. Can. J. Microbiol. 7, 363.
Bronfenbrenner, J. & Muckenfuss, R.S. (1927). Studies on the bacteriophage
d’Herelle. VI, The mechanism of Iy3|s of dead bhacteria in the presence of bacterio-

phage. J. e g Med. 45, 887,
Br701W282A (1956). A study of lysis in bacteriophage infected Escherichia coli. J. Bad.

Brown, W. C., Sandine, W. E. & Elliker, P.R. ( 1962d) Ly5|s of lactic acid bacteria by
Iysozyme and ethylenediamintetraacetic acid. J. Ba

Brumfitt, W. (1960). Studies on the mechanism of adsorptton and penetration by
bacteriophage. J. Path. Bad, 79, 1

Cummins, C, S. & Harris, H, (1956) "The chemical composition of the cell wall jn some
(i?;ram gosmvebacterta and its possible value as a taxonomic character. J. gen. Microbiol.

58
Doughty, C.C. & Hayashi, I. A, 1962)B Enzg/matlc properties of a phage induced
lysin affecttn%groupAstre ptococci. J. Bad

Evans, A C\%/ 4). Streptococci bacteriophage: a study of four serological types. Publ.
Hith' Rep, ash 49 1
Ghuysens, J trommger J. L. (1963). Structure of the cell wall of Staphylococcus

aureus, straln Copenhagen | Preparation of fragments by enzymatic hydrolysis.
Btochemlstry,z 1110.

K%ch hG &AJ?rdan E. M. (1957). Killing of E. coli b by phage-free T2 lysates. Biochim.
lophys. Acta, 2

Kraupsey R. M (1958) Studtes on bacterlohhages of hemolytic streptococci. 1. Anti ens
released from the ‘streptococcal cell wall by a phage-associated lysin. J. exp.

Krause, R. M. & McCarty, M. (1961). Studies on the chemical structure of the strepto-
coccal cell wall. I. The i entlflcatlon ofamucopegtlde in the cell walls of Groups A and
and A-variant streptococci. J, exp. Med. 114, 12

Maxted, W. R. (1957). The active agent in nascent phage lysis of streptococci. J. gen.
Microbiol. 16, 584.

Miles, A. A, & Misra, S. S. (1938). The estimation of the bactericidal power of the blood.
J. Hyg Camb., 38, 732,



70 J. D. Oram and B. Reiter

Murphy,J. S. (1960). An ltllolwtdenvedfrom Bacillus megaterlumphage G which dissolves

he bacterial cell wall. oay, 11, 510
lor J. & Czulak, J. (1958). Host-phage relationship of cheese starter organ

Effect of phage activity on heterologous strains of lactic streptococci. alry

S, 23, 126.
Ralston, D. J. (1963% Staphylococcal sen5|t|zat|03 ﬁecn‘lcblolo%mal effects of phage K

] on the bgctjerlaé cel WBaII I|_n lysis-from-without e
alston ., baer ieberman, Krue Ir In: a V|rus
induced Iysm from staphﬁlococcal ph%]?e Iysates £TDG}YOCASOC é Ei%lo\f Mlg&

als ieberman Krueger,A.P. (19 7 Lysis- from W thout
1a&h OCOCCUS alJrele k. | by the combined action of phage and virolysin. J. Q€N

elter &Oram ). D. (1963). Group N streptococcal phage lysin. J. gen. Microbiol.
SaM;on ‘M R.J. (1956). Bacterial cell walls. In Bacterial Anatomy. Symp. Soc. gen.

biol. 6, 81.
Shar eN MJEquggﬁfcro cc rgenlcge of a common type antigen in streptococci of groups D
an
Waht, R sse-Gpi 1950) acteur hacteriostatique des lysates hacterio-
phagiques. mﬁdc%e /&C&d Sel g /

Weldel W, (1951) Uberd|eZe|Imembranv0n CO|?B |. Préparierung der Membranen.
Analytische Daten. hoIon gndVerhaltenderMembranengegenu er den Bakterio-
phagen der T-Serie. D

Wel eI W. &PI’ImOSI 1957?7 Die g%mﬂ E n?e Waurzel der Lyse von EScherichia

C0ll durch Penicillin o er durch Phagen. afurt. 120, 421,



J. gen. Microbiol. (1965), 40, 71-79 71
Printed in Great Britain

Centnfugatlon Studies on the Infectivities of Cellular
Fractions Derived from Mouse Brain Infected
with Scrapie (*Suffolk strain’)

By D. L. MOULD, W. SMITH and A McL. DAWSON
Animal Diseases Research Association, Moredun Institute, Gilmerton, Edinburgh

(Received 4 December 1964)
SUMMARY

ellular. com onents in_hom doenate f brain. tissue from scra le-
ct%H Zalce ebe ns garzﬂ E Oeknnf ?atlankljrgs Crose [bd Caes um

ensit 1en auon 0
n an ﬂ]nC |0n 0 scra CtIV MProvements Int ere
ClOﬂ remoye roms Crose; qradients es a
COVGK/ as £ mad

rial sedimented nrou
0 acaesm c onﬁ

8 was oRservea n zones remqve
radient -an a{; throu a|ne rf)m; ?
{ t& e |tras on scragle
|V|t(y oncentr E ara 0 so su |C|en otenc rchar cterl 8
f VIrUS partic yeec mlcrosc no obtaine
r m V nou e ?enm evidence. escr VII’US a%p ars
a 126, The Stro som |0n0 enl) h fisstie
su %es resence 0 ssue m onen Y he necessary |n
nmen ran mission of the con

INTRODUCTION

Recent experimental work on the condition of scrapie |n animals has emphasized
the strong assomatlon of the active agent with particu ate cell fractions i brain
homogenates gMou & Smith 192 unter, Ilson & Chandler, 1963; Hunter,
Millson & Megk, 1964: Mould Smlh & Dawson 64). This has_been further
supstantiated by chromatogra hic studies oftissue homogenates on DEAE-cellulose
columns by Hunter & Millson (1965). thasalsobeenpomtedoutthattheremaybe
Species vanatlons in the location and binding of the agent (Mould, Smith & Dawson,
1964), and that there are both definite hlstoPathologtgcal (Zlotnik & Rennie, 1962
1963) and G,oossmly biochemical dn‘ferencesF7 ater, 195).in'the brain lesions present
|n dlsease mice according as to whether the source of inoculum was derived from

n]o Kk sheep or from mgtenal éaassa%e | ?oats
T e experimental procedures reported In't ga er Were aII carned out with the
k traln of 0USe scraple (Zlotnik &R nnie, 1962, 1963) which produces
|st0Rat oo%lca lesions not icentical with those proguced by he ‘drows %oat
stral g dler, 1963) Investigated by Hunter ¢ al. Centrifugation studie
braln tis ue homo enates In sucrase or caesium chlorjde density gradients have been
ma de with the primary objectlve of location of the blndlnq Sités of the scrapie agent
and cqneentration of 'scrapie activity. Some of the results have been reported in
a brief commumcatlon( ould, Dawson & Smith, 1964).
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methods

Animal ex enments Moredunlnstrtut stock Swrsswhrte mrgewere used for all
the experiments, The mice were 3-6 weeks old when inoculated. Groups, of seven
mice were inoculated (0-03 ml.) by the Intracerebral route with serial tenfold dilu-
tions of the various tissue [preparatrons and each experiment terminated 5 or 6
months after the inoculation of the mice. Cases of s ragre were examined histo-
pathologically for the presence, of scrapie lesions and values were calculated
accordrn? to the method descnbed by Mould, Dawson & Smith, 1965.

Centrifugation of brain tissu omogenates I Sucrose. Tissle Wa? provided from
the brains of mice in advanced clinical stages of mouse scrapie following the third
passa e in mice of the Suffolk sheep strain of scrapie.. Crude particulate fractions
rom orain homogenates were prepared by differential cent Ifug atron in 032
sucrose. Brains from three clinically affeCted mrce% were omo%enrze in
0-32M-sucrgse (10 ml.) and centnfuged for 5 min. at 5000 to_remove re drIy se -
mentable tissug debris. The su%erna tant_fluig was successively centrifuged for
10 min. at 1000g, 15 min. at 20,0009, and 75 min. at 100,000g to provrdeanuclear
mitochondrial and ribgsomal fractron respectively. The sediments were tak en u n
equivalent volumes of saline (0-85%) and serial dilutions in saling p relpare rom
the suspensions and final supernatant fluid for inoculation in mice. The nuclear
fraction was not tested,

A further experiment was designed to investigate the possibility of removing
scrapie inactive material by a simiple centrifugation procedure in sucrose density
gradients. Sucrose solutions of increasing concentration were made up in a dilute
&hos hate- succrnate buffer at pH 7-4 (Johnson, 1962; 0-004m-KHPO4 0-001 m-

004M-sodium succinate), Brains from three clinically affected mice ( T%g
were homoqenrzed in 0-IM-sucrose (9 ml.) and centrifuged for 30 min, at SOOg{
supernatant fluid was removed and maintained |nadr?gersestateb %entle agitation
throughout the remajnder of the procedure, A samp (0-5 ml.) of the supernatant
fluid Was layered on |-2M-sucrose (4-5ml.) in a small centnfuge tube (5 ml.). Three
tubes were”prepared and centrifuged for 30 min. at 50,000g (Spinco Model [
SW39 rator: 25,000 rev./min.) The-whole of the supernatant Was rejected and the
small sediment from each tube pooled and re?us ende msalrne§ I) Another
volume 05m|)ofthe original supernatant uid was ayere on a dens Sy radient
onsist] tY)Isucrose 15mg J\/I Crose FlS 2) -SUCrose
@SmYThree tunes were again pr pare an centri ? for 30 mrn at 50000?
he cloudy zones that formed at' the 1-2m/L-0m and I-0m/0-88m |nterfaces were
withdrawri through the side of the tube by a syringe and correspondrng Z0nes from
each tube were pooled. The procedure Was repeated |n a pre ormed"gradient of
0-88m. 0-75m ang 0-60m- SUCTQSe and grn agra dient of 0-60M, 0-44m and
030M sucrose All the mterfacral Iapers coII cfed were dralmsed against saline and
saline di (ptbons pﬂrepare fo rnocu%(ﬁrrnto mice. Protemn-N in each inoculum was
estimate Icro-Kjeldahl met

entrif ugatron of trssue homogenates In caesium chloride. Brains frpm four clini-
pal g/a ece mice (1-56 é’ Were omo enize |n085% saline £15mg r] gentn

d for 30 min. at %a volmes (5ml.) of the supernatant tiyid were
centnfuged for 90 min. at 20,000 (SW39otor; 3 000 rev./min.). One sedimented
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pellet was resuspended in saline for inoculation into mice and the other resuspended
In saling (1 ml.) and. agitated in an ultrasonic beam (90,000 cYc./sec.; 80 W.) for
20 min. The suspension was diluted (5ml.) and a portion (1 ml.) layered on 40%
(W/vz)caesmmc loride (4 mlé%ln a 5ml, centrifuge tube and centrifuged for 20 hr
at 100,000 {SW39 rotor: 35,000 rev,/min,). No attempt was made to remove
visible zongs from the tune after centrifugation. Equal volumes, (L ml.) were taken
successively from the top of the gradient. The final sample included the small
sediment packed at the hase of the tlbe. The five fractions from the density gradl_ent
were dlal¥sed against saline and serial dilutions prepared for inoculation Into mice.
_ Separation in"a caesium chloride gradient was repeated with a mitochondrial-
sized fraction _preé)ared from the brains of two scrapie-atfected mice according to the
method described by Hunter etal. (1964). The brains (0-72 0.) were homogeniized in
0-25M-sucrose containing 5mM-CaCl2 The homogenate {7 ml.) was [dyered on
0-88M-sucrose (15.ml.), ‘and centrifuged for 60 min. at 50,0 W25 rotor;
25,000 rev./min.). The sediment was résuspended in 0-25M-sucrose {7 mlg, a sample
taken for inoculation into mice, and the remainder (5-bml.) layered again on
0-88M-sucrase and centrifugation repeated. The sediment was résuspended in saline
5-h mlg,_a further sample taken for noculation into mice, and the remainder (4 ml.
gitated in an ultrasonic beam for 30 min. Equal volumes (L mI.}werethenl ere
on 40% (wiv) caesium chloride (4 mld) and centrifuged for 24 hr at 100,000g.
Successive layers of fluid of mcreasmg ensity were withdrawn from the tube con-
tents, dialysed against saline, and serial dilutions prepared for inoculation into mice.

Table 1 Differential centrifugation of scrapie mouse
brain homogenate in 0-32M-sucrose

Titres are calculated as —og10 (LD50) or in terms of protein content as —og0 (specific
LD50). The experiment was terminatéd 5 months after inoculation.

L D50 Protein Specific LD50
Inoculum (-logio) (9./ml. x 10-3 (-log1)
[nitial 10%. homoqenate 5-03£0-21 11-14 5-84 + 0-21
Mitochondrial fraction 4-73£0-40 6-09 5-86+0-40
Microsomal fraction 4-45 +(-32 1-86 6-17+0-32
Final supernatant fluid 207 +0-22 0-87 3-8610-22
RESULTS

Centrifugation of brain homogenates in sucrose

Table 1 shows the results of the titrafion of activity in the crude particulate
fractions obtained by ditferential centrifugation in 0-32M-sucrose., The LD50 of
each moculuin 15 defined as that dlltgmn of Material whh%h |Rduce within the stated
experimental pertod lesions in the brain consistent whh those ohserved In mouse
scrapie in halfthe animals inoculated. The sgmﬁc LD 50 of each inoculum is defined
as the concentration of protein (I]_./ml.) which induced scrapie in half the animals
Inoculated. This remained  essentially constant In the _onglnal homogenate and
sediments. There was a significant fall in the scrapie activity Of the final sipernatant
fluid, Complete removal”of particulate material I1s imprabable under the density
congmgns of the sucrose mediun.. N

The distribution of scrapie activity after centrifugation in the pre-formed sticrose
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Fig. 1. The recovery of scrapie activity after centrifugation of mouse brain tissue homo-

mogenates in pre-formed sucrose densn¥
function of sucrose concentration penetr
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Table 2. Centrifugation of scrapie mouse brain
homogenate n layéred sticrose density gradients

The data refer to the scrapie activity in the Iag(er of tissue particles that penetrate

a_sucrose Iialyer of stated concentration. The LD

0 values, are corrected to the same

eftective dilutjon as the 10% homogenate. Specific LD50 is exFres_sed as protein con-
centration (g./ml.). The experiment was terminated 6 months after inoculation.
Sucrose  Density Recover Protein . _
cone.  of sucrose LD50 ofactivity (g/ml. ~ Specific LD50  Relative
M) soin. (-log1) (%)* X 10~4) (°gio)  activity!
0-10 1-012 2-05+0-35 06 1576 -H71£0- -
0-30 1-037 2-44 1 (-7 1-6 0-50 g?‘rg iggg 981
0-44 1-056 2-55 + 0-60 2-0 0-99 5-32 £0-60 Q-7
0-60 1-075 2-43 + 0-55 1-6 0-9% 5-1440-55 0-5
0-/5 1-094 2-3440-65 1-3 0-48 5-39 + 0-65 0-8
0-88 1-113 3-32+0-21 1240 1-21 5924027 2-
10 1-132 3-40+ 0-54 145 0-6/ 0-20 £0-54 59
12 1-151 3-2940-19 112 2-05 5-7740-19 1-9
10% homogenate ~ 4-24+ 0-26 100 56-20 5-4940-26 10
* Compared with homogenate as 100%,
f Specific LD50 of the homogenate divided by that of sample.
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relative activity, calculated from the numerical values for specific LD50, in the
more dense layers associated with a correspondln% decrease in the less dense material.
In Fig. 1 the Telative activity and recovery of activity are plotted tq a logarithmic
scale with estimated deviations as an indication of the‘inherent error involved in the
titration procedures.

Centrifugation of brain homogenates in caesium chloride

The apgearance of the_seE_arated Zones in the tubes after centrifugation are
shown diagrammatically in Fig. 2 The exPerlmental results from the” complete
sediment (Table 3) indicate that only about (-01% of the activity was not sed-

(@) Density (*)
(9./ml.)
Clear
. 1-02
® d v
A = @ F
o
— u o cF  Flocculent
5 =0 & O particles MO G Cone, zone
o i-o (. M2 —
_ A uo H Separate zones
N o 1-16 — < e =o

( <& ° R B Flocc_ulent
—a a particles

_ Cloudy zone 31'11

Cone, zone
D Clear 1

= Narrow zone
* Cloudy zone 1= )

E ! oo« Vo

Sediment Sediment

qu. 2. Ultracentrifugation of scrapie mouse brain. tissue homogenates in caesium
chloride gradjents, AEpearance of zones of debris and light scattering zones with volumes
of serial fractions (A E" F-K) collected afterc_entrlfuPa_lon indicated, (ag Sonicated sedj-
ment from brain homogenate layered on caesium chloride. (b) Sopicatea mitochondrial-
sized fraction sedimenting through 0 88M-sucrose layered on Caesium chloride.

mented under the centrifugation conditions used and that the act|V|tY_ Wwas not
affected by ultrasonic treatment of the resuspended sediment, Activity was
scattered throughout the gradient but was highest In the, low density region of the
gradlent where particulaté matter gredomlna ed. The distribytion Was"in general
greement with that already observed in the sucrose ?radlent. It haS been
réported (Mould, Dawson &Smith, 1965) that the Potencyq scraP|e-act|ve material
was reduced by 1-8 log units by contactwith caesium chloride for 24 hr comparable
withthe conditions applicable urm(%_thecentrlfugat!on procedure. Apossiblediminy-
thontfo KF 37ofthe effective LD5( itre of the applied Zﬁre_OJaCtIV ma erlalw%JId
there %re %e %Pected after e}] r|ftﬁ1at|on IH caesiym chloride, further ecrea? 0
10-3-4by the dilution factor (1/5). The spread of activity In the zones collected from
the gradient (Table 3) agreed ‘with this estimated value and substantiated the
previously reported effect of the strong salt solution.
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The experimental titres for the various fractions derived from the portion of
mouse brain homo%enate sedimenting through 0-88M-sucrose are listed in Table 4.
There was ?ood recovery of activity”in the sediment with a high specific LD50.
Ultrasonic reatment jn"this exPerlment reduced the tofal scrapie actmtg. After
ce_ntrlfu%atlon In caesiym chloride a number of well-defined zones were observed
with a band of flocculated particles (fraction I) in the gradient over a density

Table 3. Centrifugation of sedimentfrom scrggie mouse brain

homogenates I caesium chlori
The experiment was terminated 6 months after inoculation.

LD50

Inoculum (-login)
10% homog[e ate 567+ 0T7
Ssue%elmgrg?n uid above 100000y 1-50+0-20
Material sedimenting at 100,000g 4-48 + 0-56
Sediment after ultraSonic treatment 5-47+0-31
. . . A 3-76+0-30
Fractions from caesium_chloride B 3-79+0-18
gradient as shown In Fig. 2a C 33H+0-23
D 3-08+0-26
(E 2-19+0-25

Table 4, Centrifugation of material from scrapie mouse
brain homogenaté sedimenting through 0-88M-sucrose

The experiment was terminated 6 months after inoculation.
Protein  Specific
LD50 (9./ml, LD50

[noculum (-login) 109 (-login)
Material sedimentin 5-49+0-37 540  6-61+0-37
througr 0-88M-suergose
Material after reReat 0-0740-35 753  7-23+0-35
sedimentation through
0-88M-suerose
Sediment after 4-97 4 0-29 - -
ultrasonic treatment

_ F 2-79+0-55 -

Fractions from. G 33%+03 - -
caesium chIoHde H 352+0-3% -
gradient as snown | 392+0-26 -
in Fig. 2b J2:01+050 - -
[k 307+0-4 —
and

suggested that ultrasonic tion of the particlés must have taken place as |
density material orl(runally present in the brain homogenate had been removed bx

regeated sedimentation in 0-88M-sucrose. . Contact with caesium chloride aPal

reduced the overall recovery of scrapie activity which was spread throughout all'the

Hactlons removeq frog} the"gradient. The highest activity was observed within the
ensity range 1-10-1-22.

range 1-16-1-22. A cloudy apBea_rance activity in the low density fraction @/
% disr
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DISCUSSION

Although_there are histopathological and biological transmission differences
(Zlotnik & Rennie, 1962, 1963, 1965] hetween the “Suffolk strain”and the ‘drowsy
oat strain’ of mouse scrapie the sedimentation hehaviour of the activities from
mouse brain homogenates appear to be similar (Hunter & Millson, 194). Any
improvement in thé purification or concentration of the scrapie a_?ent as Indjcated
by the relative activit gTabIeZ of the various zones of activity arising in the
siicrose gradients was small, but the recovery of scrapie actjvity was h|([Jher In the
material sedimented throu&p 0-88M-sucrose in a%reement with the results reported
by Hunter et at. (1963, 1964). Actlvng throughout remained strongly associated
with particulate matter. No pronounced peak of actjvity was observed in the zones
successively removed from the caesium chloride gradients. At this Prehmmargsta%e
of attemptéd fractionation the protein content ot the zones was not determined, but
visible particles were scattered throughout tested zones. The effect of ultrasopic
treatment can be explained either by the disruption of active Partlcles Into smaller
fragments retaining activity or the release of an active agent followed by strong
readsorption to the smaller particles. Prolonged ultrasonics treatment of the
mitochondrial fraction tended to reduce the scrapie activity. .

The zones isolated from such gradlents_ have all been examined on the electron
microscope for morPhologlcal characteristics, but except In the case of identifiable
mitochondria QHun eretal, 19618_W9re of heteroq_eneous aﬁgearance._Thls difficulty
In the aPpllca lon of zonal gradient centrifugation to the separation of, cellular
fragmen s, from brain tissue with its relatively complicated cytological differenti-
ation has heen recently discussed (Eichberg, Whittaker & Davison, 1964). [T it be
assumed that the _scralpl_e a(%ent 1S cIoseIg associated with a single tyg)e of sup-
cellular strycture in brain tissue, then f IIOW|r(1]g homogenization, ultrasonic dis-
ruption and qifferential centrifugation, it would™be certain to appear over a wide
range of fractions with varying degrees of activity determined only by the amount
of bulk material distributed within those fractioris.

Many fractions of known biological activit _RreOPared from sheep, goat and mouse
scraple” brain homogenates have been exained by electron micfoscopy for the
possible presence of characteristic virus-like particles. At an earlier stage n the
Investigation this was done with more varied scrapie preparations than Could ex-
P_erlmentallly be subjected to_biological testing m_s_heeF or goats. When quantita-
Ive measurements of hiological act|V|t¥_ and"purification were achieved with the
mause It became obvigus from the low titres in supposedly purified material that
sufficient potency had hardly yet been attained Such that. unequivocal _reco?nl-
tion.by electron mmroscog mlght be possible. Within this limitation no virus-Tike

article has been observed. An extensive awl_lcatlon b¥ Drs Mackay & Yantsis
personal com_mumcatlong Of tissue-culture technigues has tailed tq demonstrate any
ytorg)athoqemc effects associated with the addition, of scrapie-infected inoculum,

The biological activity, however, of an unfractionated” scrapje-affected. mouse
brain, determined by titration inoculation of serial dilutions of the brain tissue.In
%roups of mice, I fiign. At a_Eerlod_ of 9 months after inoculation the end-point

f the titre of scrapie activity is consistently HUSg. we! tissue/ml, (0-03 ml. inocu-
lum). It the causal agent of this level of activity is a virus particle with a particle
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infectivity ratio of 100:1, a concentratjon of 100particles/ml, might be expected in a
10% (w/v) brain homogenate. In thin sections of infected tisSue an even higher
local concentration of virus associated with lesions might be feasible and the pdssi-
bility of characterization of a particle 50-100 mfi diar. greatly enhanged.

Aproposition that the scrapie agent is a very small virus (< 25 mir) as Yet un-
characterized is substantiated by ts agsorption on or occlusion by Small tissue
Barﬂcles and the pro?resswe los$ of activity in the suBernatant fluid from mouse

rain homogenates arter repeated centrifugation (Mould, Dawson & Smith, un-
published). The apparent absence of b_|0|0%|cal activity In free suspension in the
ahsence of tissue particles, combined with the relative Stability of the actjve agent
tg chemical and Bhysu;al action In the presence of tissue particles could indiCate
almost a state of chiemical combination with a tissue, component. It is significant
that In experimental work consistently high activities or titres have only been
reached with brain homogenates under ph¥3|o|og|cal conditions of pH and salt
concentration. A change in pH, addition of salts, solvent action or heat have all
decreased the potency” of the orl%lnal scrapie act|V|_t¥f, (Hunter & Millson, 1965;
Mould et al. 19_52. This has been, In fact, one of the difficulties encountered during
Investigations into the preparation of mocula of increased potenc¥. o

AIthou?h the transmission of scrapie to animals IS most successtul when tissue is
also transterred, experiments have Deen reported where this was not the situation,
Thus dialysates derived from goat brain homogenate_s and cerebro-spinal fluid were
active In %oats gPatt_lson & Sdnsom, 1964?; extracts in buffer of sheep brain homo-
genates were active In sheep (Mould & Smith, 1962: Mould, Smith & Dawson, 1964);
ang scra{Jle was transmitted” to the host animal bly cerebrospinal fluid from sheep
and goat (Stamp et al. 1959; Pattison & Millson, 1962).

As"an addition to the proposition that scrapie activity may be passaged by small
free virus particles occluded in fra?r_nen_ted tissue sediments two further conceptions
are suggested for experimental verlfication. First, that the actual transfer of a tissue
component itself. in the inoculum s necessary and, secondly, that the nature of this
?ggyﬁgﬂfrt]}slssugf importance In the mechanism of adsorption of the inoculum by the

We are indebted to Mr J. C. Rennie for the histological examination of mouse
brain tissue.
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SUMMARY

Pre aratlgnns of the. outer shell of Lactobacillus arabmo%swere rpadeg
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INTRODUCTION

In previous work %Hughes 1962; Francis, Hughes, Komberg &Phizackerly, 1963)
it wa shown that the outer shells of many aerobic bacteria may be prepared b
crushlng the organisms jn a Hughes %195 & press and removing the cytololasmlc
contents by washing and centrifligation.  SUch preparations have been Called cell
wall membranes heCause they have the form and chemical constituents of the cell
wall and also the phospholipid components and enzymlc activities associated with
the cytoplasmic membrane. In the present work similar preparations were made
by thie same method_from L cactobaclllus arabgnosus Thi org nism normau does
not Use 0xygen as aflnal hy roPen acceptor for energy? ?producnon tcan
utilize oxP/%en to oxidize several substrates by flavin gnzymes which were th ou%
to he soluble; the exception was the pyruvate oxidase which was Rartlcu te
(Strlttmatter 19593 However, the enzyre preparations from L. arabinosus were
Mmade ’v prolonged ulfrasonic treatment, a Brocess which comminutes the outer
sheI s of bacteria nto fine fragments and solubilizes some enz¥mes associated with
them. The cell-wall membranes were found not to contain these flavin enzymes which
were6 all In the soluble fractions, but did contain an adenosine trip osEhatase
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(ATPase). The properties of this enzyme have now been investigated. The evidence
presented here supRorts the view that the ATPase is hound to the cytoplasmic
membrane. While this work was in progress an ATPase has been found In'similar
pr aSparatrons from the obIr ate anaerobes Clostridium welchii and C. sporoch;enes It

also present in membrane gre arations ‘ghosts’ from spheroplasts of this latter
organism %Gallr&Hu hes, 963 eenzyme IS also present in membrane prepara-
trons and cell-wall membranes 0f aerobes:” So far it Has not been possible o assign
a role to this membrane-bound bacterial ATPase.

METHODS

Growth of Lactobacrllus arabrnosus L. arabinosus strain 17-5 was grown in a
medrum (Barton rrgt ) contarnrng amino acids, B-group vitamins, dlucose
and sats In 11.; 2 ZE Oxol gjydotone xord east extract; 20 ¢. gucose

g so( rum acetate g §m | essential salts splution:

% g 444D 004g anh roys FeCI3in 100 ml. dilute
hydroc oric acrd adjusted to pH76 ‘Stock cultures of the organism were sub-
cUltured even( 2 Weeks, grown at 30° and stored at 2°

Large quaniities of the organism were rirown in 10 1 hottles nearly full of medium
which were Inoculated with a qrowrng cufture. After incubation for 18-20 hir, when
the medium had_become about pH 4, the bacteria were collected with a Sharpies
continuous centrifuge. The bacteria were then washed well with 0-1 MHris + maleate
buffer (pH 7), centrrfu ed again and resuspended jn a small volume of this buffer.
The av raoe yield was (I] Wet Wi, bacteria/L. medrum

Preparation of cell-wal membranef In aty rca R/reparatron abqut 60¢. wet-
weight bacteria, sus ended In a small volume {r1s + maleate buffer ?pH?J
weré crushed at —75° In a u?hes (1951) press. The material obtained was thawe
suspended in 2vo| of a mixture. of equal volumes of O-1 M-ris+ maleatebuffer
(pH 7) and 0-9% aCI in aloose- frttrng%lass homogenizer and incubated for 30 min,
at about 2° with 100 fig. deoxyriboniclease to décrease the hrgh viscosity of the
preparatron and facilitate em t ying of the broken bacterra The degree of breakage
was judged at this sta 3%e bg ectron mrcroscopy (Pl 1, fig. 1). The preparation was
then centrifuged at %1 for 30 min. and separated nto a supernatant
fraction and d soIrd resrdue he residye consrsted of two layers, the upger ost berng
composed of ceII -wall membranes (C M? This, layer vias removed by using
curve S atu a and resuspended In buffer %ahne mrxtare and centrrfu?ed at

or mrn twrce ore The material thus obtained was usua%e%u valent
to abou gO Z This materral was resusRended In abou
trrs+ma|eate urfer (p Qan stored at 2° TepreParatron then consrsted of
eIectron transparent huIIs fbacteria, containing very little electron-dense material

An attgempt was made to produce cell-wall membranes by using a French press
(Milner, Lawrence & French, 1950) in which aZOAa%v V) ‘suspenision of bacterra
In buffer at 4° was broken by liquid shear at pressures of 15'x 1031b./sq.in. Electron
microscopy showed that a suspension had {0 be asse th rough the French press
at least sIX times to roducet e same egreeo rea a%e swas produced bY one
treatment in th Hu es press. This result drnfur}therc mm rnutron of the celf-wall
membranes and so the method was not used further
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Further fragmentatlon of the cell-wall membranes by ultrasonic treatment. The
suspension (25 ml.) of washed cell-wall membranes (about 0-2 ¢. wet wt./ml.) in
0T M-tris-fmaleate buffer in a 100 ml. beaker cooled. in ice was disrupted by uftra-
sonic treatment with a 600 W. Mullard magnetostricter oscillator operatm% at a
Power level 6-9'V. at a setting of 65/100 for45 min. Electron, microscopy showed
hat the cell-wall membranes”after this treatment were consicerably fragmented
gPI. 1, fig 38. The solid fragments were removed b){ centrifugation at"100,000 g for
0 min. at 0° in-a Spinco model L preparative ultracentrifuge. The clear super-
n?tﬁnt fluid was separated from the residue and the latter résuspended in 25ml,
of the original butfer. , _ _
EIectron_mlcroscoE(y. Cell fractions for routine work were dried on to Formvar-
covered grids and examined by transmission. To gain a more accurate knowledge
of the shape of the particles in'the fractions, the samples were fixed with 1% qsniic
acid and then shadowed with 40% Au-f60% Pd. All material was examined in an
Akashi TR 50 Trongscope at initial magnifications between 600 and 15,000,
Assays of adenosine tri hosghatase activity. 1t was assumed that the enzyme
hydrolysed ATP accordi %t the equation: ATP+HA) ->ADP +HP04 Thus
assays for either the ph_os_P ate jon or the first highly acidic hydrogen ion of HP 04
both estimated the activity of the enzyme. _ _
Assay of phosphate release. In most experiments about 15 mg. wet weight solid
or OT . of supernatant fluid were incubated at 37° with ATP (0-3-20 m ;MgCIZ
at the same concentration as that of ATP; (-5 ml. (-1 MHris+ maleate. butfer
H 7-0); In total volume of 1-2 ml. Incubation times varied hetween 15 min, and
hr. After incubation the tubes were cooled to 2° and 1ml. of cold 5% (wi)
Perchlonc acid added. Tubes were then centrituged at about 5000 ? in cooled centri-
lge cups tq remove ng)remplta_ted rotein. Duplicate samples of the supernatant
fluid were added to 8 ml. water in 10 ml. graduated tubes and the inorganic phosphate
estimated bg the method of Fiske & SubbaRow (1925). The _reducmg agent was
|-amino-2-naphthol-4-sulphonic acid, sodium sulphite™and bisulphite. A blank
without reagents and a standard containing 1/;mole orthophosphate were_also
treated with the reagents. UfDwas read in-glass cuvettes in a Unicam S.P.600
spectrophotometer. The amount of phosphate Was calculated from standard curves
and expressed as a mean of the two samples from which the inorganic phosphate of
ATP and the enzyme was deducted §_< (}2/tmole‘). _ ,
Assay 0 F%l rogen-lon release. Continuous titrations were caryied out at 37° with
NaOH 1n a Radiometer automatic titrator, with a combined calomel and hydrogen
electrode. The initial volume of cell-wall membrane and MgCIZWas 1 ml.; rio_buffer
was added to the Incubation mixture, which was Kept constant at PH 74, ThiS is
slightly higher than the optimum pH value, but consistent results were not obtained

atpH6Q. . . :

_ Pypma mixtures contained 0-4 mM-MqCl2, 50 mg. wetwelght cell-wall membrane
in & total volume of 1ml. This mixture Was at about pH 6:.0-1 N-NaOH was added
t0 hring to pH 74, The mixture was kept at 37° and stirred with COfree ai.
Various volumes of 0-2 m-ATP were then added to start the reaction_and the micro-
burette added sufficient 0-01 x-NaOll to maintain the mixtureatpH 7-4. The volume
0f NaOH added was recorded as a function of time; the slope of this curve was there-
fore proportional to the rate of reaction.

62
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Chemical analysis of cell fractions. Protein w%s estimated by the method of
Lowry, Rosebrouqh Farr & Randall (1951) with the Folin-Ciccalteau reagent and
meastrement of the extinction (ERE of the blue colour in a Unicam
spectrophotometer For carbohydrate analysis, fractions were h?/drolysed b

4'N-sulphuric acid at 100° for 2 hr in a sealed tube, after which insofuble material
was removed by centrifugation at 5000q. In this supernatant fluid, total carbo-
hydrate was_estimated b;{ the method 0f Dische (1929): methylpentoses by the

ethod of Dische & Shettles {194) 8) and glucosamine { a_modified method of
Aminoff, Morgan & Watkins (1951), Levwvy & McAllen (19 ? Deoxyribonucleic
acid in the orrgrnal samples was estimated by the method of Burtori (1956) and
rrbonuc eic acid in the same samples by the niethod of Mejbaum (1939).

Lipid was extracted with a 2+1 mixture of redistilled chioroform + methanol and
the extract washed fwice with 0-5vol, of water. After drying the chloroform +
methanol extract with anhydrous sodium sulphate, the extract was evaporated
under nitrogen and then under vacuum to dryness in weighed beakers by an infra-
red | amg amples of this anydrous material were then saponified with methanolic
(50 %) 2 N-potassium hydroxide solution and esterified in light petroleum (40-60°)
\(rjvrth %razomethane In ether, then applied to a gas chronfatography column, &s
escribed helow

hromator hic methods, Nucleotides and i morganrc hosphate were separated
by aperc ro atograth1 by the method of Krebs& ms (1953

or the ¢ romatorz;rap v}r f sugars, samples of carbohydrate [ydrol sed Wrth
H$04 were neutrali th saturated baryta the barru suIPhaewa removed

centrrfugatron and the solutions evaporated to 0-oml. under a Magda infra-red
améa The Solvents used were Ehenol +water and w-butanol + acetic acid + water

wod, 1 94 A standard Sugar sample was, placed on each chromatogram
Putman, 1957) m-phenylenediamine hydrochloride was used as the developing
?ent EChemrck Chaikoff & Abraham, 1951). The relative RF values used were thosg
Partridge & Westall (1948).
Methyl esters of fatty acids were seBaratedb %as chromato raghyr an Argon
Chromdtograph_(Pye Co. Ltd., Cam rrdqg) he sup ortw cid adaIkaIr
washed Celite 53 }Johns Manville Co. Ltdt,, London, SW r% Apiezon L h
vacuum grease (100)[was the non-polar stationar FEJhase Samples (0T /A o
ester were pIaced on the colymn by the method o enshaw& |ran§962 Pea
areas were determined b trrantg ulation according to Kou emang 3 e chro-
ap iC gt%s ere”identi red oHt parison of the rel}entr nvIumes with
acrds n ro enatrona romatographyo the products.
T e measuremen of radroactrve Porus P in so lution was estimated in a
conventronal Ger er- |Ier 10 ml. Coun mgtubet%g 6(su predb)( 20th Centu Dy
Electronics Ltd., Croy on urre)(? Eeratrngatl 0V.Inalead castle from E

neerin h, Middlesex. The scaling unit was type N530F obtarned
Froﬂt %?%tronrcs Lta. Southen -0n-Sea, B ssg »

For t e measurement of radioactivity on_paper chromatographs, an end-window
counteroperatrn at 165V, attached to a Panex Scaling Uniit type.D 657 was used.
Ra |oa?t|ve? %horus ﬁn chromat frms was meastired by shielding the spot
with a lead plate 2 mm. thick with a fole 2 cm. +3 cm. In the’ centre.

Chemrcals IP-labelled adenosine triphosphate was made by the method of
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lelnn & Chappell (1964). Starting with 1 me of orthophosphate, the final activity
of the terminal phosphate group ofthe ATP was 300 //c; very little activity %pﬁgared
withe A-phosphate group.“Chromatograms indicated that some labelled ADZP was
also Pre ent.

Il other crgfmicals used were commercial preparations and were not purified
unless so stated.

RESULTS

The rate of hxdrolysis of ATP by the various Pre arations from Lactobagillus
arabinosus, when medsured by the formation of orthophosphate or hydrogen lons,
proceeded linearly unti| abodt half the ATP was hydrolysed; the fate then de-
creased gradually (Fig. 1). The release of phosphate from increasing amounts of ATP

pmole P or H+
-
T

pmole P/mg CWM/hr

1 l 1 | ! 1 ! 1 ! !
20 40 60 80 2 4 6 8 10 12

Time (min.) ATP conc (mm)
Fig. 1
Fig. 1. Reactjon curves of ATPase measured by phasphate release and by titrating the
H+ formed. The cell-wall membrane preparation‘'was incupated with ATP ﬁo //moleiand

Phosphate releasedar}dH+format|onmeasuredasdescribedmthetext. 0 -—-#,Phosphate
elease; - , H+ formation.

Fig. 2. The effect of ATP concentration on phosphate release by the ATPase of cell-wall
membrane preparations from Lactobacillus arabinosus 17-5. A’cell-wall membrane pre-
paration was incubated with various concentrations of ATP and the phosphate released
estimated after incubation for 30 min.

with constant amounts of cell-wall membrane was measured under standard condi-
tions, Consistent results were obtained only when the molar concentration of Mg+
was the same as that of ATP. When the concentrations of ATP and Mgz2+were equal

Plots of phosphate release agalnst ATP concentration jncreased to a maximum and
hen decreased %Flg. 2). Thi sugr%]ested that ATP at high concentration was Inhibi-
tory. The concentration of ATP ieeded to produce the maximum rate of hydrolysis
varjed Wltq,dlffer,ent batches of cell-wall merpbranes and was not roFortlona t0
their specific activity. = Lineweaver-Burk plots qave an approximate value of
Kmof 3m i and of V of 1-7x 105/;moleP/g, dry wt /hr, at low values of substrate
concentration. Similar results were obtainéd when the hydrogen 1on formation was
measured. The rate of the initial reaction then was plotted”as a function at the
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concentration of ATP and gave a Kmof 6-12 mM. The ATPase showed a marked
optimum at pH 6-0 when mieasured in tris + maleate buffer (Table 1).

Hydrolysis of compounds other than ATP. Suspensions of cell-wall membrane
hydrolyseéa ADP at 20-30 % of the rate_of that of low concentrations of ATP. No

axinium or minimum was observed in the curve of phosPhate release against
concentrations of ADP up to 16 mM (Table 2). The value of Kmwas 12 mM and
V was 1x104/ '_moleP/%. d%wt. cell-wall membrane/hr. To test that the same
enzyme was acﬁng on the tiwo adenine nucleotides, e(iual concentrations of ATP
and” ADP alone and mixed were incubated with cell-wall membrane. The release. of
phosphate was not additive; the release from ATP with ADP was less than with
ADP alone. This suggests that the same enzyme hydrolyses both ATP and ADP.

Table 1. Variation with pH value of ATPase activity of cell-wall
membrane preparations from Lactobacillus arabinosus 175
Tuhes_contained 0-4 ml. tris + maleate buffer %pH 7); 0-Lml. 50/;mole ATP/ml.
0-L ml. 50 /;mole MgCl2mi.. cell-wall membrane (equiv. 15mg. dry Wt.). Measured
amounts of 0-2M-acgtic acid or sodium hydroxide were added to bririg the mixtures to
between pH 4-6 and 10 as measured on”a pH meter. The pH value” of control tubes

without enzyme or ATP was adjusted similarly. The_tubes were then incubated at
37° for 20 min. and phosphate was determined a$ described previously.

e ot (R B4
alue of mixture } . .
pbe}/ore ?ncu ation celﬁ-?/vall me%bra}r;es/hr.)

:

6-2

P

90
10

Table 2. The effect of ADP concentration on the rate of hydrolysis of
adenosine diphosphate by cell-wall membranes

ADP at various concentrations was incubated under the usual conditions and phosphate
release estimated as described in the text.

ADP concentration /IP%?espr}atedrelevﬁe
(M) gémwalfrﬁémwaneé)

L

To.estimate the effect of released ADP on the value of Kmfoynd for the hydrolysis
of ATP, various amounts of ATP were incubated with cell-wall membrane” for
Various times ul% to 40 min. The value of Kmfor each time was found by a Line-

weaver-Burk plot. The straﬁgt lines produced in.gach case all cut the «-axis at the
same point, giving a value ofK,mof about 10 mm. Thus increasing concentrations of
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ADP pro(d%ced\bsy the hydrolysrs of ATP had no appreciable effect on the value of
Kmfoun metha.

Suspensrons of cell-wall membrane had no effect when incubated with adenosine
monophosghate other nucleosrdedrphosp ates sugar phosphates and NAD, at the
times and oncentratrons norma yused wrth TP Allthe ucleosrdetrrphosphates
tested were hydrolysed atasow rate gt e cell-wall membrane. Inosine triph
Bhate wasthe mos rdlﬁong attacked the rate of hydrolysis was 50% of that 0 A

nder the same conaitions (Table 3)

Table 3. The hydrolysis of nucleotide phasphates by cell-wall membrane
preparationsfrom Lactobacillus arabinosus 17-5

Tubes contained 0-47 and 1-41 mil nucleotides, Comparison tubes held similar con-
centrations of ATP and ADP, andasrmrlarconcentratron oerﬁ+ 20mg. wetwt ceII wall
membrane preparation; 0-5ml. 0-1 M-tris+ inaleate uf er ( total volume 1-2 ml.
The tubes were incubated at 37° for 1hr and hosgh te was etermrnedrn the usualway
in duplicate. The amount of phosphate released Is expressed afterthedeductron of blanks
without cell-wall membrane or nucleotide.

Phosph%e release*
NuCleofide cone. Nucleotide cone.
Nucleotide (0-47 mm) (1-41 nuvi)

Adenosine monophosPhate 0 0
Adenosine diph ﬁ 2] 32
Cytidine diphosphate 0 0
Inosrne drp osp ate 0 0
Uridine diphosphate 0 0
uanosrnedr osphate 0 0
Cytrdrne trrﬁhosRhate 18 15
|riosine triphosphate 42 5
Guanosine triphosphate 32 46
Thymiding triphosphate 40 26
Uridine triphosphate 40 45

Phos ha#e release from ny Ieotrd?
xpresse as pjlospjiale reiease rOm ATP under identical conditions X

The cell-wall membrane preparatrons also hydrolysed condensed inorganic

gos phates, gro{phosphate was hydrolysed at the same rate as ATP under the
ame condition hosphate and te rametapnosphate were hydrolysed slowly;
hexa}metaphosphate WﬁS attacked at srgnrfrcant rates ga %

The reversibility of the reaction Wast sted l% incubating t e cell-wall membrangs
with ATP and ADP in the presence of Ptor ATZP. The fucleotides and inorganic
Phosphate were separated By paper chromatography and, the, activity of each was
ound. When the cell-wall membrane was iricubated with morRanrc radioactive
orthop hosrnhate onl the phoslphates pot was Iabelled on the chromatogram; no
exch anﬁ ad taken lace. There was no increase of activity in the ADP spot when
cell-wall memb rane Freparatrons were incubated with AT3P; the buI of the
actrvrtg Fr\)geare In the orthophosphate. There was thus no indication of reversi-
f the hydrolysis of ATP b

brIrt¥ % hese cell-wall. membrane epreparatrons
wasaso mcubated with other nucleotides and their activity measured

after separation by paper. chromatographr{ Consistent labelling was found in uri-
dine triphosphate and cytidine triphosphate only. The amount of 8 Incorporated
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represen&ed only 1%)tof lt)h aktl_aﬁded as AT3P but the specific activity, although not
measured, appeared to be high,
In ul[)itlonpgf the ATPase. %,4-D|n|_trophenol decreased the inhibition of the rate
of hydroI%sm by excess ATP and at h|gh concentrations of DNP (4 mug appeared to
activate the ATPase. Chloramphenicol had a similar effect, There was no apparent

stimulation at concentrations of ATP which did not inhibit.

Table 4. The hydrolysis of inorganic phosphate anh};drides by cell-wall
membrane'preparations from Lactobacillus arabinosus 17-5

Tubes contained various amounts of the phosphate anhydrides or of ATP and M(t;CIZ
at the same concentrations; about 20 mg. wet wt. of cell-wall membrane. At the two
hlqhest coneentrations of ATP, 0-5ml. of tris maleate + buffer (pH 7) was in a total
volume of 1-5ml.: at the other_concentrations of ATP, total volume was 1 ml. Where
the time and concentration of ATP is the same ag that of a phosphate compound, the two
Incubations were carried out at the same time. Controls for the phosphate content of the
compounds and the cell-wall membrane have heen deducted as usual.

. . Hydrolysis
Final _Time of Release of phosphate
concentration  incybation (imole P/g. compoun
Substance (/gmole/ml.) (hr) dry wt./hr) (c%))
: g 0%3 %gg §§
1
5" 2
Naf 2, 33 §
" %éz %
Na 0D é g—33 2 & %g
(NaPOsp g 3-33 @ g
Rl }
eed o g

Oligomycin and ouabain had no effect on the hydrolysis of ATP by the cell-wall
membrane at 10 fig, drl/ wt./ml. These concentrations Were sufficient'to inhibit the
Nat stimylated and K+ stimulated brain ATPases almost completely.

The effects of the sul hvdryl-tf_lockmg rea%ents hp_heng/lmercurlacetate and
p-chloromercuribenzoate were complicated, . Further mhibition was found at some
concentrations of ATP which were alone sufficient to cause inhibition of the ATPase.
At a higher concentration of ATP there was apparent stimulation (Table ).
Sodium Ueoxycholate had similar effects to thase of sulphydryl-blocking agents.
Hexadec Itnmetr&llammomum bromide (Cetavlon?_hﬁd no ‘effect on the” ATPase
at or pelow 0T mM. At Imm, that is, above the critical point o: micelle formation,
the phosphate release decreased to 10-20% of its normal value. This inhibitor
congentration was a hundred times that required to prevent growth of the Lacto-
bacillus arabinosus strain used. Ammonjum s,ulghate had an”inhibitory effect at
hl%h concentrations. _Fluoride (5mn) inhibited the enzyme strongly over all
concentrations ot ATP tested.
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Ultrasonic treatment of the cell-wall membrane. Treatment of suspensions of cell-
wall membrane preparations in the MSE Mullard cell disintegrator released various
amounts of ATPase and comminuted the membranes into mcreasmq!y finer frag-
ments (PI. 1, fl% 3), depending on the time of treatment. After centrifugation at

00,000&] for 2'nr of a preparation treated ultrasonically for 45min. the super-
natant fluid, although clear, was enzymically active (ITabIe 6). The solid deposit and
the supernatant flutd both' showed about & threefold increase in their maximum

Table 5 The effect of phenylmercuriacetate {PMA) and B-chloromercurjbenzoate
(CMB) on phosphate releasefrom ATP by cell-wall membrane preparations

Tubes contained various amounts of ATP; cell-wall membrane ‘15 m?. wetwt.g;

M92+ at the same concentration as ATP; 0-5ml. O 1l tris+ maleate buffer (pH 7);

Q-5 mmole r_nercurg compound in a final volyme of 1-5 ml, The tubes were incubated at
31° for 45 min., after which the phosphate release was estimated in the usual way.

ATP cone, (mi)

ST P
release (/tmole P/g.dry wt. cell-wdll
membrane/nr.)

W od W

Table ? The effect of varigus _?oncentra_tions of ATP on ultrasonically treated cell-
wall membrane of Lactobacillus arabinosus 17-5 and its supernataritfluid
Tubes coptained different concentrations of ATP; ultrasonically treated cell-wall
membrane (20 mg. wetwt.) or the corresponding 100 000% supernatant fluid (equiv.
4'mg. dr)(_lwt.); ?2+ at the same concentration as ATP; 05 ml; of 01 M-tris+ maleate
buffer (pH 7) In a fotal volume of 1-5 ml. After incubation for 30 min. at 37° phosphate
release was éstimated in the usual way.

Phosphate release by //mole
Plg. dry wt./hr.
uItrasoni?aII 100,000 ag
nt

Cone, of ATP treated cell-wall supernat
(mM) membranes fluid

mM

Hooogy o u
specific_activity._The value of Kmfor the supernatant fluid was (-6 mm. In other
properties the ATPase in the supermatant fIw%_appeared very similar to that in the
untreated cell-wall membrane r%paratlon. This Included t ? Inhibjtory efrects of
high concentrations of ATP, and the effect of 2 4-dinitrophenol. Further centrifuga-
H_on_ OftFIS sy ernﬁtant fluid for 1?hrat 100,0009e éﬂd not yield aéo Id Re et, nor
istinct layeri ng e supernatant fluid was separated into upper, middle and hottom
fractions. “The bottom fraction was. considerably_ enriched n both protein and
e_nznymw actiyity STabIe /). The addition of ammonium sulphate u'o to 80% satura-
tiof of the clear 100,000q supernatant fluid precipitated the bulk of the enzyme
activity. The first gr_empltate, up to 50% saturation with ammonium sulphate
would not redigsolve in water or various buffers; the qther fractions did resuspend
to give clear liquids. There was no increase in specific activity in any fraction
obtained by this treatment.
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_ The effect of enzymes on ATPase activity. Cell-wall membrane pregaratlons Wwere
incubated with var!ou?h drolytic enazgvmes at values bet_ween,gH and 8 After
Incubation the particulaté matérial was removed by centrifugation and the ATPase
of this deposit and the supernatant fluid compared with controls incubated without
the addition of enzymes, IgTabIe 8). In most cases there was a marked decrease of
ATPase actmtay except in the case of material digested with Tjoa_ncreatlc lipase where
there was a marked ncrease in activity in the stpernatant fluid but no tecrease of

Table 7. The protein and ATPase distribution after the long centrifugation of the
100,000 g supernatant fluid of the ultrasonically treated cell-wall membranes of Lacto-
bacillus arabinosus 7-5

Protein determination was by the usyal method, For the ATPase d_eAermina ion, tubes
contained ATP and Mo2+ (8-4 nim): a fraction of the supernatant fluid (0-2 ml.); 0-5 ml.
of OT M-tris+ maleate buffer (pH'7) in a total volume of 1-8ml. After incubation for
3min. at 37°, phosphate release was estimated in the usual way, The figures are not

corrected for t“h(E)J negligible phosphate content of the supernatant fractions:

Layer of supernatant Phothate reease Profein content
fluid ftunole P/ml./hr) (mg./ml.)

i

Table 8. The effect on the cell-wall membrane_Prepa_rationsfrom Lactobacillus
arabinosus 17-5 of incubation with various enzymes

Cell-wall membranes (50 mg. wet wt.) were incubated with about 1 mg. ofthe enzymes
shown for 1-5 hr at 37° in buffer of the shown pH value, After centrifugation at 10,000
for 5min,, the supernatant fluid was seP_ar_ated from the S%hd cell-wall membrane an
both fractions were tested for ATPase activity. A confrol tube was incubated containin
no external enz;&ne_atpH 7. These fractions were then incubated with 3 im ATP andM
and 0-5ml. 0-1 M-tris + maleate buffer (pH 7) in atotal volume of L ml., for 45 min. at 37°.
Phosphate release was then estimated in the usual way. Blanks were run as usual for the
phothate contentofthe ATP and the incubated fractions. Phosphate release Is expressed

as a percentage of the untreated control.
: l?elative phosphate release (%\)
pH valug of Cell-wall
Incybation Su'pern_atant membrane
Enzyme mixture raction fraction
Papain 6 14 49
Hyaluronidase 5 19 30
Mycozyme I 38 44
Lysozyme 1 94 107
Lhypsin 8 11 14
Rattlesnake venom I ol 33
Phospholipase D+ Ca2+ 8 - 02
Lipase (pancreatic) 8 510 92

activity in the solid deposit. It is possiple that this result indicates a release of
TPase activit accomFanled by an activation of the released enzyme. As with
the Preparatlo_s artially solubilized by ultrasonjc treatment, 1t was not foynd
ossinle ﬁo fractionate further the enzyme released by lipase by the usual precipita-

lop, methods, . .
Ehemwal composition of cell-wall membrane. The cell-wall membranes contained
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20-23 % protein compared to, 27-30 % present in the whole bacteria (calculated on
dry wt.). The total lipid varied from 7 to 11% and represented the bulk of that
containgd in the_bacteria; that remaining in the supernatant fluid was separable
bK further centrifugation. The lipid after extraction confained about 4% phos-
P orus and can thus be assumed to_be mainly phos h_ohgld. Methyl esters of the
atty amdswere_pre_P_ared after saponification and examine b¥ as chromatograph?/ﬁ
There was no signiticant difference In the carbon number of the fatty_acids 1o
whole hacteria, ¢ell-wall membrane or the supernatant fluid fractions. The bulk of
the acids had carbon numbers between Cloand C18 but were not examined in detail.
The total carbohydrate content of the cell-wall membranes was 3/ % compared to
14% of the wholé bacteria. The glucosaming determinations in whole bacteria were
not ver;f consistent, but the carbohydrate of the supernatant fluig contained about
0-8% glucosamine while that of the cell-wall membranes contained 2-4%. Both
superriatant fluid and cell-wall membranes contained considerableamounts of
rhamnase which 15 often used as an indication of the presence of bacterial cell-walls;
cell-wall membranes contained 9-12 % rhamnose. The DNA content of the cell-wall
membranes was usually negligible, but some batches contained up to 0-8%:; this
amount when present was Usually associated with electron-dense granules trapped
In relatively unfragmented cell-wall membranes. The RNA contenit of the cell-wall
membranes was 7% when DNA was mostly absent, but increased when the DNA
content was higher and was presumably due'to the traBpmg of cytoplasmic contents.
The chemical analgsm of fragments of cell-wall membrané isolated after ultrasonic
treatment was substantially"the same as that of the Intact cell-wall membranes,
Apreliminary examination’by paper chromatogra h}{ of the amino acids phtained
by acid hyarolysis of cell-wall membrane showed the complete range of typical
proteins. The chemical analysis therefore confirms the idea that a large part of the
cytoplasmic membrane Is present to%ether with_the cell wall in these preparations,
Cellular distribution of enzymes ofner than ATPase. Supernatant and. cell-wall
membrane fractions were examined in some detail for the presence of the ripoflavin-
medjated oxidation of pyruvate, lactate and glycerophosphate, glucose and glycerol
(Strittmatter, 1959). Oxygen Uptake with these substrates by the fractions was
measured manometrically in the Warburg apparatus, with and’ without methylene
blue .and riboflavin, In’ all cases the enzymic activity was in the Superriatant
fractions and the cell-wall membrane was without significant ac_hwtg. The activit
In the supernatant fractions was not removed by centrifugation at 25,000 for
Berlodsu to 2hr. Similar results were obtained With supeTnatant fractions Trom
acteria broken in a ‘sonomec” shaker (Rodgers & Hughes, 1960% or by ultrasonic
treatment for 15min. There was some pyruvate oxidase in the solid fractions
from hagteria treated ultrasonicall for_lo_nqerperlods (up to 60 min). This is similar
to the flﬂdlﬂ?S of Strittmatter wno disintegrated bacteria in the Raytheon dis-
Integrator fof 60 min., and was os&b_lz dUe to denaturation of soluble protein
(Hughes, 1961). Other enzymes found in the supernatant fraction and not in the
cell-wall. membranes were hexokinase, myokinase and malic enzyme. = Enzymes
locateq in the supernatant fractions In £reV|ous work include nicotinamide déami-
dase (Hu?hes & Williamson, 1953), P ntothenate and pantothine phosghor lase
EPler oin Hughes Baddiley & Mathias, 1955%,90gt|d|ne_gyro r}ol?glhor |
|

_ seghaw
91), lactic aghydrogenase”(Don & Kaplan, 1960). It is also likely that m

stIf
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not all, of the gl colytic enzyme system is soluble (Hughes, 1951). None of the cell-
wall membran zre arations had polynucleotide phosphorylase activity when tested
by the method of Abrams & McNarhara (1962).

DISCUSSION

The outer shell or hull of Lactobacillus arabinosus strain 17-5 has been prepared
by crushing the bacteria in the Hughes (P[ess and removing the cytoplasmic contents
by washing. Such preparations formed organic phosPhate from ATP at rates of
1:0-6 mmale P/g. dry wt./hr. Phosphate was also released from ADP at slower
rates and kinetic evidence suggests that the same e_nzlyme was involved in both
reactions. There was also a pnasphate release from various inorganic phosphates but
It was not certain whether this too was due to the nuclegtidé phosphatase which
hydrolysed ATP and ADP as follows: ATP+HZ -> ADP+HP04 It is note-
worthy that so far this is the only enzymic activity definitely associated with outer
shells of L. arabinosys, whereas Similar pregaratl_ons from 0 I|(T1ate and facultative
aerobes contain a wide range of enz?{mes ssociated with energy production and
electron transport (Hugh_es 1962)|. The cell-wall membranes from a wide range of
aerobically grown bactéria have also been found to have an ATPase similar to'that
reported here, and the enzyme has also been found in membrane preparations from

tr?ﬁtococcus,faecals éAbram% McNamara & Johnson, 1960) ard ’qn pre?aratl ns
rom L. casel supplied to us by Dr J. Shockman. More recently the enzyme nas
been found in cell-wall membranes and empty spheroplasts (‘ghosts’) of Clastridiym
sBoro Enes _ﬁGalll & Hughes, 1965) and in ﬁartlculate fractions of Chlorabium thio-
sulphatopnilum $COIe Huqhes, ,1965{). The hull preparations from L. arabinosus
contained from 7 to 11 % total lipid of which the bulk appeared to be phos hohPld
since It contained anout 4 % phosphorus. Most ofthe fatty acias prevmuslg eported
to he present.in this organism (Hofman, Lucas & Sax, 1952) appeared to be present
In this hull Jipid. A variable amount qf ATPase activity was found in the super-
natant fractions after centrifugal deposition of “hulls’, but the bulk of this could be
recovered as a solid pellet by more prolonged centrifugation. This pellet also con-
tained lipid and carbohydrate in abouf the'same proportion asin the ‘hulls’and it
15 assumed to be the result of their further comminution during disintegration;
similar fragments were obtained by ultrasonic treatment. Up to noi no satistactory
method has been found for_solublllzm% the ATPase of these hulls or of markedly
mcreasmg Its sgecn‘lc actiyity. Of a humber of enzymes, onlly ancreatic. lipase
brought about a release of some part of the enzymic activity from the Partl_c late
preparations, but this released enzyme could be re%arded as insoluble since 1t was
concentrated by c_entrlfu%atlon. The evidence theretore strongly supﬁorts the idea
that the ATPase js bound to the protoplasmic membrane and that the membrane
or large parts of It are associated with the wall in these Rreparatl_ons. They have
therefore been assumed to be similar to cell-wall membranes. Prewousl described
Hu%hes 39%23 Int evi/hole Dacteria the ATPase cannot utilize exogénous ATP,
resimably hecause the latter cannot enter, _

Membrane bound ATPases are Wldelg_ distributed in nature ENowk_off, Essner,
Goldrischer & Heus, 1962) and are associated with 1on transport (Whittam, 1964)
changes n conformation (Kielly, Kimura & Cooke, 1964) and energy production
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((jJ_a endorf, Hind & Neuman, 19_643. The ATPase from, Lactobacillus arabingsus
Itfers from those associated with ion transport in that it is not_markedIY Inhibited
by ouahain and oligomycin: in experiments not reported here it was no markedlx
affected by Nat+ or' K+ Its pH optimum was also markedly lower (pH 6-0) tha
ATPases dssociated with ion transport. On the other hand it is stimulated by DNP,
a% Jg hgrAlgtE’gﬁe of fragmented mitochondrial christae associated with oxidative
P Exi)erl%ents with labelled ATP and lactobacillus ATPase preparations did not
transfer terminal phosphate to any acceptor added, but the posslblhéy cannot be
ruled out that the ATPase is concemed in a phosphorylation associated either with
cell-membrane or cell-wall synthesis. The lactobacillus preparations had no nucleo-
fide Ezyro&hos#]hoglase activity such as reported for membranes of Streptococcus
faecalis (Abrams & McNamara, 1962). The consistent presence of RNA In the pre-
parations of lactobacillus cell-wall membranes however lends support to the many
suggestions that some membranes in bacteria play a role in protein synthesis in
association with ribosomes or ribosomal RNA FHun er, Brookes, Crathorn &Butler,
1959: Njsman & Fukuhara, 1961). 1t 1s possible that this ubiquitous ATPase 15 also
Involved. Up to the present however no definite role can be ascribed to this enzyme.

Thanks are dug to the Rockefeller Foundation, National Institutes of Health and
United States Alr Force for grants to the Department, Thanks are also due to
Dr J. Wimpenny for helpful discussions and to Miss H. Yolman and Miss A. West
for skilled assistance.
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EXPLANATION OF PLATE

Fig. 1. Disinte?rated Lactohacillus arabinosus 17-5 before fractionation by centrifugation, Bacteria
were disintegrated by crushing in the Hughes press and treated with DNAase, fixéd and mounted
for examination without further treatment, X 6500

Fig. 2.. Cell-wall membranes from Lactobacillus arabinosus 17-5 after purification. The disintegrated
bacteria shown in fig. 1 were fractionated by centrifugation as described in the text, X 6500.
Fig. 3. Cell-wall membranes of Lactobacillus arabiposus 17-5 after ultrasonic treatment. A purified
preparation of cell-wall membranes was treated for 10 min. in the M.S.E. cell disintegrator, fixed
and mounted as before, X 8500.
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INTRODUCTION

Pediocogci are the least studied group of the homofermentative coccal lactic acid
bacteria. The}/ are similar to the Streptococci in many. respects and can only be
completely ditferentiated from them by their mode of division, pediococci forming
tetradsand fre toco Cl ch |n% IPe ococm are fo nd most often on lant materials
In vanous oosan in-alconolic beverages suc as Deer, res Manual

y two species are recognized,” Pediococcus cereV|3|ae Bac e and P.
a0|d|Iact|C| Lmdner and they are distinguished from one another on the basis of
hop tolerance and gptimum 8r0wth temperature,

At least two problems abdut the taxonomy of the pediococci have to be con-
sidered. The first concerns the placing of pediococci and streptococcl into Separate
genera Besides a difference in mode 0f division, a difference In the gptical rotation

fthe Iactlc acid produced b the two groups has been used to justity their separa-
tlon pe |ococm ere thougfit to form On 1y Inactive lactic acid"and treptococu 0
rn ()Iactlc acid. Orla Jensen (1943), h?weve [eco n|zd I)Mt

aC| mg ganlsm as a peo |ococcus On in3 Iy Orla-Jen en 19 cl
organlsm Tetracoccus no. 1 but subsequently (Ofla-Jensen 1943) accepted It as
Pediococcus halophilus Mees (1934? More recentY Nakagawa & Kitahara 995
and Deibel & Niven (1960) have identitied 1(+ ) factic acid-forming tetracqccl
e loocct. Even though ‘there is some doubt about the jdentification of these
gsanlsms as pediocacel, the finding of Langston & Bouma (‘1960) that two strains
treptococcus liquefaciens SS faecahsr? formed inactive lactic acid instead of the
st the usefulness of the rotation of lactic

ules agal
G. Microb. x1

expected 1(+) lactic acid,
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acid asa%enerrc characteristic in this instance. Mode of division, therefore, remains
as the only characteristic which completely Separates the pedrococcr from the
streptococcl. Evidence will be presented here tos uggest that it is hard to justify
the separation of the two genera, Streptococcus and Pediococcus, on the basis of this
one characterrstrc

The secong roblem concerns the classification_of species within the %enus
Pediococcus. NO generally acceptable s[ystem exists, The one proposed by Pedgrson
(1957), separation on the"basis of hop Olerance and optimum growth temperature,
does ‘not" distinguish some obviously different types of organisms, A study
Dy Nakagawa & Kitahara (1959), hovever, does provide a useful basis for classl-
fication; “separation of species |s based on abil |t to grow at drfferent pH values,
?rowth temperatures, weak catalase activity, 2re urrement salt tolerance, hop
oIerance and range of supstrates fermentedl, Two of t e Species, P. cerevisiae and

acrdr acticl, accommodate the species of those names recognized by Pederson,
A t Ird gecres P. pentosaceus Mees, seems to be similar to P. acidilactic

Lindner s described by Pederson, but has a lower maximum 8r0wth temper-
ature than P, acrdrlactrcr (Lindner) (Nakagawa & Kitahara 1959). The two re-
marnrng species, P, urrnaee ul Mees and P. halophilus Mees, differ considerahl dy
from thie previous three. Both are tolerant of highly alkaline conditions, are acr
sensrtrve and form 1(+) lactic acid nstead of mactive lactic acid, P. halophilus is
unusual amon% lactic acid bacteria in that it can tolerate 18-20% NaCI Another
system of classification was used b Gunther & AVhite (1961) who ?rouped pedio-
cocel according fo optimum gro h temperature, variation in colony” diameter,
de(];rees of growth turbidity, and times at which_growth. began after inoculation,

roup of characters 15 of doubtful taxonomic srgnrfrcance and 1t seems clear
t at %e work tof Nakaérawa & Kitahara (1959) provides a more useful basis for a
classitication of the pediococcl,

The present mvestrgatron of the physiological and_ biochemical properties of
some _pedigcoccl provides further information on the classification of these
organisms. The organisms studred included the type culture of Aerococcus viridans
a sPecres which Deibel & Niven (1960) transferred to the genus, Pediococcus and
Inc ude% in the spe gresP homarl (composed of 1(+) lactic acid-forming cocc)
which they propose

METHODS

Or%anrsms The organisms examined and their sources are given in Table 1 Those
obtar ed durrn this iy éestrgatron were |so ated from fresh grass and silage macerates
plated in the aetic acr +dcetate agar descried Delow.

Media. Basal med |um agar, moculum medium, liguid medium, soft agar
heated blood + 0-dianisiding”agar and heated blood agar were those described
prevrouslg hrttenburey 1963 1964 Acetrcacrd+acet e agar was a modifjcation
of the medium roPosd Ked |e %1) as berng selective for lactobacilli and
confained meat extract (Lab Lemco), 5 peptoné (Evans), 05 4. ¥east extract
Difco), 0-5; Tween 80, 005 ml., (Irucose i(t] a ar (Davis), 1-50,; tap water to
0m| adjousted 0 H54and autoclaved at 121° fo 15m|n Be ore platin the

|

M-acetic acid +sodium acetate buffer ( We
BIoorlrf agar was 100 ml. melted%asal medlrjum agar at 45° to vBhrch vgas cfded 1g.
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NaCl and then 5m| Gefibrinated ox blood. 'Lysed blood agar was 100 ml. melted
biisal meétrum at 45° to which was added 5ml. of a 1+1 by vol. mixture of ox
blood ana sterile water.

Tests. Tolerance of rnotassrum fellurite, arginine thdronsrs relatronshriJ 0
oxygen and fermentation tests in soft agar, reduction of 2, 3, 5-triphenyltetrazolium
chioride, methylene blue and litmus,” ability to grow at varrous temperatures

Table 1. Sources and identification of tetrad-forming organisms

Identified as* Designation when received Source
Pediococcus pentosaceus wl, w2, w3, w4, wo, w50 Herbage and srlag
M1, M il, m12 Sila %Cunnrnah m
& Smith 194)
p2,p3 Silage. Fro
DrA. C. Strrlrng
Leuconostoc citrovorum 7837 NCIB
L. citrovorum 8106 NCIB
P. acidilactici pd, p5 p7 Silage. From
_ DrA. C. Stirling
L. mesenteroides 8018 NCIB
P. cerevisiae §13, 514 Silage (Cunpingham
. & mrth,1948)
Pediococcus 1250 NCDO
P. halophilus Pediococcus soyae 1673 IAM
Aerococcus viridans Aerococcus viridans 8251 NCTC

Pedioccoccus urinae-equi 1684 IAM
(original culture of Mees)

NCIB = National Collection of Industrial Bacteria, NCDO = National Collection. of Dairy
Or anisms, NCTC = National Collection of Type Cultures, IAM = Institute of Applied Micro-

bro 0
Igeldgoco CJS species were identified according to Kitahara & Nakagawa (1959).

catalase activity on heated blood agar and 2nseudoeatalase activity on glucose
go -05%, w/v) nqtrient a?ar formation of HA) 2on heated ood+odranrsrdrnea%ar
nd the dissimilation o crtrate and ma ate Were tested as described previously
(Whittenbury, 1963, 194, 1965). The abiit grow at pH 80 and above wés
tested by the method of Cheshro &Evans (1959), the final Hvalue of the medium
being adjusted as requrred The_aoility to fOW lower than pH 80 was tested in
?Iucose -5%, w/v) soft agar. The final pH value reached In ﬁlucose (1%, wiv
urdmdrum |n|t|a|Iy at pH 6-5 was measured electrometrieally after 1 week a
Aesculin hyd ro ys |ppurate nydrolysis and motility were tested by the
method) of Gemmell & Ho rssg1
Incunation. Unless otherwrse stated, Incubation was aerobic at 30°.

RESULTS AND DISCUSSION

The Gram- posrtrve tetrad- formrng organisms were divided into groups and sub-
8rous TabIe No organism reduced nrtrate to nitrite, li uefred gelatin, pro-
uced as fro gucose formed dextran from sucrose,  reduced “tetrazolium
%nrfrc ntly, tolerdted tellurite, hydrolysed starch, dissimilated citrate, reduged

methylene blue or litmus in milk,” or Was catalase-positive on media containing

7-2
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Table 2. Properties of the organisms

Group*
1 22 2 3 4 52 5
B3 @ 08 O O O

Propert
Fermentatiou of Persy

Arziblnose
X?]/ 0se
Rhamnose
Melibiose
Sucrose
Lactose
Trehalose
Maltose
Melezitose
Cellobiose
Raffinose
Glycerol
Sotbitol
Mannitol
Salicin

Hydrolysis of
Arginine
Hippurate
Aesculin

Growth in glucose soft agar
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glucose (1%, wiy) hut lacking haem compounds. All the or%anlsms except Aero-
cocous viridans dissimilated malate in the presence of glucose but none used malate
35 a source of energy. All grew and formed acid front glucose at 10° and 37°, and
fermented fructose, alactoSe and mannose, None fermented meso-nositol or inulin.
All the organisms excePt those in %rou 3 qrew unlforml_ly throughouf the aerobig
and_anagrobic portions of glucose S0 aJé)i[ adjusted to pH 6-8, One of tne g_roup3
straing, Pediocogcus ncdo 1250, first grew in the anaerobic Por_tlon. As acid iffused
towards the surface, however, growth appeared In the aerobic portion, indicating
that a lowering of pH value overcame the organism’s requirement for anaerobic
conditions, This Inferpretation appeared fo bé confirmed by the following obser-
vations. Acid-forming growth developed simultaneously and umformIY throquhout
glucose soft agar adjusted to pH 50 and the orlganl_sms 8rew aerobically on glucose
agar adjusted to pH 50 but not on glucose aga ad*uste tg pH 7-0. Tiie rentaining
fwo strains in this %roup also showed_an initial preterence for anaerobic conditions
in megia fit the h|g7 er pH value but, in contrast to the other strain, they hoth grew
aerobically at pH 7-0. o _
|dentification of(I]roups 1, 2a, 20, 3and 4. Several problems arise in the appli-
cation of names to these ?roups, a Rarently similar organisms bein gwen different
names by different investigators. The genus Pediococcls was introduced by Balcke
834) wnen he gave the name Pediococcus cerevisiag to tetrad-forming cocci which
multiplied in begr. Additional names have heen a([))l%hed to ‘peer-sarcinge’, although
the organisms were not clearly distinguished from the original species of Balcke
81884) and several species have been Pro osed for pediococt) isolated from sources
ther than beer, A definite advance in the taxonomy of this genus was made by
Nakagawa & Kitahara (1959) who examined strains, some of hiStorical |mR0,rtance,
which the’X recejved from Various sources and comf)ared them with their .own
1solates.. The whole collection was divided into five species of which one, P. cerevisiae
was distinguished from the others principally by ability to grow in hopped wort and
beer, requirements for low temperatures, acid media and C02 a greference for
anaerobic conditions, and the range of substrates fermented. The fact that these
orqanlsms could multiply. in beer provides strong evidence of their identity with
Balcke’s orngm_al P. cerevisiae, the type species Of the.genus. The four remaining
species of Pediococcus accepted by Nakagawa & Kitahara, were derived from
materials other than beer and they were found to be susceptible to the action. of
hogs,. More recently Gunther & White ((119613 and Coster & White Ig19642 apPhed
SPECIes names quite dlfferentlz and infrodyced a new hinomial, P. parvulus, for one
é@oup. On the |m§)0rtant question of their use of the name P, cerevisiae Coster &
hite (1964, p, 27) erroneously atribute this binomial combination to Pederson,
and they put forward the inadmissible contention that their cultures were more
typical of ﬁhe %enus than the less éo_m on strains from breweries, _
Inevitably the straing examined In the present work were named according to
Nakagawa & Kitahara 1959?. Table 3 shows the features that appeared to be'the
most “suitable for ditferentiating the species. Pediococcus acidilactici and P.
entosaeeus seem to be quite simiilar to each other and they mignt eventyally be
grouped as one species. I this were done the name P. cidilactici would have

rnorty. ... . i :
P It |¥ difficult to relate this classification exactly to others proposed in the
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recent literature hecause of the different methods used in the variqus investigatjons
Nevertheless, an attempt is mage in Table 4 to show approximately the equivalence
of names and_de3|?nat|on_ which have been published since the year 1959, The fact
that one sE)e8|es of some mvesU?ators a Pears to be 31m|lar to two or three species
or designated groups of others 1lfustrates the present disagreement in opinion on the

classification of pediococci.

Table 3. Properties useful in the differentiation of the pediococei

Results expressed as in Table 2
Species

. P. . P.
pentt?gzaceus acidri(l)%ctici ceref\éil?iae halorgnilus
Property J 1p 9a, fb g3 b g4 P

Fermentation of
Maltose + - + +
Glycerol a* a — +

Gr%/gth and acid at

+
50° +
Arz%inine hydrolysis + + - -
H20 2tformed on’ basal HBDf agar + +
but not on glucose HBD agar

+ _ _

Pseudoeatalase t — _
(11/13+)
Catalase +
(3/4+)
NaCl % (w/v) tolerated
80 + + . +
180 . .. - ~ - +
Growth initiated at + 0 + _
pH 50
pH 80 + + . +

* Some strains give a very weak reaction. t heated blood + o-dianisidine.
Table 4. Approximate correspondence of recently published names and

designations of pediococc
Gunther &
Nakagawa &  Deibel & ~ Langston & mlt(%o(sltg?l Whittenbury
Kitaha?a (1959)  Niven (1960) Bourr?a (1960) White (1964) (this paper)
P. cerevisiae Group 4 P. damnosus, P. cerevisiag
it
P. pentosaceus Groups 1-3 P. ceprevi_si_ae P. pentosaceus
P. acidilactici GrouBS P. cerevisiae P. acldilactici
P. halophilus , P. halophilus,  P. halophilus
P. urinae-equi P homari P. urinae-equi Acvri(}cl(&%cnuss

|dentification of the group 5 organisms. The results in Table 2 show that the two

organisms 1n this.group are very similar. One, b, is Pediococcys Urinag-equi iam
1684. 1t Isthe ongmalpcultureo Mees?Mees, 193}1)) and was stu&eél by Naﬁagawa
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& Kitahara (1959) who expanded its description and retained it in the genus
Pediococcus. The other organism, 5a, IS Aerococcus viridans nctc 8251, and is the
t;(p_e cultyre of the genus Aeracoccus described by Williams, Hirsch & Cowan, 1953,
It'is considered_by Deibel & Niven (1960) fo be'a pediococcus and was included b
them with_ simildr organisms in the species P. homari.. Deibel & Niven. (19
tho,u%ht this species was very similar to P. soyae as described by Sakaguchi (1958
which IS synonomous with P halophilm, Mees (Nakagawa & Kitahara, 1959). The
results of the present investigation suggfest,that P. homari_(assuming the culture of
A, viridans studied here to be typical 0f this species) and P. urinae-gqui are strains
Bf Wael Os%rrl\(asspeues and that P homari is a synonym of P. urinae-equi and not of
AIthopugh the two organisms in this ﬁroup 5 are similar to pedigcocci in that th,e?{
form tetrads and ferment sugars, they Nave r\(l)\})ertles not normally associated wit
lactic acid bacteria—i.e. thé ability to grow well on nutrient agar Iac_klnﬂsugars,
acld-sensmvnly and slight amd-formlr(]j? powers in weakI%/ buffered media, They also
differ_ from previously” described pediococct in that they have a preference for
aerobic conditions. Anaerobic growth in sugar soft agars is slight and. develops
after a more dense acig-formin Prowth has appeared in the aerobic portion of the
mediym. With glycerol, mannifoand sqrbitol as energy spurces growth Is strictly
aerobic.  Hydragen Per_omde_ 5 a Product 0f the agfobic metdbolism of these
organisms and ténds to inhibit growth on solid agar media unless it is destroyed as
It 1S formed by the inclusion of manganese dioxide or catalase in the medjum. The
large areas of greening (a-haemolysmi produced by these organisms on hlood agar
are presumahly caused by HA Zas these areas matched exactly the HZ) 2 zones
formed on blood agar corttaining o-dianisidine poured to cover half the blood agar

ate.
To include these organisms in the genus Pediococcus would not be helpful at the
gresent time. Although they have a Superficial resemblance to the pediococci they
Is0 have physiological properties.in common with respiratory-ceficient mutants
of staphylacacci uriable to s¥nthe5|se_ iron porphyrins.. Until more 1s known about
these passible relationships the s‘oeues Aerococcls viridans should be maintained.
Pediococcys urinae-equi is here allotted to that species. . _
Thesimilarity ofPediococcus P_entosaceus andP. acidilactici to Streptococcusfaecium,
Towards the end of this Inves |%at_|on It became clear that Pedjococcus pentosaceus
and P. acidilactici were J)hysLoI IC&lIY and biochemically similar to some entero-
cocel which were studied earlier {Whittenbury, 1965). A’comparison of these two
sg)(eues with Streptococcusfaecalis and S, faecitim shoived that a closer resemblance
existed hetween these pediococci and S. faecium than between S, faecalis and 3.
faecium. An example Is given in Table 5 where t?e p{o erties of a strain of P.
Fent_osaceus are compared with those of a strain of S. faecalis and a strain of S,
eci

aecium. . . . . -
i\serolo ical study (Norris & Whittenbury, uni)ubhshe_d) with precipitin tubg
and gel-diffusion tests ‘seemed to confirm this_re atlonshg). Lancefiela qroug D
sera, obtaineg from Burrou%hs Wellcome and_ Co. or prepared with disintegrated
StrePtopoccusfaec_alls h 69 ¢ Hand with S. faecium imec, reacted with HC1 extracts
of strains of Peaiococcys pentosaceus and P. acidilactici but not with HCL extracts
of other species of pediococcl or of group N streptococcl. A serum prepared with
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ﬂ] gHaoIP it%];hE' pentosaceus, however, was unreactive with bacterial extracts other

Anart from tetrad formation, which is not always easy to detect, a few tests
(Table 6) still dlstm?msh Pediococcus acidilactici and P; pentosaceus from the
enterococei and should Frove useful n the routine identification of enterococci
isolated from materials likely to contain these pediococcl.

Table 6. Physiological Bro_ erties separating Streptococcusfaecalis and
S. faeCiumfrom Pediococcus pentosaceus and P. acidilactici

Organisms
. P. pentosaceus
S.faFca IS P agq iy
Property and S.faecium P. acidilactici
Growth at pH 9-6 + —
Final pH in glucose proth 4.0 or higher 36

Growth on acetic acid + acetate agar +

This example of a similarity between certain types of é)edmcocm and streptococci
seems reasonable evidence fOr suggesting that it would be more logical to group
these organisms in one genus rather than in two genera. A comparafive studP/ of
pediococel and streptococci with this possibility in"mind should precede any formal
proposals on the definition of the genus Pediocdccus and of species within thie genus.

The author wishes to thank Dr T. Gibson for advice given during the course of
this work and in the preparation of the manuscript,
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INTRODUCTION

Nystatin, a polyene antrfun?al antibiotic obtained_ from Streptomyces noursel, s
er?sorbeg in srgnrfrcant amouns onl¥ Fy micro- 0{ anjsms which are’sensitive to it
that Is cer arnyeast loae and ilamentous Tung! Lamdpen Morgan, Slocum &
Arnow, Lampen & rnow 1), their rowt an utrlrzatron of various
substrates berng |nh|b|ted These effects Irave been studied, |n the. main, in yeasts,
relatively little” work having heen done with filamentous fungi. According to
Lamﬁen Arnow, Borrowska &Laskin (1962), 90 % of the absorbed nystatin ishound
by the Yeast cell membrane. The membrane is damaged in the binding process,

* Present address: Bacteriology Department, Queen Charlotte’s Maternity Hospital, Goldhawk
Road, London, W. 6.
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which leads to leakage of cKtopI_asmm constituents, inhibition of glucose utilization
and eventual death: In the filamentous fungus, Neurospora crassa, the loss of
cytoplasmic_ constituents and _lysis o the 8r toplasts by the action of nystatin
hiave been demonstrated by Ivinsky (1961, 1962), mdmatmg} ar%am that the rlmar%
action of the antibioti is"due to“a direct action on the mermbrane leading to a
alteration of permeability. _ _ _ o

Durlng an examination of the effectiveness of nystatin as an antifungal antibiotic
for the treatment of otomycosis ga fungal disease Of the external auditory canal and
of Aoostoperatlve aural cavities) Studies have been made of the action of nystatin on
the growth of various Aspergilius species. Experiments were made to determine the
cause of the delay in growti which occurs at subinhibitory nystatin concentrations
and at_temg)ts made fo discover whether this delay was due to the breakdown of
nystatin to a congentration at which growth can dccur, to the reversal of damage
(f:autsed by nystatin, to adaptation by the fungi, or to a combination of these
actors.

METHODS

The following fungi were used: one isolate each of Aspergillus flavus, A, terreus,
A. niger and A. fumigains all obtained from cases of otomycosis; a laboratory
ISolate of A. fumigaing SA. fumigatus NyR) with increased reSistance to nystatin;
a baking strain ofSaccharomyces cerevmae,

Stock” cultyres were grown for 48 hr at 37° on glucose+ﬁept0ne_ agar %GP agar)
slopes (4% glucose, 1% peptone, 2% agar, pH 5-2), and then maintained at room
temperature, _

_S’g)ore suspensions, were preeared by rubbing a 48 hr slope culture on GP agar
with a solytion of 0-05% (v/&Twen80 In Uistilled water. Spore_counts were
made In a haemocytometer and the suspension adjusted to the required strength
by adding more Tween 80 solution.. A spore stspension of 6107 spores/ml.
(Standard"spore sus ensmnr) was used in all exgerlments unless stated otherwise.

In all experiments cyltures were incubated at 37°,

Suspensions of germinated spores were obtained by mixing 2 ml. of a standard
spore suspension with 2 ml, of glucose + peptone broth (GP broth) and incubatin
until microscopic examination showed that the majority of spores had germinated:
For the production of mycelial balls, OT ml. of a staridard sPore su?Pensmn Was
Inoculated into 50 ml. flasks containing 20 ml. of GP broth, The flasks were then
Incubateq on a reciprocating shaker for'24 hr and the mycelial balls produced were
harvested, washed and resusgended In fresh medium, , _

Thin seeded agar discs for radial growth ex%erlments were pr%)ared bg inoculating
OT ml. of a standard spore suspension into 10 ml. of molten G ag_ar, 00led to 45",
The tybes were well mixed and n{)_Iates_ oured. Discs of (-9.cm. djameter were cut
out with a cork borer. When simjlar discs containing mycelium with the minimum
9? reg é)fs orulation were re?mred, the seeced agar was covered with cellulose
1M anq the plates incubated for 24 . _ _

The size of colonies In plate cultures was measured along two diameters, crossing
at right angles, marked on the back of the plate and the"average diameter of thé
g(t)l?n erg/%llgu(l)%t?i?h eTo determine the growth rate this measurement was repeated
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To determine the percentage germination of spores in liquid culture a sample was
mounted In lactophenol cofton blue in a haemocytometer and the number of
%rmmated spores Inatotal (if 500 counted. A,dsgore Vias consiclered to be germinated

en the_germ tube was as long as it was Wide, _ _ _

Ngstatm solutions were prepared by d|sso|vmrq commercial Squibb nystatin
300 unlts/mg.g n grogglene(]qucol 0 glve stock salutions of 12,000 units/ml” These

ere freshly i)r pareq as required and all further dilutions were made in Prqpxlene-
gycol. In”all exPerlments unless stated otherwise, 1ml. nystatin solution was
Added to 19 ml..of molten GP agar cooled to 45°, or to 19 ml. of GP broth, to ?lve
final concentrations of 600, 400; 200, 100, 50, 25, 12-50, 6-25, 1-60, 0-80 UnitsTml.
An equal volume of solvent was added to the controls. _

The sensitivity to antatln of the Asper_?lll,us species used in the present work
was measured by a method (standard sensitivity test) described briefly here but in
more detail elsewhere (English & Stanl }/ In preparation). Molten GP agar
mcorporatm? nystatin at different concentrations, prepared”as described above,
was Inoculated ‘with 0-1ml. of a standard spore sus%enslon, mixed, and plates
poured. The highest nystatin cqncentration at which microscopic examination
showed a few s_Pores to have germinated after incubation for 48 hr was taken as the
minimal inhibitory concentration (MIC; see Table 1)

Table 1. The minimal inhibitory. concentration (MIC) of nystatinfor
four Aspergillus species deterrined by the standard sensitivity test

Nystatin (1 m].) solution at a range of concentrations together with 01 ml. of a standard

spore (fus%ensmn were added to %9 ”l)l molten cooled GP agar, Weél mixed aBd ,pla#es
nghre .tTg%Iowestconcentranon Inhibitory to germination was noted after incubation for
r.at 37,
MIC at 48 hr./(units nystatin/ml.)

Aspergillus flavus 12-5

A. nider 25

A. fumigatus 25

A. fumigatus NyR 50

A. terrets 200

RESULTS

The stability of nystatin

It is well known that nystatin is unstable under conditions likely to be used in
exﬁerlmental Work &Kub_ltsa & Derse, 1950: Elsenber\% et al. 1956; Stewart, 1956).
Sincg most of the experiments done in the present Work were long-term grow
studies It was ne_cessarg/ to know the rate of breakdown of nystatin during hand mg
ana under experimental conditions, Kinsky (191) stated that the re-growth of th
m};@ellum of NeurosE),ora crassa, after 4hr at 25° in the presence of the minimal
infibitory concentration of nystatin (n liquid medium was due to, photo-oxidation
of the antibiotic. To determine the Importance of the effect of light, flasks can-
taining GP broth and plates of GP agar, both incor oratmg from 0'to 25 units
nystafin/ml, were prepared. One series 0f each was stored for 22 hr at room tempera-
ture In daylight and one In the dark. All series were then inoculated with a sus-
E)erlslon 0 Sacchahom Ces cerevisiae and anubated for a further %4 nrin the de}rk.
n liquid culture the dpparent amount of nystatin necessary to inhibit growth arter
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storage in the light was double that necessary after storage in the dark. On the
solid medium noQlifference was noted between’plates stored in the ||qht and in the
dark. However, i all subsequent work nystatin solutions and plates were pro-
tected from light durm% mapipulation, and’incubation was always in the dark.

To determirie the rate of breakdown of nystatin in the dark, Series of GP agar
plates containing from 0 to 600 upits/ml. Were prepared In triplicate. For each
Aspergillus species one plate at each concentration was inoculated with 0-05 ml. of
a_standard spore suspension spread over a circular area 2-5 cm. in diameter pre-
viously marked on the agar. The second and third series of plates were similarly
inoculated after incubation for 24 and 48 hr respec_tlvelyr. urther Inoculations
were made on each (Plate_24 and 48 hr after the first, The minimal_inhibitor
concentrations for each series of inocula were noted at daily intervals, The results,
which are the average of three experiments, are shown In Flg, 1 Qther similar
experiments were done with ong Serigs of plates only, the redidts of which con-
firmed those presented above. Therefore, Using the “minimal |nh|b|toay concen-
tration as a. measure of the amount of nystatimn remaining In the medium after
|2rthbat|on, it was apparent that the potency of the antibiotic was halved every

[

At nystatin concentrations, which allowed growth during the first 48 hr, and
after equal periods of Incubation, the same antount of growth was obtained from
Inocula on ﬁ_lates on which the fungus was aIreadY rowm(I; as on those on which it
was not. This Indicates that loss In'the potency of the nystatin was independent of
the growth of the fungi and was due to Spontaneous decomposition. In contrast to
our Tesults, Kubitsa & Derse (1959) showed that there was a_greate_r loss of potency
of nystatin in plates on which a previous inoculum of Canditia albicans had grown
thari on unchule}tfed pl?tes. |t'is possible that in th% é)_resent |nv?s_t|?at|0n the
Inocula were Insurficiently close to one another for their zones of influence to
Interact, but since the distance between the edges of the original and subsequent
magy@evgls %rt'lly c. I cm. any metabolic action ofthe Aspergillis species on nystatin

At n sta({m concentrations which prevented ge_rmmatlon of Asgerglllus Spores
during the first 48 hr (1.e. 200 units/ml. for Aspergillus terreus and 50 nits/ml. for
A. niger, A.fumigatus, A.flavys) a different effect as observed. The first inoculum
on afresh plate”showed muych Tess growth after a longer incubation perjod than
later inocula on the same plate. The first inoculum would receive the full dose of
na/s%atm, but even when fhls had de{erl%rated ta Sl#bhnhlfCIIO concentration
flrther time was presumably required for t erec_over?;o the majority of the spores
or for the outgrowth of 3 few survivors. To confirm these results _exgerlments were

made usm? the length of the Iag R]has_e of growth (See next section) as a measure
of the nystatin remaining in thé medium. Plates of GP agar incorporating 0-200
units nystatin/ml. were _reﬁared in triplicate. After incubation for 0, 24, 43 hr one
Elate al each concentration was inoculated with A, fum_lgatus in the form of a
eeded agar disc. The size of each colony was measured at intervals of time and the
rowth rate %nd length of the Ia% perlhdbef(rre normal growth began were deter-
ined from ¢ eapﬁ opriate graphs. The results are shown In Fig. Z, _

. The length of the Ia? hase gt each nystatin concentration decreased with
increasing age of the plates and after the 1ag was overcome the final growth rates
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all reached those of the controls. At the lower congentrations the amount of
antibiotic remaining after 24 hr had fallen to a value which had no_effect on the_laq
Fhase. Examination shows that the curves throuPh each set of points are Identica
n shape and differ only In displacement along the fog concentration axis; that IS, the

sole factor which affeCted the growh of the fungus was the loss in potencg/ of the

antibiotic with storage time. Read, from the graph, the displacements of the curves

for 24 and 48 hy storage, resipectlvelg/, are approximately Iog. 0-4 and log. 05,
the nystat] very 24Hr.

Indicating that the potency o n was about halved
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F_iﬁ. 1. The change in the minimum concentration of n_g_sta,tin necessary to inhibit Asper-
ilus terreus and A. flavus caused bg ageing the antibiotic {or varyin Pe |_ods_a|_ 31°,
lates of GPagar Incorporating from 0 to 600Units nystatin/ml. were prepared in triplicate
and a plate at'each concentration inoculated after the interval indjcated with 005 ml. of
a standard spore suspension spread over a circular area 2-5 cm. djameter. The MIC for
each series of inocula was noted at 24 hr intervals. Time of inoculation after ageing plates
at 37% 1Ist series of plates: ;Iﬂ"% 0hr; (12, 24 hr: (13), 48 hr. 2nd series’ of plates:
(1), 24 hr; (112), 48 hr; (1), 72 hr. 3rd series of plates: (Hid» 48 hr; (1112), 72 .

Fig. 2. The breakdown of nystatin, incorporated into GP agar at 37°, as demaonstrated
oy the lag in growth rate of Aspergillusfumigatus. Plates of GP agar incorporating from
0°to 200 Units nystatin/ml. were prepared, and plates at each concentration inoculated
with a seeded agar disc (0-9 cm. diameter| at the times indicated. The diameters of the
colonies were measured at intervals of time ang the length of the Ia&ghase determined
Erfrﬁ] th(e %r%ygt# curves. Time of noculation after ageing plates at 37° (#), 0 hr; (O)i

r(x), 48 hr.

The effect of nystatin on the length of the lag phase

The nature of the initial delay in growth caused by subinhibitory nystatin
concentrations was Investigated. For each As ergdgus Species two series of GP agar
plates were prepared, Incorporating from 0 to 600 units nystatin/ml. Agar discs
contamm?_ng rminated spores were placed on one series of plates and similar
discs containing mycelium on the other. The ?rowth rate from each disc was
measured. From thé growth curves at each nysta In concentration the length of the
|ag phase was determined: the results are plotted in Figs. 3and 4. In each'case, the
final growth rates were the same as those of the contrdls (Fig. 3). Above a certain
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threshold value peculiar to each species the length of the lag increased to values
which could not be exglal_ned solely b{ the InCrease In nystatin concentration.
Figure 4 shows, for Asp rglllus terreds at low nystatin concentrations, that the Ia%
phase is Ionger for_sporeS than for mycelium: This was also true of the othe

species tested, and. is probably explamed by the fact that spores neither swell nor
?ermlnate_ at Inhibitory concentrations so that, after the nystatin has broken down
0 subinhibitory levels, additional time is necessarY for this to occur before growth
can begin. It dlso appears from Fig. 4 that the relationship between the length of
the lag phase and the log. concentration of nystatin, while usually a smooth Curve,
may 4 ?roach lingar. DUplicate experiments showed that this occurred most often

with A.flavus and A. niger: Lampen et al. (1959) noticed a similar phenomenon.
40
/1-60 units/ml. N
¥ /313 units/ml. =]
30 / -25 units/ml. <
g’ %%?22 unitsém'l. 9 30
o » b d 25 units/ml. _2
S / / ="
g 201 / % 20
® e 50 units/ml. &
£ é 10~ E" 10/
T -
%o 100 units/ml.
5 .
< ! 200 units/ml.
0 24 48 72 9% 0 0-4 08 12 16
Incubation time (hr) Log. nystatin concentration
Fig. 3 Fig. 4

_Flg= 3. Effect of nystatin F]unlts/ml.) incorporated into GP agar at concentratigns
Indicated, on the radial growt ofAsperglllusfumlgatus._ Plates of GP agar Incorporating
from 0 to 600 units n)(statln/ml. were Inoculated with discs seeded with spores or
g}ytcl:r%léum of Aspergillustumigatus and the diameter of the colonies measured at intervals

Fig. 4. Effect of nystatin inc_orPorated into GP agar op the lag phase in growth of
As?e_rglllus species. The length in lag phase in growth'was determinéd from growth curves
(fbalne s described in FI?. 3. noculumf ores; (x%,A. ter{,eus; (Ot)'A' niger (A), A.
flavus; (+), A fumigatus. Tnoculum mycelium: (x), broken line, A’ terreus.

. Since from this exPenment it appears that the main effect of nystatin at sub-
inhibitory concentrations was to lengthen the lag phase, further tests were made In
En Eﬁfm t tp determine whether t 3 endin %ft el u%vyas entirely due to the
reakdown o nfystatm or partly to adaptation by the fung. . ,

. Test tubes. of GP broth mcorporatmg from 0"to 6000 units pystatin/ml. were
inoculated with 1 ml. of a standard spore suspension of Aspergillus fumigatus to a
total vioume of 6 ml. and incubated on a rec rocatmq shaker. After exposure for
0, 5 15, 30 min. and 1, 4, 24 hr to nystatin, 1ml. samples were taken, washed three
times with large volumes of sterile Qistilled water to remove unabsorbed nystatin,
and resusPen ed in 05 ml. water. One IooIp of this suspension was s1prea over a
circular area 50-9 em. dlameterg on GP agar plates, the growtn rate of the colonies
measured, and the length of the lag phase calculated from the growth curves. After
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the lag phase, growth rates all reached that of the control. Exposure to nystatin, at
all concentrations ested for periods UR to Lhr resulted in only small ingreases in
the lag period. After exposure for 4 nr the lag period increased bx_a significant
amount at all concenrations and the increase was q_reater at the |giher concen-
trations. The spores of A, fuml_(iatus at the concentration used were kifled by 6000
units antatm_/mI_. put not until they had been exposed for longer than 4 hr.” Since
In yeasts the Inhibition of choIK3| caused Dy low concentrations of nystatin was
anfulled by K+ §C|r|llo arsch & Lamper, 19643 the above experiment was
repeated using 1% (‘W/V) IVCl for the washing and resuspension. of the spares,
Comparison with control$ -washed in water shovis that K+ had no significant effect
on the length of the lag phase.*

Table 2 Len(_}th of lag period of growth of Aspergillus fumigatus exposed to
nystatin at 37° after removal of Unabsorbed antibiotic by washing in water

Time of exposure to nystaun
_Nystatin -~ 1min.  5min. 15min. 30min.  1hr  4hr  24hr

in GP broth Lag period (hr)
(units/ml.) 5
0 13 13 14 13 13 12 9
< 13 13 16 15 18 21 28
125 1 15 15 16 [ 23 3
25 13 4 15 14 18 2 24
50 13 3 15 15 IS 2 27
100 14 5 15 15 19 22 3
200 14 h 15 16 19 23 30
600 14 3 15 16 17 25 36
1000 14 b 15 16 16 28 47
6000 17 17 18 i 19 3 t
* The, length of the lag phase was calculated from growth curves obtained from spores treated
asfdefc%beld In Fig. 5.
ethal.

Spore germination in the presence of nystatin

Three series of 50 ml. flasks containing GP broth incorporating 0—100 units
nystatin/m. were prepared induplicate, inoculated with 0-1 ml, of standard spore sus-
Pensmns of Aspergillus m%er, A. fumigatus and A, fumlgatu_s NyR. respectively, and
ncubated ona reciprocatl 8shaker. amples weretaken at intefvals and the percent-
a?e germination getermined. The averaqe diameter of the spores was also measured.
Since mycelium formed both in control flasks and at low nystatin concentrations
after 18'r. the final count was made_at 12 hr. The results are plotted in Flg_.l_ 6.
Nystatin® delayed swellmg and _germination of the sgores of each species. “The
numners germinated at &ach. time interval decreased with increasi ? nystatin
concentraflon In a linear fashion, until a concentration was reached af which no
swelling of the spores occurred (50 units/ml. for A. fumigatus and A. niger
100 units/ml. f?_r A fumlbgahu% _{\Iy ). Aftetr mcubat%on f(I)rt_ GHrdthe num%ers %f
spores germinating at subinhibitory concentrations of nystatin had increased, an
ap?ew hgaJ 8erm|ngte(§ at a concentration Whl_cl_l had been inhibitory at 12%1r. ﬂns
Was tg)roba ly due to the normal decomposition of the nystatin,” but the small
numbers of Spores which germinated at high concentrations suggests a possible

fungicidal effect.
s G. Microb. x1
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_ Fungicidal activity
At low concentrations nystatin is_ fungistatic to a wide variety of yeasts and
moulds, but at higher concentrations it beComes fun_gludal Bradl(e_;{ &Jones, 1960).
To determine thé point at which this occurred with the Aspergillus species used

— - Control
= ?(;)Orgﬁ::its/mL > 60 .
S &lr 6000 units/ml g 25 Bnits/mi:
8’_\ B ) § = n 200 units/ml.
o -
;E/ 40 - E g 40 600 units/ml.
§§ N § g - 1000 units/ml.
== S g
s 201 55 2:0
> L g
; L 3 6000 units/ml.
0 24 48 72 0 24 48 72
Incubation time (hr) Incubation time (hr)
(a) 6)
F

ig. 5. Effect of time of exposure to nystatin unlts/ml.)nat the concentrations indicated
n"the growth rate of Asperqillus fumlgatus. a) Growth after exposure to nystatin_for
min.; growth at intermediate concentration not shown as all values were very similar.
62 Growth after exposure to nystatin for 24 hr, 5ml. of GP broth incorporating from
0 6000 units nystatin/ml. wefe inoculated with 1 ml. of a standard spore sus;l)ensmn of
.fumigatus (total vol. 6 ml.). T ml. samples were taken after 5,15, 30 min. and 1, 4, 24 hr
e spofes washed in water, resuspendeq in 0-5 ml. water, spread over a circylar area of
cm. diameter on GP agar and the diameters of the colonies measured at intervals of
e.

OO UIO

9
im

—

100 5

50

Percentage germination at 12 hr

0 10 20 30 40 50
Nystatin concentration (units/ml.)

Fig. 6, P,ercenta;]e germlnanon of spores of Aspergillus species in the presence of
nystatin incorporated Into GP._broth. GP broth incorporating from 0 to 100 units
nystatin/ml. was Inoculated with 01 ml. of a standar si)ore suspension Stotal vol.
20 ml.) and incubated on a reciprocating shaker. Samples were taken at intervals of time
nd the % germinafion de&ermmed bN counting in @ haemocytometer. (#), A. niger;
X ), A. fumigatus-, (O), A. fumigatus NyR.
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here, 1ml. of  standard spore suspension of each Aspergillus species was inoculated
Into a series of fest-tubes of GP broth +0 to 6000 ynits n){statm/ml. and incubated
ona remprocatmgbshaker. Samples (L ml.) were taken after exposure for 1, 4, and
24 hr. washed as before and resuspended in 0-b ml. sterile distilled water; 0-2 ml,
samples of this suspension were spread over each of duplicate GP agar plates and
the total number of colonies which deve!oPed within a week counted. The results
are given in Table 3. No significant fungicidal action was noted after exposure for
1hr'to any nystatin concentration used: After 4 hr about 99-9% of the spores of
AsFerglllustavus_ and A. niger were killed at all concentrations tested. The funlglc_ldal
action’on A. fu_m|/gatus and A. terreus was less rapid. After 24 hr at concentrations
of over 100 units/ml. no spores of A. flavus or A. niger survived, but a few colonies
of A. fuml}]atus developed after exposure to 1000"units/ml, and of A. terres to
6000 unitsiml. Lampen, Arnow & Safferman (1960) have shown that even when
99-9% of yeast cells are killed, the remainder can growwhen the unabsorbed nystatin
Is removed, Heavy inocula are known to be far less sensitive to fungicides than
light ingcula (Horsefall, 1954): in the present e_xgerlment clumpln%of e SpOres In
sfiaken liquid"cylture might produce small foci of very heavy 1noCula which could
explain the survival of a small number of spores for longer periods than the majority.
It1S clear, however, that the main fungicidal effect occurred at concentrations of
nystatin only a few times higher than the fungistatic concentration.

Table 3. Death of Aspergillus spores caused by eﬁ)osure to nystatin in glucose +peptone
broth at 37° for different times, followed by removal of the unabsorbed antibiotic by

washing toith water. ' o
Concentration of nystatin (units/ml.)

Time
of 100 200 500 1000 6000
_ exposure No. of colonies
Organism (hr)
Aspergillus flavus 1 00 o o 00 00 0
4 00 60* 42* 40* 2 18*
24 00 g 0 0 0 0
A. niger 1 00 00 00 00 00 00
4 w l67r  11* 8o 92* TH*
24 00 b 0 0 0 0
A. fumigatus i. co 00 00 00 co 00
7SN A A R |
A. terreus X 00 00 00 00 00 00

4 00 CO 00 00 00 00
24 00 155+ 112* 122* 18* 98*

o = Colonies too numerous to count; * = about 99-9% killing.

. The effect of more prolonged exposure to moderate concentrations of nystatin was
investigated for three growith ghases. Standard suspensions of ungerniinated and
germinated spores of edch ASR rgillus species were streaked on GP agar+ 600 units
nrystatln/ml. After incubation for 48 hr the inocula were scraped offand plated on
fresh GP aglar. The ungerminated spores of all species and the germinated spores of
A. terreus dll gave numjerous colonies although growth was delayed from 1102 da?/rfg;]

but in comparison with the controls the colonies were less riumerous, suggest

8-2
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some kiIIing. All the %erminated spores of A. niger were killed, but a few colonies
developed from those of A. flavus and A. fumigatus after 3-5 days. This might have
been due to the presence of 3 few un%ermlnated spores in the inoculum or to clump-
Ing, When forty mycelial balls of eac Zs!gemes were exposed to 600 units nystatin/ml.
In"GP broth (total volyme 6m|.%wfor 8 hr, then washed and replated on GP agar,
growth occurred only from the mycelium of A. terreus.

Microscopical changes in Asg_er illus germ tubes after exposure to
nystatin at inhibitory concentrations

- To obtain Aspergillus spores at different stages of development, pieces of cellulose
film laid over GP agar_were Inoculated with Spores of each Asper%nlus Species ang
Incubated. Pieces of film were removed at intervals and placed on the ‘surface of
GP a%ar+ 100 units nystatin/ml. for A_spergnl_us niger, A. flavus and A. fumigatus
and 400 units/ml. for A, terreus. After incubation for 24 hr the_cellulose strips were
mounted In Jactophenol cotton blue and examined mlcroscowcally. In each case
?rowth was inhibited at the stage reached before contact with nystatin. The germ
Ubes of A, mger and Parncularl of A. flavus were greatly Plas_molysed in Com-
parison with Tefrigerated controls. The germ tupes of A, um|gatus contained
numerous retractilé granules not seen in thé controls. No differencés were observed

In A. terreus. _ : :
Induction of resistance to nystatin

The possibility that the growth shown by the Aspergillus species at h|?h nystatin
concentratjons after the Ionq lag phase was due to induced resistance 0 nystatin
was examined. Gradient plates (Szvbalski, 1952) at a maximum _strerigth of
600 units nystatin/ml. were prepared; 01 ml, of a spore suspension of each sjper-
%nlus_speme_s Was s,oread over the plates which were then incubated for 72 hr,

olonigs which developed af the highest n%statm concentration were picked off and
subcultured on further gradient plates at the same concentration of nystatin, in the
manner just described; After ten and twenty transfers the sensitivity of the
Isolates was determined by the standard sensitivity test. There was no increase of
resistance in _Asger%nms niger or A. flavus, but a strain of A, fum|gatus with
dounle the resistancg of the garen_t strain was obtained, 1.e. with the samg resistance
as A.fumigatus NyR. No further increase ofresistance was observed in A. fumigatus
NyR. As<a furthér check on the possible occurrence of adaR_tatlon or the seléction
of resistant strains, spores which survived. exposure to high concentrations of
nystatin in some of the experiments r_ewou_sly descnbep wgre tested by the
standard sensitivity test, but'no Increase in resistance was found.

DISCUSSION

Direct experiments on the sensitivity of the fungi sugngested that, within each
Aspergillus Species, the level of nystatir necessary to' inhibit spore germination was
the sdme as that needed to inhibit hyphal %_rowth; but experintents on the lag
phase showed that mycelium was more sensitive than spores, and the lethal con-
centration of the dru% was also shown to be lower for mycelium than for spores. The
probahle exglanatlo of this Inconsistency is that the doubling increments of
nystatin used throughout this work were to0 large to detect small differences in the
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minimal inhibitory  concentration. This could also_acgount for our finding no
difference in the minimal |nh|b|torg/ concentration in liguid and in solid madia,
contrary to the results of Stewart (1956) who, working with yeasts, found that more
nystatin was required to inhibit growth in solid than in liquid media. An indi-
cation inour experiments that this 1s, in fact, true for Asge_rggll_us species was that, as
nystatin deteriorated with time, moresRores erminated it initially inhibitory solid
media than in liquid media confaining the sanie amount of nystatin. Better contact
between spore and antibiotic in shaken, liquid cultures than in solid ones is the
probable explanation. _

Marini, Amow & Lampen (1961) have demonstrated that in Saccharomyces
cerevisiae, even if the inhibition of gIXcol 5Is which IS caused by nystatin is reversed
by the addition of K+ etc., there may: still be a complete loss of viablity of some
cells: these workers showed that this irreversible change was due to the additjonal
loss of c%toplasmlc constituents gther than those necedsary to maintain glycolysis.
This probably. also explains our finding of the marked_len([ﬁhenln in the"lag phase
of the Aspergillus species at concentrations a,pproachmg he inhibitory level, and
the high proportionof spores killed by nystatin at concntrations onlya few times
greater than those causing fungistasis. _ _

The necessity for a minimum length of exposure of Aspergillus spores to nystatin
before any effeCt at all can be observed, even at the highest aiitiblotic concentrations
is consistent with the findings of Lampen, Arnow, Borowska & Laskin (1962) that
n %easts the intact cell-wall delays binding and that the binding sites do hot appear
to e readily accessible. Nystatin absorbed on to the organism is not removed b
Washm([; with buffer or acetone, or by adjusting the pH 3L_ampen et at 1959), and
in yeasts the rate of absorption and total amourit absorbed increases as the nystatin
concentration Is raised (Lampen &Arow, 1959). This suggests that the lengthening
of the lag phase of Aspergillus species is also dug to increased absorption of fystatin;
this phase _eventuaIIY being terminated when the absorbed nystatin breaks down to
a sul |nh|b|tor%/ lovel, _ . _

Difterences in the rate at which nystatin is ahsorbed at the cell surface, compined
with the decay of the absorbed antibiotic with time, might explain differences in the
behaviour of the individual AsRergLIIus species In the presence of the antibiatic. In
the standard sensitivity test, wherg incubation was for a period of 48 hr in continued
contact with n5{st_at| , maximum absorption must occur and _germination pe
Inhibited at a refatively low external concentration. In the fungicidal tests, on the
other hand, unabsoroed nystatin was removed after limited exgosure Perlods, and
I absorption were slow in“some sReues, recovery of survivors, even after exposure
to, very high concentrations, might be expected: This would appear to be the case
with Aspergillus %er@us, buA cannot algne explain tpe comBiiratlve resistance of

A. Tumigatus to the fungicidal action of nystatin, when coupled with its extreme
sensitivity %o_{unglstasm. , _ _ _
Strains ot filamentous fungi or yeasts which have developed resistance to nystatin

of the typé occurring with other antibiotics s not met with (Stout, & Pagano, 1956).
Where Tesistance does occur, as in AsBerglllusfuml atus (Manning & Robertson,
1959), Candida albicans, Cerastomella ulmi (Stout & Pagano, 1956) and Candida
spp. (Littman, Pisano & Lancaster, 1957-58), it is only tio or three times that of

have rarelg/ been reported in‘the fiterature and the general oleon 15 that resistance
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the orlqlnal strain and it does not a_?pear possible to increase it further. These
obser%za |?ns have been confirmed with the four Aspergillus species used in this
Investigation.

Smcg It has heen shown that nystatin undergoes natural degradation at 37°, that
there is survival of a small number of spores at high nystatin concentrations, and
that these survivors have the normal gfrowth rate"and’no Increased resistance, It
would appear that the_growth which Tollows exgosure fo nystatin at high con-
centrations for Ionq Perlods of time 15 not due to adaptation, or to the selection of

resistant spores, but to the slow outgrowth of a few normal survivors as the nystatin
loses potency.

We are indebted to the Medical Research Council for the grant which supPorted
this work. We wish to thank Dr A, H. Linton of the University of Bristol for most
valuable advice and criticism, and the Dispensary of the Bristol General Hospital
for preparation of the nystatin stock solutions.
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SUMMARY
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cep |n Was (tt our ome naurayoccurrlng resistant strains

INTRODUCTION

JFttecentlgthlsolreltted (zterlvatlves of ce hlalos orin C, raamely cegpalothén S(()glurzn
salt of 7-(thiophene-2-aceta ephalosporanic acid) and. cephaloridine
thlenyt el (fo ?rr?et(ttp 1)-3-C hem4car%oxy?|c acuf1 |betame,st%w
antlbactenal activit a alnst severa ram- ne ative bacteria. . Neverth eless man?;
strains of Gram-negative bacteria are resistant to these antlblotlcs and form a
enzyme WhICh Inactivates cephalosporin (Chauvette et al. 1 Iemmg Goldner &

Glass, 1963; Barber &Waterworth, 1964: Muggleton, O Callaghan& tévens, 1964).
It has been shown that ampicillin resistance’ can usually be; correlated with peni-
cillinase formation, although most_ampieillin-resistant ‘strains of Gram- negat|ve
bacteria also showsome degree of intrinsic resistance (Ayliffe 1963; Percival, Brumfitt
&de |, ouv0|s 1963; Suther and, 1964). Amp|C|I||n|sread|Iy|nact|vated as |sbenzy
pen|C|I||n ythe Pemu nase] s of Staphxlococcus aureus and Bacillu ? [eqb
& Hamilton-Miller, 1963), whereas cephalosporin C Js inactivated slow tese
enzymes (Crompton et al. 19623 |t was thought of Interest to determlnet e Sen-
sitivity to ampicillin and cephalothin ofsome Gram-negative bacteria ofclinical impor-
tance and, to compare Benlmllmase and cephalosporinase activity and inductjon in
these stralns The role fcePhalosporlnase In determining resistance to cephalothin
was also investigated. Penicillinase and cephalosporinase ct|V|tY inthis ga er efers
0 dthe hP/dronels of benzylpenicillin and cephaldthin respectively, as assayed by an
lodomeric method.

* Present address: M.R.C. Hospital Infection Research Laboratory, Summerfield Hospital,
Birmingham 18.



120 G.A.J. Ayliffe

METHODS

Organisms. Strains of Proteys morganii, P, vulgaris, P. rettgeri, P. mirabilis,
Klebsiella aerogenes, K. edwardsii var. edwardsij, Enterobacter SAerobac_ter BE0eNeS,
Escherichja cofi and Pseudomonas aeruginosa (nyocyanea) were used in the experi-
ments. These strains were_isolated from clinical “specimens and were classified
accordmg to the tables ?f CowaB & Steel (1961). .

Cultur€ media. A beer digest broth PH {-4) containing 0-5% (w/\Q glucose was
used in all enzyme experiménts. Digest broth was solidified with 1-4% (wiv) agar
(Oxaid. no. 3) for the Sensitivity fests,_ . .

Minimum Inhibitory concentrations, The minimum inhibitory concentrations (MIC)
of cephalothin and ampicillin were determined on_nutrient agar plates containing
serial ilutions of the antibiatics. These plates were inoculated With a standard 4 mr
loopiul of an 18 hr broth culture diluted 1/500,in_nutrient broth (about 5000 organ-
!sms% and the lowest concentration of antibiotic which showed no growth &fter
mcqh ati gfor 18hr ?t 37° was record%d as the N|IC._ o

The efféct of Inoculum size on growth in_cephalothin.  Dilutions of 18 hr hroth
cultures of 7 strains of Gram-negative bacteria were made in sets of 8tubes containing
45ml. nutrient broth and cephalothin, 0-5 ml. (about 5x 108 organisms) of thé
brath culture was added to 45 ml. of nutrient broth contamm? cephalothin and
serial tenfola dilutions were made from 1/10 to 1/10s. The final concentration of
cephalothin in each tube was 100 /eg/ml. The cultures were incubated at 37° and
examined fo[) %owth at 24 ?nd B8hr, .

Induction by benzylpenicillin, Two 6 in. x Lin. test tubes containing 9 ml. glucose
broth were each inoculated with 1 ml. of an 18 hr broth culture ofthe Same organism
and shaken for 6 hr at 37°. After 2 hr incubation, benzylpenicillin was added’to one
of the two cultures, In an amaunt such that with.  strains the final concentration
was.200 /f:g./ml., with one ampicillin-sensitive strain it was 20 /g./ml. and with one
strain of PSeudomonas aeruginosa it was 20 mrq./ml. . o

Induction by variqus genlc_nllns and cephalgthin, Benzyli)em_(:lllln, methicillin,
cloxacillin, quinacillin, 6-aminopenicillanic acid and cephalothin were added to
final concentratjon 200 /.g./ml. to shaklrég broth cultures as described in the previous
section. Whole broth cultures were used for the cephalosporinase assay.

Preparation ofenzgme and assay. After incubation for 6 hr the two broth cultures
were centrifuged and the orqanlsms resuspended in g)hos hate buffer ng 6-vfy to the
same turbidi Nﬁeguw. about 5 x 109vacteria/ml.); Sml. of each suspension was then
treated In an"M.S.E. ultrasonic disintegrator for 25 min., the tube_contalnlng the
suspension was_surrounded by Ice to Prevent any excessive rise in temperature
during the, sonic treatment. “Penicillinase and cepnhalosporinase activities were
estimated in the superneﬁant fluid, gl whole or%nlsm Sus enélons,_dlsmtegrated
organisms or whole” broth cultures by an lodometric method, which assays il
|aCtamase and not amidase actlvnﬁ/. lodine is reduced by penicilloic acids and by
the degradatlon Products of ¢ephalosprinase as soon as the /?-lactam bond s
ruPtur d; e}{)prox_ mately 8e(1uwalents of foding are equivalent to 1 mole penicilloic
acld, ang 4 equivalents of lodine are equivalent to 1mole ceBhansporm arter
hydrolysis (Fleming et al. 1963). In the ‘assay, samples (0-5-2-0 ml) ‘of enzyme
preparation” were added to Sml. substrate solution” (2-5mg benzylpenicillin or
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cei)halothin/ml. in 0-2 m-KHP 04+ Na2 04 huffer (pH 65) containing cf)_/iﬁ.
chloramphenicol/ml, to inhibit the growgh of organisms in the assay where this might
aceur). The destructlon_ofbenz_%lpemmllm or_cePhalo_thm was then determined” in
these’samples b%/ titration against standard iogine with appropriate controls (see
Perret, 1954). The tests were repeated with different broth Cultures of each strain.

RESULTS

The amount of E)emullmase and cephalosBormase activity in the whole organlsm
suspensions, disintegrated organisms and supernatant fluids of cultures of Several
Gram-negative spec_les_%r_own in the presence or ahsence of benzylpenicillin, together
with the minimum inhibitory concentrations of ami)lcnlm and Cephalothin for'these
organisms, are shown in Table 1 The strains examined may be divided into 5 main
grdups according to their response to inducer, _

The strains ofProteus morganu, P. rettgeri, P. yulgaris, Enterobacter aerogenes and
Pseudomonas aeruginosa were resistant to ampicillin'and to cephalothin and formed
Inducible cephalosporinase and Bemcnll_nase. The cephalosporinase values, were
higher than ‘the penicillinase values which were especially Tow in the strains of
P. rettgerl, E. aerogenes and Ps. aerU(n;,ln_osa. Strains of Ps, aeru?mosa required a much
higher™ concentration of benzylpenicillin to demonstrate, Induction of cephalo-
sporinase and penicillinase activity than was the case with the other organisms

tested. . . . -

T%e strain of Escherichia coli was resistant to both antibiotics and formed both
ke)nzyrr}es, buﬁ enzyme activity was not increased by growth in the presence of

enzylpenicillin,

Th)(/apstraln of Klebsiella aerogenes was resistant to ampicillin but moderately
sensitive to cephalothin. Both Substrates were hYdroIg_sed, but the cephalosporin-
ase activity was less than_the_i)_emmllmase activity; néither enzyme was Inducible.

The strain of Prateus mirabilis was resistant to dmpicillin and sensitive to cepha-
lothin. Only Penlmllmase activity was detected; this was not increased by growth
In presence of benzylpenicillin. ~ . » O

he strain of Klgbsiella edwardsii var. edwardsii was sensitive to ampicillin and
cephalothin, Enzyme activity was low in both cases and was not Induced. b
benzylpenicillin 20 /ig./ml.  Higher concentrations of benzylpenicillin inhibited
growth in this organism. , " .

Table 1 shows that Proteus rettgeri was the only. o_r%amsm_ which gave an apPre_m-
ablg higher cephalosporinase activity after cell disintegration, whéreas the strains
of P. mirabili, P. morganii, Klebsjella aerogenes and ‘Escherichia coli all showed
higher penicillinase activity after disintegrating the bacteria, Both enzymes were

ainl ceII-bounﬂ, %Ithou h moderate cePhalos ormas% activity was obtajned |n
the stpernatant tjuid of some straing after induction. T e_PenlcnImase activity In
the suEernatant fluid of the strain of K. aerogenes was similar to that of the intact
organisms, but cephalosporinase activity in the supernatant fluid was very low.

Induction of cephalosporinase activity

Table 2 shows the cephalosgorinase activity of two strains of Proteus morganii
and one each of P. vulgaris, Enterobacter aerogenes and Klebsiella aerogenes after
growth in the presence (200 /ig./ml.) or absence of various inducers. Growth in the
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presence of benzylpenicillin, cephalathin or 6-aminopenicillanic acid led to in-
creased cephalosporinase activity of all strains tested except K. aerogenes which was
unaffected by any of the compounds at the concentration used. Methicllin caused
a similar increase’In activity witn strain 10fP. morqa_nn_and the strain of P, vulgaris,
but not with the other organisms tested. Cloxacillin increased the activity of the
same twg organisms but toa lesser degree, and with strain 2 of P, morganii”and the
strain of E, aerogenes the activity was apparently decreased after growth in its
presence. Quinacillin increased thee activity of strdin 1 of P. morganil but did not

affect that of the other organisms.

Table 2. Induction of cephalosporinase

Cephalosporinase activity g/imole/ml. of broth culture/hr,) of five strains of Gram-
negative bacteria after growth in the presence of six potential inducers.

Proteus morganii

Inducl_ng agi nt p A —, P.vulgaris Enterobacter Klebsiella
(200 /ig:/ml. 1 2 aerogenes  aerogenes
Nil - 16 16 1-2 6-8 3
Benzylpenjcillin 30-2 21-6 21-2 25-2 36
Cephalothin 30-4 1440 20-4 15-6 38
Methicillin 216 48 21-6 40 34
gumacnlm 280 16 36 12 38
-APA. 20-8 19-6 14-3 30-8 40
Cloxacillin 28 08 8-8 08 30

Table 3. The effect of inoculum size on growth of certain Gram-negative
bacteria in presence of ce%halothm

108?ieg.séne%u%?})tﬁﬁlnu/trlr1()lp of an 18 hr broth culture showing growth in broth containing

Minimum
inhibitory _
concentration Inoculum size
, cepnalothin* - e Ko -
Organism fig./ml. 24'hr incubation 48 hr ipcubation

Proteus morganii > 256 -S |
P. vulgaris 128 -8 -8
P. ret_tperl, ) > 250 -8 8
P. mirabilis 4 <01 <10-1
Enterobacter aerogenes 128 -5 -7
Klebsiella aerogeres 16 -2 |82
Eschericha coli 256 10“8 -8

* Inoculum = 1/500 dilution of an 18 hi culture.

The effect of inoculum size on growth in cephalothin

T7e smalhest ip]oc |lim,0f each sfrain which showe growth in broth containing
100 zg._ce alothin/ml. 15 shown n Table 3. With three strains of Proteus an
the strain Of Escherichia coli showing a minimum inhibitory concentration of 128 /ig./
ml. or more when tested with the standard inoculum (/500 dilution of an 18T
o tTreg, _%rowth occurred in the presence of 100 /ig./ml. within 24 hr with the
smallest inpculum used (about 50 rganlf]m%). The 3tram_ of Enterobacter aerogenes
snowed a similar degree of resistance' with trie standard inoculum, but the highest
dilution of an_ 18 hr broth culture from which an inoculum %ave growth in the"pre-
sence of 100 /ig./ml. was 1/106after 24 hr or 1/107after 48 .
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DISCUSSION

In this investigation, cephalosporinase and penicillinase were considered as separate
enzymes but this may not be so and . the results only show that Gram-negative
hacteriavaried intheirrelative hydrolytic activity against benzylpenicillinand cepha-
othin. Ampicillin-resistant strains Showed a r[[)]r_edomlnant penicillinase activity,
whereas cephalothin-resistant ,st_rams_Predo inantly hydrolysed, cephalothin.
Am,onﬁ_the strains tested, ampicillin-resistant strains of Proteus mirabilis hydrolysed
nenicillin byt not cephalothin, whereas P. rettoeri and Enterobagter aerogenes hyidro-

se_d_ceﬁhalothln mare readily than penicillin;P. morgann readily hydrolysed both
enicillin and cephalothin. The Gram-negative bactéria studied are examples of
orr%anl_sms commonl* isplated from routine clinical Specimens. The sensitivity to
anpicillin and cephalothin is typical for most strains of Klebsiella and Enterobagter,
for Pseudomonas agruginosa and for Proteus species other than Proteus mirabilis.
Strains of P. mirabilis isolated in this laboratory as elsewhere were usually sensitive
to ampicillin ana cephalothin, A strain of Klebsiella ecwardsii var. edwardsii was
the only strain examined which was sensitive to both antibiotics; examples of other
Sen |t\ve strains were not mclu?ed as It was_found that their penicillinase and
cepalosporinase activities were low or non-existent, _ N

All but one of the cephalothin-resistant organisms grew in broth _contalmng
100 fig, cephalothin/ml. when tested with a $mal| inoculum suggesting a hlg
Intringic resistance; the exception was the strain of Enterobaeter aerogenes. Small
Inocula of this _or?amsm did not grow in 100]ig. cephalothin/ml., whereas large
Ingcula did. This yge of resPonse 0 ceﬂhalothln is similar to that of some perli-
cillinase-producing” strains of Proteus and Aerobacter which had little intrinsic
resistance to ampicillin but which were resistant b% virtue of their penicillinase
formation when tested with a large inoculym (Sutherland, 1964g. It should be
emphasized that naturally occurri %cephalothm-resmtant strains differ in their
cepnalosporinase activity”from strains made resistant in vitro by subculture on
Plates containing cephaloridine.  The habituated strains a_lthou%h equally resistant
0 cephalothin Showed no %reater cephalosporinase activity than did sensitive
strains (Barber & Waterworth, 1964), _ _

Until _recentlg the penicillinases of ram-neg}atlve bacteria have not been regarded
as Inducible enzymes, but It Is now clear that there are exceptions to this. Induction
of E{)emmllma_se activity has been demonstrated i a Strain of Proteus morganii
Hamjlton-Miller, 1964), that of cephalosporinase activity I astrain of Pseudomonas
RI‘[HLIfHOSéllg Jago, Migliacci & Abraham, 196?;2 and that of hoth In Proteus species

ylitte, {?

_ 4). The present investigation sfiows that penicillinase and” cephalo-
spormase_actlvatj may talﬁo be induCed in other Gramawegatwe_ Epe_m%s, but with
some strains Induction of these enzymes was not obtained even with high concentra-
tions of potential inducers. Différent antibiotics dirfer in their effectiveness as
Indycers of cephalosporinase activity. Benzylﬁemcnlln, ceBhaI_othm and b-amino-
penicillanic acid were effective inducers, but the other antipiatics showed variable
effects. Methicillin and cloxacillin are 6%ood inducers of staphylococcal penicillinase
(Smitn, Hamilton-Miller & Knox, 1962). In the present investigation methicillin
and 10 a lesser degree cloxacillin were found to he effective nducers of the Cﬂohalo-
sporinase activity of L of 2strains of P. morganii (Strain 1) and a strain of P. vulgaris



Cephalosporinase and penicillinase activity 125

but not that of three other organisms tested, including a second strain of P, mor(I;ann.
gumaullm is a poor inducer of staphylococcal penicillinase (Richards, Housley &
pooner, 1963); in the present study 1t was found to induce the cephalosporinase
act|V|t¥r of strain 1 of P. morganii, biut not that of the four other organisms tested.
The difference_obtained with methicillin, quinacillin and cloxacillin in the 2 strains
of P. mor%anu indicates that the effectiveness of these pepicillins cannot be pre-
dlct%d even with the same species. Methicillin and cloxacillin have been found. to

Inhibit_penicillinase in several Gram-n%gatlve species (Hamilton-Miller & Smith,
1964; Sutherland & Batchelor, 1964? an ceghalos Qrinase in Pseudomonas ae,ru%l-
nosa (Jaqo etat, 1963). In the experiments reported in this paper, partial inhifition
of cePha osporinase activity occurred when ong of the strains of P. morganii and
the strain of Enterobacter aérogenes were grown in the presence of cloxacillin,

| wish to thank _Professor Mary Barber, Dr M Richmond and Dr E.J. L.
Lowbury for their advice and criticism, Beecham Research Laboratories Ltd. for
a researCh grant and su glles of Pemcnlms, Boots Pure Drug Co. Ltd. for supplying
quinacillinand Glaxo Laboratories Ltd. for cephalothin.
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INTRODUCTION

Interest in the mechanism of the biosynthesis of carbamogl phosRhate s {UStIerd

Its ely role as a common precyrsor of two |mﬁortant losyntnetic pathways:

t at ofagmme and that ofth pP/r|m|d|nes For this reason, acomplex regulation

of the hiosynthesis of carbamo r{ hate mazV |e expected. The naturé of the
e

dys a Similar roie.

In %h'rseere nYtn%

reactions 1 spon3|ble for thls bidsynthesis 15 not well known i micro-organisms.
The reaction cata %sed y_carbamoyl phosphokinase (ATP: carbamate phos-
photransferase; E.C.

NHZ00- +ATP MSNH2C0P0R+ADP.,
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was the first to be proposed as the route of formatron of carbamo¥< phos hate |n
micro- organrsms (Jones, Spector & Lrpmann Gorini- & Kalman,
E)gaélzrs 1963).” Others see in Levenberg s glutamine- dependent reaction ( Levenberg

glutaming + ATP + HC03 M NHacop02 + ADP + glutamate,

the functional mechanism of that biosynthesis gPrerard & Wiame, 1964?

I, Escherichia coly one-step mutants Simultanéously auxotrophic for afginine and
uracrl have, been obtarned Roepke, 1946; Davis, B. D., 1962). Other mytants,
which re&urre arginine when urail is present in the growth medium, are known
(Novick & Maas,"1961: Gorini & Kalman, 1963). All of these mutants are located
wrthrnthe same small genetic region EPrerard GIansdorff&I\/Iergeay In preparatron
Beckwith, Pardee, Austrian & Jaco 962?7 hus, 1t would dppear th asrngle
enzymic system synthesizes carbamoyl phosphate for both athways In this
organism. “A différent situation exists in. Neurospora. Indirect but” extensive
evidence from genetic studies led to the o inion that there were two |ndependent
enzymic $ ntheses of carbamoy| phosphate in Neuros{gora one. specific. for the
agognrne the other for the gynmrdrne pathwaY (Davis, R. H., 1962; Reissig, 1960,

harles, 1962). Carbamoyl phosphate Tormed by one reaction 15 not freely
available for the other pathway (Davis & Woodward; 1962; Davis, 1963). This
channelling leads the mutants to be auxotrophic either for arginine or for pyrimi-
ding. . Supporting this vrew Davrs (1963) has |dent|f|ed the reaction specific for the
ar inine pathway as mediated by a carbamoyl p osphokinase which'is repressible
Xar |n|ne and Which is not present in the ar% mutant. This enzyme affected b
te mutation” concerning the pyrimiding-specific pathway, has™ not yet been

tifi
T e gata obtarned in the present work show that in Saccharomyces cerevisiae the
enzymic reaction eadrn to car amoyl phosphate uses glutaming as the nrtroden
dorior (L evenber . Direct enzymic evrdence WI|| be presented for the
existence of two dr erent enzymes.  Mutations which a ect each one separately
have been found, thus allowing the stud of them Independently, . One enzyme is
related to the pyrimidine gathway, sincé |t I3 stron%ly retro inhibited by undrne
o' tn hosphate UTP% the other, while unaffected by UTP, s stron%yrepresse
arginine. Either e zymro system alone permits growth, showing that there 1s no
cannellrngo carbamoyl hosghate IS, Cerevisigé, As exgected strarns unable to
conduct both reactions redurrdto e given argrnrne+ur cil for growth. A pr
|1|5r16|rr)ary report of this work has appeared (Lacroute, Pierard, Grenson &Wrame

METHODS

Organrsms The east strarns used are haplord clones of Saccharomyoes cerevisiae
which are heterothallic. Mutants ¢ uand cpa were obtained b?/ Using nitrous aord
as muta en, mutantsca and cp% 2 usrng{Xras ant cpa was named
d and mutantcu 2~ in our elrmrnary note:; Lacroute et al. 1964; Lacroute
uantdeugtr was Kingly provided Dr K. Mortimer and identified
yus “as blocked in om thrne carbamo Itransferase(]. 2133
Genetical mebhodB d) hswere obtained and isolated, and tetrad analysis was
done as described by Hawthorne & Mortimer (1960).
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Media used and conditions of growth. The basal medium for g7rowth Was a
defined basal medium (no. 140) containing R‘erl medlumg: Mg,SOA. HA, 0-7 ..
KHP04 1q.. CaClo 0-4q.. NaCl, 0507 (NHAS04 1 g.. itric acid, 1054
10 m-KOH, 16 ml.;_trace metals solution, 1ml.” One 1 of trace metals solution
contained: HB03 500 rR[q CaS04.5HA), 40 mg.; K1, 100 mgl.' FeCl3.6HD, 54.;
MndSOflélHZ), 400 mg.. Na2Mo04.2HD, 200 mg.; ZnS04.7HA, 720 mg.; citric
aclg, 1Vg. . , i ,
The mgedlum was adjusted to pH 6T5 before sterjlization. After autoc_lavmgf
(121°, 20 min.), glucose (to final concentration 3/100 ml.z/_and_a solution 0
vitamins (final Qjlttion 1/100) were added to the medium. The Vitamin solution was
comP_os_ed as follows (per L): DL-calcium panthotenate, 200 mg.; biotin, 250/:..
nicotinic acid, 100 mg.; thiamine, 100 mg.: riboflavin, 100 mg.. inositol, 500f|g1.;
%arm{]r%kt)l%r}].7)0|ﬁo%0hd 50mg.; pyridoxine; 100 mg.; folic acid {sterilized separately
yThe cultures wereg rown agrobically on a rotary shakerat 30°. =~
Growth curves, Eac organlsm Was,Prown on the four following media: minimal
medium (M); minimal medium + uracif (100 f|%./ml.); minimal + L-argining 100 f|%./
ml.; minimal + uracil + arginine. The growth was followed by measuring the
extinction in a Beckman model C colorimeter with an interference filter (g6 i)
Two different extinctign values were used at ingculation: 0T00 and () galcu-
Iartg&)thto obtain a sufficient number of generations In the exponential phase of
! Preparation of organismsfor enzyme assa_;is. Minimal medium was supplemented
when started with 200 jig. L-arginine, uracil or hoth together/m|. Orqanlsms Wwere
harvested during the exponential phase (extinction 0-8-1-6, with a Hilger-Spekker
colorimeter, equivalent to 0-4-0-8'mg. dry wt. organism/ml.).
. Double mutants FL80-2C. (cpa2, cpu) and X 3200,{09av C%JI) Were grown on
limiting concentrations of argini eﬁ(lSil Aml.) and uracil (7 /tg./mf.). The Organisms
were collected one doubling-time after the end of the exponential phase of growth
to_allow for de-repression. The organisms were collected by centrifugation, washed
with distilled water ang kegt frozen until the ;f)re aration of cell-free extracts,
Cell-free extracts, _ Organisms harvested from 15 1 culture, were resus-
pended in sml. 0-05m J)hosphate_buffer H 7-5) and broken in a Nossal cell
disintegrator (MacDonald Engineering Co,, 1725 Fall Avenue, Clevelang 13, Ohio,
SA) with 8. glass beads; the bred a?e period was for 30 sec. twice with cooling
with & stream 0f 02$_Som|o, 1962). Ater cenfrifugation at 20,000gf0r 30 min:
in a Servall SS-1 centrifyge, the su_ﬁernatant fluid“obtained Sqreferr d to as the
crude extract), was passed once and In some experiments twice through a column of
Sephadex G,25 (Ere-treated with 0-05 M-Phos hate, pH 7-5). EnZ}/mlc activities
were determined hortlg after the preparation of the cell-free extracts to avoid loss
of the rather unstable Carbamoyl phgsphate synthesizing activity. _
Assay of enzymes. The activities of carbamoy! pnosphiokinase and of%Iutamme-
dePen ent ca amog/l Iphosphate synthetase” were " determined b¥ o_nvertmg
carbamoy! phosphaté formed from ra |0act|veIY |abelled bicarhonate 1o acid-stabl
citrulliné according to a modification of the method developed by Levenberg (1962)
or %he mushroom"system. _ . o
The assay system for carbamoyl phosphokinase activity contained (in total
Q G. Microb. x1
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volume 1m|8 ATP, 20 moIe MgCIZ 25 [;mole; ornrthrne 10/¢mole; tris buffer

pH85 200 1;mole! NHCL 50/ mole: 1-Nat04 SS oecific actiyity T rom2f

m./fim ole) 5o/¢mole excess of omithing carbamoyltransferase partially

purrfred {from Escherrchra Colr: crude extract, The reaction was Started shortly after

he addition of 1C-NaZC04by introducing the extract. Incubatron was for §0 min,

£ 30°. The reaction was stopped by adding 1 ml. of 2n-HCL, followed by borlrng for

10 min. After removal by centrrfugatron of the pre Tp}rtated proteins; samplés of

the reaction mixture wereplated oncolpgerpanc hets. The samples were eva orated

to dryness and the radioactivity in the acid-stable samples counted in a (Nuclear
Chicago) low hackground gas- flow counter,
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Fig. 1. Glutamine-dependent carbamoyl phosphate synthetase activity, Dependence of
Incorporation of KHCO3 in citrulline”on time (A) and amount of "Sephadex-treated
extract (583 of Saccharomyces %erevrsrae mutant FL '82-25C (cpu). In A, the amount of
protein 18 2-52 mg. In B, rncu tion time 30 min.

The constituents of the reaction mixture for the assay of the gilutamrne dependent
carbamoyl phosphate synthetase were as foIIows |n 1m| totdl volume: phosphate
buffer (pH'/ )85/ mole; ATP, 12/;mole; M 2f 2/¢mole; ornithing, 6¢moe
glutamrne 6/;mole; “U- KHCOa specrfrc activity from 410 8 x 104c.pm./l(mole),
0/¢;mole; excess of “ornithine " carbamoyltra sferase partrall urrfre from

Escherichia cor cell- free extract ncuba lon and counting pr ce ures were as
described fort e carhamoy| rp osphokinase activity. Under these conditions, a
reasonable linearity of citr || e production with tinfe and amount of extract was
obtained (Fig. 1). “All the valugs given have been corrected for controls where the
reaction wag stopped at zero time,_Under the_ conditions used, no corrections for
self-absqrption Were necessary. Secrfrc actrvrtres are expressed as- m/moles
radioactive hicarbonate rncor orated into citrulline/n rm protein.

IdentJ%atron otuCIab% (prodp}cts The identity. of helthIbeIIed oduc
obtained by coupling carba osphate s nthesis wit ornrt Ine ca amo
fransferase or with aspartate car amocv tran%erase was confirmed g/ the use of
high voltage (5 kV.) electrophoresis in acetate buffer (pH 3) and by papér chromato-
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graphy with 2-butanol + 83 % formic acid in water + water (/5+15+10, by voI.I) as
solvent (Bishop & Campbell, 1963). The paper strips were passed through a Nuclear
Ch|cago chromatogram scanner. Comparison with samPIes of authentjc 4C-ureido
compaunds contirmed that the radioactivity from YC-bicarbonate was incorporated
into citrulling or ureidosuccinic acid. A third radioactive peak corresponded to a
non-identical degradation Broduct of these compounds; this through a non-gnzymic
reaction favoured by ATP. Nevertheless, the results were not quantitatively
affected because this"degradation product was acid-stable.

RESULTS
; Ghenekt;c analysis and ph)k/)smloglca:]pro?]ertws of Ehe mutants

To study the biosynthesis of carbamoyl phosphate Saccharomyces cerevisiae, we
trie totls_oratemutan%w ich requ?regrgm%/ulpane us?yuracﬁang aryginine for growth,
We obtained such a strain_(FL80-2C) but %enetlc analysis showed that™it had
undergone two mutations. The physiological Consequences of these. mutations and
the pRenotypes of all the mutants’ qbtained from it are described in Table 1. The
Independerice of the two mutations is shown in Table 2 (cross no. 1). One of these

Table 1. Growth behaviour of various mutants of Saccharomyces cerevisiae
deficient in the biosynthesis of carbamoyl phosphate

Culture medium

Minimal Minimal  Minimal ~ Minimal
+arginine  + uracil +arg|r_1ne

S, cerevisiae + Uracl
r . Growth
strain Genotype ( L — 1
FL 100 Wild + + + +
£ 1330a cpat + + - +
FL 80-2A cpa.l + + - +
FL 82-25C cpu + t + +
£ 1320c epal, cpu — - - +
FL 80-2C cpag cpu - — - +
£ 1461b cpaly epa + + +

mutations (mutant cpa?) led in the presence of uracil to a requirement for argining,
while the phenqtype was of wild-type in the absence of added uracil. The qrowth
rate of S. cerevisiae strains which Carried the second mutation (cpu) was |ght!Y
lower in the éjresence of arginine and this partial inhibition was annulled by uracil.
Once isolated each of the mutations showed a regular 2:2 seg_reqahon wher' crossed
with a wild-type strain. When both mutations Were present'in the same sfrain, an
ur~ ar~phen Tpewasobtamed. These properties are seen in Fig. 2, which shows the

rowth curve of the four types of strains. Figure 2D shows the rapid inhibition of

rowth of a mutant cpaZafter agding uracil toa minjmal mediym (upper curve). In

e same experiment, startln_% from’a lower extinction valug 60-0 1, calculate 2 no
detectable ggrowth occurred 1 minimal medium + uracil. Figure 20 shows that, in
contrast with the preceding case, the effect of argining on acpu mutant was much
mare deleﬂ/ed and less m#\orhant. .

Two other mutants with the same phenotype as mutant cpa2 (requirement for



F. Lacroute and others

132

b &

.|L
1

& &

y

l++4 1111444 F

$-515 Jhge
X IREIE

d

B

Frrr 111+

414

t 4]+t 4+

el
3 1§ 44 114111

;

%.
% KL

‘[19ean = Jn 3 auiuibie = au
(0) pr y Z

8 =

Htf B

H-
g
=

44414444 I+++ 1111 1144
H—Hh +

r*

"

]
B

(@75 TN

'puNoj 18 g4 Ajuo aiaym (g) Joj 1d99x3 «

0 1edosue (+ +2Tedd)
PCeT 3 X
= Ot — © _ ass
\E
s >
TBmm >
] TSy + + o>
oV oX
A0
© =, & A4_|_da
B = X
83 w3 ©
S
ad OV T

‘9dfiena) = | adAup (eusied-uou = qdN adAup feusied = qd
9eISIAQIR) mmo\?ego%m J0 Sjuenw Jo m_m>_mcm [B3NBURS) °Z 9|qBL

cte)
y7°3d



Carbamoyl phosphate synthesis in yeast 133

arginine in presence of ur_aml{ were isolated independently._Each of them contained
a Single mutation showing the normal 2:2 segregatior]. The two mutations were
allelic, as shown bLy the absence of complementatjon and by the mutant phenotype
of the haploid descendants from a cross between them; we call these mutants cpa

and cpax 2 A strain of Saccharomyces cerevisiae with a similar inhjbition of growth

uracil, which was annulled specifically by arginine was described by Miller &
arrison (1950).

A B
1-000

0-100

Extinction

0-010

(+cpay cpu)

1 1 1 ] 1 ]

0-001 1
0 5 10 15 20 25 0 5 10 15 20 25
Time (hr)
1-000 . D
0100 :
=
=
S
=
=
L
0-010 B
(+ +cpu) (+cpaz+)
0-001 Lé ! 1 ] ] 1 1 J | 1 1
0 5 10 15 20 25 0 5 10 15 20 25
Time (hr) Time (hr)

Fig. 2. Growth behaviour of the mutants, Two sets of curves are (T;iven for each strain
one starting from extinction 0-100 and one from extinction 0 001 (calculated), ¢, Minimal
medium (M); A, M+uraeil (100/fg./ml.); O, M+ L-arginine (100/;9./ml); X, M+
L-arginine + uracil.

9-3
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Strains of Saccharom%/ces Cerevisiag carrxmgh; the mutation cpax L and cpax- 2 ere
crossed with cpazmutants to_determine whether or not these mutations atfected the
same locus, omPIementatmn tests and tetrad ana|¥3|s_showed that mutants
cpaxand cpa2affected two ditferent genes which segregated independently (Table 2,
nos. 2.and 3). The simultangous presence of cpax_x Or cpax 2and Cpu in a Strain gave
the phenotype ur~ar~, as In the cases of mutants cpa2and cgu (Table 2 no- 4).
Fmallﬁ, cpdl was shown to be allelic or very closely linked to ur gTable 2,10, 5)9 the
structura (];ene of aspartate carbamoyltransferase SE.C. 2. 13 Z; Lacroute, 1 64[)),
whereas neither cpax nor cpaz2were genetlcally linked to arz, the structural gene of
ornithine carbamoyliransferase (Table 2, nos.’6, 7). . _

Based on the génetic analysis and the thsmlo&ncal properties of the mutants
obtained, we formulate the. hiypothesis that tivo independent carbamoyl phosphate
synt esmnﬁ systems exist in“Saccharomyces cerevisiag, one Specific for'the arginine
gathway, the other for the pyrimidine pathway, genes cpaxand cpa2corresponding
0 the argining system and gene cpu to the p¥rlm|d|ne system. " In the following
sections, We give Turther evidence in support of this hypothesis.

Nature of the reaction responsiblefor the hiosynthesis of carbamoyl phosphate

In the study of the mechanism of the biosynthesis of carbamoyl phosphate in
Saccharomyces™ cerevisiae we considered two ﬁossmle reactions, one catalyzed by
carbamoyl” phosphokinase, the other by the glutamine-dependent. carbamoyl
phosphate synthetase. These carbamoyl phosphate synthesizing activities wefe

Table 3. Specific activities of carbamoyl. phosphokinase and of glutamine-dependent
carhamoyl phosphate synthetase of various mutants of SaccharOmyces cerevisiae

Conditions are as described in ‘Methods’. For carb mo%_r{)hosphoﬁinase abctivit
NH4was at 5x 10"2m, glutamine at 6 x 10 3m, Forthequta ing-dependent carbamoyl
phosphate synthetase, both NH4+ and glutamine were at 6 x 10 3jm

Carbamoy! Gl tamine-d%pen%ent
phosphokinase  carbamoyl phosphate
activity synthetase activity

_ Crude  Sephadex-  Crude Sephanx-
Amlogroup extract  treated  extract  treated

Mutant onor extract extract
FL 100 None 19 1 99 2
(wné) nhé 40 12 18 5

Glutamine 32 kK] 100 78
FL 80-2A None 3 1 29 1

cpa2 hé 4 0
(cpa2 r(]3Iutam|ne 3 1 %g 1%
FL 82-25C None 17 1 21 2
cpu nhé 49 13 58 5

Glutamine 46 55 85 100
rhe N SO S A B

cpu,, . 8

P €9 Glutamine 3 2 9 3
§1320C None 0 _ 3
(cpav cpu) nhit - 0 — 3

Glutamine — 0 - 3
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determined for the various mutants described in the ﬁrecedtng section. For each
strain, tg ﬁcttvmes for the crude an(i for the Sephacex-treated extracts were
estimated: the results are shown in Table 3

Crude extracts of the wild- tyPe strain SFL 100) of Saccharomyces cerevisiae
exhibited considerable activity for both reactions. However, these activities were
little dependent on the presénce of added ammonium ion or glutamine. After
Sephadex treatment, the carbamoyl phosphokinase activity was only partially

140 | 140 |~
FL 82-25C

120 120
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tgl 3 Vartatlon with pH value of activities of carbamoyl phosphate synthesis with
4 or glutamine. Conditions described In Methods for estimation of carbamoyl phos-
phoktnase activity (curve 1). In curve 2, NH,+ replaced by 6 x 10~M-glytamine. The
extrett)ctt was treatéd twice with Sephadex G 25, pH value méasured at the begtnntng of
incubation.

Fig. 4. Variations with pH value of the act|V|y of Iutamtne depende nt carbamogl
E:hosdphate synthesis of S. cerevisiae mutants F cgu and FL 02A (cpad).
onditions as. described in Methods. . Extract treated thh ephadex G25; pH 'value
measured at the beginning of incubation.

recovered in gresence of NH4 {5 10 2m), but was fuIIK restored when NH4+ was
replacedb Iutamln Under the assay conditions of the glutamine-
en ent carf)am(% osphates nthetase aC'[IVIt% gtutamme (6 X 10_3m) Was qot
e Iciently replaced by an equivalent concentrati ammonium 1o, A similar
S|tuat|on Was observéd with mutants FL 80-2A q:pa and FL 82-25C gc lP
Important difference in the amount of carbamoy phosphate synthetase 0 these
two mutants should be noted ga e?’t) Ftnat{ the double mytants, FL80
cpa cu) and S 1320¢ (cpav ¢pu) were almost totally deficient in both act|V|t|es

able
ost Of the carbamoyl Phosphoktnase act|V|t¥ seems dug to the presence of
glutamine in the crude ‘extract which 1s eliminated by the Sephadex treatment.
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Nevertheless, the Sephadex-treated extract showed a weak activity with NH&
activity better explained by assumlngasmall affinity of the synthetase for this ion,
This 1s well illustrated. in"Fig. 3, where the variations of the activities with pH
value were recorded with glutamine or NH+4as the nitrogen donor. The activity
with NH4+varied in parallel with the activity with glutamine.. On the bagis of the
data _E)resent_ed here, it seems reasonable t0 concllde that in S. cerevisiae, the
activity ascrioed to carbamoyl phosphokinase corresponas to a weak activity with
NH2+ 0f glutamine-dependenit carbamoyl phosphate synthetase.

Table 4. Requirements for substrates and co-factars of the, reactions catalysed by
glutamme-dependent carbamoyl phosphate éynthesumg activity of Saccharomyces
erevisiae mutants FL 80-2A and FL 82-25C.

The experimental procedure is described under Methods. Extracts treated twice on
Sephadex G 25 column were used.

Mutant Mutant
FL 82-2oC  FL 80-2A
(cpu) ..{cpaS)
o Specific activities
Reaction mixture e >
Complete _ 134 1
without glutamine 2 2
without ATP 0 0
without Mg2+ 1 0
without orithine 10 5

Properties of the glutamine-dependent carbamoKI phosphate synthetase activities

To study independently the _ca_rbamO)(]I phospnate synthesizing activities related
to the arginine and_the pyrimidine pathways, we uséd mutants FL 82-25C &:[pug
and FL 80-2A (cpa). The substrates and cofactors requirements of both activitle
were determined (Table 4). Incorporation of radioactivity from XC-hicarbonate into
citrulline by a cell-tree ‘extract of mutant. FL 82-25 _(cpu)r was dependent on
glutamine, ATP, Mqa+and ornithine; omithine was required tor the conversion of
carpamoyl_phosphate to_ citrulline throu%h ornithing ‘carbamoyltransferase. The
activity of mutant FL 80-2A (cpa2), alt ough weaker than that of FL 82-25C
cpu), exhibited the same reﬂw ements. A etglglutamate an activator of the
ammalian carbamoyl phosphate s%nthetase (Conen, 1962)rd|d not enhance the
actth of the Xeas carbamoyl phosphate synthetases. The weak activity of
mutant FL 80-2A led us to consider that this activity might differ in some way from
that ofmutant FL 82-25C. We therefore tested asparaglne as an amino ?rou donor
In the reaction. However, asparagine behaved as a poor amino donor for carbam-
0¥I r#hosr{)hates nthesis with both_mutants. As shown. in Fig. 4, the activities
of mutants FL 82-25C (c ug and FL80-2A were not differentiated by their pH
opt!ma. The acid-stable product of both activities was citrulline, in presence of
ornithine, and omithine carbamoyltransferase or urejdosuccinate. in the presence
of 3spartate anqb %sggrtate carbamoyltransferase. The Identification of these
products 1S described above.



Carbamoyl phosphate synthesis in yeast 137

Regulation of the two carbamoyl phosphate synthetases

To obtain evidence of the physiological meaning of the two glutamine-ependent
carbamO){I phosphate s%nthetase_s,, we studied the effect of arginine and uracil in
the growth medium on these activities; tne results are given in Table 5. The activity
ofthie smgle mutant FL 82-25C rgcpu), which retained onlythe carbamoyl phosphate
synthetase related to the arginine pathway, was strongly repressed by argining in

Table 5. Influence of the addition of arginine and uracil fo the growth medium on
the cegree of glutamine-dependent carbamoyl phosphate biosynthésis by mutants of
Saccharomyces cerevisiae

Arginine and uracil in the growth medium were at 200 /tg./I.
S. Ccerevisiae

FL 100  FL 82-25C FL 80-2A
(wild type) (cpu) (cpap

_ Specific activity

Growth medium e e A
Minimal 141 146 20
Minimal + arginine 20 11, 19
Minimal + uracil _ 140 _ -
Minimal + arginine + uracil 9 — 8

* — Not measured.

o

Specific activity
- =
N o

©
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1 [ 1 1 1

0 1. 2. 3 4 5
Concentration of uridine-5'-triphosphate, m x 103

Fig. 5. Inhibition of UTP of the glutamine-dependent carbamoyl_ghosphates nthetase
of ‘mutant FL 80-2A (cpaz). Ex,?enmental procedure as described in Methods; the
extract used was treated twice with Sephadex G 25.

the growth medium. On genetic grounds, we supposed that the mutant FL 80-2A
cpa possessed_onlé/ the activit _sPecmc for theB rimiding pathwasy._ Indeed, no
epression of this a t|V|tyrb arginine was noted, but a limited repression by uracll
was observed (Table 5). The activities of the wild-type strain can be explained by
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combination of the values given for the single mutants (within experimental
eror).

The repression by arginine of the carbamoyl phosphate synthetase specific for its
own pathway allows an‘explanation of the behaviou ofthe smqle mutant FL 82-25C
(cpu): due t0 repression by arginine, the activity of carbamqyl phosphate synthesis
becomes tog low to,sugport a normal growth rate. The action of arginine appears
only several generatjons after the addition ofarginine to the medium, in other Words,
when the repressed value has been, reached.” This deIaYed action of argmlne 1S
consistent with the large difference in activity between the carbamoyl phosphate
synthesizing sy?tems specific to the two pathwasys. . _

An adgitional feature of the requlation of these activities was obtained from the
observation of a feed-hack inhibition b%/ ur|d|ne-5'-tr|Phosphate UTP), and to a
lesser degree by uridine-5-monophosphate (UMP), of the carbamoyl phosphate
biosynthesis linked to_the pyrimiding pathway. UTP completely inhibited the
activity at 5x 10~an (Fig. 5); arginine.or citrulline did not exert a similar action on
the activity of the arginine pathwa&. This latter activity was not affected by UTP.
The teed-tack inhibition by UTP explains the inhibition by uracil of the growth of
mutants blocked in the arginine-specific carbamoy! phosphiate synthesizing system.
When uracil was present in the medium, sugh mutants were unable tq satisfy their
requirements for carbamoyl phosphate needed for biosynthesis of arginine.

Table .. In vivo and in vitrg complementation of Saccharomyces
cerevisiae mutants cpaland cpaz observed in cell-free extracts
Experimental procedure as described under ‘Methods’, The cell-free extracts were
treated twice on Sephadex G 25.

Specific activity of
glutamme-dependent

. . arbamO){I phosphate
S. cerevisiae mutant strain synthetase
FL 80-2C (cpa2 cpu) 2
2 1320¢ (cpa2, c%u) l
FL80-2C+ 2 1320¢c* 17
Diplgid mutant FL 80-2Cx 2 1320c 28
Icpa2cpu X cpa2 cpu)

* The two extracts were mixed just before starting the incubation.

Comﬁlementation between mutants cpaland cpa2

We observed that the two non-allelic mutations cpax and cpa2 both lead to a
block in the arginine-specific carbamoyl phosphate synthesizing system. However,
these mutants Were able to comPIement_ in the diploid strain Which resulted from
their cross. Cell-free extracts of the diploid strain obtained b crossm(h] double
mutants (cpalt cpu) and (cgaz cpu) showed an. appreciable carbamoyl phosphate
synthetase activity (Table 6). A significant aC'[IV_I'[K was recovered by mmng_the
c?ll-freextracts_ i eiar% doublé mutants, which by themselves were devoiced
of such an activity (Table 6).
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DISCUSSION

Interest has been devoted recently to the studg of the synthesis of carbamoyl
phosphate in micro-organisms. Thesestudies have been focused on the nature of the
enzymic reaction and on the problems raised by the double function of carbamoy!
phosphate biosynthesis. , _ _ _
The nature ot the enzymic reaction responsible for the biosynthesis of carbamoyl
Bhosphate 1S mterestm? to consider as agalnst the, reacfion responsiple for its
reakdown. The latter Tunction occurs in Some species of Lactobacteriaceae and
Pseudomonas, Carbamoy! phosphokinase, present in.Lactobacteriaceae is inducible
b ar%mlne; the ?%um fium 1s thermod namlcaIR/ in fayour of the breakdown of
carbamoyl phosphate (Jones et at. 195%. The enzyme is respansible for the de-
gradatlon of this compound (Jones, 1963; Thome’ & Jones, 1963). This_enzyme
ataI#ses the synthesis of carbamoyl phosphate in vitro, but itS p_hysmloqmal
mea mg for hioSynthesis is questionable. The recent finding by Grisolia'et al. that
acetylg_osphokmase (ATP: acetate phosphotransterase; E.C. 2°7. 2.1) can catalyse
a reaction qf the carbamoyl phosphokma_se fype, stresses the difficulty wrilch
may arise in identifying in vitro results with in vivo mechanisms ‘_Grlsolla &Harmon,
92; Grisolia, Amelunxen & Raijman, 19632. The identrfication of an enzymic
reaction with a phy3|olo?|cal function is best established by the cumulative evidence
from enzymic, (t;_enetlca and regulation studies. In this conn%xw,n, the enz m|?
system which utilizes g_lutam_me_as_ nitrogen donor for the synthesis of carbamo
E osphate in Escherichia coli, similar to" the Agaricus systém (Levenberg, 196%5,
atisfies all the above criteria gPlerard & Wiame, 1964). “Acetylphosphokinase has
not been detected in east_ﬁOc 03 & Stem, 1952%. This permits the study, of carba-
moyl phosphate synthesis in Saccharomyces, without the interferences arising from
the’presence of that enzyme. The preserit work has shown that, after removal of the
metabolites of the ntracellular pool, the iynthesls of carbamay| phosphate IS
much %reater with glutamine than with NH4*as nitrogen donor. This IS true even
under the optimal Conditions for the assay of carbamoy| phosphokinase, 1t NH&+
can serve as a nitrogen donor in the reaction, the speed and probably the affinity
are probably much weaker than with glutamine, _
Neurospora the onlﬁ donar of nltrogen for carbamoyl_phosphate S)Anthes_w
seems to be NH4+ (Dr. R. H, Davis ge sonal communication). In_Escherichia
coli, the work of Yashphe & Gorini, 1965 shows that after removal of acetymhos-
P_hokmase there remains a carbamoyl phosphokinase which, In regard to' muta-
lon and regulation, behaves like th Igluta me-de?endent reactior described b
Pierard & Wiame 61964). This would mean that in E. coli the biosynthetic
enzyme js not apsol telgs ecific for glutamine hut is able to use NH& with a
lower affinity, This favours the idea that glutamine Is the true physmloglcal sub-
strate. The £. coll system thus appears & Intermediate between Saccfiaromyces
cerevisiae and the Neurospora systems, So far as the_nitrogen donor 15 concerned.
That one enzyme, according t0 its source, can utilize NH4+ or glutamine ?r
both, as nitrogen donor for-an amidation or amination reaction is not unusual.
Meister (1962) and Leven,berg (1962% go_lnted out several cases, of such dual sources
of nitrogen, Partlcularl In the synthesis of purine and rr%/”mldme nucleotides.
Carbamoy! phosphate is a common donor of the carbamay! group for the synthesis
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of arginine and pyrimidines, thus constituting a branching point in metabolic path-
ways. This raises difficulties for unders_tandmg the re([;ula lon of these biosyntheses,
a problem solved in similar cases (reviewed by Stadiman, 1968; Wiame, 1965?”b¥
the existence of Independent enzymes responsible for the synthesis of the commo
product. The existence of tw, erizymes permits the mdegendent re?ulatlon of two
s¥ntheses and as a further refinemient maY lead to different structural associations

of these enz¥mes in relation to their respective functions. Different kinds of evidence
may suggest the existence of two different enzymes when two functions have to be
Repression
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i#j;amme -t phosph:tye > succin:te —ce—> )'r(lTT:)nes
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Repression, feedback inhibition

Fig. 6

fulfilled. The most conclusive progfis the demonstration of two physically separable
enzymes, each affected bfy a specific mutation and reﬁulated Inaccordance with their
function. In the case of SacCharomyces cerevisiag, the data presented in this paper
and summarized in Fig. 6 permit”the conclusion that there exist two enzymes
responsible for the syntfiesis 0f carhamoyl phosphate.. They have not been ph%smally
separated but both can be affected by Specific mutations (cpa,.cpu) and in this Wa%
they can_be studied se a_ratelK with réspect to_their regulation.” Both are mug
mofe active. with glutamine than with NH4+_The enzyme Prese_nt in the strain
cpu, c(?a+ IS st_rongoly re%resse_d hy a,r%mme. The enzyme of strain (cpa, cput) is
arkedly retro-inhjbited by uriding-5'Iri hosghate. e strains which carry hoth
mutations cpu and cpa have no activity, and are auxotrophic for a_r%]ml e and
pyrimidines.” The properties of the enzymes leave no doubt about their function:
one_is related to the biosynthesis of arﬁmme, the other to the blOSYﬂthGSIS of
F rimidines, However, car amoyl Johos ate formed by either enzyme is available

_Vivo for both syntheses and. the tw tyPes of mutants are able to grow on a
minimal medium. There is no m?matl rl)o_ a (imtmelllnﬂ, deslplte ?en 5 cgg ang
ur?(for as[iartate carbamoyltransterase) being allelic, as i Neurospora (Woodwar
%D VIS 9638._ The enzdmes correfPondlr%%to both these genes are sensitive to
eed-hack inhibition by UTP (Lacroulte, 1964)

(

In Escherichia colt, Since one mutation leads to double auxotrophy for arginine
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and uracil, it has to be admitted that there is a comman catalytic element for the
carbamoy! Bhosphate_synthesm by both pathway_s. This raises a problem since jt
seems that oth arginine and uracil have cumulative effect in the repression of this
actwi\tly (Pierard & Wiame, 1964). L N _

In Neurospora %DrR. H. Davis Personal communlcatlorrR, it was anticipated since
190 that there would be two different enzymes for carbamoy! phosphate synthesis,
one for ar%nlne, the other for pyrimidines. The basis for such an idea came trom the
study of Neurospora mutants arg-3 and _P]yr-3a. These mutants are, respectively,
auxotrophic for arginine and a %yrlmldl e. Nutritional studies locate their de-
ficiencies In the synthesis of carbamoyl phosphate, leading to the hgpothesm_ that
not only are therg two Independent systems for carbamoy|'phosphaté synthesis but
also that the carbamoyl phosphate which arises from each system is channelled to
Its related function, EXperiments to be published have shown that carbamo_¥l
phosphate can be shunted to the other function by a mutation which affects jts
normal route of utilization. A question left open in Neurospora s the nature of the
reactjon which supglles carbamoy! ph_othate for the. >{r)|m_|d|ne_ pathway. The
significance of mutant arg-2, not”allelic but phenotypicdlly identical with"arg-3
remains o he elucidated. While mutant arg-3 exhibits a complete loss of carbamoy|
phosphokinase activity, arg-2 retains this activity. Two non-allelic genes (cpacpa
determine the arginine Specific carbamoyl phosphate biosynthetic ‘system o
Saccharomyces. cerevisiae, . However, In contrast to_Neurospora mutants_arf%-z
and arg-3,"both S. cerevisiae mutations cpaland cpa2 lead to a deficiency in the
ar(r;mlne-sgeuflc carbamo¥l phos&hate seynthesw= Several hypotheses may be gut
forward to explain these Tacts. A first éxplanation would e that one %en_e Is the
structural gene, the other being a.regulator gene. However, this hypothesis must
be discargéd since the combination™ of the”cell-free extracts of Single mutants
carrying these two mutations regain activity. Two alternatiyes are left: i) existence
of tWo Enzymic steps, each_?ene determining one enzyme; (if) a single enzyme made
up of two"kinds of subunits, each kind corresponding to one of the_g_ene_s. Pre-
liminary experiments do not allow a distinction between the two possibilities.
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SUMMARY

Identification is the practical annlication qf taxonomic knowledge.
ot T o e el e GG o By

methods Tor characterizing tests, te development of multiple nogy-
ation apparaius, .and the, use of mass cultures ‘will enable mofe reliable
ests to e carried out and more strains to be tested.

Introduction

_In an earlier paper (Steel, 1962)I | considered classification to be an art and
identification a science; recent developments in numerical taxonomy have lessened
this distinction hetween them. Taxgnomy, here equated with Simpson’s _%L%l_)
definition of s%stematlcs, consists Of(tl)) classification, (ir) nomenclature, (iii) identi-
fication; and the components should be taken in this order so that communication
of results s made éaossmle. Cowan (19652< regards the Practlce of identrfication as
the utilitarian aspect of systematics or taxonomy and | propose to concentrate on

this, and | shall use the terms ‘identification” and “diagnosis’ as synonyms,

Aims of diagnosis

The identifier or diagnostician aims to identify a micro-organism accurately in
the shortest practical time but when a pathogeniC organlsm ISt be identified he s
often under pressure for a quick report; however, spéed must always be secondary
to accuracy. Nungester F19 3) stated five objectives in |dent|f_y|ng miCro-organisms;
(1)r to determine “quickly the susceptibility to antimicrobial drugs, (2) 1o gain
Information which maY have prognostic Value for physicians, (3) 10 identify

athogens in terms of their potential danger to people in contact with patients,
4) toaid eP|dem|oIo Ists In fracing sources of infections, (5) to accumulate data of
Interest to those stuc Symg InfectioUs diseases. These obr%ectwes are pnmaan for the
clinical microbiglogust but can he adapted and amended for all concerred with
microbial identification, irrespective of their field of study.

|deally,. every specimen for identification should be tréated as a research prob-
lem, but fime and facilities generally preclude this. Consequently the diagnostician

* Based on a paper ‘Microbial identification: theor}q_and Fractice,’, read at Quebec in August
1964 a few weeks before Dr Steel died, and edited by his colleagues in the National Collection of
Tyi)e Cultures. As presented to the meeting organized_by the Canadian Committee on Culture
Collections the paper contained several extracts from Cowan & Steel (1965) and Cowan (19653;
these were removed as that material can be read in the original; cross headings have been added.
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has develoPed [presumptlve tests for those mlcro-o_r?ams_ms believed to be important,
and relegates those he considers unimportant to ifl-defined dump-heaps with labels
such as ~achromabact.erparacolon’, or ‘non-pathogen’. The magnitude of the
diagnostician’s task can be gauged by the routine Work of the Public Health
Lagoratory Service of Enqlan  and \Wales which, in 1963, examined two-and-a-nalf
million specimens, Complete identification may not always be warranted and the
extent to which identification wll be carried will depend on the nature of the
specimen and the purpose for which 1t was submitted.

Practice of identification

The identification of a micro-organism involves, comparison of an unknown and a
known unit, and eventually giving a name to the former. Both processes depend on
adequate information for ¢haractérizing the known unit and many ways have been
proposed for making such information feadily available. Some aré hased on the use
of dichotomous keys and others on dlaPnos Ic keys and tables; one recent scheme
which uses a computer as an automatic library facility may soon become a practical
proposition (Pa}éne, 1963). , _ _
ichotomous keys. Skerman (1959) devised a comprehensive k_e¥ which enables
the searcher to J)Iace an unknown in its genus, but for further differentiation_and
diagnosis of species the supplementary keys in Bergey's Manual (1957) are required
Difficulties in mter;t)retatlon of keys”arise where strains behave mconmstentlg/ n
some respect, and to make allowances for the variable reactions given by such
strains Manclark &Pickett 519611 deveIoPed flow charts in which a strain mdy then
apgear In more than one [nl ce at the extremities of the chart.
ome characters are almost invariably positive or negative, but characters of

such constanc% are usually shared by similar _or?anlsms and, altho_u%h they are
important in characterizing an organism, have littfe value in distinguishing it from
ItS nelghb_ours._ On the results of a Timited number (up to ten) of selécted cytological
an B}/Slologlcal_ tests, Cowan & Steel (1961, 1965) found that most Organisms
encountered i clinical bactertology could™be placed fn a genus or Proup of genera;
this constituted the first stage_of Identification with theif dlaqnqs IC tables.”

Diagnostic keys and tables, These have one important limitation, the sRe(:lmen
under-examination must belong a priori fo the grou? of or?an_lsms_for which the
scheme was devised; otherwise, mis-identification or failure to identify will result.
If the dla%mostmlan has ready access to an electronic computer he Could use an
almost infinite number. of characters, but with tables he Is restricted by memory, or
15 limited by his anility to recognl_ze_3|m||ar|t|es and differences when making
co,mgarlsons simultanegusly. These limitations led to the construction of the Deter-
rlnglg1 t% g&d the compilation of tables suitable for use with it (Cowan & Steel, 1960,

Angther. way of comparing the characters of known and unknown micro-
organisms is to"use punched cards; the characters of the unknown are punched on a
card which is then comé)ared, mechanically or by hand, with a series of cards
containing.the characters of known organisms. S
_ Diagnogis by computer. The use of an electronic comPute_r f0 assist in the identj-
fication of micro-organisms is a new venture, but its potential usefulness in bacteri-
ology has already Been proved. Fundamentally the computer i provided with a
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‘microbial memary’. This consists of a table of microbial characters but with the
usual plus and mirius signs replaced by numerical data which express the copstancy
of the reactions quantitatively; the ndmes of the organisms and of the reactions are
stored in numerical form. _ _ _

The results of tests on an unknown or%anl_sm are fed into the comPuter, which
then compares the, pattern, of these results with the pattern of results Tor the same
tests aIreadny held in its “microbial memory”. The computer selects from its memoay
those orgarfisms whose, behaviour most cIoseIQ( resembles that of the unknown.
FlnaII%{ e computer is programmed to consider the remaining tests for their
potential value In differentiating between the suspected organisms.

Diagnostic tests

Of the three approaches to identification (Cowan, 1965), the third or progressive
method .aims to determine a few fundamental characters so that an isolaté can be
placed in one qenus or small group of genera; other appropriate tests are then
carried. out so that specrfic identification can be made.” Additional tests for the
better identification of a Species, vanetY or biotype m_a% he r_?quwed. _

_The diagnostician and the taxonomist are dea_ln%_w_lt similar material and both
aim to deCrease subjective bias and increase objec _IVIR/; Phylogenehc sgeculahon
IS out of order for hoth workers, but only the diagrostician “may pr perI%/ use
character wmgh_tmg. The variable wmghtmg attached to these characters,is based
largely on experienCe, but it is likely that thé assimilation of data from a wide range
of Organisms and subsequent computer analysis will, in the future, enable the valle
of a Character to be expressed objectively In a quantitative manner.

The tests used should be those" which Give the most reproducible results; many
reachgns are influenced by factors that are difficult to control and, in the absence of
agreed standard methods; test methods should be those recommended in published
manuals (Cowan & Steel, 1965; Skerman, 1959; Society of American Bacteriologists
Committee on Bacteriological Technic, 1957). The need for this Is well illustrated
among the enteric bacteria where, under the conditions that provide adequate -SH
compdunds few fail to produce HZ; when tested under other conditions only
strong HAS Pr_oducers are recorded as Posmve and the test then has good diagnostic
value Acetoin production Is another example of a test whose sensitivity IS easily
altered; many *soft rot coliforms’ appear to be V-P positive when ‘grown in
O'Mearg’s furharate broth and Barritt’s method, is %s,ed 10 detect acetojn.

The characters used should be independent of su erct_we criteria such as rate of
?ro_wth, odour and recognition of the finer shades of pigments; when too great a
eliance is placed on p|? Nent productiop the occurrence of non-pigmented organisms
(wWhether na;]ural or art |f|C|aI!]y mduce_d%p ses a dilemma. Colonial mor_pholoaga/ will
vary with the conitions uricler which the organism Is grown and s seldom of
diagnostic value; for example, non-rhizoid variants of the typically rhizoidal
Bagillus [ﬂlycmdes are common. _ .

-Special tests. . Mention must be, made of special tests, usually described for the
distinction of similar mlcro-organlsms or for yse only within a Partlcular RrouP Qr
8enus._ The dlagnosnc and taxonomic value of characters revealed hy such tests is

Iminished, whén theg are known onéy for a restricted number of mi ro;orqamsms.
In the National Colléction of Type Cultures we try to avoid using special tests for
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particular organisms and, in evaluating newly described tests 'anl them to a
Wide range ofbacteria; this frequently produces unexpected and interésting results
and permits the inclusion of the test In routine identification work.

|deally perhaps, diagnostic characters should be expressions of the occurrence of
a particular gene na micro-organism; current genetical knowledge dogs not
ermit this and we are fortunate indeed to have a few tests which are_detecting the
Eresence of a single enzyme. (for example the /?-galactosidase test). Similarly, it 15

ot known how many or which genes Influence a particular enzyme ana !tm_Y well
be that some of the tests used are each re_flectm% the same gene. Certainly It does
not seem defensible to record the produ?tlon of both acid and gas from a ran%e of
carbohydrates when gas production In all of them revolves aroting the presence of
the same enzyme. Again, it IS nat unreasonable to assume that when an organism
produces acid from maltose it will usually produce it from glucose (Pseudomonas
maltophilia is a potable exception): the converse is however untue, since a glucose-
attacking organism may or may not attack maltose. Similarly, flagellated organisms
rrp]ay beI ((ejx ectedt 10 be'motile; but even when non-flagellated some organisms may
show gliding motion.

Thegdlag%ostman must be fully aware of the |mportance of adaptation and
eCOlOﬁZ’ %nd consider a microbial cuI_téJre aa _poP,uIa lon rather than a collection
of cells; the host range, which 1s of epidemiological impartance, is also an ecological
problem, but such factors cannot be satisfactorily tabulated or weighted.

Construction of diagnostic schemes

For many %ears diagnosticians have distinguished three species within the genus
Brucella by their dye sensitivity, HX production, and agﬂglutmauon with mono-
specific sera; the specialist worker recqgnizes the same nafmed species but on their
oxidative metabolic pattern and bacteno;f)hagesensnlvn . Thuswhat isB, melitensis
to the diagnostician'may be a biotype of B. abortus to the specialist in this genus.
This exanple raises the question, need a diagnostic scheme be taxonontically
correct? Some schemes are entirely artificial and do not bear any resemblance to
accepted classifications; examples re those used b¥ water _bacte_nolo%lsts, based
upon IMVIC reactions, and some of those intended for identification of the rhizo-
sghere flora, They are useful but often static and may fail to take account of
recent developments, Much present-day identification IS based upon schemes and
keys that are monothetic; such keys aré analytical tools rather than classifications
?ut %r_e constructed in the manner‘of an artificial cIassﬁmatlon, bem% ased upan a
ew |scr|m|_nat|n_? criteria that happen to Prowde a reaqy means of subdivision,
We cannot igenti mlcr,o-or?amsms at a glance as can offen he dong with_higher
organisms. |f we are to identify spee_dﬂF, which is one of the aims of the diaghos-
tician, we must rely on the dtermination of selected characters (id|ﬁerent|ae or
ke Qh_aractersg fewer in number than would be needed for classification. Although
Idéntification and the construction of diagnostic schemes qumall follows classiti-
cation, the importance of prominent single characters to_the diagnostician has
reflected hack and such characters have begn assumed to be importarit in construct-

Ing_taxa.
%oes the possi_bility of roducing natural classifications affect identification? A
monotnetic classification makes thé preparation of diagnostic keys easy, but there



Microbial identification 147

is always a risk of mis-identification when an _orgamsm which is aberrant in one of
the key characters selected s encountered; this ditficulty is less likely to arise with
tables which are essentla_l(ljy folfythetlc. Tables have the further advantage that it is
possible to obtain some jdea of the “nearest fit” for an aberrant strain.”
Polythetic taxa resul_tlng from taxonomic methods based upon overall similarity
must be augmented by identification schemes that also reflect the current taxonomic
trend. In the creation of natural taxa on phenetic evidence it is possible that a
smt{;le common character ma¥ not be found, this is disturbing for the dlagnostmlan
but'the dilemma may be resolved by the adoption of a poI%{thetlc diagnostic scheme
In which the possession of any one’character is not essenial for identification.
The basic data upon which'such schemes are made could be fed into a computer;
by suitable programming_this information could be retrieved in a form suitable for
the pregaratlon of ke%s. his mlﬂht best be done by using the discriminant analysis
of Fisher 819,3_6() In which each character IS given a weig tln% such that there 15the
|east probabili yofmls-ldentl_f%mgaspemmen taken at random. Another approach
I based on the method of Brisharie & Rovira (1961) who calculated the association
coefficients for all character-pair combinations and then arranged characters with
the hlghest association coefficients ina dichatomy; this arranlqementwas unfortunate
as dichotomies may lead to error, and the application of cluster analysis to reveal
clusters of characters with a high degree of mutual association would be hetter,
. The theory and Fractlce of the pregaratlon of diagnostic keys has been discussed
in some detail by Ainsworth 81941), Metcalf(19542 and mathematically by Maccacaro
(1958). Hill & Silvestri (1962) and Moller {1062) mtroduced the concept of prob-
ab”t’% into the construction of keys: their method permits the ascription of a
specimen to a taxon onaProbabmstcbasw. The choice of tests used for the key was
gecided on their information content, and for each taxon the mean probability of
identification was calculated.

Thefuture?

What does the future hold for microbial identification? About 1880, Koch was
working with crude fluid media and gelatin-solidified media but his bacteria grew
about a5 quickly as ours do today. Without forced aeration of liquid_cultures, which
Involves technical Problems, we are unlikely greatly to accelerate microbial growtn,
How then are we 1o answer the challenge’ for spéedier identification? The use of
computers to aid identification has been Mentioned. Spot tests and micro-reactions
maﬁ well play an important role; latex-fixation reagents provide the pathologist
with rapid ‘Screening tests for agammaglobulindemia, hypofibrinogenaenia,
s¥stemlc lupus erythematosus, and other conditions; similar rapid tests would be
0 Vﬁlue t0 mlcr?meOﬂlsts. . T

The number 0 orga ISms submitted for identification increases annually and the
examination of larger numbers of strains envisaged in numerical taxonom¥ uts a
considerable burden on the Taboratory. It this challenge is to be met, attention
must be paid to techniques for the mass handllnq,of Cultures as well as to the
handling of data resulting from sych action. Replica plating, plate inoculators,
and apparatus such as that used In colicine and phag t¥|E|ng will glayamore
!mﬂo tant part in the microbiologist’s work. However, thesé methods may be
Insutficient and thought must be given to ways of relieving the tedium of iriocu-
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lasting scores of cultures info perhaps hundreds of tubes, A method that comes to
mingis the application of the fraction collector used in chromatography. Auto-

mation has become an accepted tool In clinical biochemical determinations; when
the problems of possible cross-contamination and of sterilization of the aé)é)aratus
have been overcqme we may expect automated microbial identification to become a
practical [oro_osmon_. With the possible exception of fluorescent antibody tech-
niques, all diagnostic methods require that the unknown micro-organisms be
isolated in |ﬁ)u_re culture, N

_These consideratious of future developments do not assume,'hat the diagnostician
will e unnecessary; rather they sug?est that he should be in a hetter position to
identify more efficiently and acCurately, to devise new test methods, and to aid the
study of ecological and' epidemiological pattems.
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