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SUMMARY

roperties of the phaef 0 Escher|ch| coli. 15 alshregefaledb

?ron o Peoe{ofanuv uced lysate are Sﬁ]rlb e erenc
ween jve a]n ac nocine n ypeo Interaction
etween h|sp age an coli 15 are |scusse

INTRODUCTION

When it was first obseryed that Hhe strain 1? ofEschenchlacoll after u.v -irradia-
tion and further incubation, would eventually Iyse and"release an anti-bacterial
lVtient this_agent was considered to be a ‘coficine” (Mukar, 1960; Ryan, Fried &
ukal 1955% The possibility that, in add|t|on a defective phage was produced
was eft open, But, since |n an uv -induced Jysate of this strain”all anti-bacterial
act|V|tycnbe spun down by ap p*mg centrifu ?al forces of onyZOOOO?f or 2 hr
Mukai, 1960) ang since thdse calicinogenic_ strains, which do lyse after u.\ -
|rrad|at|on were found to be also Iysogemc (Kellenberger & Kellenberger, 195),
we concluded (Mennigmann, 19646) thait the anti-bacterial agent must be a large
partlcle robably a phage. | nth|s communication. we wish to verify these con-
clusions }/ gresentmg some eectronmlcrosco ical pictures of such lySates, which
sowadeenve gl)haeto e present. Thus, reg ard|n? the ant|bacter|al aqent pro-
duced Y colf 15, e rather favour the opposite o the above dpn:ture
bacterial agent s a defective phage and the possibility of the a
of a colicing has to be left open.

he anti-
ditional presence

METHODS

The bacterial strain Escherichia coli 15 «_—obfained through the courtesy of
ProfessorO Maaloe—was grown |nam|n|mal medlum I\/Iaaoe&HanawaIt 161)
ennc hed with 1-5% Difco asammo acids and m|ne A o arithmic-

ggrowm culture (OD578=0-15/cm, wasuv |rrad|ate (layer of about Lmm.,

50 frgs/mm.2 from an Osram erm|C|d lamp HNS 12 ofr) and further incubated.
ttet|meo maximum | 3|s e culture was shaken with’1/10 volume chloroform
for 15 sec. and the bacterial depris centnfuPed at low speed. From the supernatant
specimens were prepared by the phosphofungstate negat|ve staining method and
examined under the electronmicroscope ‘Siemens Elmicop 1.
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RESULTS

The ictures revealed a phage about which the following can be said. It consists
(Pl P Bofapol hedric héad (about 600 Ain diameter) and a tail (overall length
of ahou 11 0A, an about 170A In diameter). In some cases the head seems to'he
empty ( rg1 etarI Is complex: an outer sheatn (P 1f|9s2 COVErs an
rnner core P |s 1). To thrs |s attached a hjase pate with at east three
spikes (PI. 1 figs, L3 an t;? No fibres coud be detected. The sheath appears
‘Striated’ (PLlfrgs 11& and is contractile (P1. 1 fios. 2 and 4). The part of the
tail between the héad and the sheath is of smaller di meter than the sheath, but
bigger than the core and s somewhat reminiscent of the ‘neck’ of the T-even
Pha es. Thus, this new phage is not much different from Escherichia coli hages of
-even series, except that its head s somewhat smaller. We have named this

phage.Iif (because the Greek letter pst is—with Sufficient | |ma matron—remrnrscent
of an inner core plus hase plate phis three spikes; see PL 1

Asurprising feature of the lysate, prepared as described above Was the relatively
large number of tails without heads a compared with the number of morpho-
logically * intact’ phages. Even though this treatment dees vethttIe if any, harm
to Eschierichia coll Rh 0es oftheTserres rtwas thought ossrbethat some kind of
destruction mr% ave.occurred when sha mgtecrue sate with ch oroform
But omrttmg IS purification step did not result in fewer |sas compared with
the number of ‘infact’ aPh %s Thus, it can be concluded eith er that the pha e 1S
s0 fragile that it falls dpart when the hacterial cell lyses, or that the * asse Isy
machinery’ does not work properly, or that the cells predominantly produce tar
In favour of the [atter possinility is the fact that one does not find"as many heads
as one can see tails assumrno that the heads are not preferentially obscured by the
IarPe amount of cell debris Still Rresent after lowFspeed centrifugation).

n adgition to the Phages or g e-re ated structUres there arg at least two more
yEes of particles with a defined shape, which have not been found in T4- or A
|ysates as obtained from other strarns of Escherichia coli and whose nature so far
IS unknown: round cyst-like particles much smaller than the phage head and four-
lobed structures (PL"L, fig. 0).

DISCUSSION

It was found that by u.v.-irradiation (Mukai, 1960; Ryan et al. 1955) and b
thymine degrrvatron gLuzzatr & Chevallier, 1964: Mennigmann, 1964« Srcard
Dévoret, 1962) the bacterial strain Escherrchra coh 15 can"be rnduced to | % and
that it concomitantly produces an anti- acterra a%ent—presuma gac licine—
active against the same bacterial strain (Mukai, 1960; Ryan ¢ al. 1955). From the
seclimen abrlrt}/ at 20,000 g (Mukal, 196)|t Was conduced (Menn E? ann, 19646)
that the aﬂen must pe Iar%er than ofher known true corcmes ecause it was
found 1(Ke enberlger & Kell nberger 1956 that whenever a colicinggenic strain
lyses atter u.v.-Irfadiation ghage are also prod uce \we assumed this also to be
t ecase Mennigmann, 1964 )gwrt the presumab 3/ colrcmogemc stram E. coli 15

Mukai, 1960: Ryan efal. 1955). This assumption was verified by the findin
eported in this communication ‘at least to the extent that pha%es (and Partso
themg are produced. There is no evidence for the presence, in addition to th
ticulate agent, of an ordinary colicing. The nature of the other constituents of the
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lysate (PI. 1, fig. 6) will have to be elucidated. Thus, since the lvsate can be freed
from the anti-Bacterial activity by the same centrifugal forces which eﬁectlve%
sediment phages, we conclude’that the active agent in lysates from E. coli
I the defective Bha e found in the electronmicroscopical pictures, The obser-
vation (Mukai, 1960) that the anti-bacterial agent is sensitive to the action_of
commercial trypsin was thought to be in favour of the agent being a bacteriocine
rather than a bacteriophage (I enn[|\9mann, 196462. This ar%ument Nno longer seems
to be valid, since in the meantime Northrop (1964) has reported, that sonie phages
are also sensitive to this enzyme. Thus, the only remammg observation, which Was
said (Mennigmann, 19646) 0 argue against the a(ient bei %abacteno hage, I IS
non-transmissibility. Since this argument on ny holds true i¥ one excludes defectjve
Ega r%sd r:itclgti%nr!y a Very vague one—as one cari see from the findings reported in this
In connexion with the fact that Escherichia coli 15 is lysogenic for a defective
phage, which after induction produces mostly parts of phages, it is mterestln? to
not¢ that the same has beeh reported for’ other strdins™ of E. col §Arbe &
Kellenberger, 1958) and for a strain of Proteus mirabilis (Taubeneck, 1963). In the
case of virulent phages a number of mutants have been found, which on certain
strains of E. coli produce complete Ehages, while on other strains they only
produce parts of phages ‘Epsteln et al. 1963; Kellenberger &Boy de la Tour,_19632).
. Finally, knowing now that the presumed colicine (‘R an etal.” 1955 Mukai, 196
in fact (eems to be a pha
a

hage, (or part of it), It might Be interesting to stud _morg
closely gthe observe re?atl(()n_s Ip gMuk , 19602gbetween the ac %Lred sen%ﬂwﬁy
t0the'o erT_-phages of Escherichia coli and the Concomitantly acquired resistance
to the gpage fr, an ﬁbgthet pe of Interaction b%tween |s'oha9e. ang the sensitive
strain OfE. coll 15 which leads to areversiple inhibitjon of celf division (Mennigmann
19646). The latter might be of particular interest, since from what has been réported
S0 far it seems {0 b e ualR/ difficult to_classﬁ% this interaction as ‘resistance’
=10 adso_rptlonP, ‘restriction” (= destruction of the mlje(_:ted DNA), or ‘immunity

= prevention of the phenotypic expression of the Iytic functions).

The preparation of the excellent electronmicrogra%hs by E. Boy (e |a Tour and
the_stimulating discussions with R. W. Kaplan, G. ad E. Kellenberger, and
R. Thomas are gratefully acknowledged.
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EXPLANATION OF PLATE
Constituents of a crude lysate of Escherichia coli 15 ¢ after u.v.-induction (X 300,000].
Fig. 1. Morphologically 'intact' phage particle.

Fig. 2. Phage particle with an empty head and contracted sheath, thus making visible part of
the inner core.

Fig. 3. Phage tail with base plate and spikes. This type of particle is more prevalent than the other
phage-related structures.

Fig. 4. Phage tail with contracted sheath, thus making visible pari of the inner core.
Fig. 5. Part of the inner core and base plate with spikes.
Fig. 6. Cyst-like particles and four-lobed structures frequently seen in the lysates.

Note added in, proof Wh|Ie thls commumcatlon Was in the press, two other
B Pers have been published which also show that Fscherichia coli 15 harbours
ective prophage (Kudo el al. 1965; Sandoval, Reilly & Tandler, 1965).
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SUMMARY
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INTRODUCTION

The reIattonshtp of the structure of the side chain to the activity of various
Eenrcr lin derivatives against Gram-negative bacteria has not been extensively
tud |ed According to Cooper (1956) the'side chain of benzylpenieillin is not impor-
tant or actrvrt a%atnst Gram- postttve organisms, However, Russell (1 62
observed that dimethoxy benzamrdo?Rentcnhntc acig gdtmethoxyph
Penrcrlhn Cerentn methicillin) was by far the least toxic of a Series of penrcrlltns
or Escherichia ooli. Boman, & Erikssan (1963), using the mtntmum concentratton
necessary to produce Iysis of E, coli k-12.n one generation durin O(ﬂ ph ase as an
index_of_activity, reported that the side-chain structure markedly inf uence
activity. Thegt und, In a%re ment wrth other workers ( Rohnson& evens,
Rogers & Mandelstam, 1962), that D-a-aminobenzylpenicillin® (D-ampicillin) was
consrderably more_active than benzylpenieillin (Pentulhn Cg he concentration
WhICh pro uced Iysts n one generation.(‘L10G’ valye) was about one-tenth as great
for Damia_tcr in as for_benzylpenieillin. - D-Ampicilfin was about three timés as

-ampicillin. Boman & Eriksson 9963% found that, mgeneral amtnoalkgl

actjve as
One exception noted by Cooper (1956)

and amrnobenzylpenrcrlhns Were very activi
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to the generalization that the side chain was not important for activity toward
Gram-positive bacteria was the activity of cephalosporin N, a penicillin which con-
tains a-aminoadipic acid as the side chain {Ab_raham etal, 1953). Boman &Eriksson
(1963) also reported that bulky ‘non-bjological’ side chains greatly decreased the
antibiotic activity; two such derivatives, methicillin and™ 3-p-Chlorophenyl-4-
I,2,5-oxod|azole)-f)en|_c|II|n, were less active than 6-ammopenicillanic acid.” The
atter compound, lacking a side chain, was one-tenth as potent as benzylpenicillin,
B usm&; a different approach, i.. the ability of a penicillin to inhibit growth and
bacterial division when present In the medium from the time of inocUlation, we
gﬁvgrco,rrr]]%ared eight penicillins which differ inthe side chain, intheir activity against
winia,

METHODS

The strain of Erwinia sp. used and its maintenance were. described previously

gGr,uIa 1960a). Tests of antibacterial activity of the penicillins were made. in the
efined medium of Grula (1960 6|); glucose (autoclaved se arate,%?, penicillin, and

pantoy! lactone (each filter sterifized) were added just before indculation.  Stock
aqueous solutions of the penicillins were always prepared Just before use; the
carrect volume was placed In the medium (buffered at pH 7) léss than 20 min. after
Preparaﬂon. _Sjoberg &Ekstrom gsee Boman &Eriksson, 1963) found that the half-
ife"of D-ampicillin at pH 7 and 37° was about 100 hr: that of L-ampicillin 15 hr.
Since we found DL-ampicillin just as toxic as D-ampicillin, it can be concluded that
decomposition of L-ampicillin'was not a factor in its opserved toxicity,

DL-Pantoyl lactone was bought from Mann Research Laboratories ((1136 Liberty
Street, New Yor,k?]. Stock solutions, adjusted to pH 6-8, could be stored for at least
6 weeks at 4° with no decrease in analytical concentration of lactone.

Five-ml. lots of medium were inoculated with 0-05ml. of a twice-washed
standardized suspension of bacteria from a 24-lir nutrient agar slope. After 16 hr
at 25°, with shaking, the cultures were examined for growth and length ofor%amsms.
The relative amount of growth was determined b measunn? the extinCtion at
540 m(i (F-m ) with a Bausth and Lomb Spectronic 20s ectro?ho ometer. The lengths
of organisms were determined as ,gwen b,¥ Grula & Grula g n) The average
bacterial length given in Table 1S an arithmetic mean, determined from a size
distribution Curvé, of about 500 bacteria. Bacteria grown without antibiotic under
these conditions were uniformly 2-5 |,Ion? at 16 hr.” Cultures of very h|8h avera%e
bacterial !ength sh_owe? q lesser variabi |_t)( in length; for example, 70% of the
cultyre might consist of filaments > 100 ji long. o

After removal of samgles for %ro_vvth and Iength determinations, cultures were
centrn,‘uPed and the supernatant Tluids analysed Tor total keto acid by the: method
of Haidle & Knight (1960). Extinctions at 260 and 280 mii were measured with a
Beckrﬂan DU spectrophotometer, with corrections made for the absorption by the
penicillin when necessary. _ o

The strain of Erwinia {1sed has hever shown evidence of having either a/J-lactamase
or an amidase for benzylpenicillin. Tests show?d that the effects of benzylpenicillin
were independent of moculum size over a 2-5-fold range.
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RESULTS
Effects of various penicillins on grmcth and bacterial division

All the penicillin derivatives tested had some toxicity for the Erwinia strain used
Table 1), In accordance with the results of others (Rolinson & Stevens, 1961,
ogers & Mandelstam, 1962, Boman & Eriksson, 1963) we observed {hat the
aminobenzylpenicillins were ‘more toxic than benzylpenicillin, . The difference
between DL-a-aminobenzylpenicillin (d;u = 6:4) and the pure D-isomer were not
SéJCh as o |Endlicate a fgjé%ld higher activity of the pure D-compound, as reported by

oman & Eriksson . . . . .

The on Y other compond as toxic as the ammobenzyllgo,emcnlms was methicillin,
This result was in contrast to the results of Boman_& Eriksson (1963), who found
that methicillin Fossessed almost no lytic activity for Escherichia coli, and to the
results of Russell (1962). who used inhibition_of growth m nufrient broth and
spher_oP_Iast formation as indices of activity, Two’ compounds (tnphenylmet{t;\yl-
penicillin, 2-ethoxy-I -naphthKIpcmmIIln), neither of which was fested by Boman
& Eriksson, inhibited ?rowt only at concentrations at least three timés greater
than Inhibitory concentrations of | enzKIpem_cnIm, N .

All the derivatives tested inhibited bacterial division (Table 1), resulting in the
formation of filaments. Some compounds induced the formation of very long
filaments at a concentration which allowed relatively good growth. With' other
compounds, the average bacterial length was not verY Qréat even at cneentrations
rather inhibitory of growth. The basis of this partial independence of the growth-
Inhibitory and “division-inhibitory properties of these penicillin is not known
it might IndIQatf_ROSSIbI muIUBIe sites of action,

All"the penicillins used caused accumulation of refatively large amounts of keto
acids and of ultrawole_t-absorbmg materials in the culture fluids [Table 2). The latter
eﬂl‘iect In %artmular Is indicative Of leakage, probably resulting from damage to the
cell membrane.

Annulment by pantoyl lactone of the growth- and division-inhibitory
effects of penicillins

Pantoyl lactone prevents filament formation by benzylpenicillin when in the
medium “from the time of inoculation, and alsq annuls growth-inhibitory effects
when present at the proper concentration relative to the penicillin concentration
gGrma & Gruia, 1962); higher concentrations are toxic. Pantayl lactone prevents

enzylpenicillin-induced rélease of uItraonet-absorme materjals Into the growth
medium, and greatly decreases the accumulation of keto acids (Gruia & Gruia,
194). Tn the ahsence of anP( mhlblw Ia%ent Pantogl lactone has little effect on
gro th or ma)( decrease it shigntly. Two lines of evidence indicate that the effects
f pantoyl lactone do not result from a direct inactivation of penicillin. These are
1) pantoy lactone annuls the effects of a vanetﬁ/ of chemically unrelated division-
Inhibitory compounds; (23 pantoyl lactone can cause division of long bacterial
forms which have heen gr wn, 1y the presence of penicillin for 12-16 hr.
hﬁ effects of all thé penicillin e[IVEi'[IVGS tested in the %resent work were
annulled by pantoy! lactone in a very simifar manner (Tables 2, 3); at slightly toxic
or near non-toxic concentrations of'a penicillin, pantoyl lactone ‘inhibitéd growth.
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Table J. Effect of penicillin derivatives on growth mid cell length of Envinia

Compound

Benzylpenicillin

DL-a- AmmobeanIpcnl
cillin (n:i, =

u-a-Aniinobenzylpenicillin

DL-3-Chloro-a-aniino-
benzvlpenicillin

Methieillin
6-Aminopenici|lanio acid

Cloxacillin

Triph_e,nrlmethyl-
penicillin

2-Kthoxy-I-naphthyl-
penicillin

Structure of side chain

3

Concen-
tration
required
to produce
507%
inhibition
of growth
(m/rniole/nd.)

C}(‘HJ;(F 00

1

i"2
¢ Nyt

=/ |
XH,

7 N\ _ CH— (O 13
/ NH,
OCH,

2

/ \ 0 12
OCH,

H= 80

(1
@—C——( [R—rq — 8%
=/ | |

N (—CH,

~

270

j \ 310

\ / CO—
octh ,

Average
bacterial
length
estimated
at 50 %
inhibition
of growth

(")
0

15

86

Bacterial
length
standard
deviation

10

20

10

9

10
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In some cases it was possihle to dlst,mqwsh different degrees of aCtIVI% by, Io_antoa/l
|actone with regard tQ division inhibition. For example, with D-ampiCillin and
6-aminopenicillanic acid, bacteria grown with the penicillin alone i each case
were about the same length. Addéd pantoyl lactone annulled_Prowth-mmbmon
with each penicillin (when'used at a toxic coricentration) to a similar degree, yet the
bacteria were much shorter with 6-aminopenicillanic acid.. In general,” the “annul-
mo%r}t by pantoyl lactone of division-inhibition by the aminobenzylpenicilling was

“Table 2. Prevention by jyantoyl lactone of penicillin-induced accumulation
of keto acids and ultraviolet-absorbing materials

Keto acids Protein* Nucleic acid*

1l-Img-dry "t. mg./mg. dry wt. mg./mg. dry wt.
( ngac%eria% ( gbac%eria ( gbactgeria)y
Pantoyl Pantoyl Pantoyl
Penicillin lactone lactone lactone
(m/rmole/ml.) Control  (0-042.,  Control (0-042m) Control (0-042m
Benzylpenicillin 90 500 36 0-44 0-085 0-31 0-029
m>a-Aminobenzyl- 290 45 0-80 0-18 0-43 0-05
penicillin 35
D-ct-Aminobenzyl- 230 90 1-2 0-60 0-51 0-24
penicillin 76
3-Chloro-a-amino- 200 29 0-44 0-12 0-13 0-05
benzy]f)en|0||l|n 33
Methicillin 76 1800 50 1-3 0-52 1-4 0-10
Cloxacillin 35 910 38 0-43 0-11 0-22 0-034
6-Aminopenicil- 230 50 0-34 0-09 0-23 0-036
lanic acid 65
Tr|phe_n|ylmethy1- 1240 12 0-44 0-08 0-08 0-05
penicillin 60
2-Etlioxy-1-naph- 280 56 0-24 0-07 0-11 0-033

thyl-penicillin 326
* Determined from 260/280 mit extinction ratio of culture supernatant fluids.

Table 3, Pantoyl lactone annulment of growth-inhibition and division-
Inhibition of an Envinia caused by penicillin derivatives

, Ratio of

Average bacterial average
Growth* length (fi) lengt

---------------- control/

Pantoyl Pantoyl  pantoyl

o lactone lactone lactone

Penicillin (in/tmole/ml.) Control (0-042M)  Control  (0-042m)  (0-042m)
Benzylpenicillin 90 0-25 0-68 55 7 7-8
DL-a-AmmobenzP/Ipelm.m.IIln 35 0-20 0-64 49 1 4-4
D-a-Aminobenzylpenicillin 76 0-15 0-21 30 22 14
3-Chloro-a-Aminobenzylpenicillin 33 0-24 0-77 31 7 53
6-Aminopenicillanic acid 65 0-80 0-68 37 35 10-6
Cloxacillin 35 0-96 0-80 38 35 10-8
Methicillin 76 . 0-07 0-60 100 24 41
Triphenylmethylpenicillin 60 1-10 0-95 13 2-1 4-9
600 , o 0-09 0-54 no 36 31
2-Ethoxy-I-naplithylpenicillin 326 0-48 0-69 110 13 8-5

Extinction at 16 hr.
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DISCUSSION

The similarity in the biological effects of the penicillins tested on this Erwinia
supports the thieory that_the basis of penicillin "action lies in the nucleus of the
molecule, in a reement with the conclusions of Cooper (11956) and others. Since the
side chain | |sn tessentral for the basic activity of penicillin, its influence on activity
as observe oman & Eriksson (1963) may be'a reflexjon of its nfluence on the
rateo bind mg at the active site and on thé stren?th of the bond formed. After

mdmg the 4 trvrtres of different penicillins are simifar. Rolinson | 962% reached the
same conclusion after comparing the bactericidal activity of different penrcrllms
n non I|m|tm concentratigns. “Apparent differences in actrvrtY he_bel |eved 0
residt from differences in affinity of the molecule for the active site. To our know-
Ied%e little has been done on the influence of the side cham on the rate of uptake
or on the firmness of attachment at the active site. ohberg Johnson (1958
found that cephalosporin X was bound much Jess raprdy than bcnzylpenrerllm

While we recognize that differences in permeability of an organism to different
penicillins may”be a factor in determining their relative actrvrtres other actors
must transcerid permeability as the source of these differences. _ (f permeability
alone were the hasis of our résults, the effects on growth and bacterial length should
parallel each other, which they do not ETabIe 1)

|t 15 reasonable hat the influence of the side Chain should depend in part on the
chemical nature of the recePtors at the active site ﬁee Cooper, 1956) and gn ﬁer
meability characteristics of the cell membrane and that different hacteria will show
drfferences In the reIatrve activities of different penicillin derivatives. This is illy-
strated b acom arison of our results with those of Boman &Eriksson (1963). With
twQ compounds, 6ammopen|cr anic acid and methicillin, we observed a far”higher
activity with the Erwinia than Boman & Eriksson drd wjth Escherichia,coli. The
potencrr of methicillin with,_the Erwmra mdrcates that a bulky side chaip on the
molectile_does not necessarily preclude a |[g fc?]ree of actrvrty, eonacrIIm (not
used by Boman &Eriksson), another penicillin with a ar e side chain, showed high
actrvrt fort e Erwinia, On the other hand, two penicil ms with bulk?/ Sidle chains,
v\)o eney methg >Penrcrllm angd 2-ethoxy- 1- naphthylpenrcrllm were only about one-
twentigth as toxic as methicillin,

The Possrbrlrt that side- cham structure may affect the intrinsic activity of the
mo ecuemust ereco nized. he reater toxrcrty of the_aminobenzylpenieillins
than. ben épenrcrl In, or| inally observed with”some. Gram-negative bacteria
Rolinson & Stevens, 1961 ma be an example; this hrriher activity also aPplres
0 Specific enzyme systems Roo rs & Mandelstam, 1962). Tn our case, the rela ver

poor annuiment b é)antox lactone of the infifbitions bZ the ammobenzY penieil]ins
coudbe Interp ree as | drcatm increased Intrinsic actjvity toward the Erwinia
resulting from the presence of a Primary a-aming group In the side chain,

Collins & Richmond (1962) proposéd that thé structural similarity. between
ATacety Imuramic acid and penicillin mrght serve as a basis for antjpjotic action.
WVith molecular models, they showed that three atoms :n the penicillin molecule,
viz, 0 of the amide linka eot the side chain, N of the /Mactarn ring, and O of the
carhoxyl groug all capable of forming gdrogen onds, corresgond in relative
positiof to' three atoms of A-acetvimuramic acid, also capable of forming hydrogen
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bonds. The action of penicillin might then be explained on the basis that the anti-
biotic qccupies the site normally occupied by jV-acetylmuramic acid on an enzyme.
AIteratron of the relative posrtrons of these atoms in penicillin |s sufhcrent to
estro actrvrt%/ an example 1s the /*-lactam rrn? openrnp cause n)1/ (penrcr lin

Elact maseg flock, 1962 However, removal of oxygen Trom the amige link of
the side chain does not destroy actrvrt% O even necessarrly decrease It 1000-fold,
as stated by Collins & Richmond (1962). . In the case of the Erwinia, 6-amino-
Eenrcrllanrc acid (no side chain). was as toxrc and as effective to mhrbrt drvrsron 8
enzylpenicillin. "Our results with the Erwinia do not sup ort the hypothesis of
Collins &Richmond (1962f) nor go the resylts of Hu o&Rus | 1960 w observed
that the concentration of 6-aminopenicillanic acid needed to m uce'spheroplasts n
Gram-negative_bacteria was only about twice as %reat as that for benzylpenicillin.

That iphibition of mucopepticle synthesis is the sole action of penicillin.is a
hypothesis not adequate fo explain all the effects of penicillin; the partial inde-
Rendehce of growth -inhibition and division-inhibition shown by the 8enrcr|lrns We
ave tested IS a case in point. . Grula & Grula (1964) showed thét restoration of the
ability to divide to penicillin-inhibited bacteria b)( addrnq pantoyl lactone Wwas not
accompanied b arestoratron ofceII -wall mycopeptide synthesis; division-inhibition
IS not a consequence ong of Jnhibition, of mucopeptide synthesis. The decrease
In release of uItravroIet -4 sorbrnr%r materrals and in the accumulation of keto acids
caused by adding pantoyl Tactorie may be hecause of protection afforded the cell
membrarie by this compound. The reIa lonship of these effects of pantoyl lactone to
Its ability to’prevent drvrsron inhibition is not known: however, evidence has heen
presented éGruIa & Grula, 1964) that membrane damage occurs under most con-
ditions of division-inhibition.

The ability of penicillin or its derrvatrves to mhrbrt bacterial division, as well as
other brol%cal actrvrtres 5 @ rolpertyo the /(-|actam ying of the, nucleus of the
molecule. The effect of the side chain’is not on the Intrinsic activity, but on the
affinity of the molecule for the active sjte. Factors mdependent of"the penicillin
which may affect hinding, some of which may vary with the species &hemrcal
nature of rece tor sites, ermeabrlrt ) would be"expected to influence the observed
relative activities of varrous penicillins,

We wish to thank Dr F. P. Doyle, Drrector of Research, Beecham Research
Laboratorres Ltd., for generouslp supp yrng us with the gemcrlhn derivatives,

This stud I_y was supported i par ya research grant GB-1532 from the National
Science Foundation, U.S.A., and Publrc Health Service research career
program award (GM-13.968) from the Drvrsron of General Medical Sciences.
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INTRODUCTION

A vast number of aerobic actinomycetes have been assrggted to the genera
Nocardia and Streptomyces. The majorjt ofthelatterare saprophytic organrsms but
three members, viz. Streptomyces somalignsis, S.pelletieri an Srn durae are frequent
causes of mycetoma in som parts of the world. Whether they genuinely belong to
the genus regtom ces rather than to the ?enus Nocardia has been drsRuted
human at ology two species, Nocardia asteroides and N. brasiliensis, have been
comp ete ly accepted as Important causes_of mycetoma and other diseases. Un-
fortunate%the can on occasron be difficult to distinquish. from other actino-
mycetes, One Criterion is acid-fastness, some measure oF which Nocardia species
freﬂuent but not invariably possess. When suspected isolates are not acig-fast
identification can be very difficult and If it can'be shown that the detection of
arabrnose serves as an acceptable substitute the problem would be consicerably

Cummrns & Harris r(1956) demonstrated that the cell-walls of Nocardia and
Mycobacterium in contrast with those of Actinomyces and Streptomyces contained
large amounts of arahinose. They later extende this study (Cummins & Harris
9%9) to Actrnom}/ces israelii (11 strains), A. bovis (10 strams), Nocardia (5 strains),
Mycobacteria (5 strains) and a few fungi. The cell-walls of strains of both Nocardra
and Mycobacterium were found to be Tich in arahinose, whereas none of the other
or%anrsms with the exce tion of a strain of A, bovis (nctc 4501) contained anP/
Bishop & B S g 8) have demonstrated that D-arabinose is present In the ce
walls of Nocardr asteroides. Becker, Lechevalier, Gordon & Lecheval |er£
have drawn attention to the detectron of 11- and meso-diaminopimelic acid in
cell-wall hgdrol¥sates 8 a means of distin r%urshrng between Nocardia and Strepto-
myces species. They. also Used Baperc romatograph

In general, some"isolates of both Nocardia and Sregtomgces can be extremely
difficdl to place correctly and acid- fastness n artrcul risa fal IrbIe Criterion. The
followin method of arabinose detection b ygaperc romatograp y is put forward
as a metnod simple enough to fit into routine laboratory metho
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ethods

Organisms Were grown in nutrient  broth contammg1 1% dextrose (25 ml. lots of
medrum m5 0ml. asks) at 30° m shake cultures for & week, except in the cases of
Thermapo dy pora. pol ?:rspora and Mrcromonospora vulgaris where the temperature
was raised {o 45°, good results can be had from still_cultures (50 ml.
medium/100 ml., flask) but these call for incubation extended to 2 or 3 weeks. The
growth was centrifuged out and washed once m water; the deposrt Was suspended
i 3ml. of 5% sulphuric acid and. autoclaved at 5 lb/sq. in. for 20 min. Since
Cummins & Haryis (1958) advised disintegrating the ceIIs m a Mickle shaker we at
first made use of sonic drsrnteqratron before acid %/dro ysis but rt was found that
this step could be omitted without impairment o t e Tesult, After autoclaving
0. barium hydroxide was dissolved m the hydrolysate followed by 2 drops of
unjversal indicator. Excess alkali was neutralized by the cautious addition of 5%
suI ohuric acid, or sim It( by bubbling carbon dioxide through the mixture. The
a um precipitate and the’remnants” of theo rganisms were removed by centri-
gotron and the supernatant fluid reduced g Tying over rh osphorus pentoxrde
or yevagoratron under reduced Rressure from dbo(t 2-
Two methods of chromatography, both described In Chromatographrc Methods
(Stock & Rice, 1963) were used:

(1) Circular chromatography

17 cm. circular sheets of Whatman no. 2 filter paper were used. From the con-
centrated extracts, spos were deposited on the circumference of a circle of 2-5 cm.
diam. at the centre of the filter paper; each sheet of paper could convenrently
accommodate six spots. of which one was norma % a marker of 1% arabinosé.
Rihose can be mixed with the arabinose and/or wr the hydrolysates if any con-
fusion with the former suqar is anticipated. A hole was punched in the centre of
the paper with a pointed g ass rod and a wick oftrqhtly rolled filter paper Inserted.
The chamber consisted of the lids of two 15 cm, glass Petri dishes with a layer of
solvent (butanol + acetic acid + water; 4+1 + 5) inthe bottom lid. No attempt was
made to_conserve solvent or prevent evaporation: the whole apparatus can be set
up In a few minutes and the fayer of solvent presumably saturates the atmosphere
m the chamber very quickly. The paper was sandwiched between the two Petri

dish lids, placed ript to rim, with the wick, whrchmustbetrghtlyrolledandagood
fit in the oIe restm rn the solvent. When the solvent had Tun for 2 hr, th epap
Was cautrousg/ re ? over g Bunsen humer after removal of the wick
drying could &qually well be carried out in a suitable oven.

2) Descending chromatography

Chromatograph&1 Was carrred out in a tank on strrps of Whatman 3 MM paper
5 ¢m. wide using the same hydrolysates and sojvent as in the circular method. The
soIvent was aIIowed to run for about 18 hr and the paper dried as above,
In ot eases the dried pa Op rTper Was sprayed with aanrne hydro?en oxalate §)9 ml.
[e- drstr Ied aniline in 1 M-aqrieous oxalic acid’ Horrocks & Manning,
R nis reagent gives strik rng resu ts with pentoses, notably a characteristic
bright red for arabr nose. Ribose™gives an identical colour with“this reagent, but
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Cummms (1962) states that, ribose very rarely occurs in these hydrolysates and

then only in very sma 3uantrtres Nevertheless, trial spots of both arabinose and

rihose, together with hydro ysates of organisms, were run in the manner described,

Ribose moved consrstenty flrther than arabrnose and could clearly be distinguished

from it by its Rp (PI. 1, figs. 1, 2). In no case was ribose detected in a hydrolysate
of the organism tested.

After erayrng the paper was again dried in the same way. Arabinose appeared
as a brrﬁ t red crescent or sRot and there was usuaIIy also a brown hexose band
nearer the origin, The RFof t esgots can easily be measured as the red component
of the ynivers I rndrca ?r added after hydrolysis moves with the solvent front and
when dry, marks It we

RESULTS

The method was agplred to Nocardia asteroides é?; strarnsg AT brasiliensis. (3
straing), 60ther Nocardia strains, Streptomyces madurae rarnsI) S. eIetrerr
2 strams) I somalrenstrs (4 stlr/arns) 8 aproph tlrc Strept ot JCes s(tj a5rrst€s1 rBIehmtOc
olyspora palyspora (1 strain), Micromo.iospora vulgaris (1 strain) an |
FI)\/ch bactgrr ynP strams d / propny
cu{_ts r1(;aur gs arabinose content is concerned these organisms fall into three clear-

(1? Th%se containing a great deal of arabinose—all species of Nocardia and
Mycobacterium tested.

)(2 Those contarnrn% Jess, but strII an a recrable amount of, arabinose, Strepto-
mycés madurag, S. pelletier and

(3) Those containing no, or onI a ven( farnt trace of, arabrnose Streptomyces
somalrensrs Mrcromonoslpora vulgarrs and the sagroy tic, Streptomyces.

These results in so far as they are comparable are Similar {0 those achieved by
Cummins & Harris (1956, 958) but do not entirel taII with those published b
Kwapinski g1964 ) who detected arabinose in, mter alia, Actinomyces but failed
to do S0 rn treaptomyces madurae and S. pellefiers. The culture which he describes
as Nocardia madurae nctc 1070 1 according fo the records of the M cologrcal
Reference Laboratory a cuIture of S. somaliensis in which absence of arabinose Is

a
gThe results are also in agreement with those of Becker et al. &1964) using diamino-
grmelrc acid as a_marker” They placed Streptomyces somaliénsis with. the other
treptomyces éaecres In general because of the presence of 1.L-diaminopimelic acid
but the rPace elletiens. and S, madurae with the Nocardia species because of
the presence of meso diaminopimelic acid.

DISCUSSION

Most species of the genus StreRto (vces are clearly differentjated from species of
Nocardiaand Mycobac erium b abmose content ofthe cell-walls, the ploarent
anomalres being the three pathogens, S ma urag, S ]pe etrerr and S. somaliensis
Whose true taxonomic é)osrtron as een disputed ese three organisms, were
%enera ly, ut not con tanty reqarded as members of the 8enus ocardia till

onzalez-Ochoa & Sandoval {1955) transferred them to Streptdmyces on the basis
of their spore formation under certain conditions of culture. Méackinnon & Arta-
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gaveytia-Allende (1956) considered this question unsettled and it has since_been
Shown that Nocardia asteroices (Gordon & Mihm, 1958) can produce spores indis-
tinguishable from those associated with the genus Streptomyces. [t is also mterest_mq
to note that Gonzalez-Ochoa & Vazquez-Hoyos (1953) described a Serologicd
separation that agrees fairly closely with our sepiaration on the basis of the arabinose
content; their four groups were:

I_e%ls)_s‘Bovis’ group, anaerobic Actinomyces; species, N. asteroides and N. brasi-
iensis.

(2 :Somalien,sis’groug; only »§ somaliensis, . .

3) ‘Madurae’ group; S. madurae and_s.PeIIeUen. _

24 ‘Paraguavensis " group, saprophytic Streptomyces Species.

Descending chromatography gives better separation of spots than circular
chromatogr%phy but takes longer and calls for somewhat more sophisticated
aggaratus. The very simple circular method described here serves to make an
adequate distinctiort between the presence and absence of arabinose in cell-wall
hydrolysates of the organisms under consideration. Possible confusion due to the
presence of ribase can be avoided by running the hydrolysates with and without a
ribose marker. The ribose appears a5 a spot beyond the adjacent arabinose spots.

We are indebted to Dr J. Marks of the Tuberculosis Reference Laboratory.
Cardiff, for supplying cultures of Mycobacterium.
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EXPLANATION OF PLATE

Fig. 1 The dark crescents mark the movement of several sugars and of a hydrolysate of
-V, asteroides.

Fi(i. 2. The dark spots mark the movements of two pentoses and two species of Xocardia (half
natural size).
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INTRODUCTION

DeTurk (1955g recorded the adaptive gnducmleg formation of urease in washed
suspensions of PSeudomonas aeruginosa harvested from nutrient broth.  Neverthe-
less Klinge (1959,1960) defined the genus Pseudomonas as ‘urease negative’, Brisoy

958) folnd no ureolytic strains antong pseudomonads from varjous sources and

hodes (19593 was unable to show with certainty the possession of urease b any of
169 fluorescet seudomonads which she examiried. However, Lysenko (1961), Wi
use essenna Z the same medium as Rhodes (1959g described seudomonad
ISolates which apparently possessed urease, activity. These workers and others used
medja either originally devised for use with the Enterobacteriaceae or morganlc
media contamm? ured with or without another organic carbon source, The présent
work was done o evaluate the varioys urea media described in the literature for
urease detection, and to determine whether fluorescent pseudomonads do Rossess
urease act|V|t%/ and, if so, under what cultural conditions the enzyme might best
be demonstrated.

METHODS

Bacteria, _Fifty isolates classified as beIongm% to the genus Pseudomonas from
hen eggs, soil, r|verandd|tchwater milk, and chicken droppings, were examined. All
e ram negatlve polarly flagellate rods which grew well &t 25° but not at ail at
|| oxidized lucose Were"oxidase posmve enicillin re3|stant and produced
Pé/over Ine fuorescm but not pgocyamne on the ap ro riate media proposeg d/
ing, Ward &Raney (1954), Nme istinct bio- grou‘osha enrecognize a on
the |soIatesontheb3|sofmoret an /0biocherical features (Stewart, 1964); b yusmg
the criteria proposed b%Kln? Fg199 1960% 24 of these 30 |sdlates were assignable
to P. putida and the other 6 0 P. fluorescens._Similarity 15 of the other 20 iSolates
were classified as P. putida and the remaining 5as P. fluorescens. The organisms were
maintained on nutrient agar slopes.
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Basal modrtred Urease 6MU medrum Casrtone (Drfcr? 002(1 east extrat
Difco), 0-02 9 Iucose KZHP04 002 9., dist Ie water 98 ml.;
ixed indicator solution, 2 A usted 0 pH 7. ‘Sterilized for 15 min. at 120°
Glucose was chogen In pref erence to galactose which was used by Rhodes (1959),
because manometrie studres showed that glucose was more rapidly oxidized by the
rsolates The buHer salt (KZHP04) was ket at a low congentration to allow a more
rapr mcrease In pH value with base production. The mixed indicator system pro-
gose Sin er& 950) was chosensrnce its green colour at pH74chanrqesto blue at
bout pH 8-Z and to d distinct violet at abqut pH 9-0, thus aIIowrngre ative degrees
of base production to he assessed. It consists of three rndrcator so utrons rPrepare

dissolving 0-20 g. fbromothymol blue. cresol red and t%/m blue |

6 ml. and8-6 mr., respectively, of NaOH (0-05 xz ana adding 100 m. ofdrstrlled
Vrvft§r4tfoe§Ch slolutron the thiree solutions are then mrxed in the proportions
Chemrcalsy Analar grade NI4CL (NHAS04and urea (Hopkin and Williams) and
40% (wiv) sterile urea solution (Oxoid) Were used.

deIrvery of (-02 ml. amounts. "Platinum-tipped dropping pipettes (Astell) were
Use
Assay of urease activity in washed suspensions. To 0-40 ml, of a 0-25% (wiv)
solution of urea gHopkrn and Williams) in veronal buffer (004 m @H?Zr) was
added 0-10 ml. of Dacterial suspension containing the equivalent of 20 r(
bacterra The ammoia released after incubation for 1hr at 30° was es rmated by
the Berthelot reaction on 0-10 ml. of reactant mixture with UN Kit reagents
nXand aboratorres California), Endogenous and substrate ammaonia “were
| |ar|y determined on appropriate incubated mixtures, XH3IN values were
%?e é:ta IastteI erovrrT/]at%rStandard curve prepared from (NH4504solutions in ammonia-
Urease activit qNHB-N was ex resseq as urr NHSN released under the assay
condrtrons bye ur acterra [

Dry weights of pseu omonad suspensrons These were determined by nephelo-
inetry and the use of a calibration curve.

RESULTS
Behaviour of the pseudomonad isolates in various urea- contarnrng media

The following media were pr epared: A (Christensen, 1946 iBrrsou 1958)
%Stuart van tratum& ustrg ian, 1945); D (Ferguson AHook, El(R 00gs,
MU medium (present erg Therr com osrtrons arefqrven in Table 1 The
varrous media were_ inoculated, wrt astrarght wrre from nurient agar cultures of
the 50 isolates and incubated at 25°. Daily or the first 14 days and then every few
da YS for a totaI of 42 da S the tu es We e examrned for growth and change in BH
value. The results Ta e2 ) clear R/s owed that media B, Cand D were unsujtanl
for the growth of all but a few of the 1solates. Most of the isolates %rewrn medium E
althoug only30f450fthese gave an alkaline reaction. All the isolates grew well in
medium At produce in most cases (45/50) a slow alkaling reaction. Forty of these
45 150lates, however, gave a similar reaction in this medium even when the urea
was omitted, a phenomenon earlier reﬂorted by Rhodes (1959), and one which
renders medium A useless in testing such organisms for urease activity.



Pseudomonad urease m

Table 1. Urea-containing media

mposnlon of the five urea-containing media examined: A SC rist n 98‘3
“psroe%entggg)per (Stuart et at. 1945); g(Ferguson&Hook, 1943); E (Rhodes, 19

Percentage (w v) composition in medium :

Constituent A B D E MI:

Peptone (Oxoid L37) 01 — — — (C 0_(t)2 )
. asitone
nht dod - . - 01 —
Y east extract (Difco) - - 001 - - 002
Glucose 01 - - - _ 005
Galactose - - - - 01 -
Ethanol - _ 10 - -
khdod 0-2 0*1 091 01 - _
khpod - 01 - 01 - 002
NaH P04 _ 0*95 _ - _
NaCl 0-5 - - 0-5 _ 0-3
KCl - 002 -
MgS04.7THD _ - - 002 .
A _ 20 — - _ _
Urea (Oxoid) 20 20 20 20 20 [0-2}*
In |cator PR BTB PR PR PR S
Initial pH ("8 ™0 0-8 1-0 1-0 1-4
PR = Phenol red; BTB = Bromothymol blue; S = Singer (1950).
* Added after culture incubated at 25° for 44 fr,
Table 2. Behaviour of the 50 pseudomo-nad isolates in the urea-containing media
Showin theProportl n of isolates able to grow and to produce an alkaline reaction in
media: A nristensen 1946) B (Brisou, 1958); C (Stuartrial. 1945); 11 (Ferguson & Hook,
1943); E {Rhodes, 1959)
Time for an
_ Proportion alkaline
Proportion progucing reaction
, able to an alkaline to develop
Medium grow reaction (weeks)
A 50/50 45150 3-4
B 8150 8/8 3-4
C a0 015 _
D 1[50 1 3-4
E 45/50 3145 2-3

Behaviour of the pseudomonad isolates in MU medium containing
various concentrations of urea

Urea (Ox0|d21 was added, asept|ca|Iy to patches of sterile basal MU medium
7-4) o final concentrations (%, wiv) of: 0, 0-05, 0T, (-2, 05, 1), 2. The

ed|a were dispensed 1n 2 ml. amounts jnto test tubes (100 mm, xlbm m.) and
inoculated with 0-02 ml. of dilute suspensions of organisms.in ;-strength Ringer’s
solution regared from nutnent a%ar cultures of Gof the isplates (3 classified as
Pseudom nasputida, 3 asP. jlu ores ens), These cultures were mcubated for 4days

wnh da| Sy examlnatlon or growth and change In pH va

6 Isolates grew well in all séven media; the Fesult W|th one of them (S. 60)
typlcal of the 6, are shown in Table 3. 1t appeared that urea concentrations greater
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than 0-2% in the MU medium delayed the change to ; more alkaline pH value.

All 50 isplates were then tested b y rowth in the 0-2% urea MU medium; they all
produced  blue coourW|th|n7 ays and a violet one within 12 days. In the' ML
medium without urea, all the isolates caused a slight but permanent acid change
(vellow-green, pH 6-5) after incubation for a day of two.

Table 3. Reactions of pseudomonad strain S. 00 in the M1 media

The time (in days) for the pH value to increase to 8-2 (indicator blue) and to 90
(indicator violet) in the MU media containing (%, w/v): 0. 005, 01, 0-2, 0-5. 10, 20
urea, inoculated with strain S.fi0 and incubated at 25°.

Days for alkaline reaction

to develop

Percentage

(wlv) urea pH 8-2 pH 90

in medium (blue) (violet)
0 n.al* n. al
005 il 5
01 i 5
0-2 i 5
0-5 4 6
10 ) 10
20 I 10

* n.al. = no alkaline reaction developed within 14- days.

Table 4. Urease activities (q\H&N% of pseudomonad strain S. !
incubated in MU media with and without urea

gNH,-X of bacteria harvested from:

Age of MU MU
culture MU medium + 0-2% medium + 2%
(days) medium urea urea

1 51 0-4 0-3

2 25-3 1-2 0-5

1 320 45 0-9

[ 84-1 4-4 1-2

The development and activity of pseudomonad urease in MU media

Modified bagal MU mediym with 0-4% (w /3 KZ—IPO and without mdlcator Was
Bregared Batches contfunmg nc? urea, M% I)urea %OXOId) and 29 o%/}
rea (Oxoia), respectlve , Were disp ense I 100 mf. amounts I round pottles o
30 ml. capacity. Adilute suspensmno ong of the pseudomonad isolates (S, 1) was
moculatedgll 1), t0 each offour bottles of the three MU media (0, 02 % Urea),
After ingubation for 1, 2, 4and 6 days at 25°, the crop of isolate S. 1 was harvested
by centrifugation from, on each occasion, one bottle of each of the three media, The
various lots of dePosned organisms were washed twice in distilled watci, each re-
suspended to 1 ml. in veronal buffer (004 ir, pH 7-2) and held at -20° "or urease
assay. The urease activities (qNHS:N) of the suspensions are shown in Table 4

bacteria grown n the ahsence of urea showe 3|gn|f|cant Urease act|V|ty WhICh

mcreaéed (I;reatgw th the time of mcubatlon of the"cultures. Ver I|tteureasewas
formed in Yhe bacteria grown in the 0-2% urea medium and evén less in the 2%
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urea medium. It was concluded that urea added to MU medium exerted a con-
siderable inhibitory effect on the formation of urease.

The effect of urea and of ammonia on the deielopment of urease

Organisms of pseudomonad strain S, 1 were harvested after growth for
6 days in MU media containing (w/v}: (1) 0-0038% NHACL (equivalent to 10 fig,
NH-NmL.): (2) 2% Oxoid urea; (3) 2% Hopkin and Williams urea (urea added
as 4 Seitz-filtered _squUonﬁ. Urease activities of the organisms and the supernatant
NI1j-N concentrations of the culture ihuds before and after incubation were measured.
It can be seen from Table 5 that little or no.ammonia disappeared from any of the
media durm% incubation. The results jndicated that the low congentration of
glucose, (0-05%, wiv) in the medium was insufficient to allow the assimilation of any
more nltro%en than as already provided in organic forms in the peptone and yeast
extract andl that the presence”of very low concentrations of unassimilable NH3N
was sufficient to suppress urease formation by the growing bacteria.

Table 5. Ammania-N assimilation by, and urease activity of pseudo-monad strain S. 1
grown in MU  media with or without the addition of n i | or urea

Urease activity (qXH3-N) of organism S. 1 liarvested from, and the NH3-N concen-
trations in the culture supernatant fluids of, MU medium with and without urea.

NH3-N (l.g./ml.)
At After 6 days
Medium inoculation at 25° gNH3N
MU (no addition) 1-0 0-0 104
MU +0-0038% NH 4CI 10-1 9-7 <1
MU+ 2% Oxoid urea 38-0 36-5 <1
MU+ 2% Hopkin and Williams urea 3-0 14-0 <1

Technique adoptedfor demonstrating urease activity in fluorescent pseudomonads

On the basis, of the above results, the following procedure was used to examine
urease production by the 50 pseudomonad isolates. The isolates were inoculated by
a straight wire from nutrient agar cultures into 2ml. of basal MU medium (in
100mm. x 10mm. tubes). After incubation for 40hr at 25°, good growth Wwas apparent
in all the tubes and the pH values ha decreased to about 6-5. T0 each tube was then
added aseptically 0-02 ml. of 20% (wlv) urea solution, the tubes were shaken and
re-incubated at 37°. Alkalinity developed within a few hours in'all tubes; in no case
did the incubation genod fora pH value of 30 gwolet%to be reached exceed 6.

In addition to these 50 isolates, all of 25 isolates of Pseudomonas aeruglnosa from
clinical specimens.and milk were found by this techm(iue to hydrolyse urea actively
(with these organisms the initial incubation for growth was at 37°).
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Modes of Resistance to Benzylpenicillin and Ampicillin
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INTRODUCTION

Ampicillin, a “broad spectrum’ semis nthetrc penicillin, has been shown to be
active (Rolinson & Stevens, 1961) against several species of Gram-negative hacteria
as Well as against Gram-positive orgianisms; however, It has not proved to be effec-
tive, either”in clinical or n lahoratory studies, against some species of Gram-
negatrve bacteria, notabl Klebsiella aerogenes and certain strains of Proteus and
Ps&Udomonas (Tra or elat 1962, Barber aterworth 1964). Such orqanrsms
have hecome re atrve 3/ more jmportant as ho frta pafh ogens fAnderson etd 19643
since the Introduction of the é)enrcr linase-stable” pénicillins, methicillin an
cloxacillin, which hag temgorarrly hecked the enrcrllmase -producing Staphylococeus
ayreus. It is of considerable interest, from a fundamental as well a? from acImrcaI
viewpoint, to determing why K. agrogenes is insusceptible to ampicillin therapy. In
some ¢ases It has heen shown that the resistance of certam strains of Gram- neﬁatrve
bacteria |sdue solely or In part, to the possession gt eseo&}anrsms of penicillinase
Percival, Brumfitt & de Louvois, 1963; Sutherlan £Se experiments were
erformeg usmg relatively few laboratory strains. Now th at It has been shown that
some penicillinase-producing organisms destroy ampicillin only very slowly (Ayliffe,
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1063; Hamilton-Miller, 19635: Percival d aI 1963; Sahatli & Finland, 1963; Smith,
1963 Smith & Ilamilton-Miller, 1963), temere possesswn of this_enzyme by a
part|cular bactenal strain can no Ion er emvoe as it has been in the past; to
expram full tere5|stance to ampiei mt eray of that straip,

e genus Klebsiella has so far proved |ntran5| ent to ampie/|in theraPy (TraiVord
d at 1962; Anderson d al. 19612 and this paper i concerned with some Facets of this
resistance in twelve strains, with particular reference o their in vitro lack of sensi-
tivity to ampieillin and benzvipenicillin._Abrief report o: part of the work described
here"has been made (Ilamilton-Miller, Smith & Knox. 1961).

METHODS

Baderial strains: all the organisms_used in these studies have been isolated from
clinical material obtained in this hospital. Klebsiella aerogenesstrains 1 43, 366 310,
415 and 418 were |solated, durlng 191 °and early 1962, na ¢ |n|caI
trial of ampieillin (Trallord et al. 1962); K. aerogenés 83 a i K. ozaenae b1 were hoth
isolated In"19%4 from chest jnfections. The strains were |dent|f|ed and classified b
means of their biochemical reactions as mterereted by Cowan, Steel, Shaw
Duguid 51960) Penicillinase activity was detected ey means of a membrane
me od nd acylase activity excluded’by an extractmntchmque I most cases the
h%/ rolysis Ipro uct of benzvIpenicillin was identified as benzylpenicilloic acid by
romatography, all as previously described (llamilton-Millér, l963az Cultures
were mamtamed upon agar slopes and stored at 4°; they were subcultured every

months.

Tube sensitivity tests: serial doubling dilutions mafmal volume of 1ml., of the
various _penicillins were made in infusion broth (Southern Group Laboratories,
Hither Green, London, S.E. 13): tubes weremocula ed W|th one drop (0-02 ml.) of a
suitable dilution of a 6 hr (37°) cu tureo the r a(}umte e0|orm organism (such cul-
tures usually contained about 5x 1(7 bacteri eore dilution). Tubes were
Incubated gvernight (16 hr) at 3/° and then read: the lowest concentration of
penicillin which completely prevented rowth was taken as the minimum nhibitor
concentration. nocu UM Sizes werec unte ymakmg serial decimal dilutions of
the inocylum_ stock suspension, rog on {0 hlood agar, and, countmg
the colomesafterovernl?ht Incubation at 7° The results of the tube sensitivity test
were interpreted as follows: the minimum |nh|b|torY concgntrations usm% small
inocula were taken as measures of the “intrinsic’ resistance of each strain, while the
ratio of the minimum inhibitory concentration using a farge inoculum to that using a
small_ inoculum was taken as @ measure. of the resistance due to penicillinase (the
validity of this assumption 1s discussed in a Iater section).

Penicillins. Na benzvipenicillin® (Crystapen) was  obfained from Glaxo Ltd,
Greenford Middlesex; henox meth |penicillin en|C|II|n phenoxyethyl-
R‘enlm llin_ (Broxil, phene hicill mﬁ P:enoxypropY pen|e|l mS rocnlm prop|C|II|n

ethox Ph nylpenici |n elbenin, methicillin), a-aminobenzylpenicillin
Penbntln amR I|n a Q-methy YI |soxazol Apenicillin (oxaC|II|n Na
-meth ¥I4|soxazoleg Ipenlm lin BUI o77), Na  5-meth (y
chorp en 4|sox zo penicillin benln cloxacillin) ad 6am|nopen| lanie
acid wereg| fts of Beeeham Researc L aboratorjes L|m|ted Brockham Park, Surrev;
phenoxyb nzylpenlcnlm (Penspek, phenbenicillin) was a gift from The Distillers
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Compan Blochemtcalsg1 Ltd, Speke, Liverpool; Na23carboxy2 umoxaltnyl
penicilli (umaulltn)wsagtft rom Boots Pure Drug Com any, mg
Properties of penicillinaseS: these were mvesﬂgate as Prewous y escribed
(Hamilton-Miller, 1963«{ using the hydroxylamine gssay. Cultures were mcubated
stattcaIIy in infusion broth at 37° for 16 hr, harvested by centntugatton washed and
resusé)en fled at a suitable concentration i 25 niry Sodium phosphiate buffer, (PHM
le-cell and supernatant fractions of broth cultures were assayed for pen| llinase

activity (see Results). Disruption ofbactenal SUSpensions was broug t about, when
desjred, py treatment for 5min. 1n the M.S.E. 60W. ultrasonic, disintegrator, usin a
probe of end diameter 1-9 cm,, the suspension bemg cooled in an ice-water bath:
preparations were then centrifiged at 30,000 for 35 min, at 4°.

oncept and definition of’ permeabtlttyfactor as penicillinase activity was strictly
intracellular in the strains studied here (sec Resultsg it is valid to asstme that an
Increase In enzymic activity which follows disruption of cells is due to removal of
substrate accessibility barriers which, in intact cells, limit the rate of entry of sub-
srate into the interir of the cell. The value of this increase can be taken &S a quan-
titative measure of the ease with which various substrates are able to penetrate the
cell membrane. In this paper, such values are expressed as “permeability factors’,
which were determined in the following way: a uitable susp nsion ot washed cells
was prepared, a portion disrupted and bot intact and d|sr Ipte pregarattons
assayed a%atnstt e retI]uned substrate, The germeabtltty factor Is defined as the
ratiq of the rate of hydrolysis by the disrupted sample to'the rate of hydrolysis by
the intact preparation.

RESULTS

Location of genlcnltnase Overnight broth cultures cf all the strains were centri-
fuged, and the resuspended p eIIets assayed in parallel with the suloernatant frac-
tions. In ng case Was any. Pentu linase act|V|ty ound in the extracellular fluid. Cell
debris obtained by centrt gatlon of ultrasonically disintegrated suspensions (See
Methods’) was also ev0|do gentcnllnase act|V|t In wiiole untreated cultures,
therefore, 1t appears that penicillinase is a wholly mtracellular enzyme probably
conflned to the squbIe eytocplasm of the bactena (Hamllton Miller’1963a). S
b| ization of penicillinas '[IVI'[%/ was_caused only by methods that co pIeter
estro ed the archttecture otthe acterjal cell (e.0. uItrasontc treatment, extrusior,
freezing an thawing—see Hamilton-Miller, 1964). Methods which, whlle partially
or com letely destroytng the permeability harriers which render penicil |nase crytpttc
nevertheless” leave the Tells viable, and microscopically intact [namel cu tue n
suinhibitory concentrations of various penicilling (Smith, 1963: Smith & Hamilton-
Miller, 1963; Hamilton-Miler, 1963g or treatment with mM EDTA (Hamyjlton-
Miller, 1964)] d|d not result n_releasé of penicillinase into the extracellujar fluid.
ProPerttes of gentm Ilinases, The toIIowm properties and characteristics of the
penicillinases, from each of the twelve Klebsiella stratns were studied: specificit
Batterns usmg twelve substrates; PH activity characteristics; permeability of
acteria to various penicillins; apparent energtes of activation; susceptibility to
Inhibition by subsérate ﬁ gloﬁues Indueibiljt These Proper ies were similar in all
respects to those described I previous studias involy n? some f the strains
(Hamilton-Miller, 1963, 1964; Smith & Hamilton-Miller; 1963; Hamilton-Miller &
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Smith, 1964% Table 1 shows absplute activities and Eermeablllt factors for the
twelve strains usmg| benzylpenicillin and ampicillin as substrates. The proPemes
which are of particlar relevance to the present study are as foflows: ampicilfin was
hydrolysed more raﬁ) idly than was benzylpenicillin By both,cell-free and whole-cell
greparanons from all thie strains; enzymic activity wés maximal between pH valyes
8; the afflnl of the penicillinases for benzylgenlcnlm was uniformly high
(K,,,<50 ml.); the enzyme was in no case inducible
Table 1. Absolute activity and permeabili Xfactors or fwelve Klebsiella strains
agairist benzylpenicillin and ampicillin

Activities exgressed as ralU (m/tmoles substrate hydrolysed per min.,) usm?_lsusEensmns
contalnlnﬁ; 10Bbacteria/ml. &d|srupted) in 25 nim sodium phosphate bufferp at 3r°
Permeability factors (P) determined as described in ‘Methods’.

Benzylpenicillin Ampicillin
Absolute Absolute

vl

activity P activity

K. aerogenes 1 10 6 19 7
43 10-5 11 21-8 12-,
83 17 15 25 1,

366 3180 1 6300 14

370 22 8 37 8

373 1360 9 2660 5

402 7-6 8 15-8 2

407 5-4 % 8-7 0

414 38 6 2

415 10-3 4 28 3

418 20-6 4 35 4

K. ozaenae 61 22-3 25 40 3

Antibacterial activity of different penicilling.. As the minimum inhibjtory, concen-
tration of a penicillin actmg agal staﬁemcnlmase producin orgamsm i5, under
certain circumstances, dependent u,oont e size of the inoculum thait is used (L.uria,
1946 Knox & Smith, 1961: Hamifton-Miller et al. 1964), standardized conditions
were employed for this series of experiments. An initial inoculum of about 105
organisms/tibe was used. Eleven strains of Klebsiella were tested in this way, and
minimum_inhibjtory concentrations were determlned for eleven penicillins and 6
aminopenicillanic acid; results are shown in Table 2. The mean values of the mini-
mym_ inhibitor concentrat|ons of each compound for all the strains were then
calculated, In an attemp tto obtain a_coherent idea of the relative antibacterial
activities ofth|s senesri %?these f|%ures are.also shown jn Table 2. [t can be
seen that b enzy |penicillin, ampicillin and 6-aminopenicillanic acid_ are the most
active compounsagamst siella strams using this ingculum Size, However,
with the possible exception of Klebsiella ozagnae 61, the minimum inhibitory con-
centrations observe% h%re are all very much greater than the concentratios that
can e attained In the body during therapy
. Inoculum size ffects. Some strams of Ieb3|ella aerogenes were found to show an
inoculum size_effect when tested agamst ampicillin or benzylpenicillin gHamnton
Miller et al. 19642 The maqmtude f this effect was measyred for each strain using
ampicillin and benzylpenicillin, by determining the ratio of the minimum inhibitory



Resistance to penicillins in Klebsiella 179

concentration with a large inoculum (abou 107organisms/tube) to that with a small
inoculum (about 10 orgdnisms/tube). Preliminary investigations showed that vary-
Ing the size of the inoctllum betwgeen 100 and 10 organisms per tube did not alter the
minimum |nh|b|tor% concentration; hence, for all Erachcal purposes, .an inoculum
size of 100 organisms is equivalent to qne of 10. Both are physiologically ‘small’
Inocula in the"sense that the minimum inhibitory concentrations obtained by their
use reflect the inherent sensitivity of a srain. Table 3 shows the results of these
experiments: the magnitude of the inoculum size effects obtained using ampicillin
was found to be significantly greater (t —2-7/81 with 18 degrees Of freedom
P < (-02) than that obtamed using henzylpenicillin. K. aerogenes strains 366 and
373 have been_omitted from this Series, as their intrinsjc resistance to ampicillin
(minimum nhibitory concentration arqalns_t small inocula = 12-5mg./ml.) was o
great that the full extent of the inoculm size effect could not be measured; it was
also difficult to obtain a sufficiently concentrated solutjon of ampicillin in hroth at
the correct pH value with which o initiate the serjal dilutions. The_intrinsic resis-
tance of these two strains to benzylpenicillin was also very great (minimum inhibi-
tory concentration against small inocula = 1-5mg./ml.).

Table 2. Minimum inhibjtory concentrations (fig./ml.) of twelve drugsfor
eleven Klebsiella strains

Inoculum size was 106organisms/tube.
K. aerogenes M

L8 8 % 30 A a4 a5 g Mo MR
n
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On primafacie grounds it might be expected that, if resistance tq henzylpenicillin
and ampicillin is due solely to Eemcnlmase activity, the more penjcillinase actth_a
strain possesses, the ?re ter should the resistance of that strain be. To test this
hy?othesm, the correfation was calculated between penicillinase activity against
extent of Pemclllmase-tépe re3|stanbce d|spI%y0ed (las exemplified by the ma%mtude of
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the inoculum size effect). As can be seen from Table 4, rows A'and B, there Is ng
significant correlation bétween the penicillinase activity of a sfrain and the_d_e?ree of
pen|_c|_llll|nase-type resistance shown by It, either “toward benzylpenicillin or
ampicillin.. ** . L .

he minimum inhibitory concentrations determined using the small inoculum can
be taken as a measure ofthie inherent resistance of each strain to the penicillin tested.
A(iam, in all cases except Klebsiella aerogenes 83 and K. ozaenae 61 (which had been
selected for study originally. because they showed a zone of inhibition around a
15/fg. ampicillin disk on solid medic), the concentration of any drug tested here
required to Inhibit the growth_ of & small inoculum was greater than thé level of that
drug that can be atfainéd in vivo during therapy; i.e. the ten strains were inherently
resistant to penicillins. However, it was found that a significant degree of correls-
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Table 3. Minimum inhibitory concentrations (ni.i.c. ofbenzylgenicillin and ampicillin
E?g.[ml.} for large (columns™2 and 5) and small (columns 2 and 6) inocuia of ten
|etsiella strains
Ratio (columns 4 and 7) of ni.i.c. for large inaculum to ni.i.c. for small inoculum gives a

measure of amount of resistance due to penicillinase; ni.L.c. for small inoculum gives a
measure of inherent susceptibility of each strain.

Ampicillin Benzyl%r]_i_g_i_l_l_in
“Inoculum Y Inoculum
Bacterial strain 107 10 Ratio 107 10 Ratio
K. aerogenes 1 2,000 3 64 1,000 3l 32
43 1,000 3l 32 1,000 63 16
83 250 8 32 125 8 16
300 2,000 16 128 1,000 3l 32
402 1,000 3l 32 400 50 8
407 1,000 10 04 500 3l 16
414 1,000 16 04 £00 3l 16
415 200 13 16 400 28 16
418 1,000 25 40 128 3l 4
K. ozaenae 01 250 4 64 250 4 64
Mean — — 53-6 — — 220
s.D. _ - 316 - - 17-2

Table 4. Results of tests of correlation between various pairs of parameters
measured in these experiments

Rates of breakdown, and permeability factors, for benzylpenicillin and ampicillin
taken from Table 1. Penicillinase type resistance taken from Table 3—ratio of minimum
Inhibitory cancentrations obtained 0 mg_large and small inocuia; inherent resistance taken
from Table 3—value of minimum inhibitory concentration using small inocura.

_ Degrees of o
Correlation tested between tvalue fréedom Significance level

A) Penicillinase-type resistance to 1-329 10 P = 0-22 (not significant
A benza/lgfemulYl% vs. rate of break- (notsi )
] F’dovv,”_ bentzylpemc_lltm t 00129 "
enicjllinase-type resjstance to
® gmplgllllhﬂ vs.yrpate of breakdown of
icilli
© Inhep[ent_ resistance to benzyl- 2-553 10 P = 0-03 (significant)
Bemullm VS, Fermeablllty factor to
enzylpenicillin .
(D) Inherént resistance to ampicillin v 1-801 10 P =01
rEermeablllt_y factor to a Pl_ﬁl_ In , o
(E) Iherent resistance to ampicillin vs. ~ 8-555 10 P < 0-001 (highly significant)
mher,elpt resistance to benzyl-
penicillin

tion existed between the inherent resistance of these strains and the ease with which
benzylpenicillin_ penetrated through the perme,ab,lllt% barrier into the bacteria
FTab e 4, row C).. Although in_the"case of ampicillin the correlation petween these
actors js not significant atthe 5% level (Table4 row D) it is worth¥ of pote that the
probability of the degree of correlation observed being due purely to chance Is only
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11 %. A further fact was observed, namely that the correlation hetween inherent
re5|s,tfance to gmplcnlm and inherent resistance to benzylpenicillin was highly
significant (Table 4, row E).

DISCUSSION
It Is interesting that both benzylpenicillin and 6-aminopenieillanic acid show
actnntY approximately as great as"ampicillin a?amst resistant Klebsiella strains;
against sensitive Gram-negative strains, ampicillin has been reported to be some
ten times more active than benzylpenicillin (Rolinson & Stevens, 1061). Further,
there have been other r,eports_gsee Hamilton-Miller, 1963a) of b-aminopenicillanic
acld having greater antibacterial activity than either benzylpenicillin or ampicillin,
against ceftain coliform organisms. - _ _

The assumption has been made (see ‘Methods; section) that the inoculum size
effect observed in these exP_erlments Is due to penicillinase. It seems probable that
this is the correct explanation for the phenomenon, for the following reasons:

1) All these organisms possess /jdactamase activity, which is gtfective at the
Pemcnlm concentrations and pH values used; amplmllm is mare rapidly hydrolysed
han benzylpenicillin by whole cell suspensions of these organisms, which correfates
with the Inoculum size ffect being of significantly greater magnitude with ampicillin
than with benzylpenicillin, _ _ _

(2) The microbiological studies of Hamilton-Miller ct at. §1964), which showed that
the.inaculum size efféct in Kletsiella aero?enes can pe drastically reduced by in vivo
Inhibition of Eenlmllm_ase activity, rule out the possmllw that non-specific B@mclllm
F%Z”é"-’“?ﬂ-' relspon3|ble for the inoculum size effect, arid directly implicate penicil-
Ingse In this role.

3) Three of the strains used in these studies (402, 415 and 418) have proved to
have a homogeneous population sfructure in regard to their sensitivity both to
Phenzylpenlc_lllm ztmd to-ampicillin. (1'am grateful to Mrs B. Heywood for performing

€SE EXPEriments). . : : :

Whﬁepem,cﬁlmgse has the caﬁ)abnny otgrotec,tmg large inoculaagainst penicilling
the_ permeability barrier will Be of particular imgortance when the sensitivity of
Individual bacterial cells is being considered: this inherent sensitivity hag heen
shown to be low in most of the strdins studjed here, and bears no significnt relation-
ship to the extent of the permeability barrier to ampicillin, Hence'1t is very difficult
to come to.any other conclusion buf that the inherent resistance of these Strains to
ampicillin is dUe to some other mechanjsm, such as an intrinsic lack of sensitivity on
the part of the mucopeptide synthesizing enzyme complex to inhibition by this
Pemcnlm.,The less permeable are the cellS of a hacterial strain to benzylpenicillin,
he more inherently resistant is that strain tq this penicillin; if thereforé seems pos-
sible that at least part of the reason. for the high inherent resistance of most of the
Klebsiella stral,ns,|nv§st|gated here is the inability of benzylpenicillin to penetrate
Into the bacteria in adeqiate concentrations to calse bacteriostasis, The possession
of a penicillinase which is capable of actively hydrolysing penicilling will serve to
sugenm 0se an additional resistance uPont e inherént resistance. Moreover, the
presence of a permeability barrier will actually enhance the effectiveness of the
Benlcn,lm se([asdpomtedoub Percival etal. 1963): Jhe rate ofentry ofthe drug may
e limited so that any which énters can be destroyed before it can cause damage Ina
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cell,wnjch possesses, in conjunction with an accessibility barrier, a low level of
enicillinase. _ o
p But as the inherent resistance of most of these strains is more than adequate to
enable them to survive in those levels of ampicillin or benzylpenicillin that can be
obtained during therapy, the role of the penicillinase, In" Conjunction with the
ptermeabmty barrier, seéms to he merely to increase the "lack of sensitivity * of these
strains. - L :
The effect of the gresence of penicillinase upon the susceptibility of bacterial
strains to penicillins can be measured directly, as has been done in the experiments
described In this paﬁ),er_ Dy observation of the magnitude of the inoculum size effect,
or indirectly, by Inhibition of the ?enlcnlmase activity in vitro in intact, viable cells,
as was dong bﬁ' Hamylton-Miller et al. (1964) and by Sutherland & Batchelor (1964)
using methiciflin to inhibit the, enzyme. The results obtained from both avenyes of
exploratjon show that even in the absence of penicillinase-mediated Remcnlm
destruction ten of these Klebsiella strains were inherent y resistant to hot ben_z*l-
penicillinand ampicillin. However, inview ofthe fact that in smalf inocyla Klebsiella
aerogenes 83 and K. ozaenae 61 were sensifive to_aumIIm and _ben,zylgemc,lllm In
concentrations which ¢an be attained in vivo during therapy, while inlarge inocul
they were resistant to hoth dru%s, It seems probable that thése two straing owe their
observed resistance to the fact that theg p0ssess oenicilhnase in conr{unctmn with a
permeability barrier; thus a parallel is Shown with the results obtained by Percival
et al. (1963) for Escherichia coli and Sutherland (1964) for Aerobacter aerdgenes.

!///i
%

e

I il in

Fig. L The different classes of ‘resistance’ to a Fenlcnlm_. Vertical axis regres_enté mini-
mum nhibitory concentration of drug; horizontal dotted line Is the usually attained blood
level of that _drug., Height of bar represents degree of hacterial resistance: open payt of
bar Is intrinsic résistance, hatched part is penicillinase tyPe resistance. It he|?ht of bar
exceedsbloodlevel,st‘am IS re?ardeg agresistant. See text for characteristics of bacterial
strains belonging to classes I, 11 and 111,

Academically speaking, ‘resistance.” is impossible to_define without picking some
Purely arbltrarP/, and thérefore artificial, base-line (which is bound to be unsdtisfac-
ory).” Clinjcalfy. speaking, however, the base-line ¢an he made the coneentration of
the drug which'is usually atfained in the serum of patients und_ergom% treatment;
this definition will give satisfactory results. Consider the three situations which can
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?btam_mI It_he c%s_e of gpemcnlmase-producmg organisms, in respect of their resistance
0 penicillins (Fig. 1).
lass | con aI%S ensitive organisms, with low intrinsic resistance, .and low or
neqllglble amounts of penicillinase; such strains will show a zone of inhibition around
a “low level” penicillin disc. o
_Class 11 strains have a low or maderate intrinsic resistance, and a moderate or
high level of penicillinase, This penicillinase activity tips the balance in stich strains,
rendering them resistant in Iar?e Inocula; a zone of inhibitjon. s usially seen around a
‘high level” penicillin disc, but nat around the ‘low level’ disc.. Resistance in these
orqamsms can be sugpressed by inhibition of penicillinase activity (see Hamilton-
Miller et al. 1964; Sutherland” & Batchelor, '1964). Klebsiella &erogenes 83 and
K. ozaenae 61 appear to fall into this cate%or’yn. L _
Class 11 consists of truly resistant organisms, of h|%h intrinsic resistance; their
penicillinase content is impmaterjal (though usually h|%_2_. No zone of inhjbition is
seen around the “high level " penicillin disC, and the peficillin is useless in the treat-
ment of these cases; even if genlcnlmase activity can be suppressed. Ten strains in
this series belong to this category. _ , .
The situation’in regard to penicillin resistance in these bacteria offers a stnklng-
resemblance to the picture of resistance to chloramphenicol, where low levels of
resistance |n Escherichia coli were due to enzymic destruction of the drug, but
higher levels were mediated bya?enenc_ mechanism (Merkel & Steers, 1953); this
genenc_mechamsm may very well be involved with the fact that the protein-
ynthesizing system, wilch isknown to be the prime target for chloramphenicol, has
bieen showni'to’ be able fo operate b% an alternative route which is not susceptible to
Inhibition by chloramphenicol (Ramsey, 1958). Permeability factors have also been
shown to be of paramount importance in the resistance of E. coli (Okamoto &
Mizuno, 1964) and Pseudomonas fluorescens (Kushner, 19552 to chloramphenicol.
. The possession of a Pemcnllnase which increases the résistance of an aleady
inherently resistant bacterial strain can have very little, If an?/, evo_Iqunal% signifi-
cance per se: it ma_Y_be gure_ly_ coincidental that inherently resistant Klebsjella
strains possess penicillinase activity. Indeed, it may be recalled that both Czekalow-
ski (19 Og and Abraham 51951’2 have suggested that penicillinase activity may be a
coincicental manifestation of the mere possession of some functionally or structurally
important protein molecule: it is possible that such a molecule may be involved as ar
Inteqral part of the cell-wall-membrane complex in these bacteria (see Kaufmann,
194). Further mvest_qat!ons have heen carried out into the nature of the permea-
bility barrier as it exists in some of these strains, and results will be reported in a
subsequent paper.

| am grateful to Beecham Research Lahoratories, Ltd., to Boofs Pure D[ugi Qo
Ltd., and to Distillers Co. (Biochemicals) Ltd. for gfenerou_s gifts of_ penicillins,
Professor R. Knox and Dr J. T. Smith gave much helptul advice and criticism, and

Dr D. M. MacLaren kindlgr rovidgc% the %r%amsms.

: S%nﬁoftflgi/vorkwas sented ina Pn.D. thesis to London University (Hamil-
on-Miller, 1964). . . .
'] am grate?ul Eo the Guy's Hospital Endowments Committee for Medical Research

for a grant for the support of some of this work.
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SUMMARY

-Glutamv tr sfer . actnﬂ] oun {0 St uted
d| erent ac en Specie trn a |one
a ccep orso er hn erwa t | ceI ree eara
eus or unn n seneo a]cc Wgor h I
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e
3 éue redo r%(
[ VYJ Eﬁ resur]?n mﬁh ormat| i Iu am |
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¥ n Irg Was tr ansferre ade ceeptor.” The eren

% 3 Jere |soIae an en ne cs and" properties

utam transfer reac jon were s
INTRODUCTION

ZGIutamy rnsfer from glutathione (GSH).to amino acids, peptides or water
ha been stdd | d with enzynies_of animal origin, mainly kidney (Hanes, Hir
Isherwood, 1950, 1952: Kingshita & Ball, 1953; Fodor,” Miller & Waelsch 1953
Hird & S nngell 19543 b, Ball, Revel & Cooper, 1956: Revel & Bal, 1959; Avi
Dor, 1960; Binkley, 1961). Data on the y-glutamyl transfer in bacteria are rather
scarce. . Only qua |tat|ve data on transfer of the y-glutamyl m0|et¥ by washed
suspens|ons and_cell-free extracts of Proteus vulgari$ have béen reﬁor ed(Samuels
Talalay, 95} The occurrence of y-glutamyl transfer from glutathione in washed
suspenisions of different bacterial species was studied in ordér to gain information

about the distribution and the activity of the enzyme. Since P. morganit showed
pronounced transfer activity, cell-freg extracts of ‘this micro-organism were used

extensively. METHODS

Materials. Glutathione and all amino acids and peptides used were commercial
Pregarﬁtéogs most of them obtained from Nutritional Biochemicals Corp., Cleve-
an

PreParatlon of washed bacterial su Pensmns Bactena were \%rown fcir 18 hr a(}

Roux hottles containing nutrignt agar.. The bacteria Were co ected an
washed 3 times with distilled Water. Their ophcal denslt at 550 m/t was deter-
mined W|thaCoIeman Junior Spectrophotometer. Optical densit readlngs Were
converted. to dry weight, by uslngastandard CUrve pr ared forEchenchl coli b.
Determlnahon ?f \)/ %Iutam transfer untll washed srspenslon T ereactlon mlx
ture d[ota olum ontﬁme ¢mo hosp ate uffer (p A 2
60 ¢mole and suspensions ofwas edbactenaequw to2- mg dry weignt. Acceptof,

* Present address: Biochemistry Section, Weizmann Institute of Science, Rehovoth, Israel.
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when added, was 20 /;mole. The reaction wag run at 373for 45 min. in a gas phase
contammo more than” 09% (v (vv) nitrogen. The acceptors used were glycylglycing
and L-methionine.

Preparaion of cell-free extracts Proteus morganii was grown in nutrient broth
with aeration for 18 hr at 3/°. The organisms were collected rn a Sharpies Centrif u&
washed 3 times with distilled water and disintegrated for 10min. in a 10 KC
Raytheon Sonic Oscillator. The unbroken organisms and cell debris were removed
at 40,000 rev./min. in a Spinco Model L UItracentrrfuge and the supernatant thus
obfained serveq s the enzyme source. Th eenzyme was ra se overnrght rnte
cold, against distilled water. Storage at —20° preserved thé enzymic activity f
s%elgal months. Protein was estimated by the biuret method according to eh

Determination of y- qutawI transferwrth cell-free extracts, Unless otherwise stated,
the reaction mrxture 10 ril, total volume, contained: GSH, 20 /fmole: tris buffer
pH 85), 400 /;mole; and 1-6 mg, norotern Acceptor when added, 80 /;mole of the

form or 160 cmole of the racemic compound. The reaction was run at 37 for
45 min. In a gas i)hase contarnrng more than 99% (viv) N2

Estrmatron otg utathione. The réaction was stopped anc, proteins were precipitated
ﬁh diluting thereaction mixture with 20 vol. of 5% (wiv) metaphosphoric acid,

e glutathione content of the filtrate, was determined bg the alloxan method of
Patterson & Lazarow (1955). A glutathione standard curve and appropriate blanks
Were run concurrently,

uantitative paper chromatography. The reaction mixture was treated with 2 vol.
of not ethanol containing 10mM: Tetlrylmalermrde The protern precr tate Was
frltered off and C-01 or_0-02 ml. samples were ap gre to Whatman 3 MM paper
(for chromatooraphy) The solvents used Wwere rpano +water (80+20 by volz
o tertiary butanol* formic acid +water (70+ 15+ 15 by vol.). Known amoynts
of the different markers Were run srmultaneouslg The chromato%rams %descendrngg
were run forl 8 hr at room temperature eve loped with buffered ninhydr

Haschen, frayed with ethanolic Gu(N rea ent (Kawerau & Wieland,
S?St%efr?e colour stabilization and eluted wrth me ano Hanson Blech, Hermann

r

Methods for the isolation and | étentn‘rcatron of pe h) ftrdes The reaction mixture,
contammrr]t epeptrde to be teste Was app redr straight line 10 cm. from the
ottomo the aper hatman 3 MN) usually Lml. reactron mrxture was applied

%ac sheet S X 57°cm.), The chromatograms were run for | éi osrtron
of the peptides was determined byspraum small strips on both s esofth hroma-
togram he areas containing the peg des were cut out and the comPoun S Were
concentrated and eluted accordmg Reith (19 2 After two repeated isolation
procedures usin propano +wate in the first'and tertiary butanol + formic acid +
water rnt esec nd, the ﬁ)e tice solution in 6 n-HCL was heated in a sealed ampoule
for rat 05°. The Hydrolysate was drred over CaJP042 and the ro ducts
determined é)aper C romat r%;r Y eactua values were obtained 3/con
verting the optical densit readr s (at 505 mf) into /;male according to appropriate
standards Imilarly treated fil ter paPer Was used as a plank,

Dinitro henyI D ngerrvatrves of the isolated ﬁ)eptrdes were Erepared accord-
ing to Rosenthal & Taldor (1956). The purity of each derivative was tested by paper



y-Glutamyl transfer reactions 187
g?rgtr)‘g%ography. Hydrolysis and determination of the products was carried out

Pyrrolidone carboxylic acid was tested for (bﬁy the chlorine starch iodine method
(Rvdon & Smith, 1052) according to Ellfolk & Synge (1955).

RESULTS

l)istribution of /-glutamyl transfer activity in washed suspensions of
various bacterial spemes

The search for y-glutamyl transfer in the ditferent bacteria used (Table 1? Was
done under conditions which have heen_found to he optimal for the transfer in
washed suspensions of Proteus vulgaris, The acceptors used were i.-methionine or
egcyI%Iyeme and the disappearanCe of glutathione was measured by the alloxan
method.” Out of 16 different bacterial Species tested 13 were fourid capable of
hydrolysm? |utathione, while the remaining threg gEscherlchla coli, E, freundii

taphylococcus aureus) showed weak activity. The most active organisms were
Achromobacter delicatuluvi, P. morganii and P, vulgaris. Adgition of either of the
acceptors Increased the cleavage of the tripeptide by most of the bacterial species
tested. Proteus morganii, because of its high activity, was chosen for a more
extensive examination.

Table L Distribution of y-glutamy| transfer actjvity in washed suspensions of
various bacterial species
The different reaction mixtures, total volume 10 ml., contained:_ GSH, 10 fimole, or
GSH, 1%/m|ole, and acceptor, 20/tmole; hosRhate buffer ng 7-5), 60/;mole; and
washed bacterral suspensions 2—i mg. dr%/ elght. Incubation: 45 min. at 3/°, under
nitrogen. GSH cleavage was determined by the alloxan method.

Glutathione cleaved (/;mole/mg. dry weight)
Without Acceloto_r . Acceptor

Organism acceptor  glycylglyeine i-methionine
Aerobacter aerogenes 0-25 0-24 0-32
A aerogenesB 3. 013 Oil le
Achromobacter dclicatulum 3-20 3-10 -20
Alcallgen,es hookeri on 0-40 %40
A faecalis 0-10 0-60 0-45
Bacillus mycoides 0: 1]2 0-25 0-25
B S ol 003 % i
schericha coli -
E freundil 0-07 0-05 0-02
Klebsiella ?zaena 0-38 0-37 0-47
Proteus vulgaris ?HX19) MO 1-42 142
P. morganii 1-H 2-48 2-48
Pseudomonas sp. 045 0-40 0-52
P. fluorescens 0-40 0-40 0-30
P. non liejuefaciens 0-40 0-40 (-3
Staphylococcus aureus 002 0-15 017

Quantitative determination of reactants and products in
y-glutamyl transfer reactions

Quantitative data on the cleavage of glutathione and on the appearance of the
breakdown products, as measured oy the alloxan method and quantitative paper
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chromato%raphy, are girven in Table 2. In the absence of added acceptor most <4
the glutathione was so It into glutamic acid (Glu) and cysteinylglycine (CySH-Gly),
according to the reaction

GSH+HA = Glu+ CySH-Gly. I

A new product (RFvalue lower than glutathione) was detected b 3/ paper. chromato-
rag y, acid h drol¥srs of this compound yielded glutamic acid, ¢ sterc acid and
Ing at a ra 0 0F 2:1:1. This product was identified as glutamyl utathronc
ro bably y-glutamy Irolutathrone The formation of this tetrapeptrdem g be through
a transfe reactron i which glutathione served hoth as donor and acceptor of tm-

QUMY MO ot GluayGSH + CySHGly !

The alloxan method does not drstmgursh between %Iutathrone and y rglutamyl
glutathione (Revel & Ball, 1959) here ore te 1S re[pancy in th e a ounts of
|utathione cleaved as measured by the two, methods %ablez can be explained.
|utamic acrd whrch |s formed only In reaction I, can be taken as an mdex of the
amount of Y g lutamyl fransfer to water. The chromatooraphrc method of analysis
sowed tha Jgmolé of GSH disappeared; of this 27 Jimole could be accounted
tor y g rontrc cIeavarI;e (reaction I, whle the rest &l8//mole) was ysed to form

5 /Imole of utamvglutathrone éreactronll) Lack ofa %utamiylgutathrone
mar er revente the quantitative determination of this product. However, the
amount of cysteinylglycine formed (3-3 //mole) verified toe accuracyo the calcula-
tion, according to Wi |ch 3-35 [Imole cysteinylglycine (2-7 +0-65) should have been
formed. The Yguta w transfer to qutathrone (reaction 11) amounted, therefore,
to 19-4% of thé glutathione cleaved:

Table 2. Glutathione breakdown in the presence and absence of acceptor

The reaction mixtures, total volume 10 ml., contained: GSH, 20/;mole, or GSH,
20/;mole, and acceptor, 80 /;mole; tris, buffer ?pH 8-5), 400 /;mole: and 16mg Proteus
mor_rTrann extract. Incubatron under nitrogen for 45 min. a “37c. the disappearance of

was measured by the alloxan method and duantrtatrve paper chro atogiraphy
Glut amrc acid cysemyl% ycine and gg%trde formation were ne?]sured by quantitative
paoerc romatography. Data obtain chromatoqrap ale the average of two runs

with two drfteren so vents, propanol-(-water and tertiary utanol+form|c acic. + water.
GSH cleavage Reaction products
Alloxan ~ Chromato- ~ Glutamic Cv tcinvl- lutamyl-
metho rﬁohv acl ycrjne 4 %ep”{té/
Reaction mixture (lemole) 8¢ ole) (lemole) gcmole (0.0.x100)
1 GSH 24 40 2-1 33 4-8
2 GSH Lmehronrne T« 1-3 0 1 220
3. GSH + glycylglycine 99 10-5 0 100 20-0

In the presence of acceptors %;ch lglycine or |, methronrne)hboth methods qave
|dent|cal results Nerther |uta crd nor y rqutamygutat lone was detected:
cysterny g gcme in equiva ent amount to the glutathion cleaved and a new com-
oun Were 150lated, Acrdh drolysis of the néw com ound, formed in the presence
met |on% % yielded eriurva ent amounts of Htam|c acrd and methronme
Hny rolysis of the” DNP-gerlvative of this compo DNP-glutamic acid
d méthionine. The peptide formed in the presence ofglycylglycrne Vielded, upon
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hydrolysis, glutamic acid and glycine in a ratio of 1:I-6. This ratio was apearently
due to'the presence of a dipeptidase acting on ?I¥cylglycme; glycylglycine together
with glycine served as acceptors for thé ’\){-g utamyl” mojety. Ydr_olyms of the
DNP-Uerivative of this compound gave D _P-glutamm acid and gycme. The only
reaction that took place in the presénce of eithér of the acceptors tested was

GSH + acceptor = Glu-y-acceptor + CySH-Gly. 1

At pH &5 (at which the reactions were tested),_neither cysteinylglycinase nor
Y-%Iutam IIactgmase activities could be detected. The former enzyme Was present
ntne extract but showed no activity at pH &5.

Kinetics of y-glutamyl transfer

The kinetics of the y-glutamy| transfer from %Iutathlone to amino acids, peptides
and water were studiéd n cell-free extracts of Proteus morganii. .

Enzgme concentration. The enzymic breakdown of ?Iutathlone in the presence or
absence of acceptor was found to be. proportional To the enzyme concentration
£F|g. 1), At high enzyme concentrations, ?Iutathlone becamé limiting and the
fféct of the accéptor irfincreasing y-glutamyl transfer was decreased. EXperiments
were therefore done at enzyme conCentrations that cleaved 25-30% of the sub-
strate in the absence of acceptor, _ .

. Substrate concentration. The effect of substrate concentration on enzg/me activit
is depicted in Fig. 2. A constant ratio of glutathione to acceptor was kept, whife
var mq the substrate concentration, L

ffect of time. The effect of time on enzyme activity in the presence of glycyl-
glycme IS shown in qu. 3. 1t was measured by three different methods: disa Rea,r-
fice of qlutathmne_ ((ja loxan method), formation of cystem)AI lycing and syntnesis
of y-glu amy-peptide _ﬂuanntanve gaper chromatography).  Similar progress
curves were obtained with each method. _ _

Reduced and oxidized glutathione as y-lglutamg/l donors, . Since both dongrs yielded
peptides of identical chromatographic propertiés, the efficiency of these donors was
measured by comparing the amounts of peP_tlde formed. Oxidized _%Iutathmne In
e%uwalent amounts) was only 50% as active as reduced glutathione (Table 3).
E_de hlghe{ efftlmency of GSH was also found by Fodor et al. (1953), with a purified
idney extract.

Efféct of pH value, The optimal pH value for y-glutamyl transfer was 8-3-S-5
(Fig. 4). The pH activity curves resembled those obfained by Ball et al. (‘1956? for
a rI§_|dr§1ey_ li)rbep%[anon l()jut with some differences on the acid Side of the optimal pH
which viill be discussed.

Effect of accfeeptor con?entratmn. Both (?f the acceptors ysed increased the y-
|utamyl transfer; glgcy Iglycme was found to be mare effective than L-methionine

|g. ._High actéptor’ concentrations decreased the amount of %Iutathl,one
Cleaved. The Tnhibitory effect of h|?_t|1_ acceptor concentrations has been described
In other reports _gFodor etal. 1953 Hird & Springell, 1954a; Revel & Ball, 1959).
With the bacterial extract, the iphibjtion caused Ty the acceptor was competitive
and could be annulled by increasing the concentratjon of the sgl, strate gTabIe 42._

Acceptor efficiency. Data_on the comparative efficiency_of ditferent amino acids
and peptides, as acCeptors in the y-glutamyl transfer reaction, are given in Table 5.
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%ng%/ei,-amino acids were tested, since n-amino acids showed no activity. The effect
tions at which neither ?chylglycmc nor +.-methignine was inhibitory. au amino
aclds and peptides tested ‘sérved as acceptors for the y-glutamyl” moiety; the
exceptions were proline and hydroxyproline, which lack a ‘frée NH, group.

T T T T

acceptors on the y-glutamyl transfer was assayed at two different concentra-

ua
v

Glyeylglycine (p#molz)
20 4060

- T

1
—

~ |

i

<4

|

w -+
T T
o
T

w
T

(vSH-Gly tormed (gmole)

GSH cleaved (gmole)

-

GSH cleaved (umole)
N

|
L

NS | S ERS |, L G [ g 4 el e czeed
0 1 2 3 4 5 6 7 © 10 15 20 40 €0 80 100 120
Protein (mg) GSH (umole) Time (min.)
Fig. 1 Fig. 2 Fig. 3

Fig. 1, Effect of enzyme concentration on y-glutamyl transfer. o GSH, 20/miole; A,
GSH 20 /Imole + i -inethionine 80 /imole; «, "GSH 20 /Imole + glycylglycinc 80 //mole.
The different reaction mixtures, total volume 10 ml., contained,”in addition to the com-
pounds listed, tris buffer (pH 8-5) 400 //mole and Proteus morganii extract as indicated
In the hgure.” Incubation under nitrogen for 45 min. at 37°. GSH cleavage was deter-
mined by the alloxan method.

FI?. 2. Effect of substrate concentration_on y-glutamyl transfer. The reaction mixtures,
total volume 10 m|. contammq GSH in various conc ntraél?ns éO—_O) 0f_various
concentrations of GSH + chylgycmc{-_—-) were Incubated for 45 min. at 37° under
nitrogen, The reaction mixtures also contained tris buffer (pH_8-53, 400 /;mole, and Proteus
morganii extract 1-6 mg. protein. GSH cleavage was determined by the alloxan method.

F'ig. 3. Effect oftime onR/-qutamyI transfer. The experiment Wasmperformed in Thunber%
tubes under nitrogen. THe Teaction mixtures, total volume 10 ml., contained GSH, 20
Jimole; glycylglycine, 80 ;mole; tris butfer (pH 8-5), 400 /;mole; and Proteus morganii
extract, “1-6 g, protein, fn_cubanon at 37°. "At intervals tubes were removed and the
amount ofr%roducts determined. GSH cleavage (o— o) (alloxan method); cysteinyl-
glycine formation (*—¢) and y-glutamyl peptide formation FA—A) quantitative
Paper ch,romato,graPhy)._ Data obtained by paper chromatog_ra y are the average of
WO runnings using wo different solvents (propano] + water anti tertiary butanol + formic
acd+water?. megtothe lack of y- Iutamy_lgeﬁtlde_markers, quantitative dalla on pep-
tide formation are Tepresented as the opfical density of the ninhvdrin complex of the
peptides at 505 m//.

The effect of acceptor concentration on the transfer reaction is also seen jn
Table 5. The inhibition by the acceptor has been shown to be comgetmve (see Taple
4). 1tisworthy of note, therefore that the strongest inhibition of the transfer reaction
was caused by glutamine and cysteing, whicti resemble closely or constitute parts
of the glutathione molecule. DISCUSSION

The search for_g/-glutamyl transfer activity revealed a wide distribution of the
nzgme In bacteria. “In mammals this actl_wt?/ Is restricted to kidney and ancreaf
?V\/ oaward, Munro & Sehroeder, 1935; Binkley & Nakamura, 1948; Revel & Ral

-GIUTAMYI-pepuiae Tormea (0.v. X 10U)



y-Glutamyl transfer reactions 191

1959). In most ofthe bacterial strains tested here, addition of an acceptor increased
the /qlutamYI transfer. However, In a few organisms addition of ‘acceptor was
without effect as was also found with fish Kidney extract (Ball, CooEer Clarke
1953).Since our experiments were Performed with washe organisms, the fack of
acceptor effect might be attributed to permeability barriers,

ecleavaqe of glutathione in the absence of acc 8tor (at alkaline pH values)
|ede less glutamic acid than coidd be accounted for by the amounts of gluta-
hione split or cysteinviglycine formed. Similar results have been described” with
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Fig. 4 Fig. 5
Fig. 4. Effect opr on y-gluta m | transfer. (.1) GSII 20/iinole; )( ) .GSII 20//mole +
I meth|on|ne 80 //mole;” (C) GSH 20 /moIe+ yeylglycine 80'/fmole. The different
reaction mixtures, total volume TO nil. contamed, In addmon to the_compounds listed,
Proteus mor anji extract— 10 mg. rt ein—and phosphate buffer 750 //mole (o); tris
buffer4 moIe %S) or borate buffer 300 //mole (fy). Incubation under nitrogen
7° for 45 min. GSH cleavage was determined by the alloxan method. All pH valles
were determmed at the end ofincubation period with a glass electrode.

W
Eig. 5. Effect of acceptor concentratlon on q

y-glutamyl transfer. GSH 20 /zmole-f
varying amounts of r-meth |on|ne —0)0rg I cirie —-) were incubated under
nitrogen for 45 min. at 87 . The erentm|xu oaI oume TO ml., contained, 1|

(
s v
addition to the compaunds listed, tns uf eré r?n he 03;

ole n ProteHs morgann
extract, | ffmg. protein. GSH cleavage was

m
the aI oxan method.

Table 3. Comparative efficiency if GSH and GSSG as '/-glutamyl donors

The reaction mixtures, total volume TO ml., contained, in adfdmon to the subftrates
listed, Proteus morﬂann ‘extract— 7proteln and tris_buffer (pH 85)400/mo|e
Incubation under nftrogen for 45m|n at3 Peptide formation was measured by paper
chromatogra h}/tusmPPropanolwater as solvent The data were expressed as the optical

density X 10 he efuted ninhydrin-peptide Comple
o mnyarin-pepd Pex Peptide formation
Reaction mixtures n.h. x 100 (at 505 m/z)
/ [I+80 //mole r, methlonlne 170
G //moIe| met lonine 50

80
8g0///m0|?e g)f)%y%g)ﬁlcrl]rele 1g:g
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Table 1 Effect of ratio of acceptor: GSH on y-glutamyl transfer

The different reaction mixtures, total volume TO ml., contained in addition to the listed
compounds tris buffer (pH 8:0), 400 /;mole, and Prateus morganii extract, 1 O,m%. protein.
Incubation for 45 min. at 37° under nitrogen. GSH cleavage was determined by the
alloxan method. In the last column GSH CTleavage is expressed as a percentage of the
amount of GSH cleaved in the absence of added acceptor.

Reaction mixture GSH cleaved
GSH  Glycylglycine i-methionine  Acceptor:
dmol) ol ok GaH fmole I
20 - - - >3 100
2 240 _ 12 52 0
2 - 240 12 51 1
2 120 _ 0 15-4 20
2 - 120 6 10-8 2 %
40 — . - 5-4 1
40 240 _ 6 16-5 «)0)
40 - 240 0 11-5 214

Table 5. Efficiency of various amino acids and peptides in promoting
y-glutamyl transfer

The different reaction mixtures, total volume TOml, contained GSH, 20 //mole;
acceptor as indicated In the table; tris butfer {pH 8-5n), 400 /;mole; and Proteus morganii
extract, | omg. protein. Incubation 45 min. at 3/° under nitrogen. The data, which were
obtained by the alloxan method, are expressed as the percentage of y-glutamyl transfer
as effected by the concentration of the corresponding acceptor.

y-glutamxl transfer Amino pK*

Acceptora d d e A -
40 [imole 80 /imole 160 /iinole

None 100 100
I.-Alanine 116 106 - 9-87
|.-Arginine, 103 127 899
I.-Asparagine 125 151 - 881
L-Cysteine 150 65 - 8.30
~Glutamc acid 163 124 - 9-9
~Glutamine 105 9% - 913
Ilylcm.e . 116 151 — 9-78
~Histidine 194 186 9-11
~-Hydroxyproline 101 101 9-62
Ty W ] b
l-Lysine .
L-Hetionie. 18 196 ] il
E.-Phen lalanine 230 240 — 9-13
-Proline 90 85 10-64
-~Serine . 169 120 921
-Tnreonine 128 142 9-10
L-Tyrosine 128 _ 9-11
i.-Valine _ 169 125 9-12
»L-Alanyl-DL-alanine 200 204 8-42
m-AIF Iglvcine 207 204 g-18
G[ycygL ne 213 227 - 8-25
Glycyl-L-methioninc 213 209 - -
Glycylglycylglycine 157 164 — -1
* Amino pK values from BiuchetnisCs Handbook- (C. Tong, editor), 1901, pages 43-52, K. &F. X.
& Son Ltd. London.
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kidney extracts (Woodward & Reinhart, 1942; Fodor et al., 1953; Revel & Ball,
1959) In some of these cases the lack of stoichiometry was accounted for bY
%rrohdone carboxylic acid formation (Woodward & Reinhart, 1942 Fodor et al.

53), probab_l(){ through y-PIutamdyI lactamase activity (Connel & Hanes, 1956),
but_po pyrrolidone carboxylic acid formation was detected with the Proteus mor-
anii extract. Onthe other hand ?Iutathlone served both as acceptor and as donor

fthe y-glutamyl residue. Transfer of the y-glutamyl residue to glUtathione has not

been réported prewous,lg. The P]ossmnny 0f Such a reaction was discussed by Revel
& Ball (1959), who did not, however,” obtain any evidence for such a reaction
product.” In the presence of acceptor the transfer reaction yielded equivalent
amounts of r?/-glutamyl-acceptor and eystelncylglﬁcme. These résults are in agree-
ment with those obtained with kidney extracts (Revel & Ball, 1959),

The kinetic data obtamed with the”Proteys morganii extract are sjmilar to those
obtained with k|dn(e§/ extracts (Fodor et al. 1953, Hird & Springell, 1954a,; Ball
et al. 1956; Revel & Ball, 1959). However, some differences were encountered
reqarding the correlation_between acceptor ability and pK value. 1t is assumed
that the acceptor acts in ifs ungrotonated form (Johnston, Mycek & Fruton, 1950:
Fruton, Johnston & Fried, 1951: Revel & Ball, 1959; Avi Dar, 1960). 1f this Is
correct, acceptor activity should be inversely proportional to the ?K value of the
amino group. Com%anson of acceptor activity and pK value (Table 5) shows that
this was generally the case with the bacterial’ extract. However, theré were a few
exception’s to this_rule; e.g. g(l}/c Iglycyl%l cine, with a pK value lowest of all
acceptors tested S7-9lg, SNOWEQ po0raCceptor ability. 1t seems, therefore, that
factors other than thé pK value may influence the”suitability of the acceptor.
Similar fmdmgs were reported alsg with kidney extracts (Fodor et al. 1953). On
the other hand, there were some differences between the Proteus morganii enzeyme
and the kidney extract in regard to the efflmencg of cerain acceptors gFodor {al.
1953; Ball et al. 1956). Thus, glutamine (pK 9-13), which was one of the best
acceptors for the kidney extraCt, showed moderate acceRto_r activity similar to
that of glutamic acid (gK 9_-96%. Dipeptides, although exnibiting better acceptor
capacity”than amino acids in the bacterial system, Were considérably less active
there thian inthe kidney system. And, most important, lower pH values should have
Increased the acceptor effectivity of dipeptides as compared with amino acids. How-
ever, no such increase in the refative activities at aciq pH values was encountered,
when acceptor abilities of %chylglycme and of L-methionine were compared using
the bacterial extract (Fig. 4) * ™" _

.The above-mentioned"discrepancies can be explained %4 the presence. of gluta-

inase.and peptidase eﬁ(]:nvgnes In the acltenal extract. The rapid deammaHon of

utamine resulted In the formation of a less active accegtor—glutamlc aclo. The
artial degradation of peg_tl,des, b)( peptidases present in the crude extract, decreased
he apparént acceptor ability of the dipeptide.
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INTRODUCTION

Antigenic variation in trypanosomes was probably first described by Franke
(1905) Who found_ that the Serological characteristics of a strain of Trypanosoma
equinum changed in an infected hast, Subsequent rmmunologrcal studies (reviewed
by Taliaferro (1930) and Sol s§1963)()j1 have confirmed that trypanosomes have a
reat capacity for f?ntr%enrcv riation, and that hoth nfatural strains and clones can
roduce many different ant agens Certain aspects of antigenic variation in try-
panosomes have een studied i consicerable detail because of their importance in
relation to the development of rug relapse strains, the immunization of animals
against trypanosomyasis and the ser Iogrcal classification of strains. Much has been
Iearned, for example, about the number of antigens which may be produced Y
trypanosome strain (Ritz, 1914, 1916; Lourie &O'Connor, 1937; Osaki, 1959), the

* Formerly the West African Institute for Trypanosomiasis Research
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variability of a smgle stock of a strain in different hosts FLeupoId, 1928; Raffel
1934: Cantrell, 1958: Inoki, 1960%, the antigenic stability of relapse strains (Mesni
& Brimont, 1909: Rosenthal, 19 32 and the relation bétween antigenic variation
and the immung response of vertebrate hosts ﬁMassa%ha 1907; Levaditi & McIntosh,
1910: Mutermilch & Salamon, 1928 Russell, 1936: Gray, 1962). More recently
attempts have heen. made to characlerize variable trypanosomal antigens and to
locate their position in the organism (Weitz, 1960; Brown &Williamson,"1962, 1964;
Seed, 196?; Williamson & Brown, 1 641= _ o

Much of this work on antigenic variation in trypanosomes was done with strains
maintained by blood-passa%e_m |ahoratqry animals and comparatively little has
been done tq relate the findings to antigenic variation in strains transmitted by
tsetse flies, The antigenic ch,anges which oceyr in b,Iood-gassa ed strains probablg
resemble those that occur In Strains transmitted in tire fiel b¥ the interrupte
feeding of biting flies of such genera as Tabanus and Siomoxys. Transmission of a
tr%ganosome sfrain b){ a tsefse flgl, I contrast to mechanical transmission, 1S
effected only after the trypanosomes have completed a cycle of development in the
fly, which usually takes at least 12 dag/s, depending on Climatic factors and on the
species of tr}/panosome ang fl gsee_ uxton, 1955). The importance of occasional
evelopment In tsetse flies in preserving trypanosome strain characteristics such as
morphology, pathogenicity and drug-SenSitivity has been recognized for many
?/eas (Bruce, 1914; Lester, 1932; Mrgatroyd & Yorke, 1937) and jt is surprising
hat the effects of cyclical deveIoFment on the ant|g|en|c characteristics of tryé)ano-
somes have peen, with ope potable exception Iargey ne_%lected. Broom & Brown,
(1940) studied the serolo&;mal characters of thrée Strans of Trypanosoma brucei
before and after cyclical development in Giossina morsitans and found that sero-
logical differences between variants of each strain diminished durm?_development
in‘the flies. Substrains of one strain transmitted by different tsetse Hies resembled
each other closely, but_differed from cyclically transmitted substrains of other
strains of the same s&remes. .

The work described In the present paper was done to extend the findings of Broom
& Brown because the reduction of se ologlcal variants of a strain during develop-
ment in tsetse flies to an antigenic type which mqht be characteristic of the strain
might be of practical value jn'the serological classitication of strains and in immuni-
zaflon against trypanosomiasis. The eXperiments were. concerned with antigenic
variation in a strain of _Trgpanosoma brucei in animals infected by tsetse flies; and
with the effects of c;rchc I transmission on the antigenic characteristics of sub-
strains and serological variants of the strain.

METHODS

The strain of Trypanosoma brucei used, The strain was isolated in 1961 from a
sheep infected by Giossina morsitans which had been collected near Mokwa, Niger
Province, Northern Nigeria. A line of the strain was serially passaged by syrmﬂe
through fourteen rats before a stock was frozen and stored at'—80° for Use In the
present exPenme_nts_. The strain was pogmorpmc when recovered from the frozen
stock and transmissible by fsetse flies, Rats and mice Infected by the, injection of
such mad}enal had acute infections with massive naraﬂtaemlas %nd died after 5-7
days and 3-4 days, respectively. Rats infected with the strain by tsetse flies had
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acute infections and died after 8-10 days, but rabbits and goats had. chronic in-
fections with Io_w-gra,de parasitaemias and died after 4-6 weekS. The period between
the bite of an inféctive fly and the appearance of trypanosomes in the periPheraI
blood.of rats, rabhits, goatS and sheep was relatively constant, between 2 and da%s.

Maintenance of the ‘strain, Durmg experiments, substrains and variants of the
trygoanoso,me were maintained for short periods b}/ S rm,%,e nE)assage at intervals of
2-3 days inmice. Repeated sub- assalge Was keé)t 0 &minimum and was only used
when isolating substrains, when preparing antigens for agglutination tests and when
frozen stocks of the strain were heing” re-established”in experimental animals.
Stocks of subsfrains and variants were maintained for longer éaerl_ods at —80° as
were antigens for agglutination tests which were prepared as described below.

Experimental animals. White mice (12-20 g.) were used during the isolation and
shorf-term passage of substrains and” whenpreparing antigens for a(T;qut_matlon
tests. Rahhits gl_-z _k%.), white rats (100200 ¢.) and, goats and sheep of indigenous
West African varietieS were used to produce agglutinating antisera, to feed"tsetse
flies, and in experiments on antigenic, variation.” Mice, rats and rabbits were drawn
from closed [aboratory colonies and, it was assumed that they were free from try-
Banosomal infections” before experiments were started. (GOats and sheep were

ought in an area which s free from trypanosomiasis and they were unlikely to be
harliouring trypanosomes; however, as a precaution, a wet blood film from each
animal was examined daily for 30 daKs before the animal was ysed, and samples of
blood were inoculated nto rats which were then examined daily for trypanosomes
for 4 weeks. No Infections were ever detected.

Terms used fo describe Populaﬂons of trypanosomes. Several terms were used to
describe populations of trypanosomes during the experiments. The strain was a
collective term and inclyced all the trypanosomes derived from the population of
Trypanosoma_brucei_isolated from the sheep originally infected by wild-caught
Glossing morsitans. The term ongqmal strain was used to"describe the”population of
the strain preserved at —80° at the beginning of the exPeerents. Substrains were
Eot?ulatjons of trypanosomes derived from thé original strain or each other: mgested
supstrains consisted of trypanosomes ingested By tsetse flies when they f&d on
Infected animals; cyclically transmitted” substrains consisted of tr¥panosomes
isolated from animalS between 3 and 7 days after they were pitten Dy infective
tsetse flies. Serological variants (or 3|mplfy variants) iere substrains“shown by
serological methods'to be antigenically different from other substrains. gVarlan_ts
In this sense were often called Telapse™strains in the earlier literatyre on antigenic
variation; since many of the infectjons studied in the present experiments were not
characterized by distinct crises and relapses, although antigenic Variation occurred,
the te[]m rel?gse strain has been av0|dedl.) . L

Methods o ountmqt panosomes. For routine purposes, parasitaemias in infected
animals were estimated by counting the tr Rangsfomes n smtg mmroscoFe fields
(x40 objective and x 8 eye-piece) ot a wet lood film. When accurate estimations
of the numbers of_tr%/panosomes In heavy suspensions of organisms were reguw_ed,
a sample of the infected material wassuitably diluted With Hayem’s solution
(Whitby & Britton, 1953) and the organisms colnted in a haemocytometer.
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Infection of tsetse flies with the trypanosome

Origin and infection of the tsetseflies, Most of the tsetse flies were obtained from
Glossina pupae collected in garts of Zaria Province, Northern Nigeria, during, the
dry season between December and March each year; a few flies were obtained “from
puBae produced in a laboratory colong of Glassina palpalis. The pupae were in-
cubated in a moist atmosphere” at 27-29° and the flies which emer?ed were Kkept
individually in 9Iass specimen fubes (3x1 |nh), or in ﬂrougs of twenty of the same
sex inwooden Bruce hoxes, inahumid atmosphere ina ){-r ommaintained af 24-26°,

Flies were infected by feeding on infected animals onthe 1st or 2nd day after the
emerged from puparia, since higher infection rates with Jorucei *subgroup t%vgoan -
somes are obtaingd in this way than by feeding flies later in life (Wijers, 1956). In
some instances, flies were fed on infected annudls for 7-14 days, buf In experiments
In which the antlgens of tryganosomes mgested by Indivigual flies were being
compared with the antigens’of the trypanosomes which the flies transmitted, they
were fed on infected animals once only. After taking infected feeds, flies were main-
tained on uninfected rats, goats, or shéep until they "became infective, were killed or

ed. . . o
Isolation of infective tsetseflies. Two methods were used to isolate infective tsetse
flies from gr_oups of flies which had taken infected feeds _ _

() InfeCtion of a susceﬁuble animal. Towards the end of the period required for
cyclical development of the trypanosome (16-18 days after an infected feeq), large
groups of flies were divided irito subgroups of three, four or five individuals which
were fed daily on a rat until it became infected. The flies in subgroups which caused
Infections were then fed on separate rats to identify the infective fly. _

. (b) Examination of tsetse-fly saliva. This method was occasionally Used to find an
infective fly in a small group. Hungry flies were induced to attempt to feed on a
guinea-pig “and a small”amount of tsetse-ﬂ)é saliva was collected by inserting .a
microscope slide carefully between the prooscis of the fly and the gumea-mg
Burtt, 1946). The salivd was dried in air, fixed with methanol and stained wit
lemsa’s stain, and examined m|croscop|call¥_for metacycuc trypanosomes.

The number of infective flies islated, Tsetse tlies are difficult to‘infect with " brucei*
subgroup trypanosomes and the Infection rates achieved in the laboratory arc
usually low; Attemg_ts were made to_ infect 527 Glossina morsitans and 510 G.
palloalls with the strain; 18 infective G, morsitans and 3 infective G. palpalis were
Isolated, The period required for cyclical development of the trypanosome in
G. morsitans averaged about 22 days, but varied from 19to 25 days; in G. palpalis
the period varied from 29 to 42 days.

Determination of the antigenic relationships of substrains of the trypanosome

The antjgenic relations of substrains and variants of the trypangsome, were
determined mainl by_ag |utination tests. In certain instances, indications of anti-
genic relations from diréct ag%Iutmanon tests were_confirmed by absorption tests.

Antigensfor a%glutmatmn tests. Parasitaemias in infected rabbits and ?oats were
usually” scanty, but heavy suspensions of. trypanosomes were needed Tor use as
anU?ens In a %Iutma%mn tes*s. When, antigens were_ required, twanosome fub-
strains were 1S0lated from Infected animals”by injecting 05 ml. volumes of blood
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into mice, and sub-passaged from 2to Stimes at 2to 3-day intervals in a series of mice
until they caused massive parasitaemias after only 2-3 days of infection. The
antigenic_characteristics of substrains did not vary when they were passaged in this
was provided that the interval between successive sub-passages did not &xceed 3-4
days and that the procedure was not repeated too many fimes. When the sub-
strains were satistactorily adapted to mice, antigens for agglutination tests were
re?ared as described by Cunningham & Vickerman T902) and stored at -80°
Polge & Soltys, 1957). _ _ _ _
Agglutmatm antisera. Rabbits and %oats infected by tsetse flies produced anti-
bodieS which agglutinated t_r%/panosome . Sera were obtained from such animals at
intervals which Varied in different experiments, but which were usually between 1
and 3 days. When an antiserum to a Parucular supstrain was needed, & suspension
of washed living trypanosomes in Alsever's solution was prepared from hlood of
infected mice. A rdbbit was %wen a smgle intravenous mgecnon of 20 ml. of the
suspension (conta|n|n%_4-8x 0s tryP_ano omes) and bled 6 days later. Such 6th-
da){ antisera had highTitres of aggl,u inins {o the anu%ens of the mgected substrains
but did not agglutinate other afitigens of the strain which developed later as a
result of antigeniic variation. Antisera were stored at - 20° untjl they were required.

<\/ggﬂut|nat|on tests, Agglutmanon tests were done as described by Cunningham
& Vickerman (1962). The tesults were read microscopically ( x 10 objéctive and”x 10
eye-{nece) 25-30 min. after the addition of antigen to diluted antisera. The last
dijution of an antiserum which produced a few disCrete clumps of trypanosomes was
taken as the end-paint of the reaction. (ood agreement was found between the
resylts of agqlutmatlon tests made on different occasions with the same anfigen +
antibody system and, in general, titrations were repeated once. The titres of dgglu-
tining in ?ntBTra_ are.expressed as reciprocals of serum dilutions in all tables showing
results o ag? utination tests. _ _

Sera wer€ taken from all animals before they were used in experiments and tested
for a%glut_mms to various antigens of the tr Rvanosome strain, but in all cases such
pre-infection sera failed to agglutinate trypanosomes, | _
Absorption tests, Suspensions of trypanosomes with which to absorb antisera
were %respared as follows. Groups of rats were infected with apnproprlate substrains
and, 2-3days later, when the blood confained many trypanosomes, they were
anaesthetized and bled out into Alsever’s solution. The trypanosomes were separated
from the er(}/throcytes by centrifugation, washed twice with Alsever’s solution and
resuspended in the same’medium. “Suspensions were prepared in this way to contain
8-14 x 108trypangsomes/ml. _ _

To ahsorl _aﬁ;%lutmms from an antiserum, 0-7 ml. of trypsanosome suspension
was mixed with OT ml. of antiserum in 4 centrifuge tube and left on the bench for
1hr. The tube was then centrifuged at 3000 rev./min. for 10 min. with an MSE.
‘Matjor’ centnfuqe (Measurmg & Scientific E%U|pment, London) and (-2 ml. of the
clea suRernatan_ fluid removed and mixed with "1-8 ml. of trypanosome suspension
in angther centrifuge tube. After one further hour on thé hench, the tube was
centrlfuged at 3000"rev./min. for 10 min. and the supernatant fluid separated and
placed I a clean tube. A sample of the same antiserum was diluted with saline for
control purposes. When test!n% absorbed sera for residual agglutinins, it was esti-
mated that they had been diluted 1/80 during the absorption™procedures.

3 G. Microb. x1i
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results

Antigenic variation in the strain of Trypanosoma brucei
_ In animals infected by tsetse flies o
. A rabbit ang two %oats were infected with the trypanosome by single bites of
isolated tsetse flies to tetermine_the period between thie bite ofa flyand the appear-
ance of trypanosomes and antibodies in the blood, and the course of antigenic
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Fig. 1. Antigenic variation in Trypanosoma, brucei in animals infected by tsetse flies
as shown by %gglutmm productionto substrains Isolated from each animal ; similarity of
antlbodg production to groups of substrains indicates their antigenic similarity. A-A,
B-B, etC., production ofagglutinins to substrains A, B, etc.

variation in the _tr%/epanosomes. Substrains of trypanosomes, were jsolated during
the Infections at intervals which varied from 1to 3days. The first substrain isolate
from each animal was identified by the number of the animal and those isolated
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subseduently were Iettered in seogence For example the substrains jsolated from
F were R C and so on to_RFG while those from Goat 32
were desrginated G32 GéZA G3 2B, G 32C...10 632K Sera were obtained from
the animals before infection and afterwards af 2- to 3-ay intervals and tested for
agqlutinins to antigens prepared from substrains |solated from the same animal.

ub-inoculation of small volumes of blgod into mice showed that tr¥Panosomes
were present in the blood of the goats and the rabbit on the 3rd day after the bite
of an infective tsetse fly, and agglutination tests showed that antrbodres apPeare
In the sera of these arimals on'the 8th day of infection (Fig. 1). The an qenrc
character of the infecting trypanosomes did”not change in any mstance until the
7th day of infection because’serum taken from each animal ori day 9 ?qlutrnated
substrarns |solated between day. 3 and day 7 but not those isolated New
antroens of the trypanosome strain developéd between day 7 and day 9 and the first
sero ogrcal a/ drstrnct substrarns were isolated from hoth % ats on day 8and from the
rabhit on day 9; thereafter, substrains with different Serological ‘characters were
isolated at about 3-day rntervals until the animals died.

Reactions between sera and trnganosome substrarns indicated that five sero-
Iogircal variants were |solate rom a |t represente In experiments described
bowbysubstrarns FF and RFG); similarly, four variants were
|so ate rom Goat 32 (be resented su bsequently By substrains G32A

proba ll variants were isolated from Goat 33 during an
mfectron whrch Iasted for 30

A comparison of antigens which developed in animals infected by different tsetse flies

The reIatronshrgs of the antrgens of the trypanosome strarn whrch developed in
animals infected ydrfferenttetse flies wer Investigated as follows. Sera were
collected at 2-3 day intervals from three 0ats which had been infected by different
tsetse flies, and were tested for agbgbutrnr s to five variants of the strain isolated in
the ’orewous experrmenA romR
The antigens which developed during the four infections were similar, for sera
from the goats agqlutinated the rabbit variants, (Fig..2), During the early staqes of
the infections the“antigens tended to develop in a“similar sequence. The firg trY
panpsomes which appeared In the bloog of the four goats were antigenically
similar becausete Hglutrnrns Broducedb each oat after 9 days of Tnfection
reacted stronglz/ with the first ranbit varian (]varrant RFA); 3-4 days later, each
goat ro uce glutrnrns to variant RFD, while after a further 3-6 days two of the
?oats ad prod uce | agglutinins to variant RFE (the other ?oat Was dead? Sera
aken from the surviving goats, 18-24 dae/s after they were bitten by tsetse flies also
a] Iutrnat%d try anosome variants RF
oulq antigens related to, those whrch deve oped durrng the rabbrt infection
also dleveloped durrndthe goat infections, the were robab not the only antigens
which developed in the goats. For exa dp the homol ogous reaction between
sera and variants from Goat 32 indjcated that the goat produced antibodies to
th ree variants of the strain hefore it died (see Fig."1), but the same goat sera
ago utrna ed 0N Sy two of the frvg raphit variants (Fi g
hese findings were confirmed when the experiment was repeated a year later
with variants and sera from a different group of animals consisting of thrée rabbits

13-2
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and two goats. Similar ant|gens developed durlng the five infections and again, in
the early stages of |nf on they developed in a Simil Trseguence However, there
Was more variation o epenod etween the bites ol infective flies and the first
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g. 2. Comparison of agglutinin production by three goats infected with Trypangsoma
bru%el bg/ di ferent tsefse flles to five varlﬁnts (?f the str?m |solaf1ed front an infected
howing that similar antigens develop during different infections. A A, D-D,

E-E, F Fand G G, production of-agglutinins to variants A, D, E, F and G, respectively.

ag earance of antibody in the serum of the animals in this experiment, and the
uences In WhICh the anU%ens of the strain developed during the later staPes ofthe
|nfect|ons ass ownb the Sequences jn which ant|bod|eswe tProduced a

consi eraby qure shows the variation of the time taken

to _produce a%llu
reference an

50 var|ed
individual animals

Inins to a titre of 1/160 to each of the vanants Isolated from the
IS In the two experiments.
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The antigenic similarity of substrains transmitted
by different tsetse flies

The results of the preceding experiments _sugﬁjest,ed that_the trypanosomes trans-
mitted by different fsetse flies were antigenically similar. These preliminary obser-
vations Were extended as follows. _ _
Cyclically transmitted substrains were collected from twenty-one animals which
had heen infected by different tsetse flies; each substrain was isolated within the
first 3-4 days of an”infection, before antigenic variation occurred, and therefore
ngtggb% consisted of trypanosomes of the antigenic type transmitted by the
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Days after infection by tsetse flies
FI?. 3. The sequences in which ant_lg{ens of Trypanosoma brucei deveIoPed in_animals
Infected by different tsetse flies. \ariation of the periods which elapsed between infection
and a%q?!utmm production to a titre of 1/160 b%/ a rabbit (RF) and three goats (G32,
G33, 535) fo five variants Isolated from the rabbit RF (Experlm_ent%z)com ared with
variation fagglutmm production by another group of three rabbits (R2, R3, R4) and
two goats EG_ 5 Gill) to variants of the same strain isolated a year later from a
different rabbit (R3) (Experiment 2).

_meg to the seasonal availability of tsetse flies, eight of the cyclically trans-
mitted Substrains were isolated in 1962 and thirteen in"1963; as thé methods used
to compare the two groups of substrains differed slightly, the results of the experi-
ments are presented In two sections, . o
Comparison of substrains transmitted in 1962, The antigenic relationships of the
substrains transmitted in 1962 were determined by diréct agglutination tests; a
6tlI-day antiserum to each substrain was tested foragglutininsto the homologqus
substrdin and to some or all of the other substrains T the group. The substrains
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had antigens in common since, with one exception, an antiserum wind had a high
titre of %%glutlnjns to its homologous_ substrain also agglutinated the other sub-
strajns. The antiserum to the substrain from Goat 33, "Which had a high titre of
agglutinins to seven of the substrains, was exceptional in that it did not agglutinate
the substrain from Rat 4 (Table 1).

Taple 1 Titres of agglutinins_ in antisera t? substrains of
Take fy Trypanosoma brucer"transmitted by tsetsetlies in 192

which Substrain Titres of agglutinins in antisera to substrain

transmitted used as , \
the substrain antigen  Rat1 Rat2 G28 G29 Rat4 Rat5 Rat6 G333

A Ratl 1280 1280 5120 160 040 320 420 640
B Rat2 5120 2500 5120 2560 1280 2560 2560 640
C G28 320 320 2560 640 320 1280 640 5120
il G29 040 640 5120 5120 40 320 1280 320
E Rat 4 040 80 160 -

F Rat 5 320 1280 640 1280
G Rat 6 2560 2560 2500 1260
H G33 320 040 320 2560

— = no agglutination; . = not tested

Table 2. Titres of agg!utinins in rabbit antisera to anti%ens, 'gre aredfrom a substrain
of Trypanospma bruce] transmitteg b){_a tsetsefly in 1962 ('he reference substrain) and
from Substrains transmitted by tsetse flies in 1

Titres of Titres of agglutinins in antisera
aggllnutéﬂms to the 1963 substrains :
Tsetse fl , antiserum "l
whic_hy Substrain to the Tc ghe To the
fransmitted used as re[)erence liomC'logous reference
the substrain antigen substrain substrain sutstrain

B The reference substrain 2560 ra na

1 Rat 101 160 1280 2560

2 Rat 105 80 1280 320

3 Rat 109 2560 1280 640

4 Rat 113 5120 5120 5120

5 Rat 117 5120 2120 5120

6 Rat 121 2560 2500 1280

8 Rat 301 1280 2560 2560

i Rat 302 2500 2500 2560

9 Rat 303 1280 040 1280
1? Rat 304 2560 640 2588
1 Rat 305 5120 2530 25
12 Rat 306 5120 2510 2560
13 Rat 203 5120 5120 5120

na = not applicable.

Comparison of trg anosome substrains fransmitted in 1963. The relationships of
the sufstrains transmitted in 193 were determined to one of the cyclically trans-
mitted substraing isolated in 1962, first br direct agglutination tests and then by
absorption experiments, The substrain isolated fromRat 2 gsee Table 1), which had
been stored for a year at —807, was used as a reference substrain for these purposes.
A 6th-day antiserum with a hg;g titre of agglutinins to the reference substrain had a

similar high titre to eleven, and'a lower titre'to two, ofthe 1963 substrains, indicating
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that they all had anUgens in common. This fmdmg was confirmed by tests with
antisera to each of the 1963 substrains, which all agglutinated the reference sub-
strain (Table 2%. Antjsera to each of the 1963 substrains were then absorbed with a
suspension of the reference substrain and the absorbed samples were tested for
residual a|g%lut|n|ns to their hom_ologous substrains and to the reference substrain,
The abso f? lon tests_again confirméd that the 1963 substrains and the reference
substrain had an antigén in commaon and showed that at least three of the 1963
substrains (from Rats 203, 301, 3022, 0ssessed an additional antigen because anti-
sera to these substrains still agglutinated their homologous antigens after agglu-
tinins to the reference substrain™had_been absorbed (Tdble 3). The anhge,n Vihich
occurred. in all the cyclically transmitted substraing isolated In 1963 and in those
isolated in 1962, represented by the substrain from Rat 2, was provisionally named
the basic strain antigen for the” purposes of the following experiments.

Table 3. Effects.of absorbing antisera to substrains of Trypanosoma brucei_ trans-
mitted by tsetseflies in 1963 with a reference substrain transmitted by a tsetsefly in 1962

Titres of agglutinins in

Titres of agglutinins antjsera a 1§orbed
in antisera diluted with the reference
, with saline to the substrain to
Substrain
used as Homolog_ous Reference Homolog,ous Reference
antigen substrain substrain substrain~ substrain
101 320 2560 - -
105 1280 1280 — -
109 2560 5120 — —
113 5120 5120 7 _
305 1280 2560
17 5120 5120 —
1 640 1280 _ -
203 2560 2560 2560 -
301 2560 5120 2560 _
302 1280 2560 640
303 320 640 - —
304 2560 2560 - —
300 2560 5120 —

— = no agglutination.

The effect of development in the tsetsefl¥ on the antjgens of substrains |

The antigenic similarity of the cyclically transmitted trypanosome substrains
might have been due eithr to the ingestiort of trypanasomes with the basic strain
antigen by all the tsetse flies, to alterations of thie antigens of serological variants
during cyClical development, or to both facfgrs. To investigate thes _E)033|b|l|t|e_s,
attempts were made to infect some tsetse flies with _try?ano_somes with the basic
strain anhgen and others with trg/ganosomes with variant antigens, and to compare
the antl_%;e § of ingested trypanosomes with those of the organisms the tsetse flies
traPsml ted. : .

0 ohtain the material required for these purposes, several batches of 20-30
newly emerged tsetse flies were each fed once on a reservoir animal infected either
with “one, of several seroIQ%maI variants of the trypanosome strain or with a sub-
strain with the basic strain antigen. To guard against the possibility of antigenic
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variation in the trypanosomes in the reservon anlmals before the flies were fed, an
Ingested substrain of the antlgenlc type taken by each hatch of flies was isolated
from the, reservoir host whilg the flies were betn? fed, and preserved at —80°.
Flies which had taken infected feeds were maintained on uninfected hosts for
about 3 weeks while the trypanosomes completed their cycIe of development. An
Infective tsetse fl was then |solated from each batch of flies and used to |nfect arat
or a goat from which a substrain gf the antigenic tyPe transmitted by the fly was
subséquently isolated. Antlgens for ag ?|Utlﬂ&tl0n Sts were prep ae ro the
substrains and 6th-day g%Iutmatlng antisera were prepared in rabbtts The ani-
genic reIatlonshlps of the ubstraing mgested and transmitted by each tsetse fly
were then determined b guttnatton ests to each other and tg"a reference sub-
strain (the substrain f rom t 2) known to possess the hasic strain antigen.

The ettect of cyclical devel opment on trypanosomes with the hasic strain antigen.
Nine tsetse flies"'which had ingested trypanosome substrains with the hasic stfain
antigen became infective. Inthese instances the mgested substrains were serolo-

ically indistinguishable from the reference substrain So that an antiserum to either

e reference or the Ingested substrain had a similar titre of agqlutlnlns fo hoth
substrains. The basic srain antigen_ persisted during cyclical development in these
flies because each cyclically tranSmitted substrain Was agglutinated by antisera to
the reference and o the relevant ingested substrain, and an antlserum to each
cyclically transmjtted substrain had & similar titre to, the h omo o% s anttgen the
réference substrain and the relevant ingested substrain, Ta ed

The effect of cyclical. develogment on_trypanqsomes With variant anttgens Ei ht
tsetse flies whicti had ingested serological variants of, the trypanosomg strain he-
came infective; in these instances the Ingested substrains wefe not ag |utinated by
the antiserum to the referencesubstratn h|s ftndln% as supported y he reactions
of antisera to the mPested substrains, five of which agg utlnate only the homo-
logous substrain while the other three had h|(11h titres {0:the homologous substrain
and low titres to the reference and cyclically transmitted substrdins (Table 4,

art

TWo of these tsetse flies, Flies E and G, transmitted trypanosome substrains
which were closely related to_the reference substrain and Unrelated to, the sub-
strains which they ingested. The variant antigens of substrains ingested by these
flies were apparently completely rePIaced by the_basic strain antigen because in
each case an antiserum to the cyclically transmitted substrain, which had high
ttt[)es{ {Q ther hbolmcl)llogous gnd reference substrains, did not agglutinate the ingested
substrain (Table 4, Part

The other six flics transmltted tr Blé)anosome substrains which were related to both
the ref?rence and the In %ste substrains. In these Instances, the varian anttgen
was only partly replaced by the basic strain antigen during cyclical, developmént
since antlsera o the cychcalh( transmitted substraing had 3|m|Iar t|tres of aggl
tinins to the reference mges ed and transmitted substrains (Table 4, Part™zh).
Absorption tests confirmed that these six tsetse flies transmitted trm)anosom S
which possessed a mixture of the basic strain antigen and those of the ingested
serological variants.
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The antigenic stability of the trypanosome strain in injective tsetse flies

The tollo_wm% experiment showed that the hasic strain antigen responsible for the
antigenic similarity of cyclically transmitted. trypanosome substrains persisted in
tsetse flies from thie timg they became infectivé until they died. C;(chcall rans-
mitted substrains were isolated from two rats infected by different tsetse flies and
stored at -80°. Seventeen days later, just before the)( led, the flies infected two
more rats_from which a second pajr of cyclically transmitted substrains was
isolated. Sixth-day a?glutmatlng antisera to the palrs of substrains were prepared
In rabbits and each anfiserum was tested for a(‘;glutmms to the homologous substrain
and_to the substrain from the other rat infectéd by the same fly. Thé pairs of sub-
straing were closely related because, in both instances, an antiserum which hag a
h_|?h titre of agglut_mms to the substrain isolated from the first rat had a similar
tifre to the subStrain from the second rat (Table 5).

Table 5. T iﬁres doffrgﬂglutinins Hn antiiera {o sug%rains of Tr)@anotﬁc))/ma brucei

ISolate pairs of animals Inecte ythe same Sefse
Tsv\eltsieC fly
tran?tr]nitted Subs&rain Titres of agglutinins in antisera to substrain
e used as
substrain antigen R(at 1 Rat 3 Rat 5 Rat 14
A Rat | 2560 320 na na
Rat 3 2560 320 na na
F Rat 5 na na 1280 1230
Rat It na na 640 1230

na = not applicable.

The predominant character of the basic strain antigen

On several occasions during the preceding experiments, frypanosomes with the
basic strain antigen developed at an earlystage of infection when animals were
infected with sefological variants of the Strain"transmitted by syringe. Antigens
with similar properties which occyrred in clones of another strain of Trypanosoma
brucei have previously been described as predominant antigens 1(Gray, 1965). The
following experiment’ demonstrated the predominant nature of the basic ‘strain
antigen Of the strain used in the present experiments. Three rabbits were infected
by syringe with variants RFG, G, 32K and G 33Q, which had been isolated In an
earlier experiment at late stages of infection from Rabbit F, Goat 32 and Goat 33,
respectively. Sera were colleCted from the rabbits before infection and afterwards
at short intervals for 2-3 weeks. Sera from the rabbit infected with variant RFG
were tested for aBqutmms to substrain RFA with the basic strain antigen, and to
the variants, RFD: RFE, RFF and RFG, isolated originally from Rabbit F :gee
Fig. 1); similarly, sera from the rabbjts infected with Variants G 32K and G 3
Were tested for %;Iutmms tg subétréims with the basic s_ltr)a| anti eéw and varia
a?t|ﬂensll)o.late om Goat 32 and Goat 33, The first antibadies, pfoduce Xeac
of {fie rabbits 3gglutmate the variants with which t eZiwereJ ected. The next

SPIGon. Tt . SSAS RER, €A & A I Seer s anace
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to othe( anngens of the stram \vere proched later |n the infections but in gther
cases nown strain anU%ens did not @ eve durin aexpenment lence
the basic %tr In antigen of the cyclical y trans Itt ryganoso e” supstrains
Peve(ie efore other known antigens In“animals Infected ﬂ/rmge with sero-
ogical variants, it may be describe

as d predomlnant antigen‘o he Strain.

» 5120 b~ Rabbit infected with variant RF3

K G———"G

§ E 1280 |-

2z

g)) ’-g 320 e

SK

> § 80 |-

= 0

< / |
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k|

§g 1280 |- / >< /

S

§ § 320

= g 80 -
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(=}

3 20 /
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@ Rabbit mfected with variant G33Q

= 5120 -

§ @ 1280

e}
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§8 320+
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Q

= 20
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“ LMN

Days after infection
Fig. 4. The Predommant character of the basic antlgen of a strain of Tgpanosoma

briicer; a qgl mmgro uction b% rabbits Infected by Syringe with serologlc variants
showmg at trR nosmes with the basic strain antigen devel&pe at an earg stage
of infection. A:A, antibody to the basic strain antigén; G

antibody to variant antigens.

DISCUSSION

Man features of anti enici variat!]on in Try an?som? brugei l%ammals mfecteg
y setse flies are verg Imilar tot%se In_animals In with rodent-ad aptfe
strains of trypanosomeés transmitted by syringe. In ad |t|on to their capacity for
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antigenic variation, the trgltpanosomes of a |v%n str%rn seem 10, haYe an mcnate
ten ency to produce one particular antigen has been rovrsrona Iy ?Ile t
basic st ain antigen. While investigating the antr enic srmrI rity of cyc cal trans
mrtte substraqns of a strain, first descfibe h/ room & Brown (1 Jrv
confirmed In t reseanork It was found that when 1y anoso es hvarr
antl ens were ingested by fsetse fIres they were rep Iaced uring cyclica eveo
menth t rypanosomes |t the afrcantrg% Insome InSances, mgested vanant
antigens were completely displaced b asre strain antigen. butin most ¢ases
thecan ?was Incomplete, otht tsetse flies transmitted substriuns with a
Ixture Qfthe In este arrant n e basic strain antigen, ThePossrbr th tte
eqree 0 reversr 8 eserog varijants to the asrc antlgenic type o te
strain was. Infl Be y terntectrons |n t|1e 16S Was un ortunatey
not Inv strgate Ar x} ea actor of considerable importance. The en
qénre ical development of a str mg {rypanosomes can vary cqnsid era oy
|fferentsecres of tsetse flies an n er diff rent ex erimental conditions. Fr
eam e, the periog reﬂurredforcom efe chca e}r Rmentotthestr r]use In
e resent xgenme fS was a% %s Qssina marsiians, wnile I G,
]plrs It was at least 29 das This rob should be consiglered mfuture work.
he Inpate tendenc panoso es of est ain to form 3 characteristic
basrcstrarnantr enwa soa arent ensero grca vanantswererntroduce |nto
non-immune ots ysgnn[g panosomeswrt g asrcstrarnant igen appeared
In the blood of Infecte maI a]s soofn as antjboay. tq the In ecte varianf was
Rroduced The concept ofreversr Iy antr enic variation In t Panosomes IS not
ew;, earlier workers have noted th tvarra ts of a strain som Imes revert to a
‘varent’ strarntge during repeated Sub-passage in mice and, rats, t t 15, Under
conditions aimed at preservin varrant charact rrstrcs gmrnrmrzrn Lee ect of
the Immune resgons of the h st ee ourre& Connar, 1 } [N this context,
Inokr and hrsc workers recent etermrne the é)?ortronso drfferentvarrants
ofastrain of T%)anosoma ambiense which develo Hmrce and found t ftahr h
Pro ortjon, A se frypan some%whrc appeare |nt e early stages af in ectros
nd ced wit |fLeren csoﬁt est(ralrn ere of one antigenic type (Osaki, 1959
1, 1960: |no a avashi, Fu |ta&0sakr 1930).
bstrarns with ﬁhe basic

Na
The reversron of serol o? caﬁ varrans 0 a strarn 0 s

straw antrgen uring geve n”bentrn] e tsefse tly may be i Sperto ex ntan
the ostP rasite refationships ich strarnc aracteristics uch ?sm h
gathogen crt¥ and arug se srttvr are determin urrn crca transmrss
Ince “some 1setse es tr% smrt anosome Su stralrl( m}ure of t
mqeste vanflnt an the basic strar antrgen |t| un atte asIC strarn
ren develops In assocratron t]an%o te orphalqgical chan es
w occur wren ry anosom tsetseﬂres en on, 1926 or gven
meutrastructur an eso th etg onhserved recentt( y electron mtcroscodprg
3 W”(] tog m%morer sonable to supﬁose hat varr nt antigens
ra ua%/ IS ac the basic strain antigen Inthe absence of host resistange.
touH ant|bo |es 0 some strain anti ens ar] d%obab?/ g qested a/tsetse flles
when they take eals. from animals with chronic fnfections, and rna sudp
Presste eve ment antr ens unng the early stages o cr(clrcal development
£ 15 Improbable that suc antr 0djes exetan uenc foras1o
Weitz & Buxton (1953).and Cunningham, Ha X Southon & Lum en
shown that blood protéins refain sore serological'sp

o
%rnce
ave
ecificity for aout 4 days inthe
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?ut of tsetse flics but are then rap|dl}/ denatured. Thus, the environment in which
rypanosomes multiply in the tsefse fly is almost certainly free from antibody for at
|east 2 of the 3 weeks required for cyclical development and may favour the innate
tendency of the strain to revert to the basic strain type. _ _

Earliér, experiments on antigenic variation have revealed little evidence of
organization In the sequence In Which the antigens of a strain develop. Experiments
on this aspect of the_problem have usually bgen limited to studies of the relation-
ships of the first variants arising from a single stock of a strain in different hosts,
Some workers believe that such Tirst-relapse straing of one strain differ greatly (see
Lourie & O’Connor, 1'937n)’ but others have found that theg belong t0 a limited
number fd|st|nft anthe IC types gLeupoId, 1928; Osaki, 1959; Inoki, 1960). Few
workers have followed The complete course of antigenic variation In experimental
animals or_compared the_sequences in which the antigens of a strain develop in
untreated infections in different hosts. Rtz 51916) showed that similar antigens
develogl)ed In different rabbits infected with a clone. of Trypanosoma brucel “and
Gray (1962), comparing the courses of antigenic variation in rabbits infected with a
strain of T. brucel, fourid that the strain an qens_ developed in a well-defined pattern
and that it was possible.to predict, within limits,_the order in which the anhgens
would develop from a rg|ven stock of the strain. The later fmdmg indicated that
antigenic variation in tfypanosomes was not such a random process as earlier work
had“suggested; this view is supported byr results, obtained in the present wark.
When several animals were infected with T. brucel b% different }setse ﬂIFS, similar
imﬂgens develo,p?d In an igentica sequenc(? in the early stages.of each infection; aA
ate étages of Infections, howevey, the arder in which’the antigens wer? produce
vayied, %t man an¥ ens gevelo mq. In gach Infection were |dth|ca. In, con-
Sl grmagt e nature Q nt}gem%v ra lon In try%aﬂosomes, ItS Fea y reversibility
and a degree q or%lamzatm In the development ot eanhgenso sHams Seem to be
more |n keeping Wwith a roce%so adaR ation in the organisms than with one of
mutaAmn_ nd seI%ctmn fvia Ife mutants, even thoughWatkins (1964) has pro-
duced evi encew,mh,wems to favour the latter hg}oo SIS, ,

Althougn there is still some doubt about Fh_e relative |mgor_tance_ofc¥cl_|cal and

echanical transmission In the sgpread fA Hcan trypanosomiasis, in c? tain areas
Buxt?n, 1955; Weitz, 19612, It seems that t T moge of transmission Of a strain 1
nlikely to he an Important factor in control mg ItS anU%emi constitution, since

e basic strain antigen and gt er red_omm%nt ntlgens develop, in n%w osHs In-

hasized that this View IS beﬁ d on the results of

ed from one nost to anotner after maximum

ater or even permanent a,nt|gnen|c changes mignt

ections and hqbw anugem_cc aracters |Hht of

.|t would be Interesting to seewget er the

asiC strajn antigen of a strain IS sufficiently distinctive to enable It to be used to
trace strains In. Pl|de |%Iosg|cal studies of trypanosomiasis. . T

The |m%|cat|o s of these results In relation to the serolp |_?al_classigf|cat on Pf
tryRano,so e strains may be mentioned. The antigenic_similarity. of cyclica
trahsmitted substraing ofastrams#ggestsabams op Whmh strains of ‘brucel ’ sug-
group trypanos m%s may be typed.”In support of this, Broom %Brown 194

nd Gray (1963) showeg that f cl|caII3/ transmitted. S\Wstrams 0 straws of Try-
panosoma brucer from ditferent [ocalities were antigenieally distinct but there are at

?ecte LIn either way. "t must be em
exP_enments With a strain transfer
8e lods of Infectjon of 30 dagfs_; %;r
ccur in st(a(! S In.more chr HIC N

Be controlle a/the eans describe
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Ieast three m'c%or d|ff|?ult|es ] overcome before such a classific Pon can succeed.

Firstly, many strains of ‘brucei’ subgroup trypanosomes are ver f|culttotransm|t
cm?ll ) flaborator an(f ?wge #mg 1? 3/ st

Ilram anhﬂ? rain_can on r¥
entl «i nitially in tr pa osomes Isolated from an Iffective. tsetse fly; seco 9\/3/
ZC |c%3/ transmitted Substr mso astram may possess variant antigens as well

% Sic Strajn antigen an % d%;reeo tirossracémn hetween vari ntantlgens
of drtferent strains 1§ unknown; newly isolateq strains of ‘brucel’ sub? oup
E)g/panosﬂre%I %somenm%sc use only a Tow- or de parasitaemia in mice anp could not

classified because of difficulties in obtalning ‘enough trypanosomes for aggluti-

nat|

fo Porther work shows that these dlifficulties cannot be quercome, it mag still be
pr55| e 1o class| trgpanosome strains on the basis ofﬁhelr redomman nti ens
1S method wo |d avoid robI?ms entajled in CYC“CE transmissjon and I%e
also thg ?]tace presented by less viry ont str ecause antlsera from hosts
Infected with such'strains could be tested for antl odg toacomore ensive range of
tr[)rlganosomes avmg the basic and predominant antigens of more pathogenic

Ins. Either mgth 1@ lone, or a compination of both, ou#d be an Im rove ent
on cwrent methods 0 eermmmo anti emc relat|onsh|ps 0 tr panoso al strains
WIC amount 0] com arisons of the ait r%;ens ofsmﬁne nopula %nso each strain
chosen at rand om 0 tevanet Of antigenic fofms i whic ang/ strain may
Epear e 1957; esowﬂz 1961; Cunningham & Yickérman, 1962
atnz uret nboulev &Ripert, 1962|)

etect|on of variant antigens, as well as a hasic strajn anﬂoen in cyclically

transmltted substrains of a strain casts some doubt on the advisabifity ofatt mptmg
to Immunize animals against infection by means of try anosomes 0ssessing the
basic strain antigen as su%gestedb Browin ( 19632 Im unization might be Hased
more sunabIY on'the houndor somdtic antigens of rypanosomes since such antigens
ﬁre frequently common to sgveral str ms nd cles hereas variable. antigens
13}@ aSeeerylg%grow range of Immuno og|ca spe |C|ty Gray, 1961; Weitz, 1962,

| am grateful to Mr T, M Le ch the actm? Director of the Nigerian Institute for
Trg/é)anoso |a5ﬁ Research, an B. We tzofthe LIS erlnstgitute ofPrevthlve

Medicine orte|r Interest an awce do this work. | also WISh to thank
Jordan and Mr D. A T. Baldry Tor the supply of tsetse-f ¥puRae ThiS
8??’?{ [gorms part of a thesis approved by the University of London Tor the degree
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INTRODUCTION

Although meso-inositol (myo-ingsitol, i-inositol; in the sequel, inositol) is an
essential nutrient factor for “certain micro-or anrsms and some hrgher animals
(mouse, rat, gurnea pig, hamster, chick; Diem )and for human Cells in tissue
Culture gEag Oyama, Levy & Freeman, 1957) It"has not been associated with
3 metaholic function which completel exPIarns its role. Since Eastcott (1926)
first reported that inositol was required for the normal growth of a strain ofyeast
several rnvestrgators have used various, inositol- requrrrn g/east species to Stud
Inositol. metabglism. Schopfer, Posternak & Wustenfeld {1962) studied the effects
of. inositol deficiency and” of administration of possible re ate anti-metabolites,
wrth Schizosaccharomyces Pombe and observed marked changes in cellular mor-

ology. They concluded that inositol functions as a requlator in cytogenesis and
morphdgenesis. Dawson, White & Freinkel 51962()1 separated inositol mgnophos-
Phae inositol- contarnrng lipids and an unidentified_neutral derivative of inositol
rom Kloeckera brevis_ar inosttol- requrrrng east. Challinor & Daniels (1955) and
Challinor, Power & Tonge (1964? reported that an ingsitol-deficient strain of
Saccharomyces, cerevisiae “accumulated  acetone-soluble [ipids. S. carlsbergensis
grown in a deficiency of rnosrtol has been shown to grow in aggregates as Gontrasted
with the normal organisms, wrc row singly or with asrn le"bud (Smith, 1951
Ghosh, Charalampols, Sison & B oer (1960) ‘suggested tat aggregatron was, due
0 a defective mechanism for sy nthesrzrn ceIIwaII material,”Since the walls of
rnosrtol defrcrent %/easts were found t0 C0 tarn greater amounts of glucans than
tewaso rnosro -supplemented yeasts. In contrast with the work of ergwar

Doug as? ? utilized a different strain of 3 carlsber ensis, Ghosh eta

1960) Teported that inositol-deficient yeasts retarne therr vra rIrt exhibited a
normal endogenous respiratory rate and were able to oxidize ucose " ethanol and
acetate at normal rates. Ridgway & Douglas (19586) observed unbalanced growth

G. Microh. xu




2[(i L. M. Lewin

of inositol-deficient yeasts, leading to deatli and accompanied by loss of Gytochromes
and nucleotide coenzymes They suggested that the chtefblochemlcal lesion involved
the structure of a cytoplasmic %ranule probably the mitoc ondrton (Ridgway &
Douglas, 1958« g) Since the above, information has bﬁen obtame d from_ dbserva-
tions” o' several. different yeast species grown und er Itfering congitions it Seemed
desirable to utiljze one species in order {0 study the effects ot inositol deficiency in
detail. The work reported here is part of a study directed toward elucidating the
biochemical functions of inositol In the inositol-requiring yeast strain, Saccharo-
hyces carlsbergensis atiy 9080, This or anlsm 15 easy to rwon defme medlum
ows dramattc mosdol deﬁmencY ptoms, has een well studied rewousy
has been used for the microbiclo |caI assay of inositol (Smith, 1951: McKibbir,
gresent report presents futher data about the effects of osttol deficiency”
on the viaility, Igrowth rate, morphology, chemical composition and metabofic
products of S. CarfShergensis atoo 9080.

METHODS

05% nism. Stock cultures of Saccharomyc.es carlspergensis strain 4228 (atcc
no 802 were grown at 30° for 48 hr on Difco malt dgar slopes and stored. at
refrigerator temperatures for 4-6 weeks. Samples (L ml.)’of a washed suspension
of fréshly ?rown S, carlshergensis (Klett-Summerson colorimeter reading of 80-120
versus water blank: with 1o. 66 Yilter) were used to moculate Erlenmeyer Hasks
Bl l?}contammg 400 ml; ofthe Inositol-assay’ medjum of McKibpin gg 9)‘ modified

the omissior of the casein hydrolysate and chollne Control llasks contained the
adove. medium supplemented Wwith nositol 5 mg./flask. Flasks were incubated at
28° with shaka New Brunswick Gvrotory Shd er at about 145 oscillations/min.
Samples of culture medium were periodically removed aseptically and used for
turbidity readlngs mlcroscoplc examlnatton nd chemical analyses.

Determmatlono rowth, rate and, cellular viability. The growth rate of the grganism
was foll owed turbt imetrically by using.a Klett-Summierson photoelectric colori-
meter with filter no, 66 and by irect ficroscopic count with a haemocytometer,
The numbers of living and dead organisms were obtained by the methylene-blue
vital staining. techniqUe of Fink & Kuhles (1 933?) I which dead organisms stain
blue while liVing drgamsms remam colourless. Viable cell counts were also made by
plating suitable dildttions on malt agar (Difco).

Mtcrosco IC. examination after staining roith N|Ie Blue A. Normal and inositol-
e|C|ento anisms were stained with alkaline Nile Blue A by the following modifica-
tion of te etho ot (;ancevici, Stman&KeIIer (1962). Adrop ofg/eastsuspensmn
previously was edW|thster|esa |ne Was &Jace onamtcroscope lide, mixed with
ldroR ofglycme buffer (01 m: 21 dro? of Nile Blue A solution (0-02 %)
andt en xammedunderacov rsllp tabout x 1000 magnification. This technique

a' X showed orande IRId inclusions, blye-green cytoplasm and a light purple
nucle rcompartmen with “dancing hodies’.

Lipid_content of yeast organisms,” Lipids were extracted from Iyo h|||zed %/east
b%/t e followin modlftcatton of the. ethod of Pedersen (1962). “Samples of |

|I|ze yeast {about g were mixed to a paste with chloroform+methanol

1+1, by'vol.) and ground Wwith small glass beads in a mortar and pestle for 10 min.
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More chloroform + methanol mixture (10 ml.) was added,_mixed, and the slum-
filtered through a sintered-glass funnel (medium oros;%). The extracted yeast was
replaced in the mortar and'the process repeated four times. Chloroform \ias adged
to adjust the extract to a composition of chloroform + methanol 2+ 1 by vol. before
washing with MgCl2 (0-0015 mg by the procedure of Folch, Lees & Sloane-Stanlev
E%ggg?istamet Vv\(/ae?hﬁ? lipid extract Was evaporated to dryness and held in a desiccator
Total lipid wgs separated . into phosphalipid and non-phosphoIiPid fractions on
silicic acid as described by Hirsch (1963). These lipid fractions were then evaporated
to dryness and brought o constant w |(iht In a desiccator, |
Composition of growth medium. Samples of deficient and inositol-supplemented
culture fluids were removed from the corresponding yeast cultures periodicall
and were centnfuged to deposit the organisms. The supernatant broth fluids were
measured by standard methods for pH Value and for the concentrations ofeglﬁ/cerol
Lambert & Neish, 19562,_acetom Westerfeld, 1945), acetaldehyde (méthod of
esnuelle & Naudet, described _b){ eish, 1952), and glucose (by glucase oxidase
method; Keston, 1956?. The partia] pressyres of oxygen and carbori dioxide (pO, and
2 In Millipore-fiftered Tiquid, samples were” tetermined using a blood gas
analyser (Model 113, Instrumentation Laboratory, Inc., Boston, Mass., US.A.).

RESULTS
Loss of cellular viability

. Inour growth exFenm_ents, as in those of Smith (19512 and of Ghosh et al, gl9602,
it was observed that inositol-deficient orgamsms tended to grow in Iarge a%?r %ate
Avital staining method which would distinguish between living and d&ad ofganisms
in a clump should therefore permit calculation of % viability and might provide
information on the distribution of viable orgamsms within arid amon ag%regates.
For this purRoseawtaI staining technique based upon the staining of dead organ-
ISms by met Xlene blug was used to obtain the data of Table 1 Inositol deficiéncy
appargntly caused a distinct decrease In the viability. of deficient organisms and
the effect was annulled by the addition of inositol. Living and dead organisms were
found to be distributed Within the same aggre%ates. The number ofdead organ-
Isms/ml. did not decrease after addition of Tnositol. The increase in % of viable
orgamsm_s was therefore due to the production of many new viable organisms in
the inositol-supplemented  medium,  Since methylené-blue staining “hasbeen
reported to be a reliable indicator of viability only when the absolute viability of
the. culture is high (European Brewery Conventioni 1962) the V|ab|l|t¥_ of Ingsitol-
deficient and -Stpplemented cyltureS was also determined by plating suitable
dilutions in malt agar. The results obtained were compared with' those” expected
on the basis of the number of growth upits/ml, qbserved bg direct, microscopic
count, Cell aggregates and single"cells each counted as one growth unit, since tne
would each lead to the formation of a single colony on a plate.” These results (Table
also showed cellular death as a consequence of inositol deficiency.
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Table 1. The influence of inositol deficiency in the growth medium for Saccharomyces
cgr?ﬁgecrgﬁnsrg atee 9080 0N t%e viability ar¥d on digsolved, oxygen and carbon dio&fge
| Ultu

Samples were removed aseptlcallg from the appropriate cultures at the times shown.
A,pgropr!at_e dilutions were prepared and viability was measured by the methylene-blue
vital stal_nm,g method of Fink™ & Kihles (19333. The partial pressures of ox;agen ang
carbon dioxide in the culture fluid were measured using a blood qas analyser, as described
In the text, After 71-5 hr of incubation inositol (5 mg.) in 10 ml. sterilé 11-O was added
to the inositol-deficient cultures and a blank consisting of sterile HD (10 ml.) was added
to the other cultures.

) Inositol  Inositol  Inositol Inositol Inositol Inositol
Time of o +
mc%ﬁs)tlon f Viability) %) po2(mm. Hg) pC02(mm. Hg)

0 155 150 il <10

i og o3 2 oB oo 1

Gl o 10 142 158 15 15
[nositol

added

14 23

96 97 63 - — -

133 98 78 - - —

Table 2. The influence of inositol deficiency in the growth medium for Saccharmnyces
carlshergensis ... 9080 on the viability of the organism, as determined by plate
counting on malt agar

Samples were removed from inositol-deficient and -supplemented cultures at the times
shown, diluted %%)ropnatew for_direct microscopic counts (in a hacmocytometer) of
total cell count, methylene-blue viable count, and for count of growth units/ml. Samples
were also removed, aseptically, diluted serially with sterile water, and plated into malt
agar. Colonies were counted after 48 hr of growth.

Inositol Inositol Inositol  Inositol Inositol Inositol Inositol
+ - . _ + - + + -
, _ Direct I
Time of  Direct . microscopic oo VlabI|ItP/
incuba-  microscopic count Plfte_count V|ab|I|tK by methylene-
tlon count (growth units/ml.)  (colonies/ml.) of growt blue vital
(hr) (cells'ml. 10 ex ) (10~6x ) (10-6 x) units (%) stain (%)
15 R 155 50 1% 34 100 68 99 67
0B 167 46 136 -1 12 32 9 4 99 5
9% 11 53 143 1-8 130 m a 2 9 48

Decrease in growth rate
For short periods of growth (about 20 hr) a ro_yt)ortifonalit has re_vi?
shown to exist between'the concentrations of inositol (from Q'to_ I /ig.jml.)
rate of growth of Saccharomyces carlsbergensis . .. . 9080, and this Eropert}/ has led
to ifs USe as an jnositol ass_az orgamsm (Smith, 1951: McKibbin, 1959). With longer
periods of incubation Smith (1951) reported that the mositol-deficient organisms
grew to about the same crops as did inositol-supplemented organisms, presumably

b
3o the
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total population as determined by turbidity and total counts. When Cultures of
Inositol-ceficient organisms were” suppleménted with inositol the growth rate
increased rapidly (sée Fig. 2) as the cells recovered from inositol deficiency.
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HQ. 1. Growth of Saccharomyces carlsbergensis atcc 9080 on media with and without
indsitol supplementation. O Growth with added-inositol; o, growth without added

inositol.
Fig. 2. The effect of adding inositol to Sacclmrom

inositol-deficient medium. Q. Turbidity of culyt
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periods, of incubation the cytoplasm of ingsitol-deficient organisms tended to lose
Its ability to retain blue and the oranqe Ilpjd_globules increased in size and fused to
form large lipid droplets, similar to the I|g| globules reparted in Saccharomyces
cerevisiaé by Challinor & Daniels (1955). Somg inositol-aeficient S. car,lsberg_ensm
atcc 9060 orgiamsms appeared to contain one or two spherical dark-purple inclusions,

After addition of inositol to the deficient growth medium some Saccharomyces
carlsber?enms atcc 9080 or(h;amsms continued o contain colourless cytoplasm and
orange IPId globules and showed no signs of recovery. These were presumably the
non-Viable organisms_whose presence Was detected”by the methylene-blue vital
stalnln? techniique. Other organisms in the aggregates recovered their ability to
stain blue, developed light-purple nuclei and began to bud. In some cases purple
material was seen to_connect an adg)acent organism and a bud. Fmally, newl
formed huds apparently separated from the aggregates to form normal organisms,
as described by Ghoshet al. (1960). After recovery for 24 hr most of the viable
organisms apgeared 8 single or buddlng,orpamsms, but there were still some
ag?regates resent which contained both Viable and dead organisms.
_"InaSitol-deficient cultures tended to, disaggregate after long periods 5350-400 hr
incubation). The resulting single orgamsms o small a greqates a(E)Ipeare to contain
nucler and blue cytoplasim and thu ,agpear_ed to be morelike normal organisms in
their internal morphology than inositol-deficient organisms.

Changes in composition, of cells and growth medium

The lipid material of normal and inositol-deficient. cells was exiracted and
weighed (Table 3). Inositol-deficient organisms contained more lipid than did
normal orgamsm_s._ Fractionation on siliCic acid indicated that the excess lipid
from Inositol-deficient organisms was mostly non-phospholipid.

Table 3. Lipid content of normal and inositol-deficient Saccharomyces
carlsbergensis ... 9080

Lipids were_extracted from Iyophilized. cells using chloroform + methanal (1+1, b
voI.)Pas ,de,scribeA_ ?n the text. yTgtaI Iipid Was sepgrated ?nto ghospho?ipid gnd nor%/-
phoSpholipid fractions on silicic acid as described by Hirsch (1963)

Inositol Inositol

) Inositol Inositol + -
Time of + — .
incubation N Non-phospholipid (mg.)

(hr& Lipid (% of dry-wt) Phospholipid (mgz

7 8-7 13-4 1-2 -5

112 -8 139

599 98 131 5-6 6-5

Analysis of the 3rowth medium (fTabIe 4) showed that,mosnoI-SLéPglemented
or?amsms decreased the pH valye of the cufture more rapidly than did Ingsitol-
deficient organisms; but the final pH values were similar.” During their period of
rapid_growtn, the normal organisms decreased the oxygen tension and Increased
the CO2 tension of the cultdre more dramatically thgn™did. the inositol-deficient
cultures, Different products accumulated in the media durlng]growth of normal
and deficient organisms, We reported (Lewin & Smith, 1964) thé accumulation of
acetoin by Inositol-deficient cultures.” Acetaldehyde, a precursor of acetoin in
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Xeast also accumulates (see Taple 4g The results of experiments in which acetalde-
de was added to the growth medium at the start of incubation showed that

Hosrto -(eficient organrsms were much more seriously inhibited by acetaldehyde
than were normal organisms.

Table 4. The effect of inositol deficiency in the growth medium for Saccharomyces
carlshergensis .trim 9080'on some metabolic products

Samples, of deficient and inositol- su%hlemented cultyre fluids were removed from the
corresponding veast cu turesa éhe times shown, and were centrifuged Ao degosrt the

organisms. The supernatant fluids were assayed for pH value, acctoin and acetaldehyde
«g escribed In theptext y P y
Inositol  Inositol Inositol [nositol Inositol [nositol
Time of - + + .
incubation , .
(hr) pH value Acctoin  (/tmole/rnl.) Acetaldehyde (/mole/nil.
0 4-S 0 0 0
24 4-4 4-7 0 0 21 1-3
44 40 45 21 10 40 13
72 30 4-3 4-7 h7 39 100
90 39 4-) 5-8 8-2 11 80
192 30 30 40 18-3 1 8-4
214 39 38 41 13-7 39 70

Examination of the culture medium by paper. chromatography indicated that
there were several non-volatile compounds which reacted” with alkali me silver
nitrate reagent gBlock Durrum & Zweig, 1958) which were loresent In hi r% er con-
centrations In- inositol-deficient cultures 'than In norma cultures. T ost ro
minent of these spots was glycerol, Subsequent analyses forq yeerol (method ot
Lambert & Neish, 1950% showed that the inositol- de rcrent cultures accumulated
up to_four times as muc I\glgcero as dlid the normal cultures (e.q. normal glycero
=0-17 m; deficient=0 07 Mafter incubation for 428 hr). Three other silver nitrate-
reducing materials were gresent toa ”%;reater extent in the Inositol-deficient than
In the. Aormal cultures. Similar chro atograms were examrned under ultraviole
radiation and were sprayed with the ninhydrin anrsrdrnc 1 and aniling acio
phthalate reagents described in Block et at’ 8 1958) without grvrn?nevrdence for the
presence of additional compounds present differentially in” normal and deficient
cultures

DISCUSSION

Whether inositol deprivation causes loss of cellular viability has been contested
in the [iterature. Rid waY & Douglas (1958h) reported that viable counts made
by pIatran out suitabl# di utrons 0 Saccharomgces carlshergensis on_peptone yeast
extract?ucosea arin rcate ra rd 0ss of viability in inositol-geficient organrsms
(hosh ¢ d(190 with S. carl erqensrs 9080, did not detect any &vidence
for cellular geath caused by rnosrto dfrﬁrenX They noted thai aggre atron of
Inositol-Geficient organisms“complicate interpretation of .colony colint data
and therefore attempted to disrupt the a ggregates by ultrasonic redtment hefore
plating. This procedure, however, resulted"in Some disruption and death of organ-
isms. “On the basis of their data they stated that single organisms and aggregates
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of inositol-deficient orgamsms majntained their ability to_form colonies on agar
plates. The data presénted here indicate that inositol-deficient S. carlsber?e SIS
atce o0so SUffered a definite loss in viability as measured by plating on + malt'agar
and by methylene-blue vital count. The difference between these™conclysions and
those of Ghosh et al, ¢oe0) mag be explained boy noting that thejr V|ab|_I|t|¥ (leter-
minations were made only on cultures grown for short™times of incubatio (uR to
21.r) when viability of inositol-deficient cultyres mlght_ still be relatlvel?{ high.

The data reported here confirmed the fmdmg,of mith (1951) that the initial
depression of the growth rate of Inositol-defiCient Saccharqmyces carlsbergensis

tce 0gs not prevent the cultures from eventually reaching at Jeast the Same
atcc 9080 rloes not t the cultures f tually reaching af |east th
total population as that of inositol-supplemented organisms. Addition_of inositol
to the deficient orgamsms results in a rapid increase in the growth rate. The organ-
Isms newly formed upon recovery from inasitol deﬁmencgl agpear to separate from
aggreﬁate,as described by Ghagh et al. (1960) and a‘ope r to have normal internal
morR olo?y, as seen in preparations stained with Nife Blue A ,

The intérnal structure of inositol-deficient Saccharom¥ces carlsergensis atcc
9080 appears to be deranged. Both the d|sap(Pearance of the nuclear vacugle and
the appearance of lipid globules in mnosjtol-deficient organisms may be signs of
damalge to cellular membranes, since inositol phosphatides may play a role i their

Integrity.
Tge and material accumulated in inositol-deficient organisms was mostly non-
P osg olipid, n agreement with the results of Challinor & Danjels qossy, who
ound that acetone-soluble_lipids were accumulated by mosﬂol-deflmen(t_ Saccharo-
myces cerevisiag. Since lipids_have, also been reported to accumulate in nogitol
déficient Neurospora crassa (Shatkin & Tatum, 1961) and since, inositol has been
reported to function as a lipotropic agent in h;%her animals gse_e discussion in Deuel,
1055), W shall later examine the lipids accuriulated by inositol-deficient S. carls-
Dergensis atcc goso. o .
Ince it agpeared reasonable to assume that normal and ingsitol-deficient
Saccharom}/ce carlsbergensis atcc 9080 would differ in their rates of utilization of
components of the growth mediym and in the amount (and possmI%/ in the nature()j
of the products excreted into the medium, an examination. of the culture flui
m|tgh_t e expected to provide informatign about metabolic lesions in inositol
deficiency; also, some of the visible signs of inositol deficiency might be caused b
differencés in. the culture fluid medium which were secoridary” in nature, =AS
reported é)rewqusly (Lewin & Smith, 1964), Plucose utilization by inositol-deficient
S. carlshergensis atcc 9080 cultures was sfower than that of normal ones, but
eventuall aIIof_the_qucose in the medium was utilized. Durmgthewra id %rowth
and glucose utilization. normal organisms decreased the PH values of the Culture
more rar[]ndlx than did inosifol-deficient 1gells, but the fina gH values were similar
indicating that about equal amounts of acid were produced. Larger amounts of
acetoin, ‘acetaldehyde and glycerol were found in cultures of inositol-deficient
orgamsms than . in" normal orgamsms. From the products, accumulated it would
seém that inositol-eficient_Organisms. were capable of formm(i hydroxvethvl-
thiamine %roRhosPhate _SHET 'P), which Is a precursor of acetaldeyde, acefoin
and acetyl-CoA. 1 the citric acid cYcIe were nat functioning normally. in‘inositol-
deficient’organisms one might expect more acetyl-CoA to be Used for lipid synthesis
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and HETPP to be used to a greater extent than used for the formation of acetal-
dehyde and acetoin, It has Ion% been known that acetaldehyde proguction in yeast
fermentation may be correlated with the. accumulation of glycerol therein (Nord,
1958). Abnormat function of the citric acid cycle might be expected to occur if the
mitochondria were abnormal.. Vignais, Vignais & Lehninger (1964) showed that
phosphatrdylrnosrtol IS a$ ecrfrc com ound essential for the contraction of aged
mitoch on rra Rid w as 1958a b) suggested that inositol-deficient
yeast have an norm Itoc

A deficiency of rnosrtol rn the culture medium during agrobic incubation resulted
in defrnrte quantrtatrve alterations in accumulation” of metabolic products b
Saccharomyces car sber ensis pret 9080. Since preliminary experiments have shown
differences’ in morphology of organisms .and composition of the culture media in
anagrobically and aerobically ?rown Inositol-deficient organisms, work is in progress
designed to examrne the results of inositol deficiency under anaerobic conditfons.
The “[nositol- ercrency symptoms (and particularly” the accumulation of excess
acetorn acetaldehyqe and glycerol) reported here may reflect the lack of inositol
or a derivative 0 rtwrc unctions s a cofactor i some enzymic reaction(s).
It 15 alsg possible that this accumulation of metabolic products may reflect the
drsorganrzatron of intracellular structure which was seen by microscopic examina-
tion 0f the Inositol-def rcrent organrsm
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INTRODUCTION

The properties of a complex subcellular component isolated from a living organ-
ism are presumably dependent to_some extent on the isolation procedure used.
Lipoprotein membranes are not likely to be an exception to. this generalization
See or exa rrf)Ie Ponder, 1961) and it'is a reasonable assumptjon that an isolated

embrane differs in varjous ways from the functional structure in 4 viable organism.

The opportunities for isolating a microbial membrane by more than one methag,
however, are limited. Membranes from Gram posrtrve acterra and structurally
related organrsms are_normally obtained |g0estrn g the cell wall enzymrcally
wrth risk Of changes in the mémbrane) foll owe osmotrc rupture of the prot-

ast At the (Present time there 1S apparent 3/ no alternative to this. The two
membranous ¢ ponentso the envelop eo most Gram-negative bacteria are not
easn 0 seParate from each other but toget er they can be separated from the rest
of the cell by ultrasonic treatment or“by any of several fundamentally similar
mechanical miethods of rupturrng the orgariism. The extremely halophilic bacterium
Halobacterium halobium is boufided by a srngle lipoprotein” membrane (Brown &
Shorey, 1963) which hitherto has been isolated only by mechanical breakage of the
organisms in the presence of high concentrations of NaC] followed by centrifugation
in"salt solutions. Because thése organisms grow in_ high concentrations of NaCl
they can be subjected, by dilution “of their Suspending medium, to a very large
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osmotic shock. Such a simple dilution procedure cannqt be used for isolating the
membrane, however, because the membrane hself dissolves at decreased” salt
concentrations (Brown, 1964). Membrane dissolution is caused by electrostaticall
induced d|saggrePat|on of the structure and can be prevented by high concentra-
tions of monovalent cations or relatively low concentrations of hivalent catjons
(Brown, 1964). Concentrations of bivalent cations which are sufficient to stabilize
the membrarie against. electrostatic dissolution are insufficient to stabilize the
organism against dsmotic rupture. This fact has been used to provide an alternative
méthod which Is (iumker than mechanical brea_ka?e of the organisms, and which
can be used on a farger scale than the mechanical” or ultrasonic techniques so far
available fo the authrs. Slight differences in the properties of membranes jsolated
by osmotic Iysis on the one hand, and mechanical disintegration on the other, are
rélevant to an ultimate understanding of membrane structure.

METHODS

_Or?amsm. Halobacterium_ halobium was grown for 3 days at 30° with rotary
agitafion. The growth medium contained Oxoid peptone {1%ewiv) in the salfs
solution. described by Sehgal & Gibbons (1960). ,
Isolation of gell mémbrarie. The culture was Centrifuged at 2600q for 20 min. The
deposit was divided into two parts and each half treated seR,arater as_follows,
SR One half was suspended in 5 M-NaCl at 4> and portions of this suspension were
aken with glass beads in a Mickle tissue disintegrator for 30 min. in an ambient
temperature of 4°, with intermittent cooling in an ice bath éBrown, 191). For
this gurpose the organisms from 1-5 1 of culture were suspendeq in 80 ml. 5 .U-Nat'l.
and 20 ml, Rortlons were shaken at a time. The time involved in this disintegration
step, or with any other batch-type mechanical gevice, Is proportional to the Volume
of suspension heing processed. " After 30 min. the beads were removed on a coarse
smtered-%lass filter. The membrane suspension was centrlfu%ed for Lhr at 14,000
17,0000 and thereafter purified by a series of fast and slow Tepositions in a centri-
fuge (Brown, 1961). Throughout the whole Rrocedure the membranes were sus-
Eended in cold 5 MNaCl, (i) The second half of the centrifuged degosn_was
uspended, with rapid mixing, in 0-02 MMCl2at 4°. For this R#rgose the Organisms
from 1-5 L of culture were Suspended in 80-10Q ml, 0-02 si-MyCI2 The organisms
lysed thuallX instantanequsly and the_ suspension became unmana%eabl Viscous
With the release of deoxyribonucleic acid. The suspension was incubated at room
temperature with surficient deoxyribonuclease (DNase, about 2 mg. in 250 ml.) to
decrease the viscosity effectively within 20 min. The time lapse between suspending
the organisms_ in MJCI2 solution and completing incubation with DNase was nor-
mally about 30 min. and was Iar1gely Inoependent of the mass. of organisms (or
volume of bacterial suspension). The suspension was then centrifuged™at 14,000-
17,000g for 1hr and resuspended in cold 5 M-NaCl. Sometimes it wds found at thﬁ
stage that not all the pacteria were broken, in which case the suspension in'5 M-NaC
was centrifuged and the deposit a%am suspended in 0-02 JI-M(TJC| followed by incuba-
tion with DNase as before. “After this second treatment virtually all the orga isms had
lysed. The extent of preakage on the first dilution was affected’by the %pe dof mmng
and by the volume of suspending solution. When the osmotieally lysed bacteria wer
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eventually resuspended in cold 5 M-NaCl they were fractionated in a centnfuge
under conditions identical with those used forthe mechanically broken half of the
greparaﬂon. In hoth cases depositions in a centrifuge were Continued until the
appearances of the supernatant fluid and of the membrane suspension (the latter
IN"a phase-contrast ml_croscoReg were consistent. with adequate freedom from
cyt\g\)})lasmm_contammatlon. This was usually achieved in 3-4 cycles of fast and
stow depositions. , _

Electron mlcroscg?g. The techniques used were described fulk b>6 Brown &
Shorey (1963). Membrane preparations were fixed with buffered KMrO, followed
by uranyl nitrate as described except that in the present work the membranes were
sispended in 5 M-NaCl instead of "half-strength salts™ up to the time of fixation.
Fixed membranes were washed three times' in water, deposited from agueous
suspension on to carbon-coated nitrocellulose supporting film and shadowed with
%?Id-palladmm or else thea/ were embedded and sectiongd. For the latter purpose

ey were dehydrated corventionally with ethanol, passed once through Xylene
embedded in Araldite and sectioned {Brown & Sharey 1963g. Both shadowed and
sectioned specimens were examined in a Philips E.M."200 eléctron microscope..

Chemical examination. Membrane suspensions were titrated at constant jonic
strength in 4 M-NaCl with 0-02 N-NaOH and HCL Details and implications of this
technique, as applied to membranes, are discussed more fully elsewhere (Brown,
19652’ In the present work, reference solutions of lipoprotein”were not used since
the dim of the titrations was merely to compare the two types of membrane, pre-
garaﬂon., After titration, membrane susﬁens_mns were” dialysed exhaustivel

gainst distilled water at 4° and the resulfing I|poE2rotem solutions (Brown, 19
were freeze-dried and weighed. Protein (Lowry, Rosenbrough, Farr & Randall
19]), total Bhosphorus ollowing digestion vith HZS04 and HNO3 (Fiske &
Subbarow, 1925), aming sugar (Rondle”& Morgan, 1955) and total hexose (Dische,
1955) were estimated in these preRaratmns. ne last two estimations were made
on acic-hydrolysed (2 x-HCI for 2 hr at 100°) lipoprotein,

RESULTS AND DISCUSSION

Electron microsco g Shadowed membranes looked similar after both methods
of isolation (PL L figs. 1-3) and, with one important exception, the same as encoun-
tered prewousIY by Brown' & Shorey (1963). The exception was that a few individual
membranes retained the surface Battern noted by Houwink (1956) on whole
organisms of this bacterium and subsequently by Kushner et al. (1964 on unfixed
membranes isolated from Halobacterium cutirubrum. This pattern was not encoun-
tered Prewougly bg Brown & ?horey (1963) n membranes susPended in ‘half-
strength salts’ p to the time of fixation; It is likely that the use of Sm -n a1 in the
Present work assisted in preservmg the surface stricture. The pattern was encoun-
ered . more frequentlsy I membranes isolated by mechanical breakage_of the
or[qamsms than by osmotic lysis but not enough preparations were examined to
allow any statistical evaluation of this statement. _

Whenexamined In thin section there was no agpa,rent difference between mem-
branes isolated by either method gP,I. 1, fig. 4; PI. 2, figs. 1, 2) or, with an occasional
exception, between the current series of Tsolates andthose described by Brown &
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Shorey (1963). The occasronal exception was found in parts of membranes which
resembled compound rather than unit membranes (P1. 2, fig. 2). This kind of
appearance was encountered previously by Brown & Shorey (1963) in sections of
whole organisms of Hanbacterrum halobrum but was not seen in Isolated membranes.
Like the surface Battern tecomgoun membrane appearance In isolated mem-
branes was probably a result of the different jonic conditions dunnrrr Isolation. The
compound appearance was encountered after both methods of isolation.

Ty
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Fig. 1 Ydrogen ion titrations of membranes (preparation 2) pared by mechanical
grsmtegi ion “(0-——0) and osmotic Ivsis of organisms in the presence of MgCl,

Hydrogen-ion titrations

Titration, curves of membranes isolated from the same culture boy both methods
are shown in Frg L Many of the basic groups present on the lipdproteins of this
organism do nof titrate inf the intact membrane and are presumed to be ‘buried’
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in the deeper parts of the structure; a-NH2 groups become titratable when the
membrane swells, .even slightly, in an ion deficit (Brown, 1965). This method of
analysis is thus quite a sensitive one for_dete_ctmg some subtle change,s In membrane
structure. The numbers of groups titrating in three pairs ofﬁrepar tions are shown
In Table 1 from this it is _a?éaarent that"pH 6-0-8-2 was the only tifration range
In which there was a consistent difference between the two types of preparation,
the osmotically lysed preparation having the hlqher titre, Groups titrating in this
range include “inidazole (of h|st|d|n$?, Phosphate (pK2 if phosE)hate mono-esters
are present% and a-NH2 ‘The fact tfiat pH 60-8-2 was the onY range. in which
differences hetween the two_ types of preparation were consistently obtaingd is in
accord with the previous_ finding (Brown, 1965) that the bonds” responsible for
‘burgmg’ a-NH2 Tgroups in this membrane are ‘weak and easﬂg disrupted. For
reasons apparent from a fuller treatment of this topic (Brown, 1965) it Is thought
that in the foresent series of preparations the differences'in titre were caused by the
exposure of groups which were previously ‘buried ’ rather than the converse. "It is
possible that'a higher concentration of MyCl2at.the time of lysis would have pre-
vented these shgtt;t differences in titre from arising but this Was not investigated.
In 8rel|m|nary Observations It was noted that an Increase of MgCI2 concentration
to 0-025 Mwas accompanied by the rupture of noticeably fewer organisms.

Table 1 Hydrogen-ion titrations*
Numbers of groups titrating in 4 M-XaCl on three preparations of membranes isolated by

hoth methods.
H+bound or released
- (m-mole/g. membrane)
Groups titrating

pH range (theoret. pK) Preparation Mechanical ~ Osmotic
S T
Imidazole (6-2) 3 1-24 1-19
6-0- 8-2 Imidazole ( }2 1 0-07 0-15
Phosphate 6-5 2 0-09 (-12
I -
-2- iX-NHj (c. 7- - -
Tyrosine-OH"(9-5-9-S 2 0-24 0-21
100-11-0 %-yNH: (1064H §9 50 8; i £ s
-11- rosine- -5-0- N N
=NH, {4 ; 0-2 0-2

* Titration had an alkaline end-point below pH 11-0. _ _
The reasons tor selecting these ranges of pH in which to compare titres are discussed elsewhere

Brown, 1965). .
( ) Chemical analyses

Table 2 summarizes results of chemical analyses of four classes of substance
frequenth used to characterize b|oIo%|ca_I membranes and related structures. In
ope prepération lipoprotein from mec am_call)( Isolated membrane contained more
phosPh rus and the same amount or slightly less protein than its osmotically
isolated counterpart; in the other preparations the converse was true. Thus varid-
tions in the Oloropornon of phosphorus and protein cannot be attributed to the
methods used for rupturing the organisms. Consistent differences were obtained,
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however, in the two sets of carbohydrate, analyses; hoth amino sugar and total
liexose were consistently hqher In"the lipoproteins isolated from ‘mechanically
ruptured organisms. 1t s not yet known whether these carbohydrates are part of
BOl saccharide present in small amounts in the membrane. or_of gl;(coprotem.
10 ab!%/fthe amino sugar and hexose originated at Ieastpa_rtIYlndlfferen olymers,
since different proportions of each weré ‘lost’ on osmotic fysis. In two of three
preparations the osmotmalp isolated I|g%)r,otem contained dbout 40% less hexos-
amine and about 30 % less Hexose than did lipoprotein from mechanically ruptured
organisms; the differences were less in the third preparation. For a component to
differ by as much_as 40% between preparations without reflecting the difference
in other analg_ses it must either be present in very small amounts of, alternatively,
it must contain the other components analysed, riamely phosphorus and protein, n
the same proportion as the whole membrang; such a compound wauld be a lipoglyco-
protein. Variations in the Proport_lons of the components which contained"the
carbohydrates were not reflected i the electron microscopy of the membranes
but were correlated with drfferences in [1 titre in the range pH 6-0-8-2. It is not
known whether there is any direct causal relat|onsh|P between these two analytical
differences but preparation 3 which had the smallest difference in carbohydrate
analyses, also had the smallest difference in titre (pH 60-8-2) between thie two
types of preparation.

Table 2. The content (%) of various substances in lipoprotein
from membranes isolated by the two methods

Amino sugar Hexose

Preparation Phosphorus  Protein (as glucosamine) (as glucose)
1. Mechanical 1-17* 16 103 328
Osmotic 0-68 9 0-60 (58 %)f 2-32 (71 %)
2. Mechanical 1-02 15 0-87 2-50
Osmotic 12 13 0-50 (58%) 1-73 (69%)
3. Mechanical 0-61 7 0-84 2-42
Osmotic 0-74 13 0-72 (86%) 1-99 (82%)

* Figures.are the means of duplicate estimations which deviated from the mean by less than
5% except in one case In w?nc% ﬁwaewatlon was 9%. y

t Bracketed numerals are anal%ncal results for the osmotic, preparation expressed as a per-
centage of the corresponding result tor the mechanical preparation.

Conclusion

It Is thus evident that membranes isolated from Halobacterium halobium by
osmotic ysis in 002 M-WCUretained their morPhoIo?m_aI |de_nt|t}/. In an electron
microscope they could not be distinguished with ceftainty, if at all, from mem-
branes isolated by mechanical breakdge, There were no major chemical differences
but some minor “ones possibly reflected very slight stryctural drfferences hetween
the two types of preparation. The importance of such slignt differences will depend
on the parpose for which the isolated membrane Is required. The osmotic method
Is much quicker and more convenient than the mechanical method with which it was
com _arﬁd and is now Remg Lised outinely to obtain membrane lipoproteins for
chemical and physico-chemical studies.
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SUMMARY

1e best natural habitat for hacteriophages is probaply a semi-solid
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INTRODUCTION

Whether by accident or design, the emphasis in phage research has been placed
on phat]qes specific to Escherichia coli and other members of the Enterobacteriaceae.
Recently, however, the obvious structural, taxonomic and physiological importance
of studying a large number of phages for a wide range of host hacteria has led to
their examination in the electron miicroscope by many workers. These results have
been reviewed elsewhere &Bradley, 1965«), and it must now be asked whether it is
of valug to continue to study phages in the electron microscope on this basis. It
Seems Io%lcal, to limit descriptions to new morphologlcal types, or phages of par-
ticular chemical or physiological interest such as those specific to unusual host
bacteria. It is also considered important to study. those isolates from natural
habitats on hosts not belonging to the Enterobacteriaceae. The genus Bacillus is
particularly widespread, andis chosen because its bacteriophages have been some-
what neglected in‘spite of the fact that the,¥ are plentiful in natural habitats. The
best natural habitat for a phage is where its host is actively dividing Rreferab,ly
in a semi-solid medium, for ml_cro-ecolog]lcal reasons (Bradley, 1965«). Thus, while
Bacillus phages are available in the soil, a better habitat would be decomposing
vegetation, and this has proved to be the case, in the present work, with rotting
lawn mownlgs. o , , _
he usual method for |_so|at|n? hages consists of plating a suitable laboratory
strain of host organ_lsm with a cleaned extract of haDitat materjal. Better results
can be obtained by |so|at|nq the bacteria from the habitat material and using them
as potential phage hosts, Tn “he present gaper the examination In this Way. of
rotting lawn mowings and apples is described. "In the apples, acid condlitions provide

15-2
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a microflora dominated by yeasts, Acetobacter, and perhaps Micrococcus species.
The electron microscope shows that the ph_agies isolated from both sources are of
particular morphological and physiological interest; infectivity tests revealed that
one of them was a Killer particle (Seaman, Tarmy & Marmur, 1964).

METHODS

PIatlnq media and methods. Standard media and procedures were used through-
out as follows, The Bacillus species from grass were grcwn on nutrient broth agar
con3|st|an of g./I.%: beef extract, 2; yeast extract, 4; peptone, 10: NaCl, 10; agar,
20: pH 7-4. For the double agar layer method cf Adams (1959), 1% (wlv) agar-t
1% (wiv) peptone was used for the soft layer. ,

Malt extract agar was used for the initial growth of the Acetobacter species
(9/1.); malt extract, 17; mycological peptone EZC)xmd),_'o’; agar, 30; pH 54. Soft
agar layers were made from the same medium but with only. 15g. _a%arll. For
B age ﬁpYa%?tlon it was found that better results were obtained ‘with nutrient

o .

Thesg_ media without agar were used for isolating bacteria from the two habitats.

ISolation of host bacteria. Samples of rottlnlg grass or apple were shaken with
5-10 ml. of the appropriate liquid medium. A loopful of this mixture was streaked
on the apBroprlate nutrient agar plate and incubated overnight at 30° or 37°. The
colonies ontained were selected according to their morphology and further purified
by streaklnP, before growth on slopes. The use cf an acid médium with the rotten
apple samples ensured that Acetobacter species and yeasos dominaied. Occasionally
the dominance of Bacillus species was ensured by heating the_extract from the
rotting grass at 80° for 20 min., leaving the Bacillus spores viable. The heated
extract was then streaked on plates, _ _ ,

Isolation, purification, andgrowth of phages, The extract ofhabitat material obtained
as described was centr_lfuge, at 2000 g for 10 min. to remove bacteria; sometimes an
extract was shaken with a little chloroform before centrifugation to help to decrease
viable bacteria. (A residue of chloroform can inhibit bacterial growth in subsequent
Procedures.) A sample &0—3 ml.). of this extract was placed out by the double agar
ayer method (Adams, 1959) with each of the bacterial isolates obtained above.
Phages formed plagues after'incubation overnight. These plaques were picked with
a platinum loop and suspended in about 1 ml. appropriate liquid medium. Purifica-
tion was achieved by several cycles of plating and plaque picking.

In the case of the Acetobacter phage (AA-1), no prlaques were seen when an
extract of rotting apple was plated with host bacteria. To ensure that plaques were
not missed because of bacterial overgrowth, the plate was extracted with liquid
medium, the extract centrlfuged to deposit bacteria, and then tested for activity
a?alnst the original host by the spot test. A positive result indicated the presence
of a phage;; it was grown o high titre as described below. _

HI(%h-'[I.'[I‘e Tphage preparations for electron microscopy were obtained by con-
fluent lysis of host bacteria on 6 in. plates and extracting the phage with neutral
(-1 M-ammonium acetate. Then extracts were cleaned by alternate cycles of centri-
fugation at 2000 ¢ for 15 min., and at 10,000-15,000% for 4 hr (angle head). The
final pellet was re-suspended in 01-0-2 ml. neutral 01 M-ammonium acetate per
plate extracted.
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A mixture of the dominant phages ina samRIe of habitat material was obtained
by plating 1ml. liquid medium 8xtract by the double agar layer method. Ex-
traction ot the plate with (-1 M-ammonium acetate followed by cycles of centri-
fugation as above produced a phage susPensmn suitable for electron mlcroscopy.
. Suspensions of Killer particles for electron microscopy were prepared by extract-
ing a double agar layer plate of host bacterium with about 3 ml. 0-1 M-ammonium
acetate; this extract contained a high concentration of spontaneousl;r] released
Eartlcles_. The general appearance in the electron microscope suggested that about
08 particles were extracted from each 3 in. diameter plate. .

The spot testfor phage activity. This was done as previously described (Bradley,
1964) by placing a drop of phage suspension on a double agar I%er plate of host
bacteria and observing clearing or otherwise after incubation. The fest was also
used to distinguish killer particles from virulent phages as follows. Both killer
particles and virulent phages give cleared areas with"the spot test at high con-
centrations. However, when a series of dilutions is spotted on a plate, the cleared
areawill become uniformly more opaque as the dilution is increased. With a virulent
Bhage the clear area will remain clear until with increasing dilution it will become

roken into a series of discrete plaques. But a killer parficle suspension glvm]g a
positive spot test will form no plaques when plated out in serial dilutions. The
reason for this is obvious : a killer particle destroys one host cell, but a multiplying
virulent phage many. The killer particle’s ‘plague’ will thus consist of the area
occupied by one bacterium, and be invisible. 1f there are engugh Killer particles
in a small area of plate, they will destroy all the bacteria, creating a clear area, and
thus showing a positive spot test.

Table 1. Numbers of phages and hosts
Phage no. Host bacterium species Host strain no.

- acillys subtilis GIR
- . Subtlis Gin
- . SB tilis g6
- cetobacter sp. a2

The release of killer particles or temperate phages from a bacterium can be
detected by spotting a suspension of the suspected” bacterium on a double layer
plate of the supposedly sensitive host. After incubation, the surface colony will'be
surrounded by a clearborder in the soft agar if it releases particles active against
the bacterium under test. This was used to demonstrate the similarity of the killer
particle GA-2 to a temperate phage. _ o

Electron_microscopy. T1he standard negative staining procedure (Brenner &
Horne, 1959) with neutral 2% (w/v) potassium phosphotungstate was used through-

out, .. . . ,

|dentification and numbering of bacteria and phages. Members of the_ genus
Bacillus were identified at species level and those of Acetobacter at the generic level
by standard tests done af the Department of Agriculture Unlversn?/o Edmbuth,
and in the case of Bacillus spp. also by sporé morphology (Bradley & Frankfin
1958). To avoid confusion arbltrarY laboratory numbers are quoted as well (see
Table 1). Arbitrary numbers were also given to phage isolates in'the absence of any
recognized system of nomenclature.
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results

Bacillus subtilis phage GA-1

This new morphological type is shown in PI, 1, figs. 1-6. It has an oblong head
with a six-sided outline qf length 570 Aand width about 400 A The short tail 15 a
tube 60 Awide and 350 Along; Partofthewaydownthere Isa plate-like structure
attached tothebase oftheheadb fibrous material. The plate has several downward-
pointing prongsg 1, figs. 4, three are most often visible, but some particles
(see the one af the bottom Ieft in Pl. 1 fig. 1) appear to have four. The prongs
are about 70 A long and are attached to r[Jromrnent subunrts on the plate, T
micrographs also illustrate some other points. In Pl 1, fig. I, the top Partrcle has
lost part of its contents: head capsomeres can just be Seen, but not In a Clear
arrangement Another particle_has lost its tail and shows a fIattenrn[q at the point
of attachment of the tarI This rsalsoshown particularly clearly in PI. 1, fig. 2, the
Partrcle here being completely full: the mrcror;%raph also shiows thé fibrous material pe-
ween the plate and the head |n PI. lfrg jbrous material nagarnvrsrbletogiether
with the point of attachment between the tail and head, wer there s a rPt
protein, commonly found in aII tailed phages Acomparisonfthe tails in th ee
Partly empty virions in P1. 1, figs. 13, with the full one in PI. 1 fig, 2, s owst at
he former are hollow and the [atter soIrd This feature has teen observed partrcu
larly_in phages with long non-contractile tails (Bradley & Kay, 1960). In PI,
fg 6, two particles are Shown attached to a piece of debris:” this suggests that

adsorption takes place tail-first in the conventional manner.

Bacillus killer particle GA-2

An intact Killer loartrcle GA2 i sh%\nrn PL 1 fig. 8 it consists of a small head
with a massive tai The nead is 350 In diamefer, but the tail 15 2100 Ionﬁ and
hast econventrona aIppearance of 4 contractile type with a striated sheatj and
tail fibres. The numbe of tail frbres 15 difficult to ascertain; 4 or 5 is most likely.
An empty head and short length of tajl core are shown in P1. 1, fig. 7. The core is jn
the form’of a hollow tube about 90 A in diameter and there is & lump of protein
at the attachment to the head. The head membrane is continuous and does not
show any obvious ca SOMres, The partrcle InPl. 2 fig. 9, has a parthi empty head
and shows a re uar hexa onal outline. The tail capsomeres are clearer on the
headless tail P 2 fr and the are undoubte ly tubular in form (end-on
someres arrowe are prob a g/ arra % In Screw sgmmetr Plate 2,
lshowsavrn nwrthacontractdtar ough the head has remained full
ethe top of the sheath Is adsjacent to the head, onl segarate from it by a
smal collar, whrch 15 not obvrou In the other mrcrogra 0 far mentioned.” It
ap ears from PI. 2, figs. 12, 13, and other micrographs; that the contracted sheath
can tak eug position on the core. This sheath asoshowstwo dark lines runnrng
down its lengt these are clearer in PL 2 fig. 13. A headless tail with contracte
sheath Is shown in Pl. 2, fig. 14: two smat Iscs can be seen at the top of the core
where it would be Aornedt ‘the head.. These probably represent a ‘dotble washer’
arrangement by which the massive tail is firmly attached to_the head; this feature
has anly previously been found on two phages, one snecrfrc t0 Escherichia_coli
(Bradley, 1964) and one to pseudomonas syringae (Matthews & Bradley, 1964).
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In PI. 2 gh15 the major portion of a tail core will the head still attached js
sh own T roternseems to have beensr hl degraded revealing the “double
washer’ ?rrangement Clearly. rtwou roé)ear rom this microgrph that the
protein plug In P L f gT |s in fact the inner ‘washer’.

The use of the spot test and other plating methods described above indicated
that killer particle GA-2 was able only to Kill sensitive host bacteria and not to
multiply within them. Particles of this morphology were found in large numbers in
extracts of plates of Bacillus subtilis and 8. Irchenrformrs presumab being spon-
taneously released as s the case wjth most tem erate phages; tere was no need
to Inducé them wrthuItravroIet radiation, antibiotics or Irogen peroxide. Other
Partrcles of varied mor,o ology (PI. 2, fig. 16) were found Simi arIy assoclated with
he Bacillus species isolated rom rotting grass, but were not examined in detail.

Bacillus subtilis phage GF-2

Several phage isolates with a conventional contractile tail were found associated
with anothers rain OfBacrllus subfilis; one of them (GF-2) was retained. A micro-
g 5o of an |ntactwr|on is.shown in PI. 3, fig, 17 The head is hexa%onal and about

Ain mean diameter. The rather thrn tail is 2800, Iong and Nas a pase- folate
but no obvious tail fibres or pins. A head is shown in Pl frg 20, which [ooks
too complex to be an octahedron but might we be an |cosahe ron "The tail can
contract in two ways: it ejther decreases ItS enr%th b% one half (PI. 3, fig. 18), a
state of affairs obsérved after storage for some onts orb about one quarter
Pl. 3, fig. 19). The latter state occurred spontaneous % e preparation of a
resh lsate he amount of contraction associated with adsorption Is not known
for certain, but isprobably that shown inP1. 3, fig. 18, resembling other contractile

phages.
Acetobacter phage AA-1

The unusual morphology of thrs Acetobacter 3ohage is shown in PI. 3, fig. 24, at
low magnificatiop; it is A0t unli ecor ageT but differs in the tadstructure
which consists of three, prongs when_ seen i profile. Also the head capsomeres are
clearly visible though i |s not gossrbeto see how they are arrange The Capso-
meres and the hexagonal outling of the head arecearer in.PI. 3, fig. 22. The fead
sjze is about 650 A near to thato coliph ge 13, T e tail is shown better n Pl 3
fig. 23. It 1s not unlike the b asepateo T- %r\rcor phages, but is smaller the total
|éngth being only 185A and the prongs 130 A, The head capsomeres in this frgure
show as apparerit breaks In the protein coat with a spacing of about 130 A In‘thg
empty virion in P1. 3, frg 24, a (ifferent picture |s revealed. There are only two tail
prongs and the head capsomeres apxear as hollow circular units.at a spacing of

45 A However, the coarse 130'A structure is again apparent in the capsids, i
PI fig. 5. Thesedrf erentaprbearances present a roblem In interpretation which
will be drscussed below. A ¢ tamrnantlo age was also found in a preparation of
Acetobacter phage AA 1 thrs 15 seen in P 3 26 and shows that other morpho-
logical types may he oun in rottrnga es T Is contaminant resembles some
Staphylacoccus a%es (Bradley, 19633) and so might be presumed to come from
a related genus, pernaps wicrococeus.
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discussion

The virylent Bacillus subtilis phages. The new morﬂhologrcal type, Bacillus phage
-1, which appears to be common in nature, s the mast imiportant of the two
described here.” It belongs to the morphological group of phages with short non-
contractile tails (Bradley; 1965a) and is closest to"coliphage P22 (Anderson, 1960).
Although one cannot bé certain'from the electron micrographs shown about the
true shape of phage GA-1, by assuming that the rules of symmetry are obe ed
Bradley, 19634, b) certain deductions can be made, To asceftain th head
e radial symmetry of the tai must first be determrned The micrograp sshowa
tail plate with three or four visible pins or subunits, and this stronqlg/ ?estsa
sixfold rather than a fourfold or fivefold radial symmetry. The base-plate of T-even
coliphages, with rts SIX Prns usually_shows onh( three in Brore rn an electron
e rah a similar staeof affairs: Thus, with the tail probably having a sixfold
radra s}qmmetr y, the long axis of the head to which it is attached will be the same.
when corisidered | rn conjunction with the outline of the head. perpendicular
tot e long.axis, as seen In electron micrographs, suggests a bipyramidal hexagonal
prism. 1t"is to'be noted that the T-even coliphage”head was thought to bg this
shape for what were basically the same reasons,” but facets visible on electron

%o

Fig. 1. Dragram of Bacillus ha e GA1 srde view;
(6) view down axis o ta x3500

mrcrographs showed the assumption tq be incorrect SBradIey, 19656). No facets
can bé seen here, but the head utIrne IS Quite drffere tfo that of the T-even coli-
phages, which are much fatter—L.e, they havea artgerwrdth ength ratio. Itseems
not unhkely that Bacillus pharqe GA-L, wrt itsmo es en er app arance, s ows the
true outlne of a bipyramidal’ hexagonal prism. The Staphylococcus phage 5
((jBradIe - 19633) has a similarly shaped head. Unfortunately it rsIrkeI to ever
ifficult to demonstrate a bipyramidal hexagonal grrsm conc usrvey rn he eIectron
mrcroscope These rnterpretatrons are illustrated diagrammatically r%
Bacr s Pr)hage GF-2 is described here because it agam rarses the rﬂuestrono ead
s a e. es with heads more than 400 A in sizE seem to_prefer the octahedral
tou tere are exceptions.. One of these (SPS), secrfrcto Bacrllussubtrlrs
was descriped b y Davison, (1963): it resembles Bacillus phage GF-2 though the tail
IS much shorter; convincing evrdence S Shown to. indicate that SP8 s an Icose:
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liedron. A similar isolate (SPSOQ wasdescrrbedb Eiserling &Boy de la Tour (1965),
who stated that this phagehad IS alsq prob bI anrosahe ron though thelr
mrcro%ra ssug est that an octahedron 1S more likely. However, the tail plate of
SP50 has five distinct pins, which also appears to be the case with SP8. Thus, inthe
case of SP8 the symmetry rule is obe%ed and there is no reason to sup ose that
SP50 is an exception. With Bacillus phage GF-2, there are no tail prns actas a
gurde 0 head shape, but from PI. 3, fig."20, and the two precedents it also seems
Ikely to have an icosahedral head. . From these observations it IS important fo note
that"an electron micrograph of an jcosahedral body can often appear very like one
%Gas% octahedral body; Care needs to be taken“in the interpretation "(Bradley,

These Bacillus lohages are thus further examples of virions which conform to the
symmetry rule.. It 1S becomrng increasingly necessary to esfablish the extent to
which this rule is obeyed since the validity of various recent impartant interpreta-
tions of the T-even coliphage head shape may deEend upon it (Bradley, 19656;
Moody, 1965; Boy de la Tolr & Kellenberger,” 1
Bacrllus krIIer artrcles There have been’several reports of the rsoIatron of krIIer
artrces from srarns of Bacillus subtilis and B. licheniformis, MOSt nota g g
eaman et al, {1964 ) and Stickler, Tucker & Kay. (1965). These authors reporte
that. the artrc es were onllg obtained after rnduc ron of the_host strain with mito-
mycin C n wrt hydroge peroxrde respectrvey The particle GA-2, on the other
hand, was re easedso taneously from both these species under normal growth
conditions. Perhaps ecause of rts unusual appearance,_the GA-2 morphological
form was studied in 8reatest detail by the above authors. The electron mrcrogra hs
of Stickler et al. (1965) give an oppartunity for comparison, and the only. real
differences apgear 0 be inthe length of the tatl, and hence the number of striations.
According to. Stick| eretal (1965) ereweresrxtarlfrbres but, fromtheobservatrons
grven here five would ap ear more li eLy fthe s mmetr¥ rule holds, this would
onveniently fit the fivefold axis of an icosahedral head, a orm favoured by, small
viral capsids. The tail capsomeres are partrcularly rnterestrng They appear crrcular
in some places (PL 2, fig. 10, arrowed), indicating that the%/ are tupular. The results
of acridine orange staining (Bradley, 1965¢) suggest that the head contains double-
stranded DNA like the other killerparticles méntioned.
Acetobacter phage AA-1. [T 1S difficult to obtarn electron mrcrographs which
?arlg/ dem% nstrate the shape of thr? hage but again, assumrng e symmet
roba Ie form can be deduced from etar earp earanc ofthr eor o
prongs stron ly indicates a fourfold radial symmetry, which would make the head
octa edraI he number of visible prongs would depen uRon the orientation of a
ﬁugre plate having one at each cormer, Judg gfromteapparent size of the
capsomeres rn 21 23 one wotlld expect to see their arrangement
clearly, but the empty vrrron seems to have much maIIer ones It IS consrdered
that the Iarge capsonieres are real r¥ an artifact pro Uced Y the sugerposrtron of
the reqular array of smaller oneso each side_of the head: It must he remembered
In interpreting électron micrograpns of negatjve Zstarned virjons that contrast Is
produced by portigns of the Viral surface™adjacent to as well as away from the
specimen support film.
conclusion. It seems likely from the foregoing that the examination of bacterio-
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phages and similar Partu:les as they occur in naure is _I|kel¥ to %roduce’ Interestin
material for physiological, chemical and genetic studies. The Bacillus killer par-
ticles described appedr to lie somewhere Between the non-infeetive virus-like rods
of Saprospira ﬁ;_rand|s (Correll' & Lewin, 1964) and a trye temperate phage. It is
Interesting to Tist the various particles found associated with bacteria. There are
virulent phages with abjlity to multiply within the host and temperate phaqes,
many of which behave in a virulent fashion towards sensitive hosts. The killer
particles are produced from the host In the same way as temperate phages, but are
unable to act in a virulent fashion, or, in the case of GA-2, to lysogenizé a sensitive
host. The bacteriocins resemble; the killer particles in that they Cannot muIt!pIZ.
When one compares the properties of bacteriocins with those of the Killer particles
one finds such a close resemblance that it seems possible that many if not all of
those so far discovered are defective E_hages. This is contrary to the views expressed
by Jacob & Wollman in 1959, but killér particles had not at that time been dis-
covered. Further evidence to sy gort this has.been provided bg Sandoval, Reilly

Tandler &196??,_wh0 showeg that colicin 151 probablz_aknl [ é)&artlcle. Finally
there are the noni-infective rods of Sanrospwa grandm, again released spontaneously
like Bacillys killer particle GA-2. Each of the membérs in this list. is linked in
some physiological characteristic and the continued study of their interrelation-
Ships mag 0proy|de Information on the question of the origin of bacteriophages
and hence of viruses in general.

The author would like to thank Drs T. Gibson and R. Whittenbury (Edinbu[r)gh
Umversﬂg Department of Agriculture) for identifying the bacteria used, and Drs
D. J. Stickler, R. G, Tucker and D. Kay (Oxford University) and Drs.F, A, Eiser-
Ilng and E. Boy de la Tour f_Gen_eva University) for kindly providing information
and manuscripts before publication. The author is also particularly grateful to
Miss C. A. Dewar for indispensable technical assistance.

REFERENCES

Adams, M. H. ?:19592). BacterioRha?.es. New York and London; Interscience Publishers.

Anderson, T. F. % 60). On the fine structure of the temperate bacteriophages Pi, P2
and P22. Proc. Ear. Reg. Cmif. electron M|crosco%, Delft, 2, 1008.

Boy de laTour,E. & Kellenberger, E. (1965). Aberrant forms of T-even phage head.
\ylrology (in the Press).

Bradley, D. E. &1963&1 . The structure of some Staphylococcus and Pseudomonas phages.
J. Ultrastruct. Res. 8, 552, _ o

Bradley, D. E. (19636). The structure of coliphages. J. gen. Microbiol. 31, 435. .

B radle%, D. E. (1964). The structure of some bacteriophages associated with male strains
of Escherichia coli. J. gen. Microbiol. 35, 471. _

Bradley, D. E. (1965a). The mo&phol_ogy and ph ,smlogg cf bacteriophages as revealed
by the electron microscope. J. R. microsc. Soc. (ym the Press!.

Bradley, D. E. (19656). The structure of the head, collar and base-plate of ‘T-even’
type bacteriophages. J. gen_. Microbiol. 38, 395. o -

Bradley, D. E. (1965(:5. taining of bacteriophage nucleic acids with acridine orange.
Nature, Land. 205, 1230

Bradley, D. E. & Franklin,
configuration of spores of the

Bradley, D. E. & Kay, D. (19
biol. 23, 553

J. G (1958_?. Electron microscope survey of the surface
qunus Bacillus. J. Bact. 76, 618. _
0). The fine structure of bacteriophages. J. gen. Micro-



Journal of General Microbiology, Vol. 41, No. 2 Plate 1

g
g,
i N

D. E. BRADLEY (Facing p . 240)




Plate 2

Journal of General Microbiology, Vol. 41, No ©

BRADLEY

E

D



Journal of General Microbiology, Vol. 41, No. 2 Plate 3

D. E. BRADLEY




Some new bacteriophages 241

Brenker, S. & Horne, R, W. (1 afive staining method for high resolution
c electron mmroscoEy of viruses. %Soélnm rbg h AC g !
otrect.

4. Rod- s%lg ed rlbonucleo rotein particles from
Sosnira,Can . Wiertiol: 6 p PO e
Davison, P. F. (1963). The structure ofbacterlo hage SP 3. Virology, 21, 146.

Eiserung,F. A. &Bo de apsomeres and othet structures observed
on somge bacterlophages Ba%oo Ia !\fllcroﬁlol 2% 175.

Jacob, F. & Wollman, E.-L. (1959). Colicins and other bacteriocins. In Bacteriophages
by M. H. Adams. London and New York: Interscience Publishers.

Matthews, M. A. & Bradley, D. E. (1964). Prelimin serv $,0n two..new
bacteri ha es from Pseudomonas and Serratla |£I’0C %I’ ﬁ éonf elec'}ronﬁ/hcro-
S¢O Fq B\ﬁ ?

Moody, M Q%S [010QY (in the Press). . _ _

Sandoval, H illy & Tandler, B. (1965). Colicin 15: possibly a defective
bacterlo h%ge Nzﬁure Lan 205, 522.
ahemst army, - &Marmur, J. (1964). Inducible phages of Bacillus subilis. Bio-

Stickle [5 . G. & Kay, D. (1965). Bacteriopha articles released
from éacﬂlus SUth|ISa fter induction with %ydrogen peromﬁe g§/I Odjy, 26, 142.

EXPLANATION OF PLATES

_ Plate 1
Figs. 1-5. Phage GA-1, x 333,000.
Fig. 6. Phage GA-1 particles adsorbed to debris, x 333,000.
Fig. 7. Empty head and part of tail core of killer particle GA-2, x 333,000.
Fig. 8. Intact Killer particle GA-2, x 333,000.

Plate 2

Fig. 9. Killer particle GA-2 showing partly empty head with hexagonal outline, x 333,000.
Fig. 10. Headless tail of GA-2 showing tail capsomeres, x 333,000.

Figs. 11-13. GA-2 killer particles with contracted tail sheaths, x 333,000.

Fig. 14. Headless GA-2 particle with double washer, x 333,000.

Fig. 15. Sheathless GA-2 particle showing core and double washer, x 333,000.

Fig. 16. Another morphological type of killer particle, x 333,000.

Plate 3

Fig. 17. Intact GF-2 virion, x 200,000.

Fig. 18. GF-2 with fully contracted sheath, x 200,000.

Fig. 19. Partly contracted GF-2 sheath, x 333,000.

Fig. 20. GF-2 head showing numerous facets, x 200,000.

Fig. 21. Intact virions of phage AA-1, x 110,000.

Fig. 22. Phage AA-1 virions showing head capsomeres, x 220,000.
Fig. 23. Virion of phage AA-1 showing three-pronged tail, x 380,000.
Fig. 24. Empty virion of AA-1 with two-pronged tail, x 333,000.
Fig. 25. Empty virions of AA-1, x 333,000.

Fig. 26. Particle of a phage from rotten apple, x 200,000.
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INTRODUCTION

On the hasis of progressive changes in several gropertres Bisset (1950) arranged
the following genera”of Gram-positive and Gram negatrve cocei in @' supposed
phylogenetic”séries which started With sarcina, passed through micrococcus and
Staphylococeus 0 Neisseria, and terminated With veilloneita. In an attempt to
avordy relating two such distinct groups as the Gram- posrtrve and Gram -negative
bacteria, he Claimed that Nersserra and veillonella were only su er icially Gram-
negative (Bisset, 1999, 1967). In view of the marked chemical ang str uctura
differences between the cell walls of Gram-positive and Gram-negative bacteria
Salton 1960; see also Murray, 1962; Perkins, 1963) Bisset’s claim implies that the
ell wa [l OfNersserra and VerIIoneIIa would be ofthe Gram-positive type. However,
apart from ataont egresenceo lipid and aming § ?arrnthe cell walls of N eisseria
catarrhalis Saton 1963), little information Is available on the chemrcal composition
of the cell walls of Gram neﬁatrve coccl. We therefore examined some of the more
|r]nportant compaonents of cell walls isolated from veillonella parvula and six species
OT Neisseria.

METHODS

Or anisms and growth conditions. Veillopella parvula NQ. 10,790 and sarcina litea
3AL were obtained from the American Type Culture Collection. eisseria
anrmalrs no. 0212 N. catarrhalrs no. 3622 N. caviae NO, 10293 N. flavescens NO.
. N. pharyngis NO. 4591, N pharyngis-flavus N0, 4590, Staph lococcys sapro-
hytrcus no, [ Han Mrcrococcus Iysodeikticus NO. 2665 Were obtarned from the
National CoIIectron of Eype Cultures (CoIrndaIe London) Escherichia coli c1 30
was_obtained from Dr Stocker and €. coli 173-25, auxotrophic for y:-
or DL-iaminopimelic acid (Davrs 1952; Hoare & Work, 1955), from Dr J. Leder-
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berg. The bacteriawere storedas Iyophilized cultures (Annear. 1962) and maintained
on meat infusion aqar Mackie and McCartney’s Handbook, 1960) supplemented,
where necessary, h 10% (vIv) defibrinated orse blood or diaminapimelie acid

\fe%l oneUa {)arvula Was grown anaeropically (MclIntosh and Fildes jar) at 37° for
hr in 100 ml. batchies of a modification of the medium of Rogosa (1956)
whrch contained per litre: Try EE)trcase FBaItrmore Biological Laborgtory Inc.),
yeast extract (Baltimore Biological Lab oratorn nc.), 5g.;_sodium’ lactate
. Al other bacteria were grown at 37° f i 400m batches of
eat rnfu lon broth (su plemente with 10%_(v/v) horse serum for Nelsseria
animalis, N. E ngis an N. fa ngis-fiavus] in "L Erlenmeyer flasks on a
reciprocal sh a er antorowrcz
ISolation of cell walls, Bacteria were harvested in a refrigerated cenerrfuge and
washed three times with cold distilled water. Portions (5-10¢.) of packed wet
bacteria and 10-25 g. glass heads (Ballotini no. 12% were placed in'the capsule of a
cell disintegrator (Nossal, 1953) and shaken for three 1 min. periods, the capsule
being cooled in ice-water between uns.. Phase-contras: microscopy showed that
almast all the bacteria were broken by this treatment. The capsule Was washed out
with 50 ml. cold distilled water and the supernatant flui decanted after the glass
beads had settled. The beads were washeq three times with distilled water and the
combined washrngs centrifuged at 2000g for 20 min. to remove unbroken bacteria,
steeI articles and other debris. The supernatant fluid was centrrfuged at 20,0009
for 15 min. and the deposited cell walls washed three times with distilled water,
frozen and drred in vacuo over p o5,
Preé)aratron 0fmuco eptrdefractron The muco e trde fractron of the cell wall was
rso lated by amodrfrc tion of the method of Schecher, Bayley & Watson (1962)
r%/op ilizéd ce wa ls were suspended i 20% (wfv) sodiurn, dodecy! sulphate and
cubate at for 8hr with gentle shaking. The suspension was centrifuged at
o 30 min., and. the deposited mucapeptide fraction freed from sodium
o ecyl sulphate Iywashrn%wrth drstrIIed water at least five times; the fraction was
then frozen and dried in vatuo over P2)

Analytrcal methods

Sodium docecyl sul hate was estimated spectrophotometncally by the method of
Graham &Whr ney (1959).

Paper ch romatogr ghy Was used to determrne the amrno acids and amine sugars
present in acrdh drol yse ce walls and mucopegotre fractions. ydroI SIS Was
done In sealed tubes with 6 n-HCI at 10 hr: sy seouent y-the HCL was
removed in vacuo over solid NaOH and Ps at 37°, and the dried residue dissolved
In drstrIIed Water. Srnﬁle -dimensional descendrng chromatogra h;f on Whatman
n0.4paperwas donewrt thefoIIowrngso ventsyst ms: (A) w-butanal + aceticacid +
water 2 3+5 t%) +£¥N idine+ water + acetic acid (60+40 +
30+3 vo Prrmosr |zer Maass ere 191 () methanol + water +

rr ine g 75+ 2-5+ 10 uan Work Denman &
Hoare Two di ensronal ascendrngc omatograB y was done on Whatman
no, 1 Pager ‘with methanol+ water + prrr ine 4, by vol.) as the first
solvent and feri.-butanol+methylethylketone water+drethy|amrne (40+40+
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20 +4, by vol.) as the second solvent (Redfield, 1953). Amino acids and aming sugars
were detected Dy spraying with ninhydrin 40-2%, wiv, In acetone) and heating ‘at
100° for min. Amino Sugars were corifirmed with a modified Elson-Morgan reagent
(Smith, 1958) and alkalirie silver nitrate (Smith, 1958). ,
|somers of diaminopimelic acid were identified by chromatography in solvent C
(Rhuland et al. 1955), and by the 8_rowth response Of Escherichia coli'173-25 to the
lamino Amellc acid containéd in discs cut from unstained strips of chromatograms
eveloped with solvent A, , _
Tot?l lipid was determln%d bY ether extraction of cell-wall preparations after
hydrolysis in 6 n-HCI for 4 hr at 100° (Salton, 1953).

RESULTS

In addition to the cell walls of the seven species of Gram-negative cocci, we also
examined, for reference purposes, the cell walls of three species of Gram-positive
cocci and a typical Gram-negative bacterium. , - _

The mucopeptide content Tor each of the eleven species of bacteria is shown in
Table L The walls of the six species of Neisseria ?ave an avera?e mucopeptide yield
of 6-9%; a value very close to that obtained Tor the Escherichia coli c1 30 In
comparison, Veillonelfa parvula cell walls contained 24-5% mucopeptide, that s
about 35 times more than the other Gram-negative bacteria; nevertheless, this
corresponded to_only about one-third of the amount found n the three Gram-
positive coccl. (The estimate of 24-5% mucopeptide in cell walls of V. parvula was
obtained k}y pooling the results of two mdePen ent exgerlments which gave 23-1%
and 26-4% muco‘c_)lepnde, respectively: a total .of 148-4 mg. dry weight cell wall
were analysed.) However, there are”two possible sources. of érror jn the deter-
mination 0f the proportion of mucopeptide in the cell wall : i) adsorption of sodium
god_ec IsuIPhate on to the muc?pep_ude (P_utnagl, 1949); ||% loss of muco eﬁgtldf

uring the repeated was mtl]s folfowing sodium dodecyl Sulphate treatment of cell
walls.” Examination of celf walls of Micrococcus lysodeikticus following sodium
dodecyl sulphate treatment and subsequent washings revealed no detectahle (less
than 0-5%) bound sodium dodecyl sulpnate; on the other hand, an incubation and
washing régime equivalent to that used for the isolation of mucopegtlde but, with
the sodium’ dodecyl, sullphate omitted. resulted in losses of up to 15% of cell-wall
reparations of Neisseria animalis, N. caviae and StathIococcus saprophyticus.
hus, because of osses during Washln% our gstimates for the proportion of muco-
peEtlde in cell walls are probably less than the true values, _

_hromatogr_a hy of acid hydrolysates of cell walls of Veillonella parvula, the six
Neisseria species and of Es¢herichia coli showeq the following amino acids and
aming sugars: d|am|nQP]|meI|c,aC|d, arginine, I)i_sme, aSIpa[tIC aciq, glutamlc_ acid,
nistiding Strace_%, glycine, serine, alanine, Rro Ing, tyrosine, valing, methionine
trace), 1soleucing, Teucine, phenylalanine, threonine, “muramic acid, glucosamine
see Table 1). Cell walls.of V. parvula also contained an unidentified ninhyarin-
reacting _constituent; this material, [ike diaminopimelic acid, was nat dlways
obvious in, chromatograms of cell-wall hydrolysates because of its relatively low
concentratdon Th% ucopegtlde |solat§d from cell walls of the six Neisserja
species and of Escherichia coli contained diaminopimelic acid, alanine, glutamic
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acid, muramic acid and glucosamine as principal components (see Table 1); all
other amino acids were either absent or present_onlx in trace amounts. In addition
to the_amino acids and amino sugars found in the mucopeptide of E, coli_and
the neisserias, V. parvula also coritained the previously mentioned unidentified
ninhydrin-reacting component now present in relatively high concentration. The
unkriown component formed a smﬁle spot n single-dimenisional chromatograms, but
In the two-dimensional system, although it remained as a single spot at the origin
after development with the first solvent, two sP]ots (RF values 0-05 and 0TS,
res&ecﬂvely) were observed with the second solvent. _

 expected, treatment with sodium dodecHI sulphate produced no obvigus
qualitative changes in the composition of the cell walls of the three Gram-pasitive
cocel. The principal components detected in the cell walls of these three cqccl were
lysine, glutamic acid, alanine, muramic a(fld and gluccsaming; the walls of_Staphg-
lococeus: saprophyticus and Micrococcus Tysodeikticus also contained glycine '(sée
Tﬁt%l% %), and there were trace amounts Of serine and phenylalanine iri'S. sapro-

ICuS,
d yrhe diaminapimelic acid from_ Veillonella parvula and all six Neisseria species
showed an RF value corresponding to the diI or dd ISomers in c_hromatograms
developed with solvent C and permitted the %rowth of Escherichia coli 173-25.
Thls_lndlca_teddthe presence of the d1 isomer in the walls of all seven Gram-negative
cocci examined. _ . _ _

All Tour species of Gram-negative cocci examined contained considerable amounts
of lipid (Table 1%: Neisseria caviae and Velllonellai)ar_vula cell walls contained about
twice the amount present in cell walls of Escherichia coli and the other two neis-
serias. No lipid was detected in the cell walls of Staphylococcus saprophyticus.

DISCUSSION

In general, the cell walls of Gram-positive bacteria are characterized by a high
proportion of mucopeﬁtlde, the presence of a few amino acids, and a fow lipid
content: m addition, the majority of such members of the family Micrococcaceae
as have been examined contain I?/sme (and no dlamlno(glm%hc acid) ﬁnd Gglycme N
principal components of the cell-wall mucopeptide. On the other hand, the el
walls of Gram-negative hacteria contain a small amount of mu,copeBtlde, a wide
range of amino acids, and a substantial amount of I|P|d gsee Salton, 1960: Perkins,

963). In_respect of the foregoing,criteria, our results for Escherichia colj and the
threg species of Gram-positive cocCi examined aﬁqree with previously published data,
except that we were unable to detect E'l cine In the mucopeptide of the Sarcina litea
Weidel, Frank & Martin, 1960; Perkins, 1963). Further, the cell walls of the six

BiSsera sgeues In so far as we have examined them, show no aﬁlth with the
cell walls of the Gram-positive coccl, but closely resemble those of the Gram-
negative bacteria as tgpgle by E. coli (see Table 1{. Velllonellﬂpar\flgeﬁdﬁfered
on?y In having a somewhat |qv_her mucopeptide content, but still well below that
commonly fotind #n Gram-posrtive ccgl. . o .

The cell walls of Gram-positive and Gram-negative bacteria are just as distinctive
structurally as they are chemically. In thin Section, the former exhibit a homo-
geneous outer layer adhering to the plasma membrane (see Glauert, 1962; Murray,

I G. Microb. xi.i
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1962); on the other hand Gram-ne?atwe bacteria, including species of Neisseria and
Veillonella, showacorru?ated tng -Iag/ered membrane overlying what seems to be
the rigid layer of the wall (Murray, 1963; Murray, Reyn & Bircn-Andersen, 1963;
Bladen & Mergenhagien, 1964). As a result of the differences in structural organi-
zation of the cell walls, the strface of Gram-positive bacteria appears smogth and
that_ofGram-_negatlve bacteria markedly rugose (Zwillenberg, 1949); the Veillonella
species examined b BIaden&Mer_genha?en (1964) showed " rugose surface.

A prominent feature of the sections of the Veillonella examined by Bladen &
Mergenhagen (1964) was the unusually thick (70A) ‘solid membrane’ lying between
the Quter“triple-layered membrane and the plasma membrape. If this middle
membrane_Is the r|?|d mucopeptide layer, as suggested by Bladen & Mergenhagen,
then our finding of at least 25% mucopeptide 1 Veillcnella cell walls jS not Sur-

rising.. In view of the compara_tlvel(){ |ower mucoRepnde content of walls of all six

eISSEria Species a Cores ondm? fecrease in the thickness of the rigid layer
would be expected. In fact, the Tigid layer in Neisseria appears to be 20-30A"In
thickness (Dr R. G. E. Murray, Personal commumc?uon o

Thus the previously demonstrated structural relationship between the genera
Veillonella, and Neisseria and other Gram-negative bacteria is complemented Dy the
chemical data ghbtained in the present work. This relationship is sty ngthene_d bﬁ/ the
close affinity of the genus Neisseriatg the rod-shaped Gram-negative bacteria shown
inthe numerical taxonomic survey of Sneath & Cowan (1958). Collectively, these ob-
servations would appear to refute Bisset’s proposal for the Gerivation of'the Gram-
negative cocci from their Gram-Eo,smve counterParts (Bisset, 1959, 1962). Indleed,
Veillonella, with arelatively thick rigid layer and the ability under certain condjtions
to divest ifself of its outey tn(%le-la ered” membrane and So structurally mimic the
Gram-positive cocel (Bladen & Mergenhagen, 1964), could represent a'transitional
stage in the_development of the typically Gram-positive cocci from the typically
Gram-negative coccl. Alternatively, hegrossmorphologmal resemblance between the
Gram-negative and Gram-positivé coccrcould be the résult of convergent evolution
rather than direct derivation.
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INTRODUCTION

In previous papers the immobilization antigens of Paramecium were located by
the use of fluorescent-labelled specific antibodies for examination under yltraviolét
radiation (Coons, 1956). In the first application of this fluorescence technique to
Paramecrum antrgens Beale & Kacser, 1957), whole paramecia, both living and
ixed, were treated with fluorescein-abelled antisera, and the immopilization
antigens were shown to be present on the rr])ellrcle and cilia, with the exception,of the
?ulletarea Later (fBeaIe Mott, 1962% e.interior of Paramecium was sfudied b
reafing sections of Yixed organisms with antibody con Jugated with either quorescern
or rhodamine. Fluorescence was observed on péllicle and cilia, and in the internal
cytoplasm with the exception of the macronucleus. By pre-treating the sections
with' heterologous non-fluorescent antiserum, no fluorescence was observed in the
cytoplasm, and fluorescence occurred only on the pellicle and cilia of homologous
or?anrsms It was concluded that the imimobilization antigens are Jocated on’the
P licle and cilig, an Ca Pthat the internal c%/lo |asmic antr ensare reIatrveI nvariant
N paramecia of different immobilizatio tr enic typ Trans ormatro from one
ant] enrctyPeto another by change of temperature 0 served by using the tech nroue
of double” fabelling with” fluorescein-(rHodamine-labelled antisera, showed the
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‘new’ antigen_to appear initially on the pellicle and subsequentlyf on the cilia.
H|gher_maqn|f|cat|pns were necessary, however, to study the exact location of the
Immobilization antigen and other details of the membranés on which the antigen was
thought to be lccatéd, This present report, therefore, covers the use of the &lectron
mlcroscoPe_ and ferritin, @ molecule with an electron-dense core of iron surrounded
by a protein shell, as the antibody level (Singer, 1359).

METHODS

The general methods used were those published by Beale & Mott (1962).

Stocks and serotypes of Paramecium aurelia. Stock 16S. variety 1, serotypes G and
D, were used. T¥ e 168G is stable at 25° the 168D at temperature above 3(°.
Transformation from type 168G to type 168D was obtained as in Beale & Mott
(1962) . Samples of P]arame(:la were taken at intervals and examined for the stage of
an_tlgemc change by three methods : (i) fixed paramecia were studied with the electron
microscope and férritin labelling; (i) with the light microscope and flugrescent
Iabellm%, while at the same time, (iii), live samples were tested for immobilization
with an |fera fo the |n|HaI and fIRa| antigens. _

General cultivation tec nlgues. The paramecia were grown according to the general
methods of Sonngborn (1950), with dried lettuce leaf infusions and With Aerohacter
aewlge_nes at pH 6-8-T-4, this gave ahout 5 fissions In 24 hr, _

aintenance solution. A non-nutrient medium was used for washing the. para-
mecia; 1t consisted of 0-013M-NaCl, 0-0003M-KC1, 0-0003M-CaCl2, 0-Q041i-NaK
Rﬁ\gtstpq%tgzbuffer; pH 7. (The molarity of the CaCl2solution was in error in Beale &

Preparation of antisera. Antisera were made against whole paramecia according
to the method_of Sonneborn (1950) by Injecting nomogenates of whole organisms
Into, rabpits. The sera were incubated af 56° to inactivate complement, dialysed
agalnst Maintenance Solution and stored frozen in small samples. Antisera were
developed against antigens 168D and 168G; and a ‘heterologous ' antiserum, i.. one
Qoetﬂ rﬁ%?csttlgi%tzhxthe immobilization antigens 168D and 168G, was developed

gPre aratjon o flgjorescent |abelled antlbodg. A modification oftge metBod of_%o%{]s
& Kaplan (1950) by Marshall, Evelana. & Smith (1958) was used to label antiboay
with tluorescein; the method of Chadwick, McEntegart & Nairn (1958) was used to
|abel antibody W|th_r?odam|ne, a? IH BFE\ e & Mott ‘%9%2). _

(19AG ﬁre Iminary brief account of the following methods was published by Mott

Preparation of ferritin-labelled y_-%lobulin. The y-globulins of the antisera, were
precipitated by half-saturation With ammonjum’stlphate, the_final precipitated
globullns 0eing made up In and _dlalyfsed e;%amst Maintenance Solution, to'a final
oncentration 0f 20 m%. y-globulin/ml, Some of this globulin from each antiserum
was retained unlabelled, and the remainder labelled with ferritin. Ferritin prepara-
tions from twa sources were used.: the first Rre,ared by Dr P. M. Harrison D(E?art-
ment of Biochemistry, The University, Sheffield), was obtained from Dr R. M.
Clayton; the second \gas obtalneﬂ from Calbiochem, Los An Fles C%Ilfornla, USA,

e y-globulin by

as a preparation in CdSO04 crystallized x 6. Ferritin was coupled'to t
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using the m-xylylene di-isocyanate bifunctional coupling agent of Singer (1959) in
the improved method of Singer & Schick (19613 The ferritin-labelled globulin was
ten dra1yse agarnst Maint nance Solution and centrifuged at 10,000 fev./min. for

30 min. This gave a clear stable solution: small samples were stored frozen at —20°.
ggg loss of actrvrty of the globulin during the conjugation procedure was about

Treatment with antibody, Paramecra were %ntly centrifuged down _washed in
Maintenance Solutron and then fixed for 30 min,,“with occasional mixing, in 1%

wly) osmic acid in (- i4M veronaI acetatebutferof H 7-4: (Palade, 1952) containing

-3% sticrose (Caulfreld d The fixed or élanrsms were pre treated first with un-
labelled, heterologous (anti-192.X) serum, diluted 1 hr as with the flyor-
escence technr U, and then treated with the specrfrc ferrrtrn labelled /-globulin,
Hndrlute for 12hr The organisms were well' washed in Maintenance Solution
etween procedures.

Araldite embedding and sectioning, The paramecra were dehydrated in rncreasrn
ethanol concentratrons and embedded in"the epoxy-resin Araldite M. (Glauert
Glavert, 1958 using volatile 1- 2epoxypr%panewrth the Araldite for etter genetra
tion (Luft, 1961). ectronswere cutona rter Blum mrcrotomewrt gas knives
and were examined on grr ds with asuygortrng i of formvar and carbon.

Counterstaining the sections. Some grids werg left unstained to demonstrate ferri-
tin granules in the sections. Other sectrons were counterstained by floating the
grids, section downwargs, on a solution contarnrng riotassrum ermanganate” and
tranyl acetate, a modification of methods by Lawn ( 960% and Watson (1958). The

rics were floated for 20 min. on 2-5% (wiv) uranyl acetate In 1%f [v) potassium

ermanganate, and washed by floating on the”surface of distilled Water. The

sections were then Partl decolorized by floating, for 30 sec. only, on a dilute citric
acid solution %abou ml. 0f 5%, wiv, citric aci +30 ml. distilled water), then again
washed with distilled water.

Electron mrcroscop¥ The sections were examined in an electron microscope, usrn%
either a Philips E.M. 75 model with plate magnifications up to x 12,000, or & Siemen
Elmiskop-I model, generally with a plate magnification of x 30,000,

RESULTS
The specificity of the labelling techniques and the location of antigen

The osmic acig fixation drd not result in loss of antrgenrc activity, in agreement
with the earlier find rngs With paramecrum antr ens by Beale & Kacser (1957) and
with other antrgens bér endIove& rn?er S { Fixed whole Raramecrao fwo
drfferent sero es, 168 an 168D Were S ?ara ely treated wit ferrrtrn labelled
anti-1 bulin, afte re -freatment with heterologous unlanelled antjserum
as descrrbe in Methods A er embedding in Araldite, Sectioning and viewing the
unstained sectjons under the electron mrcroscope ferritin granules were seen o the
Pellrcle and cilia of homologous organisms (P, 1fg 1)5bu not on the non-homo-
ogous organisms. The ferrifin granUles Edra eter about OA%wereonIyseen at high
magnifications, but on counterstaining the sectrons with ura yl acetate+ potassrum
Permanganate the absorbedglobulrn of the specific antibo Xwas revealed even at
ow magnifications as a thick fuzz which covered the pellicle and cilia of homologous
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orgamsms The conjugated ferritin granules were seen within this fuzz at higher
ga | |cat|ons no comparable amount of fuzz being present on non-homologous
nisms. This, globulin’ fuzz was therefore of use in quickly scanning preParatlons
at ov%tmlag%mﬁcatmns These findings were in accordancé with those illustrated
0
T e atgsence of ferritin granules and gfobulm fuzz from the control paramecia
established the use of the technique of Territin abelllng and counterstamm for
demonstrating the presence of ant|gen and specific antibody. By examination of
many electror micrographs of the suirface of paramecia by the above techm(iues the
Immobilization anhgien was found to be gresent over thé surface of the pellicle and
cilia, W|th the exception ofthe uIIetare Here the pellicle and cilia were found. to
have no uzz or err|t|n ranul esw ent e aramecmm was treated with ferritin-
labelled antibod ¥ homologous to the |mmob| ization antigen on the rest of the
or?anlsm (Pl 1, %2 Ita pears there are no antigens other than the immobili-
zation anfigens on the surface of paramecia,, and” that these cover the entire
surface wjth the excePtmn ofthe IIet area. This agreed with the fmdm?s obtained
with the fluorescence technigue, w en paramecia treated with fluorescent antibodies
to all the gossmle antigens {|mmo ilizing anﬂgens and others) showed complete lack
of fluorescence in the gullet area (Beale” & Kacser, 1957).

Transformation experiment type G ->type D

The results of takln% samples of or?amsms at intervals and stud%m them simul-
taneously for antmienl change from type 168G to tyP 168D by the three series of
tests (ferritin labelling, fluoréscent Iabellmg |mmob| ization) are shown in Table 1

From the electron microscope study, samp e 0 5Daramema taken at the beginning
of the experiment (1.e. at ‘nil hours %rowt at 35°) showed no ferritin granules or
?Iobulm Uzz, foIIowmg treatment with ferritin-labelled anti-168 D y-globulin (PL 2,

After Prowth t 35" for only Lhr, gilobulm fuzz and ferrifin Iqranules were
|ocated_ initially at. isolated sites ot the pellicle and af the proximal ends of cilia
.2,fig. 4). Atthis stage neither the quorescencenorthe immobilization tests gave
any indicatlon of the appearance of new antigen. By examnation with the electron
miCroscope it was seen that the anUgen Sités continued to Increase on gelllcle and
cilia, and were fairly numerous aftér growth for 3hr at 35°. At this stage the
fluorescence test was just. g|vmg1 faint Indication of the appearance of the “new’
antigen (168 )on the e|ceon while the |mmob|l|zat|on tests still gave practi-
caIIX ne?atlve results. A ter %rowth for 6 hrat 35°, the electron microscope showed
sites of new anUgen ormation on pellicle and cilia the fluorescence tech-

niq ue showeda airly str ngyfuorescent ellicle an dfamtlg |uorescent cilia, and
thelmmob| ization tests now Showed a very shight effect (PI. 3, fig, 5). An organism
examined under th eeIectron mlcrosco e dfter/hr at 3 showedt at the antigen
168D was d|str|but omogeneous hy over the Relhcle but on hy at 1solated sites on (])
the cilia (P 3 | 0). Atthi sta?et e fluorescence technique sfiowed a very strongly
f uorescent |c e and faintly ffuorescent cilia, and the immobilization tests began
to sh ow some e|n|te eﬁect At the final stage (18-24 hr), the fuzz and ferritin
granu €S Were seen g electron mu:roscogyn to, occur homogeneous y over the entire
urface of pellicle and cilia, giving the same picture as seer previously with a com-
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pletely homologzous organism. Both the fluorescence and immobilization tests also
showed complete_change to the ‘new’ antigenic types. _

The counterstaining of absqrbed globulin’proved very useful in the study of trans-
formation of the an |(11_ens, for when transforming drganisms were treated with
ferrltln-contljugated_ antibody to the ‘new’ antigen bemg formed, the successive
stages could e quickly scanned for the first, aPpearance f the globulin fuzz. This
was especially so In_the earl¥ stages, when ittle specific antigen”had been formed,
for the faint globulin fuzz of the antigen antibody reaction Was easier to pick up
than a few sparsely separated ferritin granules.

Table 1 Staqes during transformation of Paramecium aurelia from antigenic type
G to type 168D by growth at 35°, showing comparisons of the results by the thiree
methods Used for detecting antigen

Effect of antisera (dii. 1/50)

on live organisms Fluorescence following

, . A treatment with Ferritin granules and globulin fuzz
Time of ~ Anti-168G ,Ant|-+68D fluorescein-labelled following treatment with ferritin-
garowtp |mmo?,|||zat|on immobilization ant|-168R serum labelled anti-168D y-globulin
Ime Ime . . . »
Stage (hr) (min.) (mrpn.) Pellicle Cilia Pellicle Cilia
0 0 4 Unaffected Nil Nil Nil Nil
1 1-2 4 Unaffected Nil Nil { Granules and  Granules and
fuzzatafew  fuzzatafew
_ , isolated sites Isolated sites
2 3-5 4 R { Faint Nil Sites more Sites becoming
green , numeroiLS more numerous
3 6 5 R Green Faint Sites verb/ Sites becoming
green numeroUs MOre NUMErous
4 7-8 *7 R Green Green Granulesand  Sites becomin
fuzz cover MOre nUMerous
ent|r? surface .
5 9 15 50 Green Green Granules an Sites vera/
fuzz cover numerods
enter surface
6 18-20  Unaffected 4 Green Green Granules an Granules and
fuzz cover fuzz cover

entire surface

entire surface

R indicates retarded but not completely immobilized after 2 hr in serum; * indicates first definite detection of
change of antigen by each method.

A preliminary experiment was dong by treatin

?

paremecia in the process of trans-

formation fromi 168G to 168D with ferfitin-labelled antibody to the antigen 168G

Initially present, After
168G was
Present 0
Imes of
Indicating that

Since the ferritin Iabellmg

?tl” distri
at sma

h

ute? fairly

P ﬁ Isolated Z| g
Ve orgam_sms were much the sam
fair amount of each antigen was present on the cilia

rowth for 9hr at 3
homo%%neousl
tes on'the

ellicle. A
e in antisera to eac

\;

5°, the results indicated that antigen
over

surface of the cilia, lf_ut was
IS Stage tRe m]no ilization
ol_t e antigens,

Attempts to identify intracellular antigens

and counterstaining p

sensitive technique, It was hoped to_use It to examine t

roved to be a s
he Interior of the paramecia

pecific and

for the presence of immobilizing antigens. 1t has been shown by earlier experiments
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W|th whole aramecia, b usmg the fluorescence technique (Beale & Kacser 19572
that antibody does nat penetrate the cell-wall.” All attempts to label Araldite e
tions of arameua with ferrtttn IabeIIed anttbody failed, ferritin being dePosned
over the enttre surface, as oun with methacrylate secttonsb Baxandall, Perl
mann &Afzelius (/1962 Embedd mg the paramema In the water- squbIe Rolye oxide
Durcypan (X 1332097), according to Staubli (1960) and Leduc & Bernnard (1962),
was also unsuccessful: again the Territin was deposned non-specifically on the sec-
tions, as with Araldite.

DISCUSSION

The fine structure of the paramecium was found to he very well preserved in
Araldite for electron microscope studies espeuallt( the outer membranes, & Pre
viously noted hy Stewart & Muir (0‘1963) since there was little polymerization
damage on hardening SGIauert & Glauert, 1959) Counterstatnmg of the sections
with (Iran Iacetate+p tassjum permanganate was necessary how&ver, to bring out
the fine etail of the membranes, etc., ecause of the low contrast of embedded
material in Araldite. The naure of the membranes and the general ultrastructure of
the_paramecium, as well as the position of the ferritin- and globulin-labe.ling of the
antigen on the membranes, are of Importange in the discussion of the possible
nature of the, molecular transfer in the formation of the immobilization antigen.

The foIIowmtr; details of the qeneral ultrastructure of the aramecium were noted.
T e ciliary ‘co uscle |nthe erminology of Ehret& Powers §1959| consists of the
cilium, artsmﬂ rom the Kinetosome, from the centre ofthe pit of tire circumciliary
space, the wafls of which enclose the’ Behbasal space (PI. 2, fi g 3). The parasomal sac
opens into, the cwcumcmary space ( ). These ciliary corpuscles alternate
with the trich ocP{sts and the various structures Under the electron mlcrosco e make
ugt echaracte Stic stlver- Imesystem oflig htmtcrosco g (Pitelka, 196 g  Cr0ss-

ctions of the cilia show the usual arrangementso nine double peripheral fibils and
two single central fibrils, with the nine’secondary fibrils sometimes also visible,

The outer membranes of the paramecium con3|sted of two distinct membranes as
previously noted (Stewart & Muir, 1963; Mott 963? the outermost pellicular
membrane being continuous over the entire surface of pellicle and cilia, and the
mner perlbasal membrane forming a conttnuous Imtng around the peribasal space

f% 3). Over the peribasal space these two meémbranes were separated by
va 0>/|ng |stances the two together generally making.a double membrane about

A Wide, (i these membranes Were seen to consist of the classic unit mem-
rane the *3-ply’ sheet (Robertson, 1960) about 75 A wide made up of two dark-
statntng outer Ia};ers each about 25 Athick seé)arated by a clear layer about 25 A
wide, thiese membranes being considered to be a bimolccdlar leaflet of lipid covered
on hoth sides by layers of protein (Stoeckenius, 1962). Ndpores were seen In these
membranes, but there was freguent overlap of the membrane layers. Below the
gertbasal membrane, a dark-staining thick homogeneaus layer of membrane was
een% 3), about 100 A wide, and noted previously by Pitelka (196r)
etra ymena this appeared to be continuous with the septum across the base of the

cilla
The studies with ferritin Iabellmg presented here confirm grewous indicatjons that
the immobilization antigen is situated on the surface of the pellicle and cilia of the
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paramecium. . From the transformation experiment, it was found that antigen
appeared initially at isolated sites on pellicle and proximal ends of cilia, the number
of sites gradually increasing until the antigen completely covered first the pellicle
and |ater the cilia. CompariSon ofthe three Goncurrent tests showed that the ferritin-
labelling technique was much more sensitive than the fluorescent-labelling tech-
nigue, both being more sensitive than the immobilization test which only Teveals
ciliary antigen and then onIY_ when present in fairly large amount, Sta?es of trans-
formétion with ferritin labelling were examined to See whether the ferritin granules,
Indicating ‘new’ antigen formation, bore any relationship to particular surface
structureS. No eviderice was found of flow. of antigen along the surface from any
particular Pomt of emergence, such as possible porgs in the membranes, No pores
Were seen, thou hfre%uen,tlyafoldmgwas noted (P|. 2 fig. 3); however, the appear-
ance offerrltl_n%ganul s dia'not particylarly coincide with any of these folds. "Ferri-
tin granules, n the transformation stuies, were not seen to ePartmularIyas,soma-
ted With the openings of the parasomal sac, when seen in several sections, for in the
area of the sac q_enerall , nor glid there appear to be any flow of antigen, from this
area, It was noticed on examining the micrographs that the density of individual
ferritin granules and their distanCe from the"pellicular membrane vaned_a(r_eatly.
This was also noted in the micrographs of ferritin Iabellln%_b}é Morgan, Rifkind ‘&
Rose g1962). Both these observatfons could be due to the thickness of the sections,
and the fact that the membrane was not perpendicular to the plane of section,
articularly when there was a protuberance of the surface, as often occurs on cilia
EE_I. 1, fig. 1), Also, the ferritin granules were seldom very close to the membranes;
this was possibly due to the fact that the ferritin label might be situated on the
globulin at a distance from the active site which combined with the antigen. The
varying distances might then be due to the antibody molecule either being attached
to antigen by both terminal active sites, or opening’out and attaching to antigen by
only ofie end (Lafferty & Oertelis, 1963: Feinstei & Rowe, 1965). .

t the degree of sensitivity of the fluorescent Iabellln(%_method it was shown
Prev_lously (Beale & Mott, 1962) that the immobilization an |8e,n Was not present in
he interior cytoplasm of the organism. However, this method 1S not so sensitive as
ferritin Iabelll_n%sothat It IS possible that extremely small amounts of antigen in the
cytoplasm might be undetected by the fluorescerice technigue. The presence of a
small number 0f antigen molecules’in the internal c¥t0 |asm has therefore not been
disproved and thus the immobilization antlgen mighit be formed either inthe internal
cytoplasm or on the surface membranes. I the antigen is formed in the cytoplasm,
antl_?en molecules would then have to pass to the exterior of the paramecium. ‘Hie
BUYI led spluble immobilization antlgens_ have been studied in some detail and have
een subgected to various immunologjcal, chromatographlc and_electrophoretic
tests. The antigens are proteins of molecular welgiht bout 250,000 (Preer, 1959:
Bishop, 1961).” It would ,apﬂear that the immobilization antigens might be syn-
thesized on the ribosomes in'the cytoplasm, where they could exist as formed anthen
molecules, not necessarily very many. at any. one time, and as such pass out of the
cell. These ribosomes might be associated with the membranes of the endoplasmic
reticylum gPaIade, 19562 which are known to be sites of active synthesis, Ribosomes
are also present on the ytoPIasmlc side of external cell membranes and the antlg%en
could thus be formed cldse to the cell surface. If the antigen itself is formed on the
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ribosomes, internal ferritin labelling might show antigen associated with polyribo-
somes made UP of a definite number of ribosomes, since various classes of polysomes
appear to synthesize similar polypeptice chains as shown in specialized cells Such as
reUcqucges, making a single protein (Marks, Burka, Rifkind &Danon, 1963; Rich,

Warner & Goodman, 1963). The alternative to the antigen being synthesized within
the cell and movmg outside it, is that the information only, as'messenger RNA

Passes from the gerle to the external membrangs and the antigen is. synthesized
here. There is the Rossmnny that this RNA could take the form 0f an infermediate
particle located inthe ¢ oRIasm, similar to the me_ta%ons In the killer system in para-
mecium (Gibson & Beale, 96321. The fibrils, both in'the ciliaand in the,céytoglasmlc
network, are also_known to have enzymic activity (Nelson, 1959); Pitélka (1963)
sugqested they might transmit information or_messen%er substances, These systems
would necessitate” either the antigen protein or the RNA, both molectles of
molecular weight about 200,000, moving to the exterior of the cell. From the study
ofthe ultrastructure, it appears this Bassage m|%ht be possible, not throu?h openings
such as pores or the parasomal sac, but through the membranes themselves. If the
membranes were static sructural entities, there would seem to be several mechani-
cal barriers to a large molecule passing to the exterior, Three *3-ply *membranes and
the | rge peribasal Space separate most of the cytoplas fr?m the extgrlor, as well as
the gerse homogeneous layer or membrane mentioned earlier. This dense I,aKer also
appears to be continuous with the septum across the base of the cilium, which would
appear to be a barrier from the %eneral cytoplasm to the interior of the cilia, It s
well known, however, that memfranes contain enzymes and that there is a flow of
molecules through cell surfaces in metabolism. It'is thought that the cell mem-
branes are impérmeable to a great many substances unléss metabolized by the
enzymes in and behind the membranes SMltcheII_&_Mogle 1959?\. This membrane-
selective chemical mechanism of Davson & Danielli (1952) mignt account for the
passage of |arge molecules, such as antigen or RNA. through the membranes to the
exterior, wheras other molecules, such as the %Iobulln ofthie antibody (of molecular
weight 156,000) were unable to penetrate the cell-wall, p035|bl¥ because of the lack
of suitable enzymes in the membranes. Mechanical transport hrou%h pores in the
membranes would not give this degfree of specificity. ‘It is possible that these
enzymes take part in thé transport of special molecules by the formation and dis-
solution of the membranes which are in a constant state of flux and transformation.
|t has been sug%ested for the cytomembranes (Novikoff, Essret, Goldfischer &Heus,
1962) that@e% ave functional rather than structural continuity, aIthough_the ?re
thought to be more or less continuous with the nuclear memprane anstsmI also
the Cell surface (Palade, 1956; Gray, 1961), the surface also bem? capanle of active
transfoymation and vesiculatjon (BenneAt 19%63. Direct opserva |?n of the antigen
molecules on the membranes Is suggeste b%t fact that these molecules are proba-
bly present in large numbers, as mdicated by the thickness of the globulin fuzz and
by the simple calculation of the probable nuniber of molecules ger unlitareaof surface.
I would aPpear from the gresent study that the actual antigen molecules cannot be
demonstrated on the membranes with the techniques and ma%nl_flca_tlons_ used. The
study ofthe membranes by other techniques and athlgherm_a? Ifications, inaddition
to the application ofthe ferritin-labelling technique to.the Interigr, of the organlsm,
may be of value in finding possible sites of synthesis of the immobilization aftigens.



Electron microscopy of Paramecium antigens 259

The author wishes to thank: Professor G. H. Beale. F.R.S., for providing the
opportunity and encouragement to carry out this work: Mss Margaret M, Perry for
her introduction to the technigues of electron microscopy; Dr 1. G, Jones for hefpful
discussion; Dr A. Jurand and Mr A, E. G. Dunn for defails of stamlng techmgues;
Miss Anne R. nghtman for the prints of the electron mlcrograp s; Mr E. D,
Roberhs for thea?r paration of the plates. The work was made possinle by a grant

from the Medical Research Councll.

REFERENCES

Baxandall,J., PerImann,P. & Afzelius,B. A, (1962). A two-layertechnique for detect-
iln4g slliaface antigens in the sea-urchin egg with ferritin-conjugated antibody. J. CellBiol.

Beale, G. H. & Kacser, H. (1957). Studies on the antigens of Paramecium aurelia with
the aid of fluorescent antibodies. J. gen. Microbiol. 17, 68. _ _

Beale,G. H. & Mott, M. R. (1962). Furtherstudies on the a%’gens of Paramecium aurelia.
with the aid of fluorescent antibodies. J. gen. Microbiol. £o, 617.

Bennett, H.S. (1956). The concept of membrane flow and memhbrane vesjculation as
mechanisms for active transport and ion pumping. J. biophys. biochem. Cytol. 2 (suppl.),

99,

Bishop, J. (l9_61)n._ Purification of an immobilization antigen of Paramecium aurelia,
variety 1. Biochim. biophys. Ada, 50, 471.

Caulfield, J. B. (1957). Effects of varying the vehicle for 0504 in tissue fixation. ./,
biophys. biochem. Cytol. 3, 827,

Chadwick, C. S., McEntegart, M. G. & Nairn,R. C. (1958). Fluorescentprotein tracers:
a trial of new fluorochromes and the development of an alternative to fluorescein.
Immunology, 1, 315. _

Coons, A. H."(1956). Histochemistry with labelled antibody. Ini. Rev. Cytol. 5, 1.

Coons, A. H. & Kaplan, M. H. (1950). Localization of antigen in tissue cells. 1I. Ierove-
R}leats ina method forthe detection ofantigen by means cf fluorescentantibody. J. exp.

ed. 91, 1. .

Davson, H. & Danielli, J. F. (1952). Permeability of Natural Membranes, 3rd edn.
Cambrid%e University Press.

Enret, C.F. &Powers, E. L. (1959). The cell surface of Paramecium. Int. Rev. Cytol. 8,
97,

Feinstein, A. & Rowe, A.J. (1965). Molecular mechanism of formation of an antigen-
antibody complex. Nature, Lond. 205, 147. _

Gibson, |. & Beale, G. H. (1963). The action of ribonuclease and 8-azaquaninc on mate-
Killer paramecia. Genet. Res., Camb. 4, 42, _ .

Glauert,A. M. & Glauert,R. H. (1958). Araldite as an embedding medium for electron
microscopy. ./, bloghys. biochem. Cytol. 4, 191,

Gray, E. G. (1964). Electron microscopy of the cell surface. Endeavour, 23, 61.

Lafferty, K. J. & Oertelis, S. (1963). The interaction between virus and antjbody. 111,
Examination of virus-antibody complexes with the electron microscope. Virology, 21,91.

Lawn, A. M. (1960). The use of potassium permanganate as an electron-dense stain for
sections of tissue embedded in epoxy Tesin. J. biophys. biochem. Cytol. 7, 197.

Lfduc,E. H. &Bernhard, W, (1962). W ater-soluble embedding media for ultra-structural
cytochemistry. Symp. Int. Soc. Cell Biol. 1, 21. New York: Academic PI’eSj. _

Luft, J. H. (1961). Improvements in epoxy resin embedding methods. J. biophys.
biochem. Cytal. 9, 409, . o

Marks, P. A%, Burka, E. R., Rifkind, R. & Danon, D. (1963). Polyribosomes active in
reticulocyte I5rotein synthesis. Cold Spring Harb. ng . Quant. Biol. 28, 223,

Marshall,J. D., Eveland, W. C. & Smith, C. W. (1 585]. Superiority of fluorescein iso-
thiocyanate (Riggs) for fluorescent-antibody technique with a modification of its appli-
cation. Proc. Soc. exp. Biol. Med. 98, 898.



260 M. R. Mott

Mitchell, P. & Mo%le, J. (1959). Coupling of metaholism and transport by enzymic
translocation of substrates through membranes. Proc. R. phys. Soc. Edinb. 28, 19.

Morgan, C., Rifkind, R. A. & Rose, H. M. (1962). The use of ferritin-conjugated anti-
bodies in electron microscopic studies of influenza and vaccinia viruses. Cold Spring
Harb. Symp. quant. Biol. 27, 57.

Mott, M. R. (1963). Cytochemical localization of antigens of Paramecium by ferritin-
conjugated antibody and by counterstaining of the resultant absorbed globulin. J. R.
Micr. Soc. 81, 159. . o _ .

Nelson, L. (1959). Cytochemical studies with_the electron microscope. II. Succinic
dehydrogenase in rat'spermatozoa. Exp. Cell Res. 16, 40%.

Novikoff,A. B., Essner,E., Goldfischer,S. & Heus, M. (1962). Nucleosidephosphatase
activities of cytomembranes. Symp. Int. Soc. Cell Biol. 1, 149. New York: Academic
Press.

Palade, G.E. 51952;. A study of fixation for electron microscopy. J. eXé). Med. 95, 285.

Peglr)ade, G. E. (1956). The endoplasmic reticulum. J. biophys. biochem. Cytol. 2 (Suppl.),

Pite'Ika,_D. R. (1961). Fine structure of the silverline and fibrillar systems of three tetra-
hymenid ciliates. J. Protozool. 8, 75.
Pitelka, D. R. (1963). Electron-Microscopic Structure of Protozoa. London: Pergamon

Press.

Preer,J. R. (1959). Studies on the immobilization antigens of Paramecium. Ill. Pro-
perties. J. Immunol. 83, 385.

Rich, A., Warner,J. R. & Goodman, H. M. (1963). The structure and function of poly-
rivosomes. Cold Spring Harb. Symp. quant. Biol. 28, 269.

Robertson, J. D. (1960). The molecular structure and contact relationships of cell mem-
branes, Pro?. Biophys. 10, 344,

Siqggerigz.;. (1959). Preparation ofan electron-dense antibody conjugate. Nature, Load.

Singer, S.J. & Schick, A. F. (1961). The properties of specific stains for electron micro-
scopy prepared bg the conjugation of antibody molecules with ferritin. J. biophys.
biochem. Cytol. 9, 519. _

Sonnehorn, T. M._(1950). Methods in the general biology and genetics of Paramecium
aurelia. J. exg. Zool. 113, 87.

Spendlove, R. S. & Singer, S.J. (1961). On the preservation of antigenic determinants
during fixation and embedding for electron microscopy. Froc. natn. Acad. ScL, U.S.A.

47, 14,
Staubli, W. C.R. (1960). Nouvelle matjére d’inclusion hydrosoluble pour la cytologie
électronique. C, r. hebd. Séanc. Acad. Sci., Paris, 250, 1137, _
Stewart,J, M. & Muir,A. R, (1963). The fine structure ofthe cortial layers in Paramecium

aurelia. Quart. J. micr. Sci. 104, 129.

Stoeckenius, W. (1962). The molecular structure of lipid-water systems and cell mem-
brane models studied with the electron microscope. Symp. Int."Soc. Cell Biol. 1, 349,
New York: Academic Press.

Watson, M. L, (1958).. Staininé; of tissue sections for electron microscopy with heavy
metals. J. biophys. biochem. Cytol. 4, 475.



Journal of General Microbiology, Vol. 41, No. 2 Plate 1

M. R. MOTT (Facing p. 260)



Journal of General Microbiology, Vol. 41, No. 2 Plate 2

M. R. MOTT



Journal of General Microbiology, Vol. 41, No. 2 Plate 3

M. R. MOTT



Electron microscopy of Paramecium antigens 261

EXPLANATION OF PLATES

ey to plates, cf = central fibrils; cs = circumciliary space; esc = cross-section of cilium;
fold: 'h = homogeneous layer; k = kinetosome; 'Isc — longitudinal section of cilium;
pellicle; pbm = Eerlbasal membrane; pbs = peribasal space; pf = peripheral fibrils;
= pellicular membrane; ps = portion of parasomal sac; s = septum.

K

| =
p:
plm

Plate 1

Fig. 1. Unstained section of cilium of a Paramecium fixed and treated with ferritin-labelled
homologous antibody, showing ferritin granules (arrow) on pellicle and cilium. Note poor struc-
tural detail in this unstained section.

Fig. 2. Counterstained section of gullet area of an homologous paramecium fixed and treated with
ferritin-labelled antibody, showing the usual ‘3-plv’ menbranes and no globulin fuzz or ferritin
granules in this area. Cross-sections of cilia and kinetosomes are seen.

Plates 2 and 3

omparisons of counterstained sections of fixed paramecia treated with ferritin-labelled anti-
y to the ‘new’ antigen being formed during antigenic transformation.

Plate 2

Fig. 3. Atthe be?inning ofthe transformation experiment, after ‘nil hours’ growth at 35°. No fuzz
or-ferritin granules are,lpresent on the surface of either pellicle or cilium. Note single ‘S-é)ly’
membrane around the cilium, and the double ‘3-ply’ membrane over the Pelllcle. (Reproduced by
kind permission of the Royal Microscopical Some%from the report o

Symposium on Cytochemical Progress in Electron

J. R. Mice. Soc. 81, 1963.)

Fig. 4. After Lhr of?rowth at 35°, showing very few isolated sites offer,ritintgranules and faint
globulin fuzz on pellicle (double arrow) and cilia (arrow). The possible opening ofthe parasomal sac
is seen below the cilium.

C
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the proceedings of the
icroscopy, Oxford, 1962. Publishéd in the

Plate 3

Fig. 5. After growth for 6 hr at 35°. The globulin fuzz and ferritin granules can be seen at a large
number of separate sites on the pelllcle%double arrow) and also on the longitudinal and cross-
sections of the cilia (arrow).

Fi%: 6. After growth for 7 hr at 35°. The Fl_ob_ulin fuzz and ferritin granules are seen to cover the
entire pellicle (double arrow), but are still'in isolated sites on the cilium (arrow).
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A Note on the Taxonomic Status of Strains Like ‘Cam 0,
Hitherto Classified as Mycoplasma hominis, Type
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SUMMARY
The classification of strains srmrlar to co lasma _strain pg 27 of
Campo aS Mycoplasma hominis T be wrthdrawn These

strains have now been identified as u arthrrtrdrs

Nicol & Edward (1953) in an examinatjon of o1 strains of Mycoplasma, isolated
by them from the human genrtal tract, showed that all except on helonged in a
single species, then termed “Human Txper An additional 13 genital strains were
received from other laboratories. Of these, o from three laboratOries were found to
beIong to Human Type 17 A tenth strain_ was identified as a different species,
|ater o be called hdycoplasma fermentans, The other three strains differed sero-
logically from the “Type 1’ and were provisionally classified as ‘Human Type 2.
Edward (1954) noted Iater that the ‘Human Type 2 strains produced abscésses in
mice when rnoculated subcutaneously together wrth a%ar This was a property that
‘Human Type 1" strains did not have, but was one shared by certain rat isolates.
On the othier hand, Ruiter & Wentholt (1952) describeq abscess formation when
their * P "strain M fermentans) Was moculate into the foot- gads of mice. Unfor-
tunate J, no sero ogrca comparison was made at the time Detween the ‘Human
h/dm and the rat strains._ Edward & Freundt (1956) suggestedaclassrfrcatron
a nomenclature for_the Pleuro J)neumonra Grou family” Mycoplasmataceae),
In which the *Human Type 1’ and ‘Human TyP srarns Were regarded as two
varretres ofasrnglespecres namely M. homini Cy pe Land m. hominis Type 2, the

epresentative strain of the latter being strain ‘Campo’ (pg 27), maintairieq at the

eIIcome Research Laboratories. Classrfrcatron Was proposed In this way hecause
the two ﬂroups of strains were srmrIar In their brologrca and cuIturaI properties and
apparently had a common source; they drffered only serologically Le cke ( 1954)
pointed out that strain ‘Campo’ was indistinguishable seroIogrca S% using the
complement fixation test from five rat straing of M. arthritid |s etherefore
suggested that strain ‘Campo shouId no longer be regarded as a_distinct species.
arthriticis has been fre uent found in rats and was a recognized pathogen for
that anrmaI ItS naturaI host see ed to he the rat and thus, “Type 2’ strains in man
sou eregarde aS commensasor saprop Xtrc contamrnans Use of the agar-
ge double ditfysion technigue revea edasrgh difference between “Type 2 strains
nd M. arthritidis, but not sufficient to Aus regarding the forme asadrstrnct
species (Lemcke, 1965). In copfirmation, Leach 1965 er comm.) by using the

agglutrnatron reaction obtarned identical titres in recrpr cal tests Wrth mr%th Strain
X1l
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‘Campo’ (pg 27) and M. artkritidis antigens against rabhit antisera to these antigens.
In the growth-innibition test, antisera to strain ‘Campo " and to M. artkritidis'inhi-
bited both strains, In these tests the dem%ated representative strain of M. arthri-
tidis, namely strain ‘Preston’, was used. A re-examination of b!olqgmal properties
failed to reveal any difference petween strain ‘Campo’ and strain ‘Preston’. |
The. evidence Is, therefore, that the strains examined in England and originally
classjfied as a Type 2 vanetz of Mycoplasma hominis are strains of M. artkfitidis,
an already established speciés of Mycoplasmataceae. (Sabin, 1941) M. artkritiis
Is a well-known pathogen of rats and there seems no justification for including
M. hominis Type 2 among the ‘human’ species of Mycoplasma, although many
biochemical studies have feen done with "Campo’ and related strains s repre-
sentative of human Mycoplasma (see Hayflick & Chanock, 1965).
. There remains the question of the real origin of strains, alléged to have been
isolated ongmaII%/ fromthe human ?emtal tractand now, after much subcultivation,
found to be identical with MR/cop asma artkritidis. These strains are few. Strain
Campo’ was Isolated from a Ruman male urethra about 1939-40. Two lines of this
strain were examined b¥ Nicol & Edward (1953): one line was from the laboratory
of origin and the other from another laboratory; both behaved similarly, The two
other straing with similar se_rologlcal properties were strain 07 and strain 39. In
addition,to these strains, which 0n examination have been shown to belong to M.
artkritidis, Nicol & Edward (1953) referred to reports of the isolation of ten other
strains, isolated from human genital tracts and found to be serofogically similar to
strain “Campo’. Bailey et al. (1961) also reported two other straing as serologlcall)f
similar to their strain of ‘CamPo ', 0N€ (ch) isolated by them from the human genita
tract and the other gs -1) isolated from a Hel a cell'Jine,
One Bossmle explanation of the ‘Campo ™like strains is that they have resulted
from laporatory mjsadventures ogcyrring durm%_thew long subcultivation, aIIowmg
the replacement of a human strain by araf strain. Many of the risks encountere
In subcultivation are obvious. Moreover, since most species of Mycoplasma do not
differ from each other significantly in their colgnial appearances, a contamm_at_mq
Mycoplasma may be unrecognizedand eventually outgrow and replace the _orltrlma
strain. Edward (1950) descrined the properties ofa strin he believed he had isofated
from mice, onl todlscoverlatergEd_vvard 1954) that it was identical with the human
genital strain he had been maintaining. Freundt (1954%cla|med to have made two
isolations of Mgcoplasma mycoides var. mycoides from the human genital tract, but
hhese were made at a time when a boviné strain of r1h|s sReues WaS Fnder study In
IS lahoratory. He noted that the fermentation of mannose was slower with’the
genital straing than with the bovine strain. Nevertheless the most likely explanation
0f his genital isolations is that they resulted from [aboratory pick-ups.” It is Perha S
significantthat M. m%cmdes has never been isolated from man subsequently, although
very many strains have been carefully examined. Lemcke & (sonka (1962) re-
Bor ed tha*_a strain, |,sol?ted by theni from the external r%emtalla of a man, had
een identitied serologically as amouse strain. | A subseguenit re-examination of this
strain by Dr R. M. Lémcke (personal commumcatl_onz_showed that it was a strain of
M. hominis (type 12, the original erroneous identification havm% been made because
a mouse straih was under investigation in that laboratory at the same time.
|f this theory of contaminatior’is correct, there was, and may still be, a strain of
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‘Campo ’ representative of the original genital isolate. This must be hore in mind in
considering reports that genital isolaes have been found serologlcaII_¥ similar to
strain ‘Campo  The |dent|t¥ of these isolates and whether they wére ditferent from
hmeceﬁ(t)g?rgno human genital species, Mycoplasma hominis (type 1), must remain
_ Oby|ousl¥ the alternative hypothesis is that there have in fact been several
isolations of Mycoplasma arthritidis in the U.S.A. from the human_ genital tract.
Since MycoPIasma spp. in general show a high de%ree of host specificity it would be
important to know' whether a atho%en of rafS could_also be commensal or a
Pathogen for man; further work s highly desirable. The need for a reference
aboratory or laboratories is becoming more and more apparent in this now rapid
openln? field, to examine isolates of human and, animal o_an_. There is also a need,
not only for extending, but also for standardizing the biofogical tests, such as the
determination of haemolysis in blood agar. The differences between strain ‘Preston
and strain ‘Campo’ originally noted by Edward (1954) were not confirmed in a re-
examination bY Dr RH. Leach (personal ¢ mmunlcatlon%. The. observatjons of
tSortneqcsgn, Taylor-Robinson & Chanock (19633 emphasize the difficulties with this
est of haemolysis.

The conclusYon must be that the classification of strains similar to strain Fg,27
of ‘Came s Mgco?_l sma hominis Tﬁ/{pg 2 should be withdrawn, since these strains
have now been 1dentified as M. arthriticis.
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INTRODUCTION

Aclose correlation has been found between the RNA content of arganisms and the
rate at which ther( row, (W g Neid ardt& agasanik, 1960;
Dean, 1962: Rosse onrer&Ju ren 94 S kes &Tem est sthesevarra
tions in celfular RNA confent appeared to b e due large y,r not en irel toc an es
inthe rrbosomecontentoftheorganrsms Ecker&Sc acchter, 1963a; Kjeldgaard &
Kurland, 1963), and as ribosomes seemed to ete primary sites of roternsn
thesis, It was suggested that in growin or%anrsmst erate proternsKnt esIs per
ribosome partrcl Was constant and in eo dent ofgrowth rate (Schaec ter Maaloe
& Kjeldgaard, 1958; Ecker & Schaechter, 1 2 Apparen 5%oppose o' these
finings Was the further observatron of Schaech er et dl. (59 that the macro-
molectlar composition of Salmonel atg Imurium organisms wa not a function of
?rowth rate when this was altered by changing the temperature of cultivation. Thig
atter rnvestrgatron was done with organrsms rown under condjtions of unrestricted
rowth, In a Datch culture. In the chemostatthe qrowth rate_is controlled and 1t is
ossible, therefore t0 var¥ the temperature of cultivation without simultaneously
altering the %rowth rate 0 or%anr ms in the culture,

The Prese 8 er reports the changes in RNA, DNA, carbohydrate and é)rotern
conten s of Aerobagter aerogenes which occurred when the rncubatron temper ture of
tecu tures, grown ataconstant dilution rate, was progressively altered, These
changes are shown £ be simifar to those reported gTem est, Funter & Sykes

to occur in cultures of this org anrsmwhen the dilution rate was progressively
changed but the growth temperature marntarned constant. By comparison; changes
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in the culture pH value are shown to have only a small influence on the gross macro-
molecular composition of the organisms. These results, and spme of those of
Schaechter et al. (1958), are interpreted in terms of environmental effectscn ribosome
s¥nthe5|s and activity. A preliminary report on our findings has beer, published
(Tempest & Hunter, 1965).

METHODS

Organism. Aerobacter aerogenes (nctc 418) maintained by monthly subculture on
try(gnc meat djﬂest agar slopes. , o
rowth congiitions. ~Continuous cultures of organisms were maintained_in 0-5 1
chemostats ofthe_de3|?n descnbed_bY Herbert, Phipps & Tempest 19_65g. The tem-
Perature differential af'each set point was less than 0-2° and the pH differential less
han 0-2 unit. Fluctuations in dilution rate, due to changes in culture volume and
medium flow rate, were always less than +5% of the désired value.
The composition of the media, and other conditions, were the same as those used
by T_em,P,est et al. (1969). _ , ,
Viahility_measurements. These were made with the slide-culture technique of
Postgate, Crumpton & Hunter (191). _
. Fractionationprocedure. 1-2 L volumes of effluent culture were collected overm?ht
in ice-cooled receivers, transterred. to 250 ml. centrifuge buckets and sedimented
E)l6,00(_)g, 20 min.) in"an MSE High Speed 17 refrl?erate_d centrifuge. Packed
acteria were resuspended in ic&-cold buffer gO-O Mtris + 0-001 M-magnesium
acetate; pH 7-5) and again sedimented (25,0009, 20 min.). Bacterial pastes were
transferred to a Hughes press (Hughes, 1951), pre-cooled to —20°, and the organ-
isms crushed. The crushed pastes Were diluted with buffer (4 ml./g. frozen crushed
paste, plus a crystal of deoxyribonuclease) and homogenized. _Homogenates were
centrifuged (20,000 rev./min., 45 mm.? In 4 no. 30 rotor ¢t a Spincg model L ultra-
centrifuge and the clear superpatant fluids (labelled *Crude ext,ract[? were collected.
These fluids were a?am centrifuged (40,000 rev,/min., 3| Ar.).1n a no. 4G rotor of a
Spinco model L ultracentrifuge and separated into fwo fractions—a second super-
natant fluid (labelled ‘Supernatant’), and a pellet fraction (labelled ‘Ribosomes
which was resuspended in ice-cold butfer to a convenient volume (10 ml. for materia
from 10 ¢. crushed paste)‘. The RNA and protein contents of all samples were deter-
mlrﬁd and the values obtained adjusted to correspond with a protein value of 1000
In the ‘Cruae extract’. o _
" é\lnz%llygté%%l procedures. These were identical with those used previously by Tempest

RESULTS

Effect of temperature on the steady-state macromolecular composition of organisms
growingat afixed dilution rate

There is a maximum dilution rate heyond which cultures of any organism cannat
be maintained in the chemostat. This “critical *value (Dc) carrespands with the maxi-
mum specific growth rate of that organism (pm in the énvironment Prowded (Her-
bert, Elsworth & Telling, 1956); it Varies with incubation temperature PH value
and chemical complexity of the medium. "In a simple salts medium, regufated at pH
6-5 and with glycerol as the carbon source, cultures of Aerobacter aerogenes have a
minimum doubling time of 50 min. at 35°; at 25° this time Is Increased to about
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90 min. Therefore in ordler to maintain the growth rate ofthis organism at a constant
value whilst varying the incubation temperature it was necessary to operate the
chemostat at a dilufion rate substantially less than the “critical’ value for cultures
growing at the least favourable temperature. As the value of Dg at 257, was
an? roximately 0-45 vol./hr., we chose a dilution rate of 0-2 vol./ar. for our experi-
ments. We progresswel altered the temperature of cultivation from 40° to 25°, in
Increments of 5°, and determined the effect of these changes. on the steady-state
?ﬁ\%g?l%lgﬁg of organisms. Both glycerol-limited and Mg2+-limited cultures were

Table 1. Magromolecular composition of Aerobacter aerogenes grown at a
fixed dilution rate and at different temperatuires

All the analytical data contained in this table are average values obtained from at
least two samples (harvested and processed on different days) grown at each steady-
state temperature.

% of dry weight mg./ml. culture

Temp. Dilution Carbo- ~ Drywt Carho- .
(°C.§ rate RNA  DNA hydrate Protein organisms RNA  DNA hydrate Protein

Glycerol-limited growth

40 0-20 8-6 2'4 2'9 741 410 0'35 o010 012 304
35 0-20 101 33 33 684 4-86 0-49 016 016 3-32
30 0-21 110 2-6 36 675 4-71 052 o:2 0-17  3-18
25 0-22 11-8 -1 89 594 4-91 058 013 0-43 291
Mg2+limited growth

40 018 94 29 . 690 414 0-39 009 .

35 018 10-7 299 .. 700 412 0-44 009 2-88
30 019 1244 29 .. 67-5 3-46 043 010 009 2-33
25 019 14-9 4-3 689 2-82 0-42 008 012 194

The results obtained are shown in Table, 1and clearly differ from those reported
by Schaechter et al. 9958) In that changln(a; the temPerature of cultivation pro-
duced marked changes In the RNA and ¢ rboh¥drae content of the organisms,
Similar changes werg evident in both types of culture, indicating that the changes
were Independent of the nature of the growth-hmltlng compaonent, of the medium,
Furthermore the stoichiometry between Mg2+ and "RNA, previously observed
In Mgz2+-limited cultures of thig orgamsm (Tempest ¢t al. 1965), was also apparent
here:"the, culture-RNA content varied only slightly with growth temperature and
changes in cellular RNA content were matchéd by gross c_hanges In the steady-
state"concentration oforgamsms In the culture, In Contrast, in the glycerol-limited
culture both the %/leld of Organisms and thejr RNA content increased with _decreas_m%
?rowth temperature; the culture-RNA value increased by 66% as the incubatio
emRer tUre was Iowerfed from 40° to 25" N _

. The above pattern of changes in macromolecular composition and yield of organ-
ISms was very similar to that rePorted to follow chanlgges In.growth rate of organisms
at a fixed te Perature ﬁHerber, 1961; Neidhardt, 1963; Tempest et al. 1965); this
was particularly true for the changes in cellular RNA content.” Therefore we deter-
mined the distfibution of RNA and protein in fractions from organisms grown at
two different temperatures in order to establish whether these changes Teflected
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changes in the ribosome content of organisms similar to those reported by Ecker &
Schaechter (19636) to follow _chan?es I [qr_owth rate. The data obtained aré shown in
Table 2, which shows that with gfycerol-limited and with M%Zﬂ-hmlted organisms a
decrease of 10° in the ?rowth temperature produced a markeql increase (about 30 %)
In their ribosome contents. The amaunts,of RNA and protein which could be sedi-
mented under the prescribed conditions increased, but not in an, identical manner.
Thus the RNA jprotein ratios in the ‘Ribosome’ fractions changed (from 0-37to 0-57
in the material from Mg2+limited organisms, and to a lesser extent in the material
from glycerol-llmlted organisms). The change in composition of this fraction is similar
to that observed by Tempest et al. (1965) In fractions from organisms grown at a
fixed temperature but at different dilution rates.

Table 2. Distribution ofRNA and protein infractionsfrom extracts ofqucerol-limited

and Mg2+limited Aerobacter aerogenes organisms grown at different témperatures
35° 25°
ES—— S
Protein RNA Protein RNA
Glycerol-limited growth
Crude extract 12000 0-194 1-000 0-236
Supernatant fluid 0-685 0-044 0-585 0-040
Ribosomes 0-317 0-141 0-398 0-187
Ribosomal RNA + protein 0-458 0-585
Mg2+-limited growth
Crude extract 1-000 0-175 1-00C 0-262
Supernatant fluid 0-686 0-048 0-621 0-050
Ribosomes 0-318 0-118 0-369 0-211
v B v t
Ribosomal RNA + protein 0-436 0-580

Effect ofpH value on the steady-state, macromolecular composition of organisms
growm(]; at afixed dilution rate
Although 0

rganls_ms arg not able to maintain a temFe_rature differential between
themselves and their environment they may well maintain a pH differential; atera-
tion of the culture er value may not, therefore eﬁectacorrespondlnlglchange_ Inintra-
cellular pH value. The fact tha relatlveloysmafl changes In culture pH valug influence
the enzymic constitution and content of organisms”(Gale & Epps, 1942) suggests,
however, that some change in intracellular pH value does follow a gross charige in
the environmental H_veﬁue. The optimu Bl—%value for growth of Aerobacter
agrogenes occurred within t eranﬁ_e% 6-7, tho gr growth was not totally nhibited
at values as low as pH 4-5 or as Nigh as pH 85, The effect of progressivély altering
the culture steady-state pH value from 4-5to 8-5, In steps of LpH unit, on'the com-
gosmo,n of organlsms In PI cerol-limited and Moz2+-limited cultures gtemperature,
57 dilution Tate, 0-2vol./hr.) Is shown in Table 3. It Is apparent here that the
changes in macromolecular comﬁosmon_ of organisms with pH Value were much less
than those ohserved to follow ¢ _anges In the temperature of cultjvation. The main
effect of changing the pH value, in Both types of culture, was on the bacterial yield,
which was maximal at the optimum pH. value for 8rowth of this organism. In the

Mo2+limited culture the RNA: Mg+ ratio remained constant, though some change
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Table 3. Macromolecular composition of Aerobacter aerogenes or%anisms grown at
different pH values (temperature and dilution Fate constant)

All the analytical data contained in this table are average values obtained from at
least two swé)les (harvested and processed on different ddys) grown at each steady-

state pH value.
d % of Dry weight mg./ml. culture
v

H  Dilution _ Carho- Carho-
vglue rate RNA herate Protein  Drywt. RNA  hydrate Protein

Glycerol-limited growth

4-5 018 10-8 40 130 4-21 0-46 0-17 312
) 019 11-1 42 15 4-31 0-43 0-18 308
6-5 018 0-5 33 11-0 4-58 0-48 0-15 325
- 019 0-3 31 131 4-24 0-43 0-13 3-10
85 019 0-3 32 14-3 331 0-34 0-11 2-46
Mg2+-limited growth
4-5 018 1-7 42 68-1 3-60 0-42 0-15 2-45
5D 018 1-3 29 69-5 3-80 0-43 0-11 2-64
62 019 0-3 23 68-1 4-14 0-43 0-10 2-82
-5 019 0-6 23 13- 387 0-41 0-09 2-85
85 0-21 2-8 25 67-5 319 0-41 0-08 2-15

in the RNA content of organisms accurred. However, there wias little chan%e in the
culture-RNA content of glycero_l-llm_lted cultures with changes from pH 4% to 7-5,
In both cultures there was a agmﬂcant Increase in the carbohydrate content of
organisms when they were grown at low pH values.

DISCUSSION

Whereas varying the temperature of cultivation of Salmonella tyPhlmurlum ina
batch culture has no effect'on their gross composition (Schaechter et al. 1958) it
clearl]y does so.with chemostat cultures of Aerobacter aerogenes where the growth rate
15 controlled, Though su(g)erfml_allg/ these observations a%Jear to he contradictor

they are, In fact, quite compatiblé assuming that the following two_ hypotheses are
cortect: (1) that the rate of protein synthesis 8er unit ribosome is constant ang
Independent of growth rate (Schaechtér et al. 1958); (2) that the concentration of
ribosomes within an or%amsm cannot exceed a certain fixed amount. One may
assume the first hypothe 1S {0 be correct onlg/ for a fixed temperature and pH valug,
Lowering the environmental temﬁerature would decrease ribosomal activity and the
resulting decrease in protein synthesis would be reflected in a lower growthirate. If,
however, growth rate Is maintained at a constant value (as haggens In the chemo-
stat?, then clearly the ribosome content of organisms must Increase to offset the
decreased ribosormal activity and to maintain the qverall rate of protein synthesis
constant. On the other hand, If the organisms already contain’ their maximum
ribosome content (which one assumes to" be so with fast-growing organisms in a
batch cultureg then a decrease in growih temperature cannot be ompensated by a
further increase In riposome concentration, and the rate of protein synthesis must
therefore decrease. Thouqh growth rate 1S correspondingly decreased. the ribospme
content remains maximal and thus the RNA content of organisms does not alter.
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The above two hypotheses therefore satisfactorily account both for our observations
and also Ihos%o Schaechter etal. (1958). =~ .

Assuming that organisms maintain a pH differential between :heir intracellular
and extracéllular environments, large variations in culture (PH value may produce
onIY small fluctuations (or none) of pH value within the bacteria. In Mg2+limited
cultures, organisms grown at the optimum pH value do, however, have a lower
RNA content than Organisms grown at a higher or lower pH suggesting that a
c_ha,ngemnbosomal activity occlirs with alterations in culture pH valug. !nglycerol-
limitéd cultures, on the other hand, the RNA content of organisms IS Vjrtually
Independent of culture pH value, Indicating little 1f any change in their ribosome
content, and therefore in their actB/|t¥. » _

Changes In the concentration of bacteria in the Mo2+limbed Aerobacter aerogenes
culture ith temperature could be correlated with ¢ anges in the RNA content of
organisms and the maintenance of a stoichiometry betwéen culture RNA and M2+
concentrations. With the glycerol-limited culture a decrease in growth temperatire
effected a marked increase In yield of bacteria, mdmatmg amore efficient utilization
of the carbon source, This increased efﬁuen&y é)robabl esultea from a lower main-
tenance energy requirement (Marr, Nilson & Clark, 1963) for organisms growing at
the lower temiperatures. The cylture pH value also influenced the bacterial yield
which was maximal at the ,OPtlmum H. value for rapid growth of A. aerogenes,
Again the changes In bacterial concentration in the Mgz+limited culture parafleled
chianges in the RNA content of organisms. In the glycérol-limited culture the lower
yields él_t the less favourahle pH values probably resulted from an increased enerﬁy
expenditure which would be required to maintain a large pH difference between the
Intracellylar and extracellular environments. _

|t Is of Interest to note that both temperature and pH inf.uenced the carbohydrate
content of Aerobacter aerogenes which increased at the lower values. Even in cultures
where the carbon + energy source was limiting (%rowth, organisms grown at 25° con-
tained substantially more carbohydrate thaf those cultired at 35° (8-9% versus
3-3% of the bacterial dry weight), Whether this extra carbohydrate was present as a
storage compound (e.g. gAyc_o en), or whether it resulted from an increase in struc-
tural™(cell wall) polysaccharice material has not been determined.

We wish to express our sincere thanks to our. colleagues Dr D. Herbert and
MrR. E. Strange, for their valuable criticisms of this work'and for many useful dis-
cussions, We would also like to thank Mr T. H. Dunham for his skilléd technical

assistance.
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INTRODUCTION

Despite extensive studies of the morphology and fohysrology of sporangial for-
mation and germination in Phytophthora and other fungi (review by Waterhquse,
1962) little_is known of the fine structure of the sp orangra of these orﬂanrsms
Blondel & Turian (1960) described the uItrastructure of gametangia of Aflomyces
but the present authorsare not aware of other studies o sporangral fine struc ure
In fungi. As in ofher species of the enus PhytoBhthora sporangia of. P. erythro-
septica may germinate either directly by gern tubgs or mdrrectly by liberation of
zoospores Pethybridge, 1914; Blackwell” 1949). The age of a Spara tgrum IS an
Important factor in determining which of these"two modes of germination will
adopted; old sporangra lose thé ability to germrnate Indjrect| hy (Blackwell, 194 I)
In an attempt to correlate these ph srolog al changes with chianges in small-scale
morphology our description will include accounts Of fine structure in agern $po-
rangia and'in indirectly germinating sporangia, i.e. during zoospore formatio

METHODS

The organism examined in this study was Phytophthora erythroseptrca Pethyb.
the fsolate used being one of those maintained in'the collection of the Department
of Cryptogamic Botany in the University of Manchester. The culture of P. erythro-



276 J. A. Chapman and R. Vttjicic

septica was incubated on pea broth. (tLeoman, 193111) at 22° for 7 days; the mycelial
mafs were then washed in sterile distilled water and transferred to"Petri’s solution
to_induce sporulation (Vujicic & Colhoun, 1966). Sporangia, together with small
tufts of mycelium, were harvested from these mycelial mats 4 days after transfer
(for yo_ung sporangia) or 8-10 days after transfér (for qld sporangtlja). Specimens
were fixed in 1% (wiv) osmiun tetroxide in veronai+acetate "buffer (gH [-3;
Palade 1952r) or in 2% [wiv) potassium permanganate in veronal + acetate buffer
rI]-I7_-2'kllvlu t041956). Fixation was carried out at 0-4° for 2hr in 0s04 or for
r.in KMn04

After washing in tap water the specimens were dehydrated in ethanol and em-
bedded. in Araldite epoxy resin (fGIauert&GIauert, 1958), The polymerized blocks
were trimmed so that the face of each black contained one sporangium. Trimming
of blocks was facilitated b}{_ special methods which will be describee separately
Chapman, J. A. to be putilished 1966). Sections 600-800 A in thickness were

ut on a Huxley ultra-microtome with' a glass knife, The sections were examined
and photographed at_ma%nlflcatlons r_anglng from x 1000to x 20,000 in a Siemens
Elmiskop I"electronmicro copeoperatln(lq at 80kV and with double condenser illumin-
ation. xPos_ures were made on'IIford Jantern contrasty plates..

The fol owm% specimens were examined: (a _oun% sporan(n;la from 4-day cul-
tures (10 sporangia examined); (b) old non-germinating sporangia from & to 10-
day cultures (67 orang|a); (2 %/oung sporang|a stimulated by low-temperature
tréatment o germinaté ihdjrectly to" producé zoospares (5 sporangia). ~In this
treatment (c) pieces of sporulating’ mycelia, prewousRuncubated at 22° Tor 4 days
were transferred to hanging-drop cultures and maintained at 13° for 1-5hr and
then brought to 22° for 10 min. before fixation. In control specimens, left unfixed,
this treatment brought about zoospore discharge from 70 to'80% of the s/gorangm
within 15 min. of ralsmrq the temperature (VUjicic & Colhoun, 1966). _Ithough
fixed specimens were alltaken at the_same tlme-gomt (10 min. after raising the
temperature) they contained sporangia at various stages of indirect germination
so that ultrastructural changes occurring during thé advancement™of indirect

germination could be inferred’

RESULTS _
The structure of the young non-?ermmatmg sporan%mm

The appearance of a typical sporangium of Phytophthora erytnroseptica at a low
electron optical magnification is shown in PI. 1,fig. 1. A large vacuole, irreqular
in shape and with & maximum diameter of apPrommater 5, occulmes a central
position and smaller vacuoles are apundant throughout the cytoP asm.  Several
nucle can be seen. The sporanglum 1S surrounded by, an electron-transparent wall,
and the plug connecting the sporangium to a hypha’is shown. _

quher ma%mflcatlons revealed that the structure of the nuclei, endoglasmm
reticdlum, mitochondria and other cgo?lasmlc mclusmn? resembled closely that
described for other fungi (Blondel & Turian, 1960; Zalokar, 191: Hawker &
Abbott, 1963; Moore & McAlear, 19633, b). The nuclei a_r% relatively 1arg%e Dodies,
1-5-3 i1 in diameter, roughly ellipsoidal in shape but with minor |rretgu arities in
outling. In Aaermanganate-ﬁxed material theny gossess a homogeneous finely nqranu-
|ar appearance (P1."L, fig. 2). The nuclear erivelope comprises'a double mémbrane
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traversed by numerous pores, Apparent continuity between the nuclear membrane
and membranqus organelles in the cytoplasm was occasmnal_lg noted.

EIongated cisternde of the endoplasmic reticulum occur widely in the cytoplasm

BPI. 1, |g. 2, Pl. 2, fl%. 32. Ribosomal particles, free or atfached to cisternal mem-
ranes, Cannot be detected in permanganate-flxed material because of the failure
of permanganate to preserve ribonucledprotein (Luft. 19563._ After osmium fixation
r1D0sgmes, occurring as electron-0 a%ue articles 150 A in diameter, are abundantly
distributed throughout much of the sporangial cytoplasm (P1. 3, fig. 4). The identi-
fication of these particles as riposomes is supportéd by the work of Blondel & Turian
(1960), who showed that similar particles were respansible for basophilia in hyphae
and gametangia of the fungus Allomyces. These authors found that ribosomes were
freely dispersed in the cytoplasm, and showed no preferential attachment to mem-
brangs, of the endoplasmic reticulum; our results suggest that a similar situation
exists in sporangia of Phytophthora erythroseptica. . _
_ Golgi_dictyosomes were sometimes noted, usually in proximity to nuclei (PI. 1,
fig. 2). These took the characteristic form of stacks of close-packed flattened cis-
ternag associategd with smaller vesicles a_pg_arentl pinghed off from the cisternal
mar%ns; they closely resemble the Golgr dictyosomes found in higher plants and
In other fungi (Mooré & McAlear, 1963a). Si |IarGol%| dictyosomés, also adjacent
to nyclei, wére observed in older sporangia (PI. 4, fig. 8). _ _

Mitochondria of varied shape and size occur in”abundance in the sporangial
cytoplasm (1. 2, fig. 3}. The Inner of the two ||m|t|ng mitochondrial membranes
1S infolded into the’mitochondrial matrix, to form thé mitochondrial cristae. In
young non-germinating sgorangla these cristae are short and stumpy.

In addition to the large central vacuole (shown in part in PI. 3, fid. 6), the young
sporanqmm contains numbers of smaller storage vacuolgs, also irregular in outling
and with electron-transparent contents. Yamamoto & Tanino %19_ ) showed that
srﬁ)_orangm of F?h\ilo hthora Infestans were rich in glrcogen and 1t js probable that
this glycogen is Tocated in the central and surrounding acuoles ; glycogen does not
reduce” osmium tetroxide nor (under normal conditions) permanganate (Revel
1964) and the appearance of the vacuolar contents of P. erytfirosepfica (as In PL 3
flg. Is consistent with the presence of glycogen In the unstained areas (Zalokar,

Lipid inclusions occur in the form of small electron-transparent bodies of irregu-
lar shape with an intensely electron-opague periphery (after osmium or perman-
anate fixation). The over-all diameter of these.inclusions ranqes_from 0-3t0 0-8p

|. 3 fig. 4; PI" 4, fig. 7). In osmiym-fixed specimens some inclusions E_ossessafme
amellar™structure with a periodicity of 60-70 A (PI. 3, fig. 4) suggesting that the
contained material is phospholipid. _ _

The peripheral re&uons of the sporangial cytoplasm contain rounded vacuoles
about (-3 p'in diameter and limited by a Singlemembrane (PI. 1, fig. 2; PI. 2 fig, 3).
These vacuoles, henceforth described as ‘peripheral vacuoles’, occasionally Show
an invagination of the ||m|t|n(% membrane enetrat_lnq almost 1o the centre of the
vacuole™(centre and bottom ot PI. 2, fig. 3). The fingly granular contents possess
an electron opacity comparable to that of the surrounding cytog)lasm and in some
|nsﬁitnc$sp Ith% cfontegslts may be resolved as small vesicles up to 250 A across (lower
right of P1. 2, fig. 3).
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Particular interest attaches to the sp_orangml wall since this complex structure
shows marked changes on ageing or during the course of indirect germination. The
wall of @ young sporangium (from a 4-day culture) consists of two,_ layers outside
the plasma membrane {PL. L, flg. 2, PL 2, f|g. 8). The outer layer is Structureless
and (apart from a thin region bordering the Sporangial surface) relatively electron
transparent after both fixatives. 1t has a thickness of 2000-3000 A. This_layer
would seem to be the one which gives a cellulose reaction when sporangia are
treated with suIRhun_c acid and 1odine in potassium iodide and examined by I|rqht
mmroscoEJy (Petnybridge, 1914). The inner layer is variable in thickness angd fess
electron transparent than the outer layer; its most characteristic feature is the
resence of small vesicles, up to 500 A in.diameter and often occurring in groups.
he vesiculated nature of this layer is particularly apparent in the wall surrounding
the apical region of the sporangium (PI. 2, fig,"3), In other regions the vesicular
elements are more sparsely distributed (PI. 1, flg. 2). In youn sporangraawell-
developed vesicylar Tayer 1s associated with an abundance of peripheral vacuoles
inthe neighbouring cytoplasm (compare figs. 2 and 3%suggest|ng that these vacuoles
may pIa){ an active part in vesicle formation. In such regions the plasma memprane
is convPoI utzedf_w%h numerous cytoplasmic extensions protruding Into the vesicular
ayer (Fl. ¢, 1ig. 5). . . . L

}Un er the _ﬁgh microscape the papilla, which is involved in the liberatign of
zoospores In indirect germination, ‘appears as a mucilaginous thickening of the
apical wall (Blackwell”1949). In young non- _ermlnatmg sporangia the papilla is
Inconspicuous and this mayaccount for our failure to observe the papilfar region
In ultra-thin sections of such sporangia. Sections of gapnlaemolder sporangia‘and
in s%orangm stimulated to indirect germination were readily obtained.

The IuP connectm%the hggha t0 the base of the s ora_ngmm serves to separate
the hyphal contents from those of the sporan?mm. It on3|ssofagr_eatlgthmkened
region.of wall interspersed with aggregates of electron-opaque matérial (PL 3, fig. 5).
Adistinct boundarY exists, howeVer, between the outer wall and the plug matérjal.
The appearance, of this material su%?ests that the IuB is formed in layers, possibly
b}/ Infussusception of new layers between old ones. During its formation the plug
a w?]ys bulges into the sporangium but it may also bulge to"a lesser extent into th

a

The structure of old non-germinating sporangia

The most conspicuous cytoplasmic change taking Blace on ageing occurs in
the central vacuole, in_which the contained materid| becomes uniformly electron
transparent (PL 4, flﬁ. 7). This Is consistent with the light optical evidence that the
storage material of the %)orangl,um Is transformed into"some other reserve material
(Blackwell, 1949?. LIPI iInclusions tend to be more nymerous in qld_sporangia.
The sporan%m wall consists of a sm%Ie layer only $PI. 4 fig. E?) The vesicular
layer was, absent and the outer stryCtureless eldctron-transparent layer, now
decreased in thickness to 1500-2000 A, 15 directly apposed to the plasma membrane.
The pailla in an old sporanglum ap,oears 85 4 homogeneous layer, finely gra_nular
after osmjum fixation; 1t abuts directly on to the plasma membrane (PI. 4, fig. 9).
The plug has the same appearance in young and old sporangia (P1. 3, fig. 5).



Sporangia of Phytophthora erythroseptica 279

The structure of the young sparangium stimulated
to germinate indirectly

Sudden exgosure, to.a temperature of 13° for 1-5 hr followed by 10-15 min. at 22°
(the stimulus for Indirect g%rmlnanon Is sufficient to bring about several Im-
portant structural changes. The central glycogen vacuole disappears and the cyto-
plasm contains a decreased number of Smaller vacuoles which are_now wregular
In outline and possess structureless electron-transparent contents. Few perlr%) eral
vacuoles are recognizable. Mitochondria are enlarged and it 1s particularly notice-
able that the cristae are elongated and penetrate deeply Into the mitochondrial
matrix (compare Pl. 5, figs. 117and 12, with PI. 2, fig. 3)." _

The s oran(fqlal wall shiows a marked increase In comglexn during the Erocess
of indirect germination. The outer structureless layer 1S unaltered, but the inner
vesicular layer widens and, as germination advances, vesicular elements increase
con3|der_abl)i In number and pack together to form a discrefe, heterogeneous layer
(PI. 5, fig, 11). At this stage, moredver, a third layer is formed, séparating the
vesicular-layer from the pldsma membrane. This third and inner layer resembles
the outermost layer of the wall in its low electron oRaut and apparent absence
of structure, 1t is conspicuous only in the walls of cnilled sporangia, particularly
when the chanqes_ are ell advanced: there may, however, be indications of the
bernlng of a third layer in the apical wall of young non-germinating sporangia

. The d%ve opment of the papilla is even more striking. In the earlg stages of
indirect Eermmatwn the papilla is Iargely homo%eneous and consists predominantly
of a thickened outer structureless laygr, although the vesicular Iayer and the inner-
most structureless layer are clearly detectable (PI. 5, fig. 10). A

Papllla presents a very different picture, with the vesicular layer now occupying
he bulk of the central space (PI. 5, fig. 12). The layer embodles_a_heterogeneous
assortment of vesicles, someupto 1 g indiameter and mostly containing moderatel
electron-opague material; some les X

a later stage the

clearly aefined vesicles of uniform size (0-5 /i
lie adjacent to the nnermost cell wall ana” contain homogeneous material of lower
electron opacity. The outer structureless layer is displaced outwards by the enlarged
vesicular zone and a prominent bulge forms at the apex of the sporangium,
The elements comprising the plug remain unchanged during the process of indirect
%erm_matlorll| and the plug’is not pénetrated by the vesicularelements of the neigh-
ouring wall,

DISCUSSION

During the process of agemg a sporangium of Phytoghthora erythroseptica under-
goes a sries of irreversiblé changes which result in'the loss of ability to germinat

indirectly by the production of zoospores. Our electron microscope observations
show that dgeing Is accompanied by a change in the appearance of the contents
of the food Vacuoles and by the disappearance of the vesicular Iager in the wall,
These changes sugigest that'the original food storage materjal (probably glycogen)
and the vesicular Tayer of the wall hoth Llol_ay essential roles in indirect germination.
Two distinct, processes are at work d rmg Indirect germination. The formation
of zoospores Involves the differentiation and cleavage of the sporan%allﬂcyﬁg)plasm,

i ]

x i
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Secondly, the sporangial wall must ogen In the reglon of the a,ﬁ)'”a tc permit the
discharge of zoosparés. The occasional release of Boran lal contents before cyto-
plasmic differentiation is complete (Pethybridge, 1914; Waterhouse, 1962; Vujicic
& Colhoun, 1966) indicates that the two mechanisms can operate independently
even _thougnh they are normally stimulated by the same exgernal conditions.

It 15 to e expected that the process of cytoplasmic differentiation will require
an adequate source of energg and Yamamoto & Tanino (1961) showed that the
glycogen content decreased and respiration Increased during zoospore formation
in"sporangia of Phytophthora infestans. The results of the ?resent_stud show that
these phy: |0I09|cal changes in P. er%\hros_egnca can be cqrrelated with ¢ rrespondmg
changes in_ultrastructure. Thus the dis pRearance of the large central vacuol
together with the decrease in number and the change in aggearance of the smaller
vacuoles in chilled sporangia are consistent with & decrease m_Pchogen content.
It 15 probable that the, I%;cho en is converted info glucose and utiliZed as an energy
source. The increase il Tespiration rate noted by Yamamoto & Tanino can be
related to the change_s In mitochondrial structure” which cccur after chilling. The
short stumpy cristaé in mitochondria of young non-germinaing s oranpla become
elongated during indirect germination and perietrate deeply intd the mifochondrial
matr1x; some ificrease in mitochondrial size is also appargnt, Simon & Chapman
(1961) noted that a rise in succinoxidase activity in develo,pln%Arum spadix cells
Wag accompanied by a similar increase in theln%th of mitochondrial microvilli
while Hawker & Abbott %1963) noted that the number and length of mitochondrial
cristae in vegetative hyphae,of Rhizopus increased with hyphal age.

D_|schaéqe of the s orang|al contents ocgurs on dissoldtion of rypture of the
Papnla._ 3y this stage the Sporangial wall of PhytoPhthoraerythrosepncaconslsts of
hree distinct layers. the outer wall (probably Cellulose), the prominent vesicular
layer and the iAnermost homogeneous layer. The striking development of the
vesl?ular layer during indirect %erm_matlon, Eartlcularly In the region of the
Papl la, and the emer%ence_ of the third layer separating the vesicular layer from
he plasma membrane, are in marked contrast to the undltered aRpearance of the
outer sporangial wall.. These observations provide clear evidence that the two inner
layers are implicated in the d|scharge process and it may be postulated that the
\Clg%clg?]eﬁft)gtaln enzymes responsible” for the ultimate degradation of papillar
_ Z(_?ospores of_Ph%/tophthora may be liberated in various ways. The usual mechan-
ism 1s Dy the d|3f argce of zoosgaores 8s single [nature motile organisms (Blackwell,
19_495. n several species, however, for example n Phytophthora cryptogea (Pethy-
bn\%;e &hLaffertY 192, P. cactorum Worma?, d1919) and P. colocasiae (Blackwell
& Waterhouse, 1930), Zoospores may e expelled as a mass surrounded by a thin
evanescent vesicle which remains atfached to the mouth of the sporangiur; in not
more than a few seconds the zoospores break through the vesicle and swim away.
In P, crypto}%;ea the evanescent vesicle may be so tou%h that the zoosloores must
puncturé a fole through which they escape sin Icv(B ckwell, 1949)." In the case
of P. erythroseptica however the evanescent vesicle is apparently so delicate and
transitory that'it has only rare% been described (Pethsybrldgfe 1914; VLgICIC, 1963
and no trace of the vesicle remains after the dispersion of the zoosp

) ores. LI
microscopy indicates that the evanescent vesicle Is derived from the hyaline mate|9|al
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which comprises the papilla of the indirectly ?erminatin sporangium 9(Pethybridgie,
1914- Pethybridge &Lafferty, 1919; Wormald, 1919; Blackwell; 1949): thé papilla

has been déscribed hy Blackwell as a localized muulag[lnous area qf the Inper sporan-
gial wall which readi Y imbibed water and, dissolvedto allow emission of zoospores,
Sometimes giving rise to the evanescent vesicle during the process of solution, Ontne
evidence provided by the present work it seems probable that this mucilaginous
zone 1s the vesicular Ia¥er of the sporangial wall and that the evanescent Vesicle
IS In some way derived trom this layer.

The authors are indebted to Professor J. Colhoun of the Department of Crypto-
%?ml_c Botany, Manchester University, for his advice and encouragement throughout

e investigation and to the Nuffield Foyndation and the Agricultural Research
Council for"grants for the purchase of equipment.
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EXPLANATION OF PLATES
Abbreviations used

O/ central vacuole N nucleus

er  endoplasmic reticulum nm nuclear membrane

?] G0|%I dictyosome np nuclear pore
hypha v plug

lam lamellar inclusion pa papilla

lip  lipid inclusion pm plasma membrane

m  mitochondrion pv  peripheral vacuole

me  mitochondrial cristae rib  ribosomes

wl outer sporangial wall (homogeneous)
ib2 vesicular sporangial wall (heterogeneous)
ie3 inner sporangial wall (homogeneous)

Plate |

Fig. L. Low_magnnification electron m__icrograﬁh of a young sporangium of Phylophthora erythro-
septica showing the central vacuole (cii) and the plug (p&connectlng the sporangium to a hypha.
Nuclei (n) are scattered in the cytoplasm. (Fixative 050,; x 2500.)

Fig. 2. Wall and cytoplasm of a young sporangium (from a 4-day-old culture). The sporangial
wall consists of a thick homogenedus outer layer (aij) and an inner vesicular layer (to2) borderlng
the plasma membrane (pm). The nucleus (n) is enveloped by a double membrane (nm) penetrate
by pores (np). Flattened cisternae and associated vesicles of a Go}l<gMd|ct osome %)Sendoplasmlc

reticulum (er) and peripheral vacuoles (pv) are shown. (Fixative KMn04; x 80.0

Plate 2

Fig. 3. The alpical region of a young sporangium. The vesiculated layer (ic2) of the sporangial wall
is well developed and the underlying plasma membrane (pm) shows numerous convolutions.
Peripheral vacuoles (FV) are conspicuous in the outer regions of the cytoplasm; their finely granu-
lar contents are at places resolvable as small vesmles_?arrows). Mitochondria (m) possess short
stumpy cristae (me) and extensive areas of clear matrix; elongated cisternae of the endoplasmic
reticulum (er) occur in the vicinity of the nucleus (n). (Fixative KMn04; x 60,000.)

Plate 3

Fig. 4. Lipid inclusions (lip) and inclusions with regijons. showinF a periodic Jamellar structure
am) occur in the sporangial cytoplasm. Osmiophilic ribosomal particles (rib) are abundant.
day-old culture. (Fixative 0s04; x 140,000.)

Fig. 5. The plu separating the sporangium from the hypha (hy) in a young (4-day) specimen.

(F?xative 0204? (xp)Z0,0%O.) o)

Fig. 0. Partofthe central vacuole (cv) in a young (4-day) sporangium. (Fixative KMn04; x 90,000.)

Plate 4

Fig. 7. Part of the central vacuole (cv) and adjacent cytoplasm in an old (10-dag% sporangium.
Mitochondria (in) and a lipid inclusion (lip) are shown. “(Fixative KMn04; x 35,000

Fig. 8. Wall and cytoplasm of an old (10-day) sporangium. The wall consists only of the outer
homogeneous layer (a»!); the inner vesiculated layer is absent. A nucleus (a) and nearby Golgi
dictyosome (g) are shown. (Fixative KMnOQ,; x 40,000)

Fig. 9. Part of the papillar region in an old (8-day) sporangium. The papillae (pa) appear as a
th|gck finelygranularplagler. (Flgxative 0s04; x(S0,0EQ).)p ! Pep () app

Plate 5

Fig. 10. Part of the papillar region in a young chilled sporangium. In addition to the vesiculated
layer (ie2), a third innermost layer (te3) is detectable. (Fixative KMnC'4, x 30,000.)

Fig. 11. The wall of a chilled sporangium at an advanced stage of indirect germination. The three
layers are cIearI%/ distinguishable with the vesicular layer (|c% forming a wide and discrete region
between the other two layers; the third and innermost layer (if) is particularly prominent.
(Fixative KMn04; x30,000)

Fig. 12. The papilla of a chiIIed.sgorangium at an advanced stage of indirect germination. The
g_reatly enlarged vesicular layer (iu2) now occupies the bulk of the central region of the papilla and
isplaces outwards the outermost homogeneous layer §jf,). Note_the.elon%/elated cristae possessed
by the mitochondria (m) in this and the two preceding figures. (Fixative KMn04; x 22,000.)
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SUMMARY

Absorption an?l centrifu? lon. F]'[Udlel% established .that t he(t]e
Iut|n|n pxgtlca 8550 taﬁ h S hrg htous tissue jnfecte
%ﬁ“ﬁme I Al e %maetm%'”tth‘ttt i
ctivate [n 8 -Cliloromereuribenzoic au% IS pro eh
Ith sical an cemtc?pro er s Pttp nm
zapr ﬁ¥ er |saseroﬁﬁtca Tela |dnsLh? Ylveen aemaﬁﬂ% Inin
er. non- ?ecflghg ma 9|ca reactive S tances

I'ESEH'[ I tissUes In o%ac VIIUS.

INTRODUCTION

Coxsackte A7 V|rus IS outstandmg among enteroviruses other than Fohowruses as
a cause of Para Byt|c isease of man™(Voroshilova, 1964: Rossi, Vassella & Rentsch,
1964 Grts 1964 The V|rus resembles pohokus n athogemuty for man
and monkey an( sares WI'[ pe 2 omkusa limited to enicity”for aduIt
rodents_(Chumakov et al. 1956, Habe| & Loomis, 1957, Grist & Roberts, 1962
Chlap & Lutynski, 1964). However, the Coxsackle virus is antigenically distinct
from oliovirus, and is pathogenic for d 3/ sucklmg mice, causmg myositis
cara tehsttc of gr oupACoxsackte virus infection (Habel & Loomis, 1957 Voro-
shilova & uma
A strain of oxsackte A Virus was isolated durmg a study of an qutbreak of
pohom(}/ehtls -like llness in Scotland in 1959 (Grist, 1960). Extracts of tissues from
Y suck mq mice infected with the virus strain agqlutmated vaccinia- a? lutin-
able fowl red célls. Human, mouse and vaccinia-ina guttnabe fowl red cells were
notagglutmated Haemagglutinins were notdetecte msmmr%pregare extracts
of uninfected suckhng mouse tissue nor In those Infected with other rototlo
group. A Coxsackie Strains_ (Grist, 1962). Haemagglutmatlon Was sgecmca ly
inhibited b homolo%ous antiserum. From these obsérvations it appeared that the
haema%gl inins detected were specifically associated with suckh mouse tissue
Infected with Coxsackie A7 virus,
resent paper. reports an mvestlgatton of the relationship of the haemag-

Iut|n| to.the infective Iparttcle and a comparison of the properties of the haemag-
lutinin with those of previously described viral hagmagglutinins.

* Present address: Department of Virology, St Mary’s Hospital Medical School, London, \Y. 2.

te.L
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methods

Virus. The virus_used in this study was the 1034 strain isolated in 1959 from a

%aral sed child ‘Grrst 1960). This strain reacted as a type A7 strain related to both

|ldorf’s prototype and the Russian AB-IV strain.

reparatron of Infected tissue extracts. Da -0ld sucklrng mice were mgected intra-
peritoneal ¥wrth a dose of virus calculatéd to produce paralysis 4-5 days after
|n jection. The carcasses were dissected to leave mainly skeletal muscle which was
then homogenized with phosnhate -huffered saline to give a 20% (wv) suspension.
Extracts were cleared by centrifugation and stored at™—203until Used. Before use.
the extracts were thawed and centrifuged again to remove a flocculum, leaving a
clear, straw-coloured supernatant fluid:

Haemagglutination tests. As a result of experiments to be described (see Resultsa
the following procedure was adopted for routine haemagglutination tests. B
from fowls with vaccinia-agg]utinable red blood cells E)r e was coIIected ase trcal lly
boycardrac puncture into ‘Alsever’s solution. The . ewere washed with sro
I grcal saling and used as a 0-5% suspension in saline. Cells not used I |mm dra

Were stored In Alseverssolutron at & untrlthe showed srgns of instability. H

%g |utination tests were carried out in 2n astrc Iates y addition of 0-3'ml, 05%

e. to (-3 ml. of twofold dilutions of 20% suc ling mouse C3/Cass suspensions In
saline. End-points are expressed as reciprocals of thé' highest dilutions giving 3+ to
4+ haemaqglutrnatron 0 Pattern formation,

HaemagglUitination inhibition tests. One 100% haemagglutinin unit gfrnal dilution
of haemagglutinin giving 4+ haemagglutination pattern) was added in 0-3ml.
amounts £0"0-3 ml. of twofold dilutions of jmmung serum and the mixtures held at
room temperature for Lhr, After this perrod 0-3ml. of 05% rh.e. was added 0
each mrxture an to the appropriate contros Results were read when rb.e. had
completely settled. and ae ex) resse as reciprocals of the highest dilution of
immune serum giving complete |n hibition of haemagglutination.

Complement-fixation tests. The method employed was the standard small-volume,
colg- overnrght technrriue of this Iaborato nX Grrst etal, 1969). In brief, tests were

rformedr plastic plates using 0T ml. a ounts of each reagent consisting of serial

old dilutjons q antrgen units of antiserum (determined by chess-board
trtratron) and 4 ynits of Complement. After overnight fixation at lates were
mcubated at 37° for 20 min_and 0T ml. of 2% sens itized sheeE cells aoded Lsrs
waéa lowed to rocee at 37° for 40 min, and the, ateit en rPt at 4° until cells

settled. ornts are expressed as the reciprocal of the hest dilution of
antr en grvrngi com lete or nearly complete fixation of complement.

ectrvrt itrations.  Serial tenfold dilutions of Infective Preparatrons \vere
|njecte I 0-03 ml. amounts mtragerrtoneally Into day-old suckling mice. A ljtter
of at [east seven animals was used fo each djlution, "The mice were observed for
a total of 14 days for signs of paralysis; mrce d;{rn wrthrn 24hr of In ectron
were rejected from the tifr tr hee ective d osea W] |ch50 % of the anr als in-
{ected owed paralysis (ED 5 )was etermined b¥te arper formula, nectrvrtg
Itres are expressed as the log. of the reciprocal ofthe ED 50 end-point (log0ED 50/

Neutralrzatron tests. Serial twofold dilutions of immune serum were mixed with an
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equal volume of virus preparation containing 100 ED 50/0-03 ml. and held at room
temperatyre for 2hr. The virus serum mixtures_ were.then injected in 0 03 ml.
amounts mtragentoneally into dax-old suckling mice using a litter of at least seven
animals for each dilution.” Serum neutralization'titres are expressed as reciprocals of
50%end-P_omts determined by the Kiirber formula. _ _

. Preparation of antiserum. -Adult mice were immunized by four intraperitoneal
mg)ectlons at weekly intervals.of 0-5 ml. amounts of 20% suiSpensions of carcasses
from suckling mice Infected with the 1034 strain. Seven days after the fourth injec-
tion, immuriized mice were injected _mtrapenton,eall}/ with 0-2 ml, _Landschilitz
ascites tumour fluid and the resultant immune ascitic fluid harvested 7 days later.
Immune ascitic fluid was used for routine complement-fixation tests, Serumabsorp-
tign experiments were carried out using immune serum obtained from immunized
adult mice by cardiac puncture.

RESULTS o
Optimal conditionsfor demonstration of haemagglutination

Salt. Extracts of infected tissue were dlalsysed against distilled water overnight
and haemagglutination titres determined using various isotonic salt solutions as
diluent andtor preparation of 0-5% r.b.c. suspensions. Haemagglutination was not
detectable when haemagglutination tests were carried out in isotonic solutions of
|ucgse. - Identical haemg(qulsutmatmn titres were obtained In isotonic solutions of
aCl, MoCl2, CaCl2and Xazs04 _ o o
Haemagglutmanon by extracts of Coxsackie A7 virus-infected tjssues is depen-
dent, therefore, on the presence of salts. Since identical haemagglutination titres
were obtained in media contammq either only monavalent anions or cations or onl
divalent anions or cations, the va enc_;{ of the salts in the medjum was not critical.
Temperature, Haemagglutination titres up to 256 were obtained when tests were
made at room temperatuife (15-18°) and parallel tests showed a twofold decrease at
4" and_a twofold Increase at 37° compared, with titres obtained at room tempera-
tures. The pattern of agglutinated cells remained stable for 24 hr at each temperature.
Freshly ‘prepared extracts of infected tissues, however caused considerable
haemolysis after prolonged incubation. Haemola/s_ls was also demonstrable with
vaccinia-inagglutinable r'b.c. and lysins were found, in smul,arlg preP,ared extracts of
uninfected_ stckling mouse tissue.” Haemolysis of vaccinia- g%Iu inable r..c. b
extracts of infected tissue was not inhibited” by 1034-jmmune Serum. Thus haemo-
lysis is not specifically associated with Coxsackie A7 virus-infected tissue but is due
tlo lysins known to bé present in homogenates of normal mouse tissue (Herberman,

964).

. Haemagalutination. titres were determined using diluents of different pH
coPnPatibIe wﬁﬂgthe stability of bot% the haema glutin?n_ and fowl r.b.c. Expgri-
ments were made at room emﬁerature usmlg ? (ysmlogmal saline buffered with
(il(t}rgte buffer, pH 4-5-6 0, phosphate buffer, pH 7-0-8 0, and glycine buffer, pH 9-0-

Maximal haema IgI;Iutmatwn fitres were obtained between pH 45 and pH &0 hut
without 3 well-defiried pH optimum. _ Increased alkalinity produced a progressive
decrease In haemagglutination titre with a 32-fold decrease in titre at pH 11-0 com-
pared with the maximal titres. Asa result of these experiments, haemagglutination
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tests were r_outin_eI)r carried out at room temperature as described in Methods. The
pH of physiological saline used as a diluent was between 64 and 6-8.

Relationship of the haemagglutinin to the infective particle

Absorption studies. Extracts of tissue infected with Coxsackie A7 virus were
absorbed af room temperature for 2 hr with 5% suspensions of vaccinia-agglutinable
and vacuma-magrql_utmable fowl r.b.c. The mixtures were keBt at 4° vernight and
the supernatant fluids removed after deposition of the r.b.c. by cent_nfu?anon. The
deposited cells were washed with saline at 4°, resuspended n saline o volumes
e%uwalent to the_original ansorption mixtures and disrupted by two cycles of
freezing and, thaw_m%. Supernatant fluids and_suspensions of disrupted. cells were
assayed for infeetivity, haemagglutinating and complement-fixing activity.

Table + Absorption of Coxsackie A 7 virus-infected suck_lin% mouse tissue extract
mm vaccinia-agglutinable and vaccinia-inagglutinable /ore/ rh..

Titres*
Expt. _
no. Preparation HA CF INF
1 Unabsorbed extract . 128 04 6«&
2 Absorbed with vaccinia-agglutinable fowl r.b.c. 0 -
2 Absorbed with vaccinia-indgglutinable fowl r.b.c. 128 o4 68
Lysate of vaccinia-agglutinable fowl r.b.c. from EXé)t. 2 - 20
5 Lysate of vaccinia-inagglutinable fowl r.b.c. from Expt. 3 « 0 19

* HA, haemagglutination; CF, complement fixation; INF, infeetivity = log2) E D 50/0*03 ml.

Haemagglutinins were remqved sPecmcaIIy from the infective extracts b
absorgtjo_n with vaccinia-agglutinable fowl r..c. ﬂTabIe 13 Loss _ofhaemagqlutl_na -
Ing a '[IVIth/ was not accofmpanied by any detectable decrease in infeetivily titre,
wing to the lack of prem%l_on of the method used for infeetivity titration this result
0es riot exclyde the possibility that haema?glutmatmg activity 1s associated with a
small proportion of the total population of Infective fpartlc_les., However, such an
association should have been revealed by a hlﬁ;her Infeetivity. titre in the | fate of
vaccinia-agglutinable fowl r.b ¢. compared with that of vaccinia-inagglutinable fowd
rh.c. NoStch difference was, detected. These results _strongI%/_ suggest, therefore,
that the _h_aemagglutmm and infective J)artlcle are distinct éntities.”
. In‘addition, thiére was no detectable decrease in complement-fixing activity of the
infected tissue extracts compared with that of controls after complet® removal of the
haemagglutinins, Within the limits of sensitivity of the serological test, therefore,
gg%vthaemagglutmm does nor appear to be associated with™ complement-fixing
Centrifugation studies. In. order to mvestlgate further the relationship of the
haem_agglu Inin to the infective Partlcle, extraCts of tissues infected with Coxsackie
AT virts were examined by centrifugation. A saling extract of infected fissue was
centrifuged, reﬂeatedlk/ for"constant periods of one hour at 4° at increasing centri-
fugal fojce in the no. 40 rotor cfa Spinco Model L ultracentrifuge. After eac 8erlod
of Centrifugation, sam'ole_s were removed from the centre of the centnfugh;e tube. The
infee IVW, h em%qﬁ]ué| Igtmg and complement-fixing thres of each successive
sample were deterntined (Fig.2).
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The rate of sedimentation of haemagglutinating agtivity under the conditions
described is thus_ greater than that of infectivity, confirming the conclusion drawn
from the ab_sorgtlon experiments that the haema?(%lutmm and infective particle are
distinct entities. Further, these studies show that the haemagglutinin is particulate
and not a ‘soluble substance’. Both the haemagglutinin and infective particle
were found at the same. level in equilibrium density ?rad|ent centrifugation” experi-
ments in caesium chloride (Grist, unpublished resulis). These experiments suggest
that the haemagglutinin is a larger particle than the infective particle.

(«) <t)
450 =~ 50

o
o

40 40

o
S

30

-
v

3-C

-
S

2-0

o
o
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IHaemagglutination titre (log,,)
Complement-fixing titre (log,,)

20 40 &0 20 20 40 €0 80
Centrifugal force (g x 10-?) Centrifugal force (g x 10-3)
Fig. 1 Relative rates of sedimentation of infectivi&y, haemag\%lutinatin and
complement-fixing actm{l sl assoclated with extracts of Coxsackie A7 virus-infected

suckling mouse tissue —| = infectivity; 1 —1 = haemagglutinating activity.
(6) A—gA = infectivity, A-A = complement-¥|xmg activity. & ! /

- Unlike _haemanIutmatmﬁ activity, the rate_of sedimentation of complement-
fixing act|V|t¥_ closely parafleled that of infectivity apart from the initial sta?_es.
Comglement_— IXIng C_'[IVIt%/ s mainly associated, therefore, with the infective
Par_u le. It is not I%ossm,le_odraw firm conclusions from the initial rate of sedjmen-
tation of complement-fixing activity which might suggest that this activity is

independent of the infective particle;

Effect of physical and chemical agents on the Coxsackie A 7 haemagglutinin

Stahility of the Coxsackie A7 haemagglutinin was tested under experimental
conditions described in a systematic study of virus haemagglutmms by Buckland &
Tyrrell (1963). The results provide information relevant 10 the probable chemical
Hature of Ehe_ haemagglutinin and its relationship to previously described virus

aemagglutinins. -

Coxga% le A7 haemagglutinin was completely stable over a range from pH 2 to
10, AIthQu%_h,Coxsackw viruses were. not examined by Buckland” & Tyrrell, it is
perhaps significant that those enteroviruses studied were found to be Stable over
asm_ularR ranege. Haemagglutmatmg activity was Ioshafter heatl_ng at 50° for
60 min. and aftér exposure o 4M-urga or 0-005M-p-chloromercuribénzoic acid.
Inactivation by p-chloromercuribenzoic acid was reversible by subsequent treatment
of the Inactivated haemagglutinin with 0-5M-eysteine or glutathione at 3/° for
30 min. These results, togetfier with the precipitation of haemagglutinating activity
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It-)?l 25% ammonium sulphate, are compatible with & proteinaceous haemagglutinin.

OWever, haemagrglutmatmg aC'[IVIti/ was not affected b}/ treatment With 1%
papain, 0-01 % a-C 0ymotr}/psm or 001 % trypsin. Treatment with papain for longer
periods or with 0-1 % solutions of the two other enzymes at 3" for 4 hy resulted i a
consistent twofold increase_in haemagglutination titre. An increase in haemagglu-
tination titre was also described foIIowmg_treat_ment of vaccinia-infected tissues With
trypsin (Briody, 1951 Youngner & RuBinstein, 192). L
vidence agamst the associatjon of haemagglutmatmg activity with either
carbohydrate or lipid is provided by resistance tq 0-946M-potassium periodate and
or(‘;amc solvents In which the hadmagglutinin is alsg insoluble. Nor was there
detectable decrease in haemagglutinating titre after incubation at 37° for up to
A3 hr with cobra venom. When examjned under similar conditions, vaccinia haem-
a?glutmm, pregared from vaccinia-infected chick embryo chorioallantoic mem-
brane, was almost completely inactivated. Inactivation of vaccinia haemagglutinin
by cobra venom Is considered to be due to a phospholipase (Stone, 1946).

Serological studies

Absorption and centrifugation studies established the discrete nature of the

oxsackie A7 haemagglutm_ln. It se_emeg_of Interest, therefore, to (letermine whe-
ther there was any Serojogical relationship befween the haemagglutinin and. the
Qt]bert sdertologlcally reactivé materials present in extracts o: CoxSackie A7 virus-
infected tisstle.
. Ahaemagglutinin-free preparation was obtained by exhaustive absorption of an
infected tisSte extract with _vaccmla-agﬁlutmable fowd r.b.c. This regaratlon Was
then used to absqrb Coxsackie A7-immurie mouse serum by mmng qual volumes of
haemagglutmm-free preparati >nand immyne scrum and mcybati g the mixtures at
31° for' Zhr and then keeping at 430ve_rn|9ht. In_order to increase the sensifivity
of the test, the immune sefum was dilufed to 16 times the complement-fixing,
haemagglutination inhibiting and neutralization titres before addition of the haem-
a%glutmln-free pr%),aratlon. After absorption, virus was removed by centrifuga-
tion at 40,000 rev./min. for 4hr inthe no. 40 rotor ofaSpinco Model L ultracentrifuge.

Table 2 Abso;Ption of Coxsackie A 7-immune mouse serum with a haemagglutinin-free
extract of Coxsack:e A 7 virus-infected suckling mouse tissue

Serum titres*

Antisera hi CF VN
Unabsorged serum 512 128 2048
Absorbed serum 128 <3 < 512
Normal serum < 04 <3 < 512

* HI, haemagglutination; CF, complement fixation; VN, virus neutralization.

. Absorption of immune serum with the haemagglutmln-]‘ree preEaratJon resulted
ina marked decrease jn complement-fixing and n&ditraljzation titres. This result was
anticipated in view of the association of omple_ment-_flxmq activity with the infec-
tive particle which was established by,cgntnfugaﬂon Studies. However, these
reductions In titre were also accompanied by a significant specific decrease In
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haemagglutination-inhibition titre (Table 2), This result establishes that there is
a serological relationship between the haemagglutinin and the other serologically
reactive materials present in extracts of Coxsackie A7 virus-infected tissue.

DISCUSSION

.Haemagglutinins specifically associated with enterovirus-infected tisses rr])_re-
viously described may be classified in two groups. First, there are those in which
haemagglutmatlon ISa properta/ ofthe infective particle (Goldfield, Srihgngse &Fox,
195/), “Under appropriate” conditions, passage of such viruses may gIvé rise to a
mixed porPuIanon of haemagglutinating and n_on-hae_magglutm_atmg virigns (John-
on &Lang, 1962). Absorption of extracts of tissues infeCted with stich viruses with
susceptiblé r.b.e. results In loss of haemagglutinating activity with concomitant
comﬁ)lete or partial oss of infetivity. _ o _

The secon group consists of those enteroviruses which Infect tissues producing
two types of Raemagglutinin, one associated with the infective particle and the
other” hon-Infective aema% |utinin (Fabiyi, Epgler & Martin, 19649. Physical
examinatjon has shown that this secon haema?glu Inin is a particle of lower density
than the infective particle and lacks the typical icosohedral symmetry of the virior,
|t i probable that the non-nfective haemagglutinin is an “incomplete’ or “coreless
form of the infective particle_ . _ _ N _

Absor&tlon of Coxsackie A7 virus-infected tissue with vaccmla-a%g_lutmable_ fowl
r.b.e. removed the haemag%llu_tmln without any detectable decrease’in infectivity.
Within the limits of sensifivity of the infectivity titration technique employed,
these results show that the haémagglutinating activitv_is not assoclated withthe
infective particle. The results of dénsity gradient centrlfu?atlon experiments sug-
gest that the haemaﬁglutmm and Infective particle have the same density. 1t 1s
Unlikely, therefore, that the Coxsackie A7 haemagglutinin is an “incomplete” virus
particlé. . Indeed, differential centrifugation expefiments suggest that the haemag-
glutinin_is larger than the infective particle, _ _

_The Coxsackie A/ ha_emag?Iutml also differs from previous Cy described entero-
viral ‘haemagglutinins In not agglutinating human group O cells, However, s
Inactivation. X rj-ehloromer_cun enzoic acid and subseguent _react|vat|?n by thiol
compoundas is Bf opertIy9 é é)lcal of enteroviral haemagglutination (Buckland; 1960;

Phllws%n &Chogﬁun, _ L -
Another paradoxical property of the Coxsa_ck_leA7haemagtglut|n|n IS ItS reactivity
with vaccl m-agglutm ble fodl r.he. Vaccinia haemaqglu nin agglutinates onlé
those fowl cells which are susceptible to ag?Iutmat!on by IFId suspensions (Burnet
Stone, 1946); this property, together with the inactivation of vaccinia haemag-
glutmm by cobra venom and othgr preparations known to contain ph_osphollgases, 15
strong indicatjon that the activity of the vaccinia haemaqglutmln IS associated
with phiospholipid %Stone, 1_9463. The é)hyswal and chemical studies described, how-
ever, s_uggestt at the activity of the Coxsackie A7 haemagglutinin is not associated
with lipid but with protein. “The differing chemical natuye” of the haemagglutmms
sug?es s that the vaccinia and Coxsackie A7 haemagglutinins attach to stusceptible
fowf rh.e. by different receptors. This hypothesis is at present under in-

vestigation.
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. The significance of the production of haemagglut,lnms in_Coxsackie A7 virus-
infected suckling mouse tissue is still a matter forConjecture. Two main alternatives
present themselVes for the possible orlqm of the haemagglutinin: the hae_maé]glutmm
either Is gerived from normal host-céll constituents or else is synthesized de novo
through the. metabolic pathways of the virus-infected cells. Failure to detect similar
haema%glu_tmms in similarly prepared extracts of uninfected tissues or in tissues
infected with other CoxsacKie viruses su%%est_s that the active principle of haemag-
%Iutmatlon IS nof @ component of uninfected tissues.  Since specific haemagglutinins
ave also heen detected in Coxsackie A7 virus-infected tissue of a ditferént rodent
s%eues, the adult cotton rat (Grist, 1962), productl?n of haemagglutinins Is pot a
P enomenon peculiar tg suckling mouse tissue. Serological studies have established
hat the haema glutmm IS composed, in part at |east, of virus-specific material.
Further, it has beén shown that antibodies P_emflcal_ly Inhibiting haemagqlutmatlon
cross-react with a hagmagglutinin-free fraction of infected “isSue extract. A com-
mon serological specificity must be shared, therefore, by betli. the haema%%lutmm
and other nop-h emag? utinating virus-specific material, This suggests that the
haemagglutinin carries two reactive sites only one of which is responsible for the
haemagglutinating activity.

The authors wish to thank Mr T. Miller for his valuable technical assistance and
Dr J. G. P, Flutchison for the cobra venom. This work was assisted by grants
from the Scoftis Hqspltalf_ Endowment Research Trust and the Natiorial Fund
for Research into Poliomyelitis and other Crippling Diseases. One of us (J.D.W.)
was Sir Maurice Bloch Research Fellow when'thiS work was done.
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