J. gen. Microbiol. (1963), 30, 173-181 173
Printed in Great Britain

On the Nature of the ‘Lethal Zygote’ produced by Crossing
Non-Colicinogenic with Colicinogenic Bacteria

By RENANA BEN-GURION

Israel Institute for Biological Research, Ness-Ziona, Israel

(Received 10 February 1962)

SUMMARY
hen cmo enrc aIe bfa erra are crossed wrt non- cohcmo l
II es(rf ”ﬁ] romosorpei ﬁan en er e o]
w nec ss rr erer agra encewr
o reco man errvd rom crosses er
rco scom are eir ers m Cr0SSES of the type
cas % erence Wi re uce en
ere ha ms ea of estan ar empera o
oun resrs o olicines |sn wasa Pr
e{r en n eare reesogcﬂlrcmeare& ce an
a |chs wcom eresr ance Sly e sa str

&1 sensr ve un more H%]OTOU ondrt ? ? ?
ﬁ? cm e Sensl |vrty 0 hese Semr-resistant mutants is greater at 3
INTRODUCTION

An. asymmetry in crosses_between colicinogenic and non-colicinogenic bacteria
was first descrrbed by Fredericq & Betz-Bareau T(1953) On crossing F +col+ X F- 07,
the col+ Proge Was fransferred to some of the recombinants, but when the
F+ Raren s oo and the F- parent col-, the col- property did not appear in any
of the recombinants. It was concluded that the coIrcmogenrc factor IS not a part
of the bacterral chromosome, utacytoR asmic anrtrce a plasmagene, Al oIdr
et al. (1957, 1958), demonstrated that the cor E 1 factor i§ a part of the H
chromosome and is transferred to the recombinants in a normal fashion, when on
the. Hir chromosome. However, they claimed that when the Hir parent was non-
colicinogenic, and its chromosome ad the col~ property, the entry of this factor
info recipient bacteria which were_cot+ Was lethal' for the zygoe They called
this phenomenon ‘lethal Z){grzasrs The present paper describes’a study of several
crosses of the Hfr col~ X F-0Z+type.

METHODS

organisms. All the strains used were derived from non | sor%;enrc derivatives of
Escherjchia coli K 12 Strain TR 211 a derivative of straif Y 20; rt requires
threonine + leucing + thiamine (th rieutni), itisstre tomyrcm -sensitive (str-s), produces
coIrcmesEZandI(Frederrcq 055) and'is F-. Strain'TR 24 isa derivative.of straip
11242, it requires tysteine + histidine (cys hrs) rs resistant to streptomycin (str-r
produces colicine B (Fredericq, 1955) andis F-, Strain TR 25 is also a derivafive of
strain 112-12, (cys his str-r), producescolrcmeK(Frederrcq, 1955) and isF-. (These
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strains were_ Kindl sugplied by Professor P. Fredericg, Université de Ligge,
Belgium.) Strain Hfr C requirés  thiamine (thi) and is streptomycin-sensitive,
Strdin Hir P4X6 requires methionine (met) and s streptomycin-senSitive. PA417
requires argining + histidine + proling (arg his pro), IS streptomycin-resistant and F~.
(These strains were kindly supplied by E)r,F. Jacoh, InstitutPasteur, Paris.)
Media, Nufrient broth was Difco nutrient broth. Nutrient agar was nutrient
broth + 2% Difco %gar. Minimal medium had the following compasition: NaH P04
0-7% (wiv); KHZ04 0-3% (wiv), NHACL 0-1% (why); NaCl, 0-05% (wiv);
CaCl2 vo.a . MgSO4 1o .. qlucose, 0-4% (w/vg;_amlno acids gwhen atlded)
0-016% (wlv), thiamine 5/ig./ml. Glucose, amino acias, thiamine and CaCl2were
autoclaved separatelg. Minimal medium agar was prepared by addmg 4% gw/v

~—

agar, autoclaved separately. to double-stréngth minimal meaium. When strepto-
mycin was_used, 200 /ig./ml. was added to the medium. Bacto Penassay Broth
was from Difco. , ,

Experimental procedure. Straing were stored on nutrient agar slopes at 4°
Cultures for use were progagated from such stock by overmght growth in liquid
medium (nutrient broth-L4fiaming; minimal medium; or Pénassay broth) with
aeration at 37°, Samples (05 ml.) of each parent culture were diluted the following
mornm? into 4-5 vol. of fresh medium at 37° and incubated at this temperature
on a rotary_shaker for 3 to 4 hr._until the population density of bacteria reached
ahout 1t0°2 x 108organisms/ml. To cross the organisms, 1-8ml. of F~ culture were
mixed with 0-2 ml. of Hfr culture, the mixturé then incubated at 37° on a very
slow. rotary shaker for 2., and. the culture then diluted and plated on suitable
medium to detect selected recombinants. The plates were incubated at 37° for 48 hr.
and the colonies counted. Variations from this procedure are mentioned in the text.

RESULTS
The preparation of mutants resistant to various colicines

In order to cross Hfr bacteria with colicinogenic F- bacteria it was necessary o
prepare Hfr mutants resistant to the colicine produced by the F~ parent. To
prepare such mutants, Hfr organisms were sgread as a uniform layer on nutrient
a[qa_r plates, on top of which smogle droRs of suspensigns of colicindgenic bacteria
sterilized by chloroform, were added, The colicine-resistant mutants Were obtained
from the few colonies which grew in the inhibition zones. thus (Produced. These
wer select%d, gunfle twice b re-streakmﬁ;, checked forBurlt and used for further
work. In tne case of colicines B and K, tfie resistant mutants of straip Hfr C pre-
pared in this way showed only partial resistance, The%/ were only resistant o the
colicines in a chioroformed cdilture which had stood for mare than 1 day in the
refrlgerat,or, but were not resistant to a completely fresh chloroformed cu]ture, or
when collcmo%emc bacteria were ?,rqwn over them, Mutants arhallr resistant o
colicing B were sensitive to this colicine when tested at 37° and much less so at 28°;
the original straing were equally sensitive to the colicing at both temperatures.
These partially resistant mytants were incubated again with freshly prepared coli-
cines and resistant colonies isolated as before. These new mutants viere resistant to
the, coli Jjes eyen when ée?tedr br¥ rowing colicinogenic bacteria over them at 37°
and at 28° and were used for further work.
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The survival of COI\F- bacteria mixed with an excess of COI Hfr bacteria

F-col+str-r bacteria were mixed in nutrient broth with an excess of Hfr e~
Str-s bacterla 1 x 107F bacteria for 1-2 x 108Hfr bacteria) and the mixture agitated
verﬁ gent Y At intervals sa é)les were plated on nutrient a%ar supplemented
with Stre om cin. Table 1 gives the number of viable F- str-r bacteria at different
times. neac experlment e Hfr organism used wasthe Hfr mutang resistant to
thecohcmeiS)whlchthe correspondg)%F organism produced. As seen from Table 1,
no noticeable killing effect b bacteria was observed with the three coli-
cinogenic strains used with two different Hfr strains.

Table L survival of F-COl+ bacteria when mixed with excess of Hfr COl- organisms

Suspensions of differept m tants of streptomycin-sensitive HfrC and Hfr P4x 6
were mixed In broth with d|f erent colicinogenic streptomycm -resistant F- organisms.
The proportion was 1-3 x 10s Hfr or?anlsmsml for 1-3% 107 F- organisms/ml. The
mixture was agitated at 37°, samples faken at different times and counted on nutrient
agar supplemented with streptomycin.

No, of

survwmg
. str-r

: _ Time or%amsms

Fstr-r strain Hfr str-s strain col~ (min.)  x10_7/ml.
TR 24 colB+ HfrC colBR (colicine B-resistant) 78 %g
105 2-1
PA 417 col- HfrC colllR (colicine B-resistant) 7? g%
105 35
TR 24 colB+ Hfr P4X6 colBR 128 %_5
PA 417 col~ Hfr P4X6 colBR 0 1-8
00 I P4X6 co 0 3
TR 21 colE 2+ &[4 Hfr P4X6 col (E 2 and 1)K 128 %8
PA 417 col’ Hfr P4X6 col (E 2 and I)E 128 gg
TR 2L col E2+ & 1+ HfrC col (E 2 & I)E 128 2%
PA 417 col- HfrC col (E 2 & I)E 128 43
Hf 0 2-9
TR 25 colK+ rC colKR 0 K
i 0 3-4

PA 417 col HfrC colk B 8 2

0 3-6
TR 25 colK+ Hfr P4X6 colkE 10 o0
i 0 3-6
PA 417 col Hfr P4X6 colKE 0 is
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Crosses of non-colicinogenic Hfr donors and colicinogenic F~ recipients
producing colicing B

To e sure that all the %en_es of the chromosome entered the zy%ot_es, we used
two_different Hfr donor sfrains, o that the chromosomes entered into the F-
recipients from different directions (Jacob & Wollman, 1957, 1958). These donor
strains were: strain HfrC, whose chromosome enters the z¥?ote in the order
thr leupro gal his str arg thi; strain Hir P4X6 whose transfer of the genetic charac-
ters proceeds in. the order pro leu thr thi arg str his.gal, In all crosSes we selected
a marker for amino acid independence which s negatiVe in the recipient and positive
In the donor, namely his.. The recombinants thus selected must have been derived
from zygotes which received a se?ment of the donor chromosome containing at
|east thie"part from O (where It starts to enter the zygote) until the selected marker
hist, Two histstr-r recombinants, one from eacti donor, must derive from two

zy%(])tes that together contained at least one complete copy of the Hfr chromosome
with all its genes.

Table 2. A comparison of the numbers of his+sr-r recombinants with colicinogenic
{colicine B) and non-colicinogenic recipients, incubated at 37°

Parent suspensions were prepared in the usual way and mated in broth-(-thiamine, in
defined minimal medium or in Penassay broth. After 2 hr., the mixture of mating
organisms was plated and counted on streptomycin minimal media supplemented with
the amino acids required by the parents, but omitting histidine.

No. of histStr-r recombinants*

Parents mated Mated in 1 2

HirC (CoZBe str-s) X roth + thiamine 2-71x 103 2-4x 103
MG oo s X ey | Jefiny tiapine X104 &4, 104
HfrC (7cotB®s|.r-s) X i broth -é-thiamine 1x104 2-4 X104
PA 41T (arg his pro str-r col~)j defined medium 3-7x 10s 1-5 X105
Hir P4 x6 chthBstr-s met) X | broth + th'amiHe 1-3 X|04 11 X103
TR 24 (cys his str-r colB+)” ] Penassay brot 5-3 X104

Hfr P4 x6 (colBRstr-smet) X\ broth + th'amiRe 1-5 X104 1-9x103
PA 417 (arg his pro str-r col~)J Penassay brot 3-8x 104

* Five-fold dilutions of the mating suspensions were plated on 3 plates for each dilution,
t Durjng this work it was found that crosses in defined med|umay|e|ded more recombinants
so that the crosses towards the end of this work were carried out In defined medium.

As recipient for the first series of experiments the collcmogemc strain TR 24
CYS his colB was used. Each cross had. a control cross with the non-colicinogenic
strain PA 41/ iarg his pro col~) as recipient bacteria. The donors used weré the
mutants of Hfr résistant to, colicine B produced hy the recipient bacteria. The
results of some typical experiments are summarized in Table 2. |t can be seen that
some his+str-r recomninants were obtained from crosses of the colicinogenic recipient
with each of the Hir strains. In other experiments of the same sort Similar results
were obtained. The number of recombinants is smaller by a factor of 4to 20 in
crosses of the HirC parent with the qol+ recipient, as compared to the crosses of
HfrC with the col~ recipient; no such difference was seen when Hfr P4X6 was used.

The effect of temperature on recombinant frequencies. We changed the usual pro-
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cedure for the detection of recombinants by incubation on the selective medium at
rcom temperature for 24 hr. The results of two typical experiments are recorded
in Table 3. Incubation of the plates at room temBerature first resulted in a sig-
nificant increase In the number of his+str-r_recomoinants of the HfrC col~ Xcol
crosses, but no increase in the number of his str-r recombinants in the HfrC
col~Xcol~ C[08Ses. The ratio of the number of recombinants af the two temperatures
varied in other experiments of the same sort from 1:3to 1.8 for col~ Dy col+ Crosses.

Table 3. Number of hiS+SET-r roecombinants Whgn incubated for 24 hr. at
4° and then at 37

f Number of NISHSr-T recombinants
A
Cross of HfrC o~ X TR 24 colB+  Cross of HfrC col~ X PA 417 col

Temperature ofincubation

of the selective plates Exp. 1* Exp. 2 Exp.l Exp.2
37° all the time 1-7x103 0-6 x 103 [-8x10Q] 2X 1?5
Zt 2{] g% :%73524o and 6-8 x 103 4-9 X104 1-8x104 2-1x105

*In exépdgriment 1 the crosses were made in nutrient broth +thiamine; in experiment 2 in
defined medium.

. When the effect of other temgeratures was examined it was found that pre-
incybation at 28° had about the same effect as pre-incubation at room temperature,
while pre-incubation at 18° or at 10° had a smaller effect. To determine whether
the increase in the number of nis+str-r recombinants formed at room temperature
was due to a factor formed at room temperature, or rather to one destroyed at 37°,
the selective plates were incubaed first at 37° for 24 hr. and then at roor tempera-
ture, as compared with E)Iates Incubated first at room temperature. It was foun
that initial incubation at 37° destroyed the ability to form more recombinants on
subsequent incubation at room temperature. ,

The inheritance of the COM+ (B character jn CQl- XCOM crosses, his+str-r  recombi-
nants from col~ xcoJ+ (B) Crosses were picked from the plates, resuspended in the
same selective medjym and tested for colicinogeny; 150 recombinants selected at
37° and 250 recombinants selected at 28° werg tested; all were colicinogenic. To
separate the recombinants from the zyPotes_and from_ other sePregants_so as 1o
decrease the time during which they codld be infected with the colicifiogenic factor,
the plates were respread after incubation for a few hours, Alar?_e_num er of single
colonjes from plates incubated at 37° and 28° were tested for co |cmo%en J; all were
found positive, Another experiment to separate the seg,regants was carfied out in
liquid media; in this case also only colicinogenic recombinants were found,

Crosses of non-colicinogenic Hfr cells and colicinogenic F~ producing colicine K.
Crosses were carrieq out between the recipient bacterium TR 25 cys_his (colk)
ang non-coicinogenic Hfr organisms. Each'cross had a control cross with the non-
colicinogenic strdin PA 417 Targ his.pro) as_recipient. The donors used for these
Crosses Were mutants resistant to colicine K, The results of two typical experiments
are summarized_in Table 4. It appears that some nis+str-r fecombinants_were
obtained when TR 25 colk+ was Crossed with HIrC and when TR 25 cojk T was
crossed with Hfr PAX6. but that there were more recombinants when the cross
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was of the type col~ Xcol~. The presence of the colx+ factor in the j&~ parent de-
creased the yield of recombinants with each of the two Hfr donor strains used. With
HfrC the factor of decrease varied from _L:10 to 1:30, and with P4 x6 the factor
varied from 1:1 to 1:4. Crosses between TR 25¢colk+ and HfrC colk Ewere made,
_comBarm the number of the recompinants for the case in which the z qotes were
Incubated at 28” with the number found when the zygotes were incubidted at 37°
(Table 5). When the crosses were of the type col~ Xcolk’+, Incubation of the zygotes
at 28° increased very little the number of recombinants, The number of nis+str-r
recombinants from the col- Xcol- Cross was much higher, even then, his str-r
recombinants from col~xcolk + Crosses were tested for colicinogenicity, 100 re-
combinants selected at 37° and 90 selected at 28” were tested; all were colicinogenic.

Table 4. comparison of the number of NISStr-F recombinants with colicinogenic
recipients (producing colicine K ) and non-colicinogenic recipients

No. of his#str-r recombinants,
Mating was done in defined medium

Parents Exp. 1 Exp. 2
HfrC colKEx colk+ TR 25 4-9x 10s 9x 10s
HfrC colks X cal- PA 417 4-5x 104 2-8 x 105
Hfr P4X6 colKEX TR 25 colk+ 1-5x 103 3-8 x 103
Hfr P4X6 colkux PA 417 col- 6-7x 103 5-4x103

Table 5. The number of his+str-g recomhinants when the zygotes were incubated
at 28°for the first 24 hr,

Temperature

incuBgtion No. of kis+ str-r Lecombinants*

Z){é)étt?hisre;‘tor Crosses of HfrC co|AKExTR 25 colk+  Crosses of HfrCco|’t<ExPA 417 coT-‘
241, Exp. 1 Exp. 2 Exp.3"  Exp. 1 Exp. 2 Exp. 3

3r° 3x 103 9x 103  4-9x 103 1x 105 2-8x 10
28° 8x 103 1-1xI04  6xI03 9x104 2-4 X10

* The mating was done in defined medium.

4-5 x 104

3x 104

oo

The fate of the donor organisms in crosses of the col- x col+ type as compared to
theirfate in crosses of the COl- XCOI- type. Table 6 presents two thmaI experiments
that give the number of viable donor org%amsms In crosses of the col~ Xcol: t_yBe,
as compared to their number in crosses of the col~ X col+ fype. The ratios of viable
counts of HfrC before and after the crosses ranged as follows: (1) HrC colrk X
F~coig+ 1:2 10 1:1-3, compared to 12-3 to LT'1-5 when crossed with F~col~
2) HIrC colktixr~colk+ L0-14 to 1:1-4 compared_to 1.1-6 to 1:2-5 when
crossed with F- col~; (3) HrC. cor (E 2 and )E XF-oZE 2+ and 1+ 1.2, .. the
same as when crossed With F-ooZ~ It appears that colicinogenic females which
produced colicines E 2 and | did not influence the survival and growth of HfrC
organisms during the period allowed for mating, and that cohcmo?emc females
producing colicine B did not have much influence on the male survival and growth,
whe[ea? Colicinogenic females which roduceéi colicine K affected much miore the
survival ana growth of HirC organisms mated with them.
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Table 6. The survival of Hfr COl- bacteria when crossed with COl+ females
compared to their survival when crossed with col- recipients

Suspension of Hfr organisms (resistant to the colicines produced py the correspondin
femalepsg were mixed |ﬂ Heﬁ%eé metllum_wnh colicin gnlc l%em_aFeybactena. ﬁle Prog-
portion, was aE)prommately LHfr or?anlsm to 5-10 F- organisms/ml. The mjixture
was agitated at 37°, samples taken hefore and after the cross and counted on minimal
medium + thiamine. The plates were incubated at 37°. o

No. of suryiving Hfr

organisms/m]. i the
mating mixture
X 10-7

Timg e e

Hfr strain F- strain (hr)  Exp.1  Exp.2
HIC Be TR 24 colB+ o i 27
H1IC BE PA 417 col . BB

*HIIC Ke TR 25 colk+ P I
HAC Ke PA 417 col- o B %
HIC (E 2 and I)E 2 20 colE 2+ and 1+ " $3
HIC (E 2 and I)E PA 417 col- o i

usé‘dFor experiment 1, one mutant of HfrC KE was used; for experiment 2 another mutant was

DISCUSSION

The above experiments show that when recipient bacteria are colicinogenic for
colicine B or colicine K, the presumed col- allele, if located on the chromgsome of
an Hir bacterium (Alfoldi et a1. 1958), does not always kill the zygote when it enters.
This was deflnltelg proved by crossing each colicinggenic F- Dacterium with two
different Hfr dondrs whose directions of gene transfer are opposite to each other.
Thus, the nis+str-r recombinants selected in both crosses must have heen derived
from zytgotes which received a segment of the donor chromosome containing at least
the Par from 0 to nis+ (Fig. 1), _ R
. Although the entry of the col~ factor into a zygote does not necessarily kill it,
it was found that the’number of nis+str-r recombinants in a cross of col- X col+ P]e
was decreased as compared with the number in a cross of the col~ Xcol~ type. The
presence of the col k factor in the F- parent decreased the yield of recombinants
Wwith each of the two Hfr don?r straltns used, as compared‘to the. %/Ie|d of these
recombinants In the presence of col B factor in the F- parent. The difference in the
yield of recombinants with the HfrC donor was even bigger when comPared to the
number of these recombinants derived from an F-coZ~recipient. It could be argued
that the _non-collcmogenlc and the colicinogenic strains compared as F- parners
do nqt differ merely Dy the presence or absence of the col~ factor concerned and,
therefore, the F-col Strain (PA 4172 is not an adequate control. However, strain
112-12 col~ was not available and attempts to cure the colicinogenic strains of their
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colicinogenic factors or to infect another K 12 strain (PA 417 cal~) with any of the
colicinogenic factors K or B were unsuccessful. Strain PA 417 used in this work
could be regarded as a reference strain and the two 112-12 col strains which differ
H}er gfae(:rgn% eher only by the presence of different col factors can be compared with
1S .
The number of his+str-r recombinants in col~x col+ ¢rosses increased when the
Zygotes were incubated at a temperature lower than 37°. In crosses of HfrC x
24 (colB), the number of his+str-r recombinants was nearly the same as in the
HfrC x col~ Crosses, when the zygotes were incubated at 28°. The smaller number of

O e

Hfr P4Xx6
04

his

his
Fig. 1. The parts of the chromosome that are sure to enter the his+ recombinants in
the two crosses: from 0Xto NIS in the cross with Hfr P 4X6; from 02to NIS in the cross

with HfrC. Two such complementary recombinants contain at least one complete copy
of the H fr chromosome with all its genes.

recombinants from Hfr col~ x col+ crosses could be explained by the observations
that when hacteriocinogenic bacteria become non-hacteriocinogenic, they lose
their immunity and becdme sensitive to the bacteriocin which théy have praduced
Fredericq, 1948; Hertman & Ben-Gurion, 1959). If a recombindnt inherits from
the Hfr parent the.¢ o Ihut not the_colicine-resistant allele, 1t should become
sensitive to the colicine, since the colicinogenic F_ were not resistant but onl
immune, as the colicinogenic strains used Were prepared from a sensitive 112-1
strain_ (Professor Frederlc%, personal communication). Such a_col~ recombinant
should be sensitive to the colicine that other bacteria‘produce. This could account
whollé/ or partly for the smaller number of his+str-r recombinants that come out of
such crosses, since some of them could be killed by the colicine. The hypothesis is
perhaps supported by the fact that one does get more recombinantS when the
z%/gotes are incubated at 28°, as it has been shown in one bactenocmogemc,system
that the bacteriocin produced was far more active towards sensitive Organisms at
37° than at 28" (Ben-Gurion & Hertman, 1958). With colicinogenic bacteria for
colicing B, we have found, using the semi-resistant mutants, an indication that
there s a higher sensitivity at 37° than af 28°. _
In crosses, of HrC, where the F~ is colicinogenic for K, there are far less his+
str-r recombinants than with F- colicinogenic for B. Here we found that although
b}/ the standard tests the Hfr mutants Were resistant to colicing K, viable ¢ounts
of the Hfr parents showed that the Hfr organisms were inhibited and some of them
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killed by the presence of the F - colicinogenic bacteria. This could also account,
at least partly, for the small number of recombinants that arise from such crosses.
The fact that all the recombinants tested were colicinogenic could be explained,
perhaps, by the episomal characteristic of colicines. Since the zygotes contained
these episomes to start with, it is possible that all the col~ segregants were infected.
Another fact emerges from the experiments described, namely that resistance to
some colicines is not an all-or-nothing phenomenon. We have seen that resistance
to colicine K or B could be acquired by two mutational steps and even then some
Hfr mutants grew much less in the presence of colicinogenic bacteria than in the
presence of non-colicinogenic bacteria, creating the impression that they were still
partly sensitive to it.

The author is grateful to Miss Karla Schajevitz for excellent technical assistance.
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SUMMARY
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INTRODUCTION
It is generally. agreed gcf Luria, 1953) that the adsorption of bacteriophages, to
bacteria'and o inanimate particles reguiires not only a certaln fonic concentration
but aIso rn some cases the presence of “adsorption factors’. Doubt however exists
on t e vali rt){ of some accepted conclusions and it was thought worth while to
exP ore the fiéld by methods drfferent from those general yuse This paPer gives
details of the factors Invo ved inthe a soré)tron of asrngetryptr’yoIdes equiring

member of the hydroxymethylcvtosine (HMC) phage group (Kay &Fildes, 192a) t0
kao In and to a Susceptible bacterium.

MATERIALS

Trrs butfer. All solutions and, suspensions were made in O-OlIM-tris (2-amino-2-
())/ xa/metygropanemdrolg buffer (pH_7-6) + human serum albumin. The t r
solution was Sterilized by aytoclaving at 120° for 20 min., cooled, and 3ml. 5%
art]rgnﬁgoslerrum alumin added per litre: exceptions to this were the stocks of phage

r

The phage Used was ‘0x6’ (Kay&FrIdes
glucose+ammonra mediym an urified by differential centrrfugatron Stacks
Were suspended rn003 stpate buffe contarnrn%tymo t }/trtrate t0
ahout 1x 101 particles/ml. or use in an experiment were normally diluted in
tris buffer to final 5x 103partrc es/ml.

1962a? This Was produced in a simple
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The kaolin was a susloensmn of British Drug Houses Ltd. kaolin in 0-011 M-ris
buffer containing no albumin. A heavy suspension was made and supernatant
suspension remaved; more buffer was then added and the prro_cedure repeated
several times to obtain a stock suspension of finer particles. This stock was nqt
observed to alter whenkept at 2°. In an experiment it was so diluted in 0-0L1 M-iris
alt%ulrtnln (}hlathtthe final reading was 0-300 on'a Hilger Spekker absorptiometer, using
untiieered ngnt.

The bacte%um used_for adsorption and lawns was a clone ‘M, selected from coli
518(3) referred to by Fildes & Kay i1959). |t was grown in nutrient broth for use as
a [awn, For adsorption experiments organisms were washed twice in tris buffer +
glck%luvrw gtngore-suspended in the same.” The suspension showed a gradual loss of
a rg tophan. The stock was a O-OIM-solution, in 0-002M-NaOH with thymol
added grter autoclavmg. Normal;%/ this was used in an experiment at a final con-
centration 10-2 ;0. L-tTyptophan/ml.

In an a0S0rPtioN experiment the various materials were distributed in one ounce
screw-cap bottles. Bottles were held at the required temperature for 30 min. by
immersion in water. At zero time the experiment was started by adding phage or
recipient, as required, to the other materials. Samples were taken from time to time
to check the input and to confirm that the phage was heat stable at the temperature
used. Other samples were centrifuged and the supernatant phages assayed. The
counts were plotted as log % input at the observed times. When using kaolin there
was no nhecessity to stop adsorption by dilution because adsorption was slow, but
with bacteria the input was arranged to allow a 1500 dilution in the same sub-
\%rgte without bacteria. Dilution took place at the operative temperature, usually

Phage assay. The assay was made by the drop method SFiIdes & Kay, 1957).
|t was preferable to use nutrient agar plates at least 7 days after pouring and not to
heat them on a hot plate to accelérate drying of the droys. With the pipettes used
four drops delivered 0-1 ml. Since the input Was of the order of 5x 103particles/ml.,
0- 1ml. contained about 500 phage Parncles or 125/drop. The nutrient agar contained
1- 5% agar, 1-0% Difco Bacto nutrient broth, 0-125M-NaCl, 0-0IM-sodium citrate.
Plates were seeded with sufficient coli strain M in Bacto nufrient broth and al
excess removed; they dried in a few minutes with the covers off. Counts were made
after incubation for 4-5 hr. or overnight; a Zeiss binocular micrgscope was used af
X 10 diam. When assay of a supernatant fluid was required, 4 ml. were centrifuged
in.an angle centr_lfuge at 4000 rev./min. for 5min.; the sample was then removed
with a Pasteur pipette from the meniscus on the near side of the tube.

RESULTS _
The. effect of NaCl on the adsorption of phage 0x6 to kaolin

Experiment 1. Two_serigs of hottles 1to 8 and 9 to 16 were used; all contained
tra/[PtorPhan; bottles 2 to 8 and 10 to 16 contained graded amounts of NaCl to final
concentrations 9 02m £0 0-1oM. Bottles 9 to 16 contained kaolin. The volumes of
fluig were equalized with tris buffer to ¢ ml. The phage suspension suitably diluted,
and the bottles were heated to 3/° for 20 min. Then at zer0 time, phage suspension
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gl-o ml.) was added to all and the hottles returned to 37°, Supernatant fluids from
ottles "1 and 9 were assayed at zero time and all bottles (9 to 16 supernatant
flyids) after 60 min. Figure 1 shows that 0-05M-NaCl ?_ave the maximum degree of
%jasso{)%lsoe%t in the ahserice of NaCl there was no adsorption even though tryptophan
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Fig. L Titratjon of NaCl to show optimum concentration for adsorption. of phage 0x6
toq<aol|n. +, No kaolin;; O, V\/Sithvﬁaﬁ}n (supernatant p ageg. Baoa1 C%.ntamtypl%phan.

Fig. 2. Effect of tryptophan on adsorption of phage 0x6 to_kaolin at 40°. « No
F]rggatr%pgﬁgée(géu\r/]vi%ptrﬁptophan. Bot‘r)n contairE ogﬁmaﬁ NaCl antp kaol?n. Super-
Fig. 3. Effect of temperature_on adsorption of phage 0x6 o kaolin. +. No kaolin at
18g; X W|e kao in%t 18 0, rg ao?in a 379; .19 WI>S[h &aolﬁﬂn at 37°. Alrcon ?n
8grt1|trﬁ?| NaCl and tryptophan. Counts with kaolin are on supernatant phage after

uging.

The effect of tryptophan on the adsorption of phage Ox 6to0 kaolin

Experiment 2, Three bottles were used containing; (1) tris buffer +NaCl (0-05m
final) +phage; 2) tris buffer +NaCl (0-05m final)+kaolin +phage; (3) tris buffer +
NaCl (9-05m final)+kaolin-(-tryptophan-+phage. ) )

Bottle 1 was plated three times during 45 min. to determine the average input
and the supernatant fluids of the kaolin-Containing_bottles were plated three times
to_show adsorption. Figure 2 indicates the result;”in the presence of optimal NaCl
without tryptophan there was no adsorption at 40°, but 74% adsorption in 35 min.
In the presence of NaCl-(-tryptophan.

The effect of temperature on the rates of adsorption of phage Ox6to kaolin

Activation, There was no measurable adsorption of Fha e 0x6 to kaolin at 2°
but adsorption was detectable_at 15-20°. Figure 3 lllustrates the difference of
adsorption between 18° and 37°. So marked an effect of temperature was not
expected from the physical theory of adsorption and it was assumed that the
observations, had been Complicated ¥ the “activation  of the phage by trtho han,
a process which Is known in'the case 0 c_ollpha?e T4 (Anderson, 1948) to be'thermally
controlled. Since an mcreasm% proportion of the phage particles is activated as the
temperature rises, the rates of adsorption also increase, giving an impression that
adsorption is directly influenced.
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Elution. . It will be naticed, that the rate of adsorption of phage 0x6 to kaolin
declined with time and thus did not follow the course qenerally deScribed as charac-
teristic of adsorption to bacteria; with bacteria a plot of the’log of the number of
phage particles remaining free against time is linear. In a purely ph}(smal process of
adsorption this would ndt be expected but rather the develogment gradually of a
dynamic equilibrium between adsorption and elution, resulting ina more _raEnd
adsorption at first followed by a gradual slowing. In our experience with kaolin the
results are characteristic of a ph){smal rocess in which, at equilibrium, the rates of
adsorption and elution are equal. Onfy when the environment is changed to one
mlapprgpnate to the maintenance of thiis equilibrium are the phages permanently
relgased. .. —

Change in the fonic environment. In Expt. 3 each of two bottles contained tris
buffer, Tryptophan, 0-05M-NaCl and phage; one bottle also contained kaolin,
Adsorﬁtmn was allowed to proceed for 30 min, at 40° and then 20 ml, were removed
from the kaolin bottle to another containing 1-0 ml. 6M-NaCl. In this bottle there-
fore the NaCl was ahout 0-35m. Figure 4 shows the log % phage particles surviving
In the kaolin supernatant fluids at'various times. Qn"altering"the NaCl concentra-
tion.to a value well above that at which adsorption occurs, all adsorbed phage
particles were |mmed|ateIK released. The adsorption therefore had no effect on the
plating efficiency of the phage. The same result may be seen merely by plating the
Wwhole of a kaolin adsorption mixture In addition to the supernatant fluid. Althoug‘h
the supernatant fluid count mag Indicate a high degree’ of ad_sorﬁtmn, the whole
count Is equal to the input. Thus the adsorbed phage particles in the mixture must
have been released on the plate.

Change in the temperature. When haPe 0x6 was adsorbed at 37° and then cooled
to 4, any phage particles momentarily released would be liable to de-activation
50 that thiey would nat be adsorbed at 4°. The extent of this risk depends upon the
length of tfie period of elution and the rate of de-activation by lowered temperature.
Since the former genod 1S pro,babl%/ much shorter than the latter permanent elution
b¥ lowering the temperature is n Ilkelg to be marked. Figure 5indicates that 8%
of the phage particles adsorbed at 40° may have been”eluted by lowering the
temperaturg to 2°; this is hardly significant but it is clear that continued adsorption

ceaged.
,Ch_anqe in the t pt%)han concentration. Alteration in the tryptophan concentra-
tion 1s also liable to'affect the stanility of adsorbed Rhage. When th phaﬁe particles
were adsorbed at 37° in the presence of _I_-trthop an 10 /tg./ml. and thien diluted
1/500 In the absence of tryptophan, active pnage particles. momentarily released
would be exposed to L-tryptophan 0-02 fig.iml., & concentration below the effective
value for adsorBtlon. Again, depending on rates of de-activation, (2 min, according
to Anderson, 1948) and of re-adsorption, some of the phage particles will be liable
to de-activation and permanent release. As shown in Fig; 6, 34 % of the particles
adsorbed at 37° were immediately released by decreasing the concentration of
tryptophan to 0-02 ftg./ml., i.e. they were de-activated affer release, but, as the
counts of the whole suspension indicate, not inactivated. This implies that 66 % of
the adsorbed phage particles either were not released long _enough to become -
activated or that tryptophan was not removable by dilution from the complex
(phage + tryptophan NaCl + kaolin).
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These experiments with kaolin, in which the rate of adsorption was always slow,
suggest_ that an experiment dea%ned_on_ the lines of Anderson’s work t0 prove
activation of the phage by tryptophan |sI|keP/tobeV|t|ated by de-activation urmg
the adsorption phase. This was found to be thie case; but reference may he made t
Table 1and Fig. 10 showing experiments with bacteria in place of kaolin.

Comparison between the adsorption to phage Ox®6, to kaolin and to bacteria

The effect of NaCl concentration, Experiments similar to the_above but with
kaolin replaced by bacteria showed that NaCl was egually essential for adsorption
but that its optimum concentration was_higher and the peak concentration less
sharpIY defined, though at about 0-10M Fig.”7 mayhe compared with Fig.I in this

whole uncentrifuged mixture is about the same as the count of the supernatant
fluid after centrifugation, showing that all or most of the adsorbed phage particles
are permanently inactivated and cannot be eluted. unchanged. This ihactivation
unbalances the equilibrium observed during adsorption to kdolin and results in the

A
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linear plot of the Io? % surviving referred to as characteristic of adsorption to
bacteria. Figure 8 illustrates these results.
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The etfect of temperature. The rate of adsorption of phage 0x6 fo hacteria was
affected by temperature as was adsorption to kaolin (Fig- 9). It has been stated
Scf Adams 1959 that the proportion of T4 coli- ghage particles adsorbed to bactena
t low temperatUres could be ncreased to equivalence with the ProPortron at hrg er
temperatures by raising the tryptophan concentratron to 100 An effeCt of
this sort was hardly demonstrable with phage 0x6 (Fig. 9). Itseems clear that the
effect of temperature on adsor tion of phage 0x6 to Bacteria is exerted through a
temperaturee ect on tryg &) an actrvatron as in the kaolin experiments, bu the
varjous elution effects noted with kaolin cannot occur with bacteria because -
activation rapidly follows adsorption.

Activation of phages by tryptophan

Anderson’s (1948) description of the activation of coli phage T4 by tryptophan
was largely based on his finding that free phage particles did"not produce plaques
onatr ptoohan -free medrum While adsorbed phage did. Itwas Presumed that the
succes Ive bursts on the gate necessary to Snroduceavrsr ep (I]ue were due to
liberation oftrgﬁjto phan at the first burst. Since all free phages produced plagues
on a tryp containing medium the difference etween I ue counts on a
t?/ptop an contarnrng and atr%/ptophan ree media was a measure of the number

hage particles adSorbed eorepatrng His procedure for showing that acti-
vatron Was due to an action of try lotop anon the phage and not on the bacteria was
as follows. Equal amounts of coliphage T4 and L-tryptophan were added to each
of six tubes but the volumes of the Suspensions were adjusted to give a graded Series
oftryptophan concentration from (-1 to 4-0 fig./ml. After standing at 37°for 25 min,
to aCtivate the phage, suspensions of coli B il tryptophan-free medium were added
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to each tube so that the final concentrations of phage particles, bacteria and trypto-
phan were the same inall, Five minutes were allowed for adsorption to take place
and the mixtures were plated on the two media. The counts on the tryptophan-
containing medium were the same in all cases, but the counts on the tryptophan-
free meditim showed a Ia_rge increase in the number of plaques as the coricentration
of tryptophan Increased in the activation phase of the experiment. *Since the con-
ditions in the adsorption tubes were identical, the differences in the assays on F agar
must have been due to the differences in the concentration of L-tryptophan with
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Fig. 10. To show that phage 0x6 pre-treated with tryptophan is ‘activated” and no
(0% tependient upon {ryptophan %rasorp%ovﬁ” yptophan is “activ

which the virus has been.incubated’ (Anderson, 1948, fig. 3). Anderson then went
on fo show that this activation phenomenon was température-dependent with an
optimum about 35°, that it took about 2 min. to complete, and about the same time
t de-activate after removal of the tr%/ptophan. It Will be_noted that Anderson’s
observation of the actign oftr¥ptopha on a tryp+phage which makes it adsorbable
I based on inference; it was hought desirable to repgat his crucial experiment to
snow directly that activation was an essential for adsorption. Table L indicates the
procedure used; it was based on Anderson’s experiments (1948). All materials were
dissolved in tris bufrer containing OTM-NaCl. The final concentration of hacteria
was 3 x 109ml. Bottles A to H were heated for 20 min at 37° for activation and then
the contents of bottles Alto Hlwere poured in. After a further 15 min. the super-
natant fluids of all bottles were assa,){ed. Figure 10 shows the adsorption in the
various bottles as % ofthe hottle G without tryptophan. Asaresulf ofthe increasing
tryptophan concentration in the activation”stage of the experiment the phage
13
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adsorbed rose from a few particles to 75%. In bottle H the concentration oft(rjyp_to-
Phan (Present during the activation phase was maintained at the same value durin
he adsorption phase and resulted in the phage particles being completely adsorbed.
The difference Detween H and F was clearly due to de-activation, of freg phage in F
by dilution of tryptophan before adsorption could take place. Figure 10 snows the
same features as Anderson’s (1948) fig. 3.

DISCUSSION

. Kay &Fildes (19625) showed that a heat-labile tryp+ phage underwent changes
in its tail and lass of DNA under three conditions all of Which had to operate
simultaneously: (1) presence of tryptophan; (ir) presence of NaCl especially at two
optimal concéntrations; (iii) an ddequate elevation of temperature_to_control the
rate of action. Further (Unpublished) work has shown that when similar tests are
made in the Presence of kaolin, adsorption of the Phage takes place (i) in the pre-
sence of tryptophan; (ii) in the presence of NaCl at thé lower but not at the higher
NaCl concentration; (iif) at an increase of temperature above 4° adequate to aflow
adsorption. without heat-inactivation during the period of observation, Kay &
Fildes (19625) found that d|scharfge of DNA occurred jn proportion to the degree
of heat Inactivation, but we have found (unpublished) that inthe presence of kaolin
discharge of DNA does not occur. |t may be said that under certain conditions the
heat-labile phage undergoes changes in its tail t|£ which result in loss of DNA, while
under the same conditions in the presence of kaolin particles the phage becomes
adsorbed and does nat lose its DNA. It would thus ap;r)]ear that the sité of leakage
Is the same as that of adsorption and highly probable that the nature of the initial
change Is the same In each case.

In"the present work tests of the heat-stable tryp+ ph_a?e 0x6, have also shown
the necessity for the same three conditions to be fulfilled simultangously before
adsorption fakes place. . Thus the gifference between the, two phages is that In the
heat-[abile phage the fail changzes In the ahsence of a recipient go beyond the point
of recovery, while in the heat-stable phage the changes are all réversible on removal
of any ong of the three conditions.

It has been confirmed directly that ‘tryptophan-activation’ of a tryp+ phage is
due to a temperature-dependent reaction between tryptophan and phage. Since
this action is only demonstrable by adsorption, it is not yet clear whether the re-
quirement for NaCl is in the activation process, in the adsorption process or in both.
If, however, the initial lesion in a labile phage which results in loss of DNA is the
same as that which ‘activates’ a phage for adsorption, it follows that NaCl is
necessary in the process of activation.

In the present work the conditions affecting adsorption to kaolin have been conm-
pared with those necessary for adsorption to bacteria. The differences between the
two types of recipient appear to be: (i) the NaCl requirement for bacteria is less
sharply defined at an optimum concentration; (ii) the adsorption to bacteria is
irreversible and therefore the various results of elution are not observed. It is
generally accepted that adsorption of phage to bacterium takes place in two steps,
the first being reversible and the second not. We have not found strong evidence
with phage 0x6 of the existence of a reversible stage owing, no doubt, to the
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rapidity with which the adsorbed phage is inactivated. We therefore prefer to think
that the actual adsorption follows much the same course as with kaolin but that the
fate of the adsorbed particle subsequent to adsorption is governed by the complex
recipient on the bacterial surface.
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SUMMARY

Spheroplast suspensions fgtainin asfew as onerod in a thousand were
made with Escherichia coli K his~) by the use of penicillin. These sphero-
plasts could be reverted to the rod state with efficiency approaching
100%. Spontaneous mutation from histidine requirement to non-
requirement was observed in these spheroplasts, in which cell division did
not take place.

INTRODUCTION

The mechanism of induced mutation has been investigated profitab| alon%
several |ines but less is known about spontaneous mutation (Ryan, 1963). Som

studies have been made with a histidineless strain of £scherichia coli (15his~) In
a non-d|V|d|n_? condition (R%/an, 1955, 1959; Ryan &Kiritani, 1959; Ryan, Rudner

Nagata & Kitani, 1959). The method jnvolves distributing a culture into several
hundred tubes containing a defined medium without histidifie. When the concentra-
tion of organisms js apout 1x 107ml. the cultures are so clear that overgrowth of
his+ Mutants which might be present is easily recognized through the development
of turbidity. At 20° nis+_mutants, initially present at the time of distribution,
overgrow 1 about 100 hr. Thereafter, for several hundred hours new overgrowths,
In tubes that did not receive a pre-existing nis+ mutant, occur because of his+
mutants arisin du,rlng the stationar z;Jhase. Since the. medium used does not con-
fain histidine | m|?h be expected that the nis~ organisms do not grow or divide;
In fact, while the tofal count remains constant, the nimber of viable bacteria usually
decreases by death during 3 long incubation. This fact may seem to indicate that the
mutation occurs In non-dividing organisms, |t does not, however, exclude the
possibility of a cell turnover in whicha cryptic RISIS and replacement might balance
one anothier. If this were the case, mutation in non-dividing bacteria codld occur, as
an error In replication of the chromosome (or of DNA) during the cell division
required for replacement. Much effort has been expended in examining_this possi-
b|||% b[y sev%[al methods (Rlyan, 1959'_Rnyan, Nakaca & Schneider, 612. hese
attempts, which Included reconstructiort and penicillin”experiments and the
determination of DNA, did not reveal any cell turnover or cell growth in the
stationary phase. Each piece of evidence Was, however, circumstantial and not
critical; ogether the evidence Tpomted to the conclusion that the stationary-phase
bacteria were not dividing; in fact they did not even seem to be engaged_ Ina tum-
over of DNA. A system Of nis~ spherOplasts was, therefore, develgpéd in order to
investigate, the role played by enzymes which dlglest macromolecules. This system
and thé evidence that mutations occur in spheroplasts are presented herewitn,
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METHODS

The media USEd were: Difco penassay broth, and penassay broth and G & T

Rzyan 195%? medium with 0-05% gluccse, both containing 20% sucrose and
-2 % I\/I%SO_.YHZO. The last two hypertonic solytions. werg the corqplete_and
defined Mmedia used for maintenance and enumeration of spheroplasts. Ta solidl
them, 1-0% agar was added. Nutrient agar or G &T agar supplemented with 05 %
yeast extract and 0-5 % NZcase (YECA agarg were used for counting the rods. To
make spheroplasts, penicillin was used at & concentration of 1000-2000 units/ml. in
penassay broth.

The bacterium used was Escherichia ccli 15 his~ col-r (colicine-resistant and
simultaneously sensitive to all T phages; Ryan, Fried & Mukai, 1955; Mukai, 1960)
derived from i/5 his~ col-s which has been used for mutation experiments since 1955.
This bacterium was grown in penassay broth at 3r overnight with gentle rotation.
Following this, 1-0 ml. of the fully grown suspension was introduced into 40 ml. of
penassay broth and incubated at %7(’ for 2-3 hr. in the same way, to bring the
bacteria into the logarithmic phase. Suspensions thus obtained were used for all
experiments. . o L

The number of viable spheroplasts WaS determined by diluting the suspension in
hypertonic penassay brofh, whereupon 0-5ml. of a suitable dilition was plated.in
the same medium containing 1-0% agar melted and cooled to 45°. The colonies
develop from both spheroplasts and rods; by subtracting the number of rods the
number of spheroplasts can be calculated. _ _ _ _

For enumerating the rods, the suspension was diluted with 0-85 % Saline solution
and (-1 ml. of the diluent was plated on nutrient agar medium. This procedure
destroyed the spheraplasts but not the rods.

The procedure for making spheroplasts Was almost the same as that of Lederberg
(1956) and Lederberg & 5t Clai 1958). The efficiency of forming spheroplasts and
their Stability was first compared at 37° and at 20°. After introdu¢ing 10 ml. of cell
suspension into 4-0 ml. of hypertonic penassay broth which contained 1000 units of
penicillin/ml., the mixture was incubated at both temperatures. Samples were taken
at 3 and at 8 hr. and the number of viable spheroplasts and rods was determined,
As FI’%]. |2 shows, spheroplasts formed at 20° Were more stable than those formed at
37° and the efficiency of their formation (intact spheroplasts/rods) was rather better
at 20° than at 37°. Figs. 1 {b)_and (c) show data obtained from spheroplast prepara-
tions at 20°. The number of viable Spheroplasts gid not decrease appremably_durmg
6 hr. of Incubation but the proportion of rods gecreased rapld(ljy to 10-3 dul mglth
first 3 or 4 hr. of treatment with penicillin, and then more gradually. In Fig. 1(b),
one of the two curves for rod number was obtained by diluting and plating the
suspension without Washln%, while the other is based on the befiaviour of washed
cells. This result shows that there was little influgnce on the rod count even when
P_enlmllln was not washed out of the SUSJJen_SIOH before plating. Two sugar concentra-
lons, 10:and 20 %, were also compared; Fig. 1&0) snows that there 15 o real difrer-
ence between them. On the basis of the results described above, incubation was
?arrle out In penicillin ana 20% sucrose for 4 hr. at 20° to create conditions suitable
or making spheroplasts. _ _ L

After the spheroplasts were made the suspension, which had been in pen|C|II|n
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hypertonic penassay broth at 20° for 4 hr., was centrifuged in a Serval Centrifuge
(type SS-1) at about 36,000 for 10 min., the supernatant fluid decanted, and the
organisms were resuspended ‘n the same volume of G & T medium containing 20 %
sucrose and 0-2% MgS04.7HA but no histidine, This procedure was repeated 3
times (twq washings) in a 5° cold room and the final suspension diluted tenfold in the
same medjum. During this procedure there was no appreciable death ofsgheroglasts.

The cell suspension thus obtained, which contained from 5x106 to 1x 107
spheroplasts/ml. and was clear to the naked eye, was distributed as 2 ml, portions
Into. more than a hundred _gu_suall about two hundred) small tubes and incubated
statically at 20°. During thi$ incubiation the numbers of viable spheroplasts and rods
were counted by sampling one or two clear cultures every day.

90—-‘-5 heroplasts - 9 Spheroplasts 9 |- Spheroplasts 00
- %
s\ A R S S N X I

\ N \ 10%

% W,
\ \
\ ) N % \
4 \\ 37 e § \ \
S
2 N\ x & Without \\ Rods
26 \e 6 \x\ washing 6 X \
2 NN e \ Ne_ 20%
5o \ ~_ 20° N Rods \\ .
3 X Rods T~ % XXX
after washing 10%
4 ~_ 4 =
~_37°
“x
@) (®) (©
2 1 ! I L5 I 1 1 1 1 1
2 4 6 8 2 4 6 2 2 4 6

Hours Hours Hours
i) et e, e et
g)hergqlast rmatloﬁ at 20°. Solid lines represent the vianle spheroplast numboer an
otted lines the viable rod number.

Recovery of his- sgheroplasts was achieved bg platmg washed suspensions on
penassay agar plus 20% sucrose and 0-2% MgS04.7H,0 where the Spheroplasts
produced rods and visible colopies. The fraction of sphergplasts which converted
Into rods was calculated from the number of spheroplasts, in the suspension plated
enumerated in a Petrgff-Hauser counting chamber) and the number of colonie

roduced; it varied in five different experiments from 56 to 109%. In the experi-
ment reported in Fig. la conversion was 109% at 3hr. and 80% at § hr.

The method of calculating the mutation rate of his~ sPhero lasts to his+was based
on the fact that if a sgherciplas%of his+ enotnyJJﬁ_ls introduced Into medium of h\;\%h
osmotic pressure devoid of_botn penicilfin aria histiding 1t is able to grow and will
yield roa-shaped bacteria. The culture will become turbid through the overgrowth
of such his+ mutants, or of whatever his+ rods were present in the spheroPIast
Populanon. Consequentl}/, the mean number of mutants, m, can be calculated from
he frequency of clear cultures, P(, and the zero term of the Poisson equation:

PO=em (1)
Knowing that it takes about 125 hr. for a single his+mutant spheroplast to form
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rods and over?ro,w a culture, one can use ths P0at this time fo estimate the average
number, m, of his+mutants per culture at the time of distribution. These mutants
arose, of course, during prewous_growth. _ y L
Thereafter, while the suspensions are incubated under conditions of histidine
starvation, mutations from his~ o his+ occur among the spheroplasts, and very
occasionally among the rods, which result in the continue apP arance of over-
%1rowths. ese New overlgrowths increase the value of m as calculated by equa-
|o&[)19 (1}. The rate of mufation/bacterium/nr. (ft) can be calculated (Ryan, 1955,

1959)" trom the equation: i
n = NO(I—k)’ )

where mlis now the averaqe number of mutations, Sm af time t2minus m at time q,
which is any time after 125 hr., the tim required for the overgrowth of pre-
existing his+mutants), t equals o minus t2in hr., NOth nturant];er of bacteria present

ate

| e
125 hr."before o, and 'k Is the death rate constant calculated from the formulation:
N = N|e~kt, (8)

Nqpeing the number of bacteria at time 0and N the number at time t in hr. Equa-

tion (1)can be used to calculate m because each mutation in the stationary phase

giggrs rise to one new mutant and where no mutations occur, the culture remains
In’cases in which death cannot be observed, the viable cell number remaining

constant, the formulation

: [ = \Wé W

IS sed.

Usuallx the frequency of his' mutations_in an his~ culture is about 2x 10-7
bacteria/ir. when normal rod-shaped bacteria and not sPheropIasts are used. The
chance of mntation/bacterium/hr. durin 8rowth Is usually about 4 x 10 8and, ina
stationary phase with glucose present, about 2 x 10-9 (Ryan, 1955, 1959).

RESULTS

Representative results are shown in Fig. 2. Part () shows the death curves of
spheroplasts and rods. In this case, the’rod number’is nearly constant but the
sRheroPIast numper decreases rap|dlyr|n early stages and then qradu_ally. Fig. 2 3
snows the behaviour of m with time. The curve rises rapidly forthe first 125 ir. a
then gradually until 200 hr. The first rapid rise of the curfve is caused by the pre-
existing his+ mutants which have finished evergrowing at about 125 hr, Thereafter
the gradual increase In m s due to the overgrowth of his+mutants which arose after
the Cultures were suspended in medium gevoid of histidine. Eventually, when the
cultures contained onlf( about 3x 10s cells/ml., mutations. among them became too
rare to be detected. The average frecwen_cy of pre-existing his+ mutants in this
experiment was about 2x 10~8'and the /i “for stationary phase cells was ahout
2 10 hacterium/hr, Table 1shows that these figures are not exceptional, The values
calculated on the basis of spheroplast number Mmore closely resemble those calcu-
lated for his~ bacteria which had never been converted into Spheroplasts.. If it were
supposed that the his+ overgrowths observed were due to the small fraction of rods



Mutation in spheroplasts of E. coli 197

inevitably present, in suspensions of spheroplasts, then their mutation rates would
have to be unrealistically high and mutation would unexpectedly cease when the
sEhero last number hecame small but the rod number remajned as Iarge as ever

2). It'is, on the contrary, judged that the h|s+over?rowths were QU8 to muta-
tlois in the spheroplasts. The somewhat smaller values for the initial frequency of

04 |-
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his+mutants calculated on the basis of spheroplast mutation as compared with that
obtained for normal his+ cells can be attributed to a lower efficiency in the recovery
of his+ spheroplasts, becausg of the use of synthetic medium (the Ris~ spheroplasts
recovereg! on penassay agar).

Experiments were made in which spheronlasts were burst in hypotomc penassay
broth and then prowded with sucrose, while angther group was simply suspended
from the b egmnln% it eh¥perton|c medium. It mutali |ons really ocur n ghero
Plasts one Would ot expect them in the suspension of burst ceIIsbutwouId Xpect
hem in the control sus en3|on These experiments ended in failure, because in the
exRenmlen%aI culture the rods grew on nutrients liberated from the shocked
spheroplasts
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Table 1 Mutation ratesfrom his- fo his+ in the stationary phase and frequencies of
his+ mutants amongfreshly grown his- cultures estimated on the basis of the number of
spheroplasts and of the basis of the number of rods present

Calculated on the basis of spheroplasts Calculated on the basis of rods
Initial frequency of Initial frequency of
Expt toat 125 hr. km1 A watldhr =
' AatOhr.  ~  NO(I1—e~kt) NatOhr, T~ &3
1 (see Fig. 2) 18x 108 1-7x 109 29x105  15x107
2 35x 10 3-3x 109 46x10-5 55 x 10-6*
3 46x10-8 3—421 X109 2-8 xI05  52x10-6
value : 2x 107 x 109 x 107 2x 1049
oLta%an,wnh " Xi0%
normal his~ cellsf

* |n these cases the rods increased in number sq that the rate was calculated as the chance per
ba5ctep|um per eneratlron (a = {ml7i2)IN, Ryan, l&S% and then converteg to fi on theabasPisIO of
a 90 min. generation time,

t Ryan [itbs. 1050)

DISCUSSION

Szyhalski A Pitzurra ﬁ1959g reported mutation to streptomycin-independence in
sRhe oplasts of Escherichia coli produced wi-h LICI. Although they did nt prove
that the mutants observed did not arise by mutation.in the Tods present, it seems
likely that they took place in the sp_heroP,Iasts. Their ‘theropIasts’ were unlike
ours, inasmuchas they did not burst in saline while in 20% sucrose the mutations
occurred nfrequently;. it at all, even in the presence, of chemical mutagens.
. The present wmrk with spheroplasts bears out previous experiments {Fl(yan; 1959)
in strongly supporting the conclusion that mutation from his~to his+ occlrs in non-
dividing biacteria andthat the mutated his+ genotypes manifest their phenotypes in
a non- |V|d|n% condition to (I;row In a medium without histidine. T
However, the question stilf remains whether mutation requires DNA replication.
The number of DNA-containing bodies could not be observed to increase in the
sghero lasts which shrank_somewhat during the Stationary phase, ExPenments
to detect the re{)llcanon of DNA by determining its quantity, and by the use of
N and 1N with density gradient centntu%atlon, were neative. (Ryan, et al.
1961). Nonetheless, most investigations of induced mutation (‘Ryan, 92{ suggest
that mutation. occurs during DNA r_etpllcatmn and surpport he theory that one
of the mechanisms of mutation is pairing error. Errors in base paifing might
be made not onIF during_the replication” of DNA but also by specific excha %e
when 1t is not replicating. This passibility is being examined by the use of |sot0ﬁ -
marked base ana!o%ue,s and thymidine which may he incorporated into the DNA
and induce mutations in non-dividing bacteria. I is alsp necessary to kngw whether
a turnover of DNA was not observed because of isolation of thepool of DNA pre-
curS(irs, and whether an unusua_l\ly high mutability characterizes an undetectably
small turnover of DNA In non-dividing cells. _
It IS Interesting to note that, althougn the hisr gene reverts spontaneously and in
response to ultraviolet radiation (Ryan, Fried & Schwartz, 1954) it does notrespond
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to 2-aminopurine, 5-bromouracil or nitrous acid under conditions where auxotrophs
are induced to form (Okada & Ryan, unpublished results). This suggests that base-
air insertions or deletions of the sort discussed by Crick, Barnett, Brenner &

atts-Tobin (1961), unequal sister-strand crossing-0ver in a compound locus as

proposed by Grig &Serqean_t (196_12 o transversions as defined by Freese (19612
may be Involved.Yet protlavin, which induces auxotrophs, also does not revert thy
his~ gene. Moreover, the nP033|b|I|ty has not been excluded that the mutable unit
under investigation 1s composed of RNA or protein even though It.is located in a
DNA-containing body. (Ryan & Wainwright, 1954). Not enough evidence is as yet
at hand to require réjection of the gerOS_ItIOH that some natural mutations may
result from copy-errors during the replication of the gene.

This work was supported in part by grants from the U.S. Public Health Service
and the National Science Foundation. Orne of the authors (T. Nagata) was a Public
Health Service Predoctoral Trainee in Genetics.
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INTRODUCTION

In a previqus paper FOzeq Stocker&Smrth 1962) we showed that the genetic
factors or episomes coll, colE, efc., which determine, respectively, theprodiiction
of colicines 1, 2, etc,, could be transterred from standarg colicinpgenic strains of
Escherichia colf, or Shrﬁella sonnel to Salmonella typhimurium straiy LT2, When a
broth culture, of S. typRimurium L T2 (coll)—i.e. an L T2 line producing colicing I—
as donor strain was incubated with a broth culture of a nop-colicinogenic (acceptor)
T2 strain, < 0-1% of the acceptor bacteria hecame colrcrnogenrc during Incuba-
tion for 1fr., but after incubation for 18 hr. about 50% of thém had dorte so. We

_O
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showed that in a broth culture of LT2 (coll) only about 1 bacterium in 5000 was a
‘competent donor  able fo transmit the coll factor by contact to a non-colicinogenic
acc,eRtor bacterium. . This accounted for the low proportion of acceptor bacteria
which acquired colicinogeny in 1 hr, contact with a donor strain. We attribyted the
high proportion of accéptdr bacteria which acquired coll on long incubation of
mixture, to serial transmjssion. of coll amongst the acceptor hacterig, initiated b
the few acceptor hacteria which acquired the factor urln% the first hour. We
explaied this ‘epidemic spread’ by the hypothesis that many or perhaps all
bacteria which newly acquire coll become competent donors, able'to pair with, and
transmit coll éo, acceptor bacte,n% , ,

. We were led to this hypothesis by the observation that overnight broth cultures
inoculated directly from one partictlar Dorset eqq stock culture of a donor strain,
CL114, transmitted coll to a considerable proportion (about 10%) of acceptor
bacteria in Lhr. When material from this stock slope was streaked out only about
5% of the Salmonella parat}/]phl B. colonjes obtained were coljeinogenic; broth
cultures inoculated from such' coliginogenic colonies transmitted colicinogeny no
better than did broth cultures of LT2 (Coll). But broth cultures inoculated with a
mixture, of the purified colieinogenic and non-colicinogenic components of strain
CL114, in the same ratio, as was found in the stock slope, transmitted to about 10%
of an acceptor culture in 1hr. These broth cultures inoculated with mixtures of
colieinogenic ang non-collcmoqenlc bacteria, in the ratio of 1:20, when streaked out
after overnight incubation %le d about 50% of colieinogenic colonies, as a result of
the acquisition of coll by bacteria of the originally non-colicinogenic component
inoculated. We therefore surmised that such néwly infected bacteria m|$1ht be much
more effective as donors of colicinogeny than bdcteria which had carfied coll for
many generaions, _ o , _

The experiments to be described show that in strain LT2 a high proportion (half
or more) of bacteria which have hus,t acquired col| become competent donors, ‘and
that this competence persists in their progenr for between 2 and 7 generations. We
also describe the kinetics of transfer of Coll, show that if is associated with the
formation of pairs and clumps and describe the effect of various environmental
factors and metabolic inhibitors on the process of transfer. _ ,

In all experiments, except the initial gnes on the Salmonella paratyphi B strain
mentioned above, we used S. typhimurium strain LT2 carrying the coll factor
derived from Shigella sonnei strain P9 (Ozeki et al. 1962%. In Somé experiments the
strain moculahed into brﬁth with LT2 coll?zwas not noi-colicinogenic but, Instead,
LT2 (colE2); however, the presence of colE2 In these bacteria seemed to have no
effect'on the behaviour of cll in them. In a later Tpaper (Smith, Ozeki & Stqcker, in
Breparatlon) we shall describe the transmission of colE2, etc., by such colieinogenic

acteria newly infected by coll,

METHODS

In general nhe strains, media, tests for colicinogeny and other methods used were
a5 described by Ozeki etal, (1962). Some additional strains used are listed in Table 1.
The major component of a Dorset eqg stock culture [abelled CL114 was a Sal-
monella parat%phl B strain, of unknown origin because the stock culture concerned
purported to be a colieinogenic Escherichia coli strain; colieinogenic sublings of this
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S. paratyphi B strain (producing colieine 1) we designate CL114 (coll2), ngn-coli-
¢:nogenic Sublines CL114 col~, EXCept where the contrdry is indicated the colieing |
factor used was that derived from Sh|gellasonne| P9 (Ozeki etal. 1962). The coligine
| factor of Salmonella parat¥ph| B, Strain CL114 is indicated coll2 The colicines
determined by these two factors are indistinguishable.

Table 1. Bacterial strains used*
Laboratory

stock no. Genotype Remarks
(a) Sublines of Salmonella typhimurium Strain LT2

1497 cysC-7. str-r
4 D-g i
gLGgg Eﬁog fggm)z)

cysB-12 tryD-10 (coll)
cysB-12 tryD-10 (coll2)

1536 adeC-7 proA-46 fla-29 (coll
§L747 adeC-7 BroA-46 fla-29 gtr-r)
— adeC-7 proA-46 fla-29 str-r (coll)
L7124 athA-4 phe-401 fla-28 str-r . -
Lg4% athA-4 phe-401 fla+ str-r B/Ioule revert ?f &.724 ,
ot SR S
SL737 Mot+ str-r Mot||e revertant of SL ’
— proA-46 _
— proA-46 (coll) —
(6) Sublines of s. typhimurium var. Copenhagen O = SW541 (Stocker et al. 1953)
fla~ str-r
H%g fla~ str-r cured of an A phage -
L723 flat str-r Non-lysogenic fla+ transductant of
Sk
Re Im{ements for growgh: ade = adenine; ath = adenine and thiamine; cys = cystine; phe =
plenylalanine; pro :.rﬁ)rolme;try = 1r Pntf] han.
strer = streg omyci -rem%iant Tmg/ml).
jla orflg-28, efc. = non- aﬁel ted, on-g]ot|le;f|a+ = flagellated
mot~ = agellated, noP-mot S paralysed’); mot+ = .nB D a)&sed.
coll) = Carr In[? coll ?ctor gl ed from Shig. sonnei | 76K et al. 1962).
coIIZ% = car ¥I,r?coll acrlor er(]ved I’O{n S. paratyphi b, 4,
colE2),= car)¥| colE2 factor derived ronl)smg. nnelﬁ . . .
lost of the ayxatrophic mu ai] s Used Were obiginé from e Dep éggenfofGen ggs,hﬁ;ar egg
[nstitution of Washin t?F at Cold Spring Harbor (see Demerec et al. 1956; Clowes, 1958; %/a
emerec, 1960). Non-flagellated, ‘streptomycin-resistant and colicinogenic stocks were then

eEkIVgee aYsgst'he strains listed in Table 1 of Ozeki et al. (1962).

In, experiments in which motile and non-motile variants of Salmonella typhi-
n-Urium strains were compared (Table 3) we either used non-motile strains originally
isolated as such, and motile sublines obtained from them by mutation or trans-
duction (Stocker, Zinder & Lederherg, 1953); or selected non-motile variants (either
non-flagellated or ‘paralysed’%from motile strains by expasure to phage (fix (Sertic
&Boulgakov, 1936, Meynell, 1961). In experimentsin which we used hon-motility
as a phenotypic or genotme_mar er, We chose non-motile straing in which motife
bacteria arising.by phenotypic varjation S uadlmg & Stocker, 1957) were absent
or rare. The semi-solid medium used was thaf of Stocker et al. (1953) with a decreased
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agar concentration: i.e. peptone, 10g.; Difco gelatine, 80¢.; Difco agar, 3¢.,
sodium chloride, Sg.;w? er. 1000 ml. -

Bacteria visi IZ labelled” with formazan granules (Hartman, Mudd, Hillier &
Beutner 195_33 were obtained by growth in broth containing 2,3,5-t,r|phen¥ltetra-
zolium chloride, 0-01 % (w/v%;_after 241r. at 37 the culture was diluted tenfold
into broth conta_mm% twice this concentration of the tetrazolium compound. After
a furtlher 2 hr. incubation period at least 50% of the bacteria contained visible

ranules. y . .
d High-speed mixing of broth cultures was effected in an M.S.E. blendor as described
by Stocker & Campbell (1959). Treatment for 2 min. at full speed (about 12,000 rev./
min.) sufficed to break up all clumps. . _

T0 see whether Salmonella typhimurium newly infected by the coll factor de-
veloped any new antigen (compare the + antigen of Escherichia coli described b
Orskov & Orskov, 1960) a rabbit was ng/,en two courses (0-5 ml., then 1 ml. weekly
for 3 weeks; later five 1-0 ml. inocula during 2 | months) of intravenqus inoculations
of a formalinized hroth culture of an HFC preparation (see below) of strain LT2
proA-46. O-agglutinable suspensions were made by deflagellation Sb}qh' h-sPeed
mixing) and washing of a broth culture of strain proA-46,"and of an HFC culture
of the"same strain. PESULTS

When material from a Dorset eg% stock culture labelled CL114 was plated on
nufrient agar, onlg about 5%,of the"Salmonella, paratyphi B colonies obtained were
colicinogeriic, producing colicine 1 but when broth inoculated from the same slope
was stréaked out after overnight’incubation more than half the S. paratyphi B
colonies obtained. were colicinogenic (Table 2, Expt. 1). A similar increase’in the
proportion of colicinogenic bacteria occurred during overnight incubation of broth
Inoculated with an artificial mixture, in the ratio 1:20, of the colicinogenic_and the
non-colicinogenic S, paratyphi B components of stock culture CLI14 (Table 2
Expt, 4); or'when the jnoculym was a similar mixture of Penetjcally [abelled LT?
sub-lines, one non-colicinogenic and_the other carrying coll, derived either from $.
Paratyphl B, CL114 (Tahle2, Expt. 7) or from Shigélla’sonnei P9 fTabIe 2, Expt. b).

n the latter two experiments testing of the nutritional character of the colonies
showed that the increase In th_e,Pro ortion of colicinogenic organisms from 5 to
50-80 % resulted from the acquisition of the coll factor by bactefia of the originally
non-colicinogenic strain, and not from overgrowth by tfie donor bacteria,

Donor preparations, 1.6 broth cultures grown overnight from mixed inocula of
cohcmor%;emc_and non-cqhg:mogenlc bacteria In the ratio” 1:20, and cultures jnocuy-
lated only with the collcmog nic component, were compared In respect_ of their
ability to transmit the coll factor to a strepfomycin-resistant acceptor strain during
1 hr. Contact (Table 2). The pure cultures of colicinogenic strains transmitted to_less
than 0-2 % of the acceptor bacteria; whereas donor preparations grown from mixed
inocula infected 10-21%. The same result was obtained whethér the Salmonella
strain used for_the donor preparations was Salmonella paratgphl B, CLL14 or S,
typhimurium LT2; and whether the coll agent was that derived from CL114 or that
from Shl(%ella sonnel P9, As the behaviour in strain LT?2 of the coll agent from P9
has been'tully investigated (Qzeki, Stocker & Smith, 1962) we used this system in all
|ater experiments. [ experiments on the transmission of coll by donor prepara-
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tions, bacteria of the initially non-colicinogenic component of the donor mixture
accepted coll during the grovith of the dongr mixture; when the donor preparation
was tested for Its ab|I|t¥ to transmit coll to a third strain éusually marked br
streptomycin-resistance) these newly infected bacteria now acted as doriors. We shall
tnerefore c%ll the non-coljcmo%e 2iC Strain used ?st%ne component of a donor mixture

the Intermediate strain, since It first accepts coll, then transmits .

Table 2. Behaviour of cultures inoculated with colicinogenic or non-colicinogenic
strains, and with mixtures thereof

Brothf inoc%ed.eiéher diJeCIIX, from stock cu|[<ur slopes, o with abogt P X 104%nd 106
g%tertam. of the IH hcate strains, ere].strea ed on nutriept agar before and after
r. Incunation,.ang t e.ﬁro orﬂg%o %o |C|Fogen|c colonies dpter Ined. To test their
trﬁnsmlttgn a |l|t¥] the ihcubated broth cultures, were mixed In gua qrt? with a
cultyre of a'Streptomycin-resistant ngn-col|cmogen|c.accegtorsgawi L7 %,a ter 1.
miu ation the mlétqre WFs.streake on steptomycin agar and the' resulting acceptor
colonies were tested for colicinogeny. o .
Colicinogenic bacteria (%) % str-r
Expt Befor  After 18h  acqte
ng.' Inoculum incuebauon incubation collin 1ﬁr.
i CL114 *stock™ About5 68 12
2 CL114 (coll2f 100 100 01
3 CL114 col-% 0 0 0
4 CLI4, éc ||28 and CL114 col~, 5 60 16
In rati i:z
5 LT2 cys try (coll) _ 100 100 01
6 LT2 cys try .(coII{.and L T2 wilo- 5 8 u
t ge col~ inratio 1.20
1 LT2cys try (col12 and LT2 wild- 5 54 il
type col~, inratio 1.

* ﬂ‘stock’: broth inoi;ulated direct from stoc sIc&e ?f S, A ﬁphi B, strain CL114.
(00”2):P'¥“g6d C0 |(iln0 enic.component o stlo o;fe %L
£ 4 col~: purified non-colicirogenic component of stock slope CL114.

I

The preponderance of non-colicinogenic Salmonella paratyphi B in the stock
culture sIoPe CL114 was found to result from an instability of the colicinogenic
state_ In this strain, since Dorset egg]slop_es_ Inoculated with ‘CL114 (coll2), i.e” the
Purlfled collcmo?emc component of the or|P|naI culture, after several weeks at room
em[ierature yielded a ma,{orlty of non-coficinogenic colonies, as also did clones of
CL114 col~ re-infected with coll2, or infected With the coll factor from Shlgella
sonnei PY. A clone of CL114 (coll) ZgcolEZ after some weeks gave mainly. CLL14
col-and a few CL114 (coll) and CLI14 (coll (coIEZZ. The Instabllity 0f_co||0|nQ([;er]y
for coll and colE2 in Salmonella paratyphi B, CL114 contrasts with their stability in

S. typhimurium LT2, . . .

In%%batlon g]f_accept_or bacteria for UP to 2 days with sui)_e_rnatan,t fluids from
‘donor preparations’ ge overnight mixed cultdres of co |cmo?en|_c and non-
_cohcmoé)enlc strains) sterifized b}/ iltration or chloroform treatment, did not result
in an%/ etectable acqmsdtlon 0 c%lmmog?ny' %nd the bacteria from dlonor pre-
parations spun down and resuspended, in°fresh broth transmitted co |C|no%en_y as
well as did the original preparations. This is what would be expected if, as we Delieve,
transmission of colicinogeny occurs only by cell conjugation. b

1 G. Microb. xxx
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Factors affecting the transmitting ability of donor preparations

As we surmised that the hrfgh transmrttrng ability of overnight mixed cultures
resulted from the presence of"a high roportron of bacteria of the intermeiate
strain which had v r% recently acquired the coll factor, we sought to obtain donor
preparations in which a hrgh Proportron of the bacteria of the intermediate strain
Were colicinogenic; In %en ral sych donor Breparatrons transmitted colicinogeny
well, i.e. infected a hrg proportron of the bacteria of the acceptor strain during
1hr. contact. A method which generally gave satisfactor results Wwas to inocylate
10ml.. of broth with about 5X 105 danor bacteria and a out 107 rntermedrate
hacteria, and to incubate at 37° without aeration b shakrn? or 18hr,, %w Ich
time the proportion, of colicinogenic bacterja had increased from 5% to
When thrs preparation was_diluted tenfold in broth and incubated for a urt er
2hr., te prop ortron of colrcrnogenrc bacteria further rncreased to 50-9
sumabl asaresuto the rapid transmission ofteco factor Xthe recentl
Infected hacteria of the Intermediate strain, The donor preparations so obtarned
transmitted colicinogeny to about 20% of the bacterra of an acceptor culture
durrng 15 min. contdct,"and to 50% in 60 min.; we shall term them HFC (high
frequéncy colrcrnogeny transferrrng preparations,
ompoasition of iNocdlum 0 dongrpre aratron To determing the effect of varying
the composition of the inoculum, the 10'ml, tube of broth useq for growth of a donor
Brepara jon received the standard ‘inoculum of intermediate bacteria, 1.e. 106
acteria/ml., and Sraded numbers of donor bacteria. When the inoculum of donor
bacteria was < 5000/ml. (and the donor:intermediate ratio was < 1:200) < 1%
of the intermediate bacteria became colicinogenic after 18 hr. and the transmrttrn%
ability of the preparation was, very low: with_inocula of donor bacterra betwee
5000 and 108ml. (and donor:intermediate ratios between 1:20 %
proportion of the Intermediate hacteria became colrcrnogenrc urrng overnr t
Incubation, and ability to_transmit was hrgh with a dondrintermediate ratro of
10:1 or 100:1, the proportion of intermediate bacteria which acquired colicinggeny
after overnrght incubation was Jow (about 3 %). We therefore adopted a donor: ifiter-
mediate ra 1:20 as the inoculum for routine growth of HFC preparations.
Tubes rnoculated wrth 106 107 108or 109bacteria/ml. with the donor:intermediate
ratio constant at 1:20, gave HFC Breparatrons contarnrngo39 -68 % colrcrnogenrc
bacteria, and transmrttrn coll to 12-24.% of the acceptor bacteria in 30 min,
Effect of aeration by shaking. When broth inoculated with a mixture of colicino-
?enrc and non -colicirogenic bacterra was shaken durrng the overnr ht rncubatron
ransfer of ool |crno%en3/ ?<t e non-Col |crn%renre bacteria was gr%atl?/ ecreased, as
com ared with an Unshaken contro| (OzeKi et al. 1962); suchs ncultures as
ﬂ]ht be expected, transferred colrcrnogeny very poorl during 60m|n con] act
an acceptor. By contrast, when & dopor preparafion ri(own yovernr%
mcubatron Wrthout sfiaking from a standard inoculum, was shaken durrn? the 21.
final incubatign starrre there was a further increase in the (E)roportrono coficino nrc
intermediate bacteria, e.0. from 63 to 88 %, as compared with an increase to
In an unshaken control: “and the HFC preparatron S0 obtained transmitted WeII
Effect of medium. . HFC preparations could be prepared by incubating donor and
intermediate bacteria in a defined glucose + ammonia + salts’ medium supplemented

-—I-Q
=
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with any required_ growth factors; but the percentage of intermediate bacteria
which acquired cohcmor%;engl wag more variable than when broth was used. In the
defined medium, though not in broth, transfer of cohcmo(?eny to the intermediate
bacteria occurred even when the mixture was shaken during the overnight in-
cubation. Such cultures transmitted colicinogeny at high freqtency.

Effect of bacterial motility. When the ndn-colicinogenic (intermediate) com-
ponent of the mixed inoculum was a non-motile strairi, either non-flagellated or
paralysed |(Stocker etal ,1953% the proportion of the intermediate bacteria which
acquired colicinogeny during the primary overnight and the secondary 2 hr. in-
cubation was greatly decreaSed as compared with™a control mixture, in"which the
intermediate Was a motile form of the same strain; e'ﬁi < 1% colicinogenic after
the 2hr. incubation as compared with anout 70% In the control (Table"3). How-
ever, when secondary incubation was continued for 24 hr. the Rroportlon of colicino-
genic intermediate bacteria increased, e.g. to 50%. When the Intermediate com-
ponent was motile, satisfactory HFC' préparations were obtained even when the
donor component was non-motile.

Table 3. Effect of motility or non-motility of intermediate strain on proportion
of intermediate hacteriaacquiring coll

Proportion of intermediate hacteria colicinogenic determined on samples plated on
stre té)m cin nutrient agar atk%er %S%r ol gr fn,cuBau%n, and a?tePez gn% 2d4%r.
secon ar? incubation subsequent to tenfofd dilution in broth.

Danor: IaTZ ade C-7pro A-46fl ~5co||).
[nterme |a51,e:a n&d cateq, mf@cses col~ and st[-r.
[noculum: 5x 104donors/ml., 106intermediates/ml.

Percentage in intermedg'ate hacteria

olicinogenic after:
18 hr. 2hr, 241,
, : pri arg secondar secondar
Intermediate strain incubation Incubatio Incubatio
L722 (fla~ <0- < 1
LYEP \a-) ransductant of SL722) g ]6 1
ng§ mot~S <(- <0-5
L 1 %t+*mutant of SL656) 4?{ %
gl: gz?ll a,w)mutantof SL724) %4 %

* A very few motile bacteria were seen on microscopy of this culture.

Effect of secondary incubation. In the standard proce?gr,e for making an HFC
Preparatlon an over |ght mixed culture was diluted tenfold in broth ana'incybated
or.2 hr. This secondary incubation resulted in an increase in.the proportion of
colicinogenic bacteria and in ?reater Increase in transmitting ability. "For Instance
In one expenment the proportion of colicinogenic intermediate bacteria increased
from 27 10, 86% durmg secondary incubation; samples taken before and after
secondary incubation (and adjustéd to the same bacterial count, after blendor
treatment to break up cIump32 infected 5 and 40 %, respectwelY, of the bacterja of a
streptomycin-resistant acceptor strain in Lhr. contact. No Targe increase in the

14-2
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proportion of colicinogfenic intermediate bacteria occurred when the overnight
mixture was incubated Tor a further 2 hr. without addition of fresh broth. When fne
overm?_ht mixed culture was diluted 1/100 or /1000 in fresh broth, the increase in
Propor lon of colicinogenic bacteria during incubation for 2 hr. was less than when
he culture was diluted 1/10 as in the standard procedure.

Cell pairs and clumps associated with transfer of the coll factor

Microscopy of HFC preparations showed many clumps; e.g. about 60% of the
bacteria in clumps of 2 to. 20, average about 4, hacteria.. No Clumps were seen in
broth cultures of non-colicinogenic or of pure collcmog_enlc strains, nor In mixtures
of such cultures incubated for*L hr. Shakmgnby hand did not break up the clumps;
but after 2 min. treatment in a_h|gh-sPeed |éndor less than (-1 % of the bacteria
were in clumgs. After 30 min. incubation of the blendor-treated HFC suspensian,
14% of the bacteria were once.more in clumps, on an average of three bacteria.
To prove that the motile bacteria of an HFC preparation adhered to hacteria of an
acceptor strain we mixed such an HFC Preparat_lon with a non-motile acceptor
grown in tetrazolium broth, o that most bacteria contained a visible formazan
granule or granules. Active movement of pairs of hacteria, one containing a for-
Mmazan granule, proved that donor bacteria became attached to acceptor bacteria.
Granule-bearln% acceptor hacteria could alsp he seen attached to the clumps
characteristic of HFC preparations, The use of this techm(zue also showed that the
bacteria of an ‘-IFC preparation aﬂhere abogt as readllty 0 b%ctena oé_a colicino-
genic strain, already carrying coll as they did to bacteria of the ordinary non-
collcmo?enlc acceptor strain. _ _

We also used an indirect test to detect the adherence of motile hacteria of an
HFC preparation to acceptor bacteria. The acceptor strain used (SL747) was
streptomycin-resistant and completely non-motile. After incubation of the’ HFC
preparation for 15 min. with the acceptor culture, loopfuls of the mixture, and of
dilutions of 1t, were plated on semi-solid medium containing streptomyecin. There
Was no ﬁrowth on confrol plates mi)culdated with the streiptom, uﬂ-sensmve HF%
preparation; on control plates jnoculated with the acceptor strafn there was growt
onldv_ on the surface. On the plates inoculated with the mixture there aPpeared, n
addition to surface growth, numerous microcolonies beneath the surface, up to
3mm. below it. We"suppose that these colonies developed from streptomycin-
resistant pon-motile acceptor hacteria carried into the depths of the medium by
their motile streptomO%cm-sensmve parfners. Many deep colonies were obtained
from inocula of a 1/100, dilution, and'a few from a T0~4dilution of test mixtures in
which the acceptor strain was either non-collcmqgemc or Was cqllcmolglemc carrying
coll. This confirmeg our microscopical observation that bacteria of HFC prePa[a-
tions paired as readily with colicinogenic as with non-colicinogenic acceptor bacteria.
When a pure culturé of a motile, _streptom¥cm-se_n5|t|v_e strain carrying coll was
mixed with a culture of a non-motile, ‘strepromycin-resistant acceptor, Some deep
colonies were produceq from an inoculum of the undiluted mixture: but none from
a 1/100 dilution. We infer that a broth culture of a strain carr}gmg coll contains
some bacteria aple to acdhere to acceptor bacteria, but far fewer thar are Bresent n
an overm%ht mléfd %ultur orHFC_preriratlon;_ and too few to detect uyrlr)lcro-
scopy. Presumably tnese few bacteria able to pair correspond to the about 1/5000
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‘competent donors’ able to transmit the coll factor in_such cultures (Ozeki et al.
1962). No deep colonies were obtained from control mixtures of non-colicinogenic
;‘ggltét%mstsrtea%%nycm-sensnwe and non-colicinogenic non-motile  streptomycin-

Antigenic character of HFC preparations. The adherence of bacteria in HFC pre-
parations to other bacteria presumably results from some alteration of their surface
which might cause some new antigeriic spectficity. A rabbit given two_courses, of
inocula of'an HFC preparation yielded sera with equal titres (1/o400) on Q-agglutin-
able suspensions made from thie HFC preparation and from the non-colicinggenic
strain.. After fwo absorptions with non-colicinogenic bacteria the Sera no Ion?er
ag%lutmated either the HFG or the non-golicinogenic 0 suspension, even when tested
undiluted. Thus,in a very limited experiment vie did not detect any new antigen in
Salmonella typhimurium newly made colicinogenic for coll.

Treatment of HFC preparations b hi%h-speed blendor; kinetics of transfer
of coll by HFT preparations

Treatment of an HFC preparation in a hlgh-sgeed blendor broke up all. the
clumps originally present; such treatment does not kil| Salmonella typhimurium,
but makes"the orgamsms temporar|l¥ nop-motile %y breaking off their flagella
(Stocker & Campbell, 1959). Such delagellated HFC' preparations and untreated
controls transmitted coll to about the same proportion of the bacteria of a motile
acceptor strain in Lhr. But when the acceptor Strain was non-motile the deflagel-
lated HFC preparation transmitted rather less well than did the untreated control,
This presumably indicates that the collisions of donor and acceptor bacteria, which
\Cl\g%udldtge less frequent when both are non-motile, are rate-limiting under these
Itions,

. Although a mixture of an HFC preparation and an acceptor culture after 60 min,
incubation contained many clumps, the proportion of acceptor bacteria (selected
by plating on streptomycm agar) which produced colicinogenic colonies was about
tfie 'same When the mixture was de-clymped by blendor {reatment before plating as
when this step was omitted, probably because the spreading of the bacteria overthe
surface of the agar breaks up clumps about as well as does blendor treatment.

To study thetime needed for transmission of coll, an HFC preparation and a
streptomyCin-resistant acceptor culture were mixed and incubated for 2 min. to
allow pairing. The mixfure was then gently diluted 1/100, or 1/1000, in broth, to
preserve pairs already fomed but to prevént further dpaurmg; the dilute mixfure
Wwas then incybated. “At intervals samples were treated in the high-speed blendor
to break up clumps and pairs, and either gl_ated at once or after further incubatian.
It appeared 6Table 43, ): q that incubation of the_undiluted mixture for 2 min.
sufficed for 10 %,of the acceptor population o pair with donors as against 30% in a
control mixture incubated without dilutjon for 22 min.; (||2 that in & small minorit
of pairs transfer of coll was completed (1.e. had reached a Stage where separation of
the partners did not affect the outcome) within 2 or 2f min. of mixing the cul-
tures; (iil) that in most pairs transter was completed by about 20 min. “after pair

formation.
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Table 4. Kinetics of transfer of coll as determined by blendor treatment

(@) AnHFC (e aration, co onentﬁ ruIeC-YProA-46 fla~(co1r)andcysD-36 {co0lE2), and
n-acceptor cultylre, aﬁ/\-zlp %40%3 -[, Were mixed {n equa gart ~and %ter min
fhemq(aurgwas Hlutedl/100"inbroth. tmteri/ass mples weretreatedin the

en%p[ang
%en fed on streptomygin zigar One saWPeoft e mixture was Incubated undilute
or 22 min,, then treated in blEndor and plated.

Bime of Acc:(ﬂ)tor colanies
endor collcinggente

T - S—— e A
Sample fm% B Number
i 21257
Diluted ?i 34178
'R
1 9/90
Undiluted 2 3 27/86
(0) ,An HFC preparation (components as.in (a) above) was treated in the blendor, then
Bm dvvr”w-lan fccg for cur\t%Jre aEabove. %mﬁw)?a raaemm Freweﬁs |futem)l gdelg
roh.and at |Pterv Is san}p es were treated in the plendor. Al samples were incubate
until 75 min. from time ot original mixing, then plated on streptomycin agar.
Timg of Acceptor colonies
blendor colicinogenie
treatment
mm.s after % number

A

Factors affecting the transfer of coll from an HFC preparation
to an acceptor culture

Accegtor culture. When a_ suitable HFC preparation was incubated with an
acceptor culture, the proportion of acceptor bacteria which acquired coll in 60 min,
was about the same re%?rdless of whether the acceptor suspension was from an
overnight unshaken broth culture, an overnight shaken broth culture, or an over-
night Unshaken culture diluted tenfold in broth and incubated for 2 hr. (the more
concentrated cultures being diluted, so that all three acceptor suspensions had about
the same total count), Thus the physiological state of the acceptor bacteria appears
to be.unimportant. The proportion”af bacteria of a non-motile acceP_torstralnwhlch
acquired coll during 1 hr. contact with an HFC preparation (of motile bacteria) was
about the same as when, the accepor strain was motile. _

Aeration. In an eggerlment In which the mixture of the HFC preparation and the
acceptor hacteria was incubated on the shaker for 1hr., the proportion of acceptor
\?V%Cstegrzl%/Wh'Ch acquired colicinogeny was 509%, while in an unshaken control it

0.

Medium. In the_e%perhments described above thg transfer of coll to accePtor

bacteria took place in brotn, the HFC preparation and acceptor culture being mixed
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without alteration of the medium. Fisher (19574, b) observed that recombination
in Escherichia coli K12 was influenced by the medium, being greatly decreased in
liquid minimal medium Iackm? an energy source, and restored to normal by the
addition of glucose and aspartate. We thérefore looked for such effects on the frans-
mission of coll. HFC and acceptor cultures were centrifuged and washed twice in
minimal salts solutjon. Resuspension in fresh broth resultéd in as %ood or nearly as
good transter of coll to acceptor bacteria as in control mixtures of the original broth
Cubures (e.g. 13% in 30 min,, as compared with 18% in a control). Rather variable
results.weée obtained WI]en the wgshed HFC and accegtor culture$ were resuspende
anc mixed in a minimal salts medium without a carbon source (minimal medium o
Ozeki et al. 1962, but with glucose and citrate omitted). In one experiment (HF
strains cysD-36 (coll) and TysD-36 col~ and acceptor strain adeC-7 proA-46 fla~
str_-r)on!)yabout 1 % of the acceptor bacteria acquired coll in 30 min, ((comPared
with 13% when resuspended in broth), and the addition of 9Iucose (0-2%, wiv) to
the final mixture only increased the degree of transfer to 1%. In this experiment
the addition of: aspartate EO-OZ%_, wiv); or of cystine (0-002%, wiv), required b
the donor strain;_or of both adenine and proling (‘each 0-002%, wiv), required by
the acceptor strain, increased the rate of transfer to 9-5, 10 and 3%, respectively.

However, in other experiments mvo!vmq HEC and acceptoy cultures twice
washed and resuspended n minimal medium Tacking citrate and glucose, there was
good transfer (e.0. 44% in 30 min.) when glucose Was added to'the mixture, and
Some transfer (.. 5% in 30 min.) in its absénce. Previous starvation of one or both
components by aeration for 1 hr. In minimal salts solution did not affect the transfer
which occurred at a low rate in the absence of glucose but did depress the transfer
in the presence of glycose. These results, however, were not consistent enough to
permit conclusions £0 be drawn as to whether starvation of the donor or the acceptor,
or ¢f both, caused inhibition of the transfer of coll.

Effect of metabolic inhibitors and of acriflavine

Various metabolic paisons and acriflavine (which interferes with multiplication
of the F agent in Escherichia coli; Hirota, 1960) were tested for ability to Brevent the
transmission of coll from HFC preparations to acceptor cultures™(Tanle 5). The
agents were added to HFC and’ acceptor cultures, separately, to allow them to
eStablish their effect on bacterial metabolism before transmission could begin; after
11 min. equal parts, of the treated HFC and acceptor cultures were mixed and the
mixture incubated for 30 min.; samples were then treated in the blendor and plated.
In a separate experiment an overm?ht broth culture was diluted 1/10 into tubes of
broth contamm? the various agents. Turbidify measurements were made at ip-
tervals for 3 hr. To test the growth-inhibitory effect of the agents under these condi-
tions, in which growth of the control cultdre is fairly rapid; the turbidity of the
control culture increased x 13 in this period. Streptomycin at 1 mg./ml. decreased
coll transter only slightly, to 64 % of the control value in a mixture Without strepto-
mycin, even though'this concentration was rapidly bacteriostatic and less rapidly
bactencidal (20% survival of acceptor bacteria “after 1hr. exposure). Dinitro-
Rheno,l (m/500) and Rotassmm cyanide (m/250) greatly inhibited growth but

ad ljttle effect on the transfer of coll. Chloramphenicol (10 and” 25/;./ml.
though bacteriostatic only decreased transter by about half. Sodium azide fm/lOO
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did not inhibit growth dunnr‘r the first hour (although thereafter it did inhibit
growth to some exfent) but It did decrease transfer of col| to about 5% of the
ontrol value, Acriflavine (8/; %/ l)h a no effect on %rovvth and little on transfer
of coll acriflavine (40 and were growt |nh|b|tory and decreased
transfer to 16 and 2 % of the control vaIue However acrifl avrne (40/ig./ml.) Was
bactericidal and killed bacteria carrying coll more ralo than non-coli-
cinogenic ones (eq survivals of 7 and 539, respectively, after exposure to
acriffavine 40/ig./ml. in broth for 2hr) 50 that some of its apparen eﬁect |n
diminishing the"rate of transfer of coll may have been spurious, xposureo the
HFC prepdration alone to acriflavine (40/ig./ml.), chloramphenicol (10/ig./ml.) or
azide ‘(m/200) for 15_or 30 min,, before washing and mixing Wrth the “acceptor
culture did not drmrnrsh the extent of transfer of coll as compared with an untreated
contro Converse %/‘ addition of th esame concentration of acriflavine or chloram-

phenicol at the time of mrxrn the HFC preparation with the acceptor culture
decreased the transfer of coll to about the same extent as when the separate HFC
and acceptor cultures were pre-treated for 11 min., but the inhibition ofthe transfer
of coll by azide was less when pre-treatment was omitted.

Table 5. Efect of metabolic inhibitors on transmission of coll by HFC
preparations

oh%fttpé’ B’Ahe"rfd'ﬁ% f nar%% T v e 1o 9P 3P e mﬁ’ét’
tion, an o 0, 16S ectrve te s ar mcub tron n |t IS
e separate to and ace ures wr IXe ater. er
30 min. Ihcubat orhthe Mixtures w redr uted tfeate ate on strepto-
onies prodycin
xpt. 1); at
phe-401 str-r (Ex

n OI’ d
L L

ferotor
onies
<o|rcrnogen|c
Inhibitor Concentration Bhtrot)
None _ 100*
Potassium cyanide //500 Z%t
Sodium azide /20 18+
M/100 5-4f
Dinitrophenol m/500 (00
Chloramphenicol 10 /rg /m| g%
Streptomycin 1 mg /mI 64*
Acriflavine 80« 9] o
" /m] 1
/rg /m 40
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Proportion of competent donors in HFC preparations

. In‘broth cultures of stock LT?2 (col_l? sublines only one bacterium in about 8000
Is @ competent donor able to transmit coll to an acceptor bacterium, (Ozeki ¢t al,
9%2). To test the hypothesis that all or many bacteria which have just acquired
coll ‘can_ transmit, We determined. the proportion of competent donors in HFC
P_reparatlons in which a Jarge fraction of the bacteria had acquired coll during the
inal 2 hr. of secondary inctbation. The method used was like that used to deter-
mine the proportion of competent donars in broth cultures of established LT2 (coll)
stocks ‘Ozekl_et al. 1962). Graged numbers of bacteria from an HFC preparation of
a streptomycin-sensitive strain were added to fubes containing, Lml. of broth
culture of & streptomycin-resistant acceptor strain (7 x 10s bacteria). After 20 or
30 min. streptomycin gto 1mg./ml_.) was added, to Preve,nt any growth of the
strei)tomycm-sen_smve onor bacteria, and the tubes after dilution'2£ hr. later with
4ml. stréptomycin broth were incubated for 18 hr, The tubes were then diluted in
streptomycin broth and, incubated for a further 24 hr,, and thereafter tested for the
Presence of streptomP/un-res_ls_tant (acceptor) bacteria producing colicine 1. As in
he experiments on stock colicinogenic strains (Ozekj et'al. 1962)either 25-50 %, or
apparentl?/ none, of the acceptorbacteria were colicinogenic when the incubated
tubes of streptomycin broth were plated. In ong experimént all tubes which recejved
an average of 2-3colony-forming units or more from the HFC preparation contained
colicinogenic acceptor bacteria.” Of five tubes receiving an average of 0-7 colony-
formlng units only ong tube containgd coll str-r bacteria, Therefore an average of
2-3 C0l ny-formln? units sufficed to initiate the spread of coll. ‘In this experiment
the HFC preparation was not treated in the blendor to break up, clumps before
dilution, and the concentration of colony-forming.units was determined. b}( seeding
drops on nutrient agar (Miles & Misra, 1938) without spreadlng. |t Is thereforg
possible that an inoculum of 2-3 colony-formihg units represented a larger number
of viable bacteria. In another experiment, in"which the strains used were those
shown In Table 6, the HFC preparation was treated in the blendor immediately
before it was diluted. . Inocula of the dilute HFC preparation were added to twd
series of tubes containing acceptor bacteria, so that the average number of bacteria
Inoculated per tube was 0-33 In one_series and 0-83 in the sécond series, as deter-
mined by a subsidiary experiment in which 4/14 and 8/14 tubes, of broth which
received the same ingcula gave bacterial 8_rowth. After the addition of strepto-
mycin broth and incubation as in the preceding experiment 4/42 (0-09) tubes of the
first series and 5/18 (0-28) tubes of the second series yielded calicinogenic acceptor
bacteria. The average number of_comgetent donor ‘bacteria inoculated per tube
cal_culatehd from these proportiops is 0-09 for thef/nrst series and 0-33 for the second
series, That is, about one bacterium in three (0-09/0-33 and (-33/0-83) was a compe-
tent donor. In this experiment the proportion of colicinogenic bacteria in the donor
EreJJaratlon increased trom 21 to 83 % during the secondary incubation, sothat about
2 % of the hacteria of the HFC preparation had acquired coll during the final 2 hr.
If only these newly-infected bacteria transmitted, then rather mofe than half of
them must have béen competent donors.
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Duration of high injectivity after acquisition of coll

When an HFC preparation was incubated without addition of fresh broth for
18 hr., or was stored at about 4° for 18 hr., its transmitting ability decreased some-
what §22 and 16%, re_s;r)]ectlvel , of acceﬁtor bacteria acquiring coll in 60 min,
contact, as compared with 57 % for the fresn HFC preparation).. But when the HFC
Preparatlon was diluted with broth even as little as /> and then incubated for 18 hr.,
he HFC property was lost (< 1% acceptor bacteria made colicinogenic in 1hr.).
Broth cultures comprising all or most of the 1-2 x 103progeny of the Z7th generation
of single bacteria newly infected with coll were obtained, éither (i) by inoculating
broth”with small accéptor colonies, later shown to have grown from acceﬁ)_tor
bacteria which had acquired coll from an HFC preparation; or (if) by incubating
until just turbid 1 ml. samples of broths, each seeded with ar inocylum contamln%
an average of <_1 bacterium from an HEC preparation. None of 23 cultures s
obtained transmitted at high fre uenc%/. Thus under conditions which permitted
rapid growth the high infectivity of bacteria newly infected with coll was not shown
by théir about 27th generation”progeny.

Table 6. Duration of high infectivity of an HFC preparation allowed to grow

dirﬁ\”eé*t%%ﬁze@a{&'ﬁé‘cg%a? rﬁﬂegf%%%en 'ZP&f(ﬁi“ﬁfé%}i@}Rcau”@da%?;%%%"% E@&}] é ag

concentration between gdl cteriaiml. Kt Inte t50- ml. nocue}o ?ae

numbers af bacteria were a% ed t trt&ei cHnt%rlm([; 1.ml, ofbroth culture of a S ee&o-
mycin-r sw%t acce torgu ure gat - cpe- str-) Stre{)t%mg/cm tolm%./ . Was
added a?ter min and 5 ml. str gtm In"broth at"2hr. Tubes were tested for pre:
sence. 0 sge tomycin-resist n% oﬁmﬁggemc acteria after overmﬁ]ht Incubatlon:
B?gfwve tubes were re-tested after furthér dilution and incubation ih streptomycin
i éof amples tested for
'Q?a oo A e | Calculated!

. generations Mean no. Propo[)non Pro ortion
pre aras|on s]lnce bacteria/ of tubes of competent
min, difution sample positive onors

679 1-6 = 0-
0 { 217 5/51 ! -
% { 423.6 gg 011
4800
255 «{ 9856 ?/E;m= 0 0001
*Ca cu|ateg %rom muItiPIication, as determ!)ned h v'[able counts.
t Ce)cu at]e er sa pbe zegwmﬁ som (H not all positive t;f;bes; mean BO'O co Fet n(}
gonors sample ca cxtllater; IX oissonian method from proBortlon of negative tubes, then divide
y mean no. of bacteria/sample.

The number of 8eneratlons for which high mfecﬂw% persists under conditions of
raPld bacterial growth was determined as Tollows (Table 6). An HFC preparation
after treatment’In a high-speed mixer was diluted to about 104bacteria/ml., o that
the frequency. of collisions would be negh(t;(mle, and incubated at 37°. This culture
was further diluted at intervals, so as fo keep the concentration between 104 and
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105 bacteria/ml. At various times graded inocula from the dilute culture were
tested for ability to initiate the epidemic spread of the coll factor in a streptomycin-
resistant acceptor culture. At time zero about one bacterjum in four was a ‘com-
Retent donor’. After 3 generations of growth the proportion of competent donors

ad decreased from one in four to one i nine; thus about half the third generatidn
progen7y of the originally competent donors were themselves competent donors.
After T1generations of giowth the proportion of com?etent donors was only 0-01 %,
which is ‘about the proportion found'in a broth culture of a stock coh,cmoqemc
strain.. Thus most of the eléyhth generation clones (about 200 hacteria) derived from
the originally competent donor$ did not include even a single competent donr.

DISCUSSION

The experiments described above show that cultures grown from suitable
mixtures of colicinogenic and non-colicinogenic bacteria, that'is HFC preparations,
transmitted coll to & high proportion of the bacteria of an acceptor culture during
20-60 min. of contact, and that inocula of as few as 1 to 3 hacteria of a strepto-
mycin-sensitive HFC culture sufficed to initiate the spread of coll amongst a strepto-
m%cm-resmtant Popu_latmn In the presence of streptomycin. These observatigns and
others show that a h|?h proportion (between 30 and 00%3 of bacteria which had
recently acquired coll were competent donors of coll, and that this competence
persistéd amongst thewProgeny for several generations (probably between 3 and 7)
and then was abruptly lost The only sort 0f culture able to transmit coll at high
frequency will thus be one containing a high proportion of bacteria which have
acquired col| within the last few generations, that'is ones in which the ‘epidemic
spread of coll is reaching or has just reached its peak.

The_conditions requiréd for the production of an HFC culture can then be under-
stood in terms of the epidemiology of a contaglous condition aﬁectmg the bacteria,
and of the known changes in popUfation densi Oy during incubation of Broth cultures
unaerated or aerated. Presumably the spreadof coll’occurs to a significant extent
only when the population density_is high enough to Permlt frequent contacts of
inféctive and susceptible bacteria. Transmission of coll by the small proportion of
effective donors which occur in an established colicinogenic culture will then occur,
and the newly infected recipient cells will become inféctious and initiate. epidemic
spread amaongst the susceptible population. On this hypothesis the function of the
cohcmo?en_lc_ component of the mixed Inoculum IS to Proyide suficient competent
donors To initiate the spread of coll amongst the non-colicinogenic bacteria when
the bacterial population density becomes high enough for collisions to be frequent.
With a suitable constant ratio of colicinogenic to pon-colicinogenic bacteria, varia-
tign In the absolute number of bacteria inoculated would be expected to have little
effect on the progress of the coll epidemic, since in any event transmission would
only occur at a squlcant rate after the bacterial population density reached a high
level, Similarly, the number of colicinogenic bacteria inoculated t%;ether with'a
fixed pumber of non-colicinggenic bacteria, provided that the former were in a
minority, would affect only the time of onset of the epidemic. We found that coli-
cinogeriic: non-colicinogenic inoculum ratios between 1:200 and 1:1 gave satis-
factory HFC preparations. Presumably the failure to obtain HFC preparations
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when the proportion of colicinogenic bacteria in the inoculum was still smaller
resulted from a delay in the onsét of the epidemic. When the inoculym contained
more colicinogenic hacteria than non-colicinogenic ones, HFC preparations were not
obtained, and the i)roportlon of the non-colicinogenic component which acquired
coll was very small; in these circumstances the maﬂonty of collisions of infective
donors would be with bacteria already carrying coll, which would not themselves
become_effective donors (see Ozeki et al. 1 ? In epidemiological terms the high
proportion of immunes in the population will decrease the population density ‘of
susceptibles and thus impede the Progress ofthe epidemic. ~ _

Mixed. inocula of non-motile coliciiogenic and motile non-colicinogenic bacteria
gave satisfactory HFC preparations; but when the colicinogenic component was
motile and the non-colicinogenic was non-motile, the usual Incubation procedure
did not give HFC preparations %Table_S). In these two situations the frequency of
collisign™of effective aonors of the collcmogemc component with non-colicinagenic
bacteria would he the same, but In all of many subsequent cycles of infection in the
Initially non-colicinogenic strain the average time hefore an effective donor collided
with a susceP_tlbIe bacterium would be increased when the non-colicinogenic strain
was non-motile; this would account for the delayed spread of coll in this situation
observed when secondary Incupation was frolon?,ed able 3.

The 2 hr. *secondary incubation” of a 1/10 dilution of an overnight mixed culture
provides a period inwhich population density is high and metabolism active, so that
conditions ‘are favourable for infection of'a large proportion of the remaining
susce§t|bles (usually about 70% of the bacteria of the Initially non-colicinogenit

strain).

The high transmitting ability of broth cultures inoculated directly from old stock
slopes of @ Salmqnellaparatgpm B strain carrymcholl owattribute fo the instabilit
of colicinogeny In respect of coll in thi strdin.“The accumulation of non-colicing-
genic bactéria“during storage results in the presence of a high proportion of hacteria
Susceptible. to the epidemic spread of coll’ whepn material™frem the stock slope is
Incubated in broth. The failure of the non-colicinogenic bacteria to become re-
infected In the stock slope. itself presumably results from conditions there heing
unsuitable for the transmission of coll, perhas because of lack of available nutrients
(compare the absence of spread of coll in mixtures of fully grown aerated donor and
acceptor cultures; Ozeki et al. 1962) L

Our_experiments in which inocula of graded numbers of _strePtom cin-sensitive
bacteria from HFC preparations were tested for their ab|I|(tjy 0 transmit In the

resence of stregtomycm m?mate that of bacteria infected by coll within th

revious 2 hr. about one-half to one-third can transmit. These’ experiments pre-
sented various technical difficylties. In particular we could noc preRare suspensions
contalnlnﬁ bacteria all of which had carried coll for a known snhort periqd, We
suspect that In consequence the progornon of n_ewlgl infected bacteria which are
competent donors was Underestimated, and may In fact well be 1 or near It, rather
than 045 or (-3, as estimated. Our attempts t0 measure the duration of hl,?h_ In-
fectivity when newly infected bacteria were allowed to multlgly_were made difficult
boy the Same experimental limitations. However, the data obtained (Table 6) seem
t0 establish that for several generatjons a high proportlon (probably at least half
and perhaps more) of the Tmmediate progeny of a competent riewly infected
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bacterium are themselves competent donors; and that this high infectivity persists
for 310 7 generations. The observed decrease in the Eroportlon of competent donors
from ahout 1 in 4 at the time of dilution of an HFC preparation to 1in 9 three
generations after dilution, and to about 0-01 % after YFgeneratmns, permits some
inference about the mechanism of the loss of competence. These data indicate that
of the 8 third-generation progeny of a competent donor, an avera?e of at least 4 are
competent; bt that an average of fewer than 1 (about 0-08) of the 200 seventh-
to mghth- eneration progeny dre competent donars. If the possession of at least
one stable but non-replicating particle synthesized only by newly infected bacteria
(e.0. a non-chromosomal coll particle) stifficed to confer competence, then the clone
Produced by a newly infected bacterium, since it contains 4 competent donors and
herefore 4 particles at the 8 hacterium staqe, should contain at least 4 competent
donors amongst the 200 descendants after 710 8 generations; but in fact the average
number of competent donors at this stage was 0-08. Therefore the hypothesis statéd
above is excluded. It seems more likely that at least half, perhaps all, the descen-
dants of a competent newly infected bacterium are competent donors, but that after
310 7qen_eratlons every orfe of the progeny changes over to the non-competent state
characteristic of estabfished colicinogénic cultures. | o

The clumps seen by microscopy in"HFC preparations and the way in which nop-
motile acceptor bacteria are carried through a semi-solid medium by motile hacteria
of an HFC ‘culture show that In cultures which contain a high proportion of com-

etent donors many bacteria adhere to other bacteria with which they have collided.

he kinetic experiments show that blendor treatment (thICh breaks up such clumps
and pairs) given immediately after pair formation has been permitted, prevents the
transfer of coll. Pair formation is very rapid (abouf one-third completed in 2 min.,
when one or both strains are motile) dnd transfer of coll in a very few pairs is com-
Blete_d (1.e. has reached a stage unaffected by blendor treatmen%) within 2) min.;

ut i most_pairs the transter is nof completed until at least 20 min. after Faw
formation, Perhaps a variable time is required for the formation of aconguga on
canal linking the interior of the donor and recipient bacteria, or for the movement of
a coll particle through such a canal, The adherence of newly infected. bacteria
suggests that their siirface may be altered; but in a very limited experiment we
did ot detect any new antigeniC specificity in such bacteria. Observatigns on clump
formation and on the carriage of stréptomycin-resistant non-motile. acceptor
bacteria by their HFC partnefs away from the site of inoculation indicate that
competent” donor bacteria pair with acteria of established colicinogenic strains
carrymg coll about as readily as they do with non-colicinogenic bactria, and the
extent of clumping in HFC preparations suggests that newly infected bacteria also
adhere to each othier, _

Qur experiments on the effect of various factors on the extent of transfer of coll
by HFC Prepara,tmns show that the ph¥3|olog|cal state of the acceptor bacteria Is
unimportant; this su 9ests,_ that their role in fransfer is a passive one. Aeration b
shakm% did not interfere witf transmission; this supports our conclusion FOzek| etal,
1962) that the inhibitory effect of aeraion by shakmg on the transter af coll during
the prolonged incubatior of mixtures of donof and intérmediate strains,in broth is a
result not™of a direct effect on Palr formation qr transfer, but an indirect one,
through shortening the period of growth at a high bacterial concentration. The
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failyre of aeration to inhibjt such transfer in a defined medium may have been due
to the longer generation time in such a medium, so that even in aerated cultures
there is a [onger period of growth at a high bacterial concentration to allow transfer
of coll. Our experiments on the environmental reguwements for transfer showed
that bacteria which had been infected by coll urln?_ growth In broth could
transfer coll to_some extent when [esusPended in a defined medium (unlike the
transfer of the F agent in Escherichia coli; Cavalli, Lederberg & Lederberg, 1953)
but that there was only slight transfer when the defined medium contained no
enerqy squrce, Furthermore, our ability to obtain HFC preparations by growth
In defined medium shows that newly Infected bacteria become competent‘donors of
coll in a defined medium, as well &5 in broth. Our results with prior starvation of
one or the other partner did not establish whether it s only the dongr strain which
requires an energy source (external or internal), as in the case of chromosomal
transfer from E. Coli Hfr to F~ (Fisher, 195"). *

Our exRerlments on the effect of metabolic inhibitors, etc., on the transfer of coll

showed there was little correlation between their ability to inhibit growth and to
prevent transfer, Thus cyanide, dinitrophenol and streptomycin atgrowth-inhibitory
concentrations had little effect on transfer, whereas azidé . /..., almost entirely
prevented transfer without slowing growth. The failure of cyanide and dinitro-
phenol to prevent transfer of coll N Salmonella typmmurlum {0 anY major extent
contrasts with their abjlity, at. lower concentrations, to prevent chromosomal
recombination in Escherichia coli K12, (Fisher, 1957a); but it is not clear whether
this difference results from a species difference or from a difference in the suscepti-
bility of chromosomal transfer or of episomal transter (rt7he,re being no data on
the_transmission of F in E. coli in the presence of inhibitors). Only growth-
inhibitory concentrations of acriflavine suppressed transfer and we have Some data
sug estln? that 1t_preferentially kills colicinogenic bacteria; thus we have no
evidence for a specific effect on the multiplication of coll. comparable to the effect of
acriflavine onthe multiplication of the F factor inE. coli (Hirota, 1960%. StreR_tomy_cm
Lmg./ml. only diminished transfer by 36%; we, observed chat S. th imurium
remained motile for several hours in this concentration, which suggests_t at It leaves
unaffected at least some energy-yielding mechanisms, In our &xperiments on the
pr%portlon of competent dondrs in stock_ cclicinogenic strains (Ozeki et al. 1962)
nd in HFC preparations, the time available fof" transfer of coll by any com-
Petent donors In_the_ inoculum of streptomycin-sensitive bacteria was therefore
ongerthan the 20 or 30 min. before streptomycin was added. But since streptomycin
1mg./ml. immediately arrests multiplication of strain LT2 the inferences drawn
as 10 the number of competent donors are unaffected. _

\We have above assumed thaf hroth cultures of stock colicinogenic straing cayr mg
coll are heterogeneous, contamm? a very_few competent donor bacteria able t
pair and transmit coll, amidst a ar%e majority unable to do so: and that of the
newly Infected bacteria gresent in HFC preparations a large fraction e.g. 0-2-05)
or perhaps all. can pair and transmit, the remainder, if any, being unablé to do s,
Our data however do not exclude the hypothesis that each Of these bacterial
Rop_ulanons is, on the contrary, homogerieous, every newly infected bacterium
aving the same probability of pamng and transmitting coll {under the conditions
of our'experiments, see ahove, between (-3 and 1), the crresponding probability for
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every bacterium in a stock colicinogenic strain being only about 10~4 However,
the rare competent donors in stock colicinogenic, cultures Behave, so far as we have
tested, just like the frequent competent donors in HFC, preparations; for instance,
In usually transmitting, as well as coll, any other colicine factor they may possess
Ozeki ef . 1962, Smith, Ozeki & Stocker, in pre arat|ong., For this reason we
refer the hypothesis of two possihle phenotypes for bactéria carrying coll: the
effective doriors, having a probability of one, or near one, of mating and trans-
mitting undey suitable” conditions; and other colicinogenic bacterid, with_ zerg
Probabl_ht,y of dojng so. Our uncertainty as to the homogeneity or heterogenelty of
ransmitting ability in our bacterial populations does not, e think, affect the

validity of the rest of ourargumen_t. .
. Fron the rapid spread of coll durin the_ﬁrowth of HFC cultyres it is evident that
in such cultures the coll factor is mul |p|¥| g much more rapidly than the bacteria,
and therefore that in newly infected bacteria coll multiplies autonomously. As the
large majority of hacteria in stock colicinogenic strains dq not transmit coll we have
no“evidence that in them coll is multiplying more rapidly than its bacterial host.
These non-transmitting bacteria do not adhere tq other Bacteria, as shown by the
absence of clumping and by the rarlté/ of satellite colonies when a mixture of a
streptomycin-resistant non-motile acceptor culture and a stock streptomycin-
sensitive motile cohcmo?emc culture is plated on semi-solid streptomycin medium.
The failure of such bacteria to adhere to_other bacteria with which they collide
seems a Sufficient explanation for their failure to transmit coll. We do not know-
why the coll factor in most newI%/, Infected bacteria manifests the F-like property
of ¢ausing its bacterial host to conjugate, but does so in only a very small minority
of bacteria of strains which_have Jong harboured it. Perhgps the coll factor when
first introduced multiplies freely.in the cytoplasm but after some generations is
nearly always present only as a Single particle attached to the chromosome; either
a ‘dose-effect’ or a ‘position-effect™might then account for the usual failure of the
attached coll factor to confer ‘maleness” on its host. If this be so, coll in newly
infected Salmanella typhimurium would resemble the non-integrated F factor in
Escherichia coli F+ strains; and the coll agent in established S, Ip/pmmur,lum col-
cinogenic strains would resemble the chromosomally attached F agent in E. coll
Hfr Strains (though the integrated F episome contintes to confer the male pheno-
type.on its Hfr host). However, there Is as yet no evidence that coll (or any other
colicine agent so far investigated) can be mte?ra_ted into the_chromosome of S.
typhimuritim. The failure to"transmit which sets in between 3 and 7 generations
after invasion by coll may result not from mte,%ratlon of the episonie into the
chromosome buf from some other change causing loss of ahility to c_on{u ate,
However preliminary experiments (Dubnau & Stacker, un ubllshedg ingjcate that
when an Hir sublife of S. t IEhlmurlum LT?2 (Zinger, 1960) mad collcmogenlc
for coll transfers the ile+gene to a non-colicinogenic tle~"str-r LT2 acc r%to,r
strain most ile+ str-r recompinants do not acquire “coll; whereas in the. recombi-
nation experiments of Ozeki & Howarth 81961), in which HFC preParatmns were
used as ﬁene donors, the majority of recombinants did acquire coll. This ar?ues
against the autonomous multiplication of coll in the cytoplasm of bacteria of stock
colicinogenic f%trami;. : : : »
In EsCherichia coll F~ strains bacteria newly infected by the F agent or by colicing
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factors have not been shown to differ from stock F+or colicinogenic strains. In
salmonella tijphimurium , however, the immediate progen% of bactef1a newly infected
by the temperate phage PLT22 differ intwo resf[])ects from bacteria ofestabliShed lyso-
Penlc strains carr mF prophage PLT22: (1) They produce a high proportion of non-
sogenic descendants which after a delay revert to phage sensitivity (Luria, Fraser
dams & Burrous, 1958). éZ) Al or mast of them manifest the phage-determined
antigenic specificity called Factor 1, atfributable to the presence of a‘glucose-a-1,6-
qalactose-mann_ose side-chain In the polysaccharide of their 0 antigen (Stocker et al.
90), whereas in established Iysogenlc strains the expression, of Factor 1 is subject
to form-variation ‘Kauffmann, 1940), so that many lysogenic hacteria are totally
unaffected by Factor 1 serum (Stocker & de Margerie unpubllshed%. We do not
know why bacteria recentl¥ Infected by cont or by prophage PLT22 should behave
differently trom bacteria,of established colicinogenic or | sogemc strains. I each
case the two states, that is of newly infected and of established strains, are distinct
from the situation when the episorhe becomes more active, either spontaneously. or
after ultraviolet irradiation, and directs the srnt_hesm of erther colicine or Infective
hage, with the consequent death of the bacterial host. (See Ozeki, Stocker & de
Margerie (1959) for_ production of colicine, spontaneously or after induction, by
Individual bacteria in cultures of colicinogenic s. typhimirium LT2 sublines.)
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INTRODUCTION

Although the Gram reaction is probably the most widely used staining procedure
in bacteriology, there has been no wholly’acceptable explanation of the mechanism
af Its reaction Oespite the great proliferation o theorres advanced since the desgrip-
tion of the technique by Christian Gram in 1884, Many of the earlier views of the
mechanism of the Gram reaction were discussed in somie detail by Bartholomew &
Mittwer (1952). As pointed out by Salton (1961a) it,is now virtually rmEossrbIe to
BroPose any new theory to explain the Gram reaction, for the most likely possi-

Ilities have heen covered at Some time or other and all of the major cIas es of
cellylar constituents have been implicated. Th e theories propounded from the
studies, of the mechanism of the Gram reaction fall into two (rorgroups 1) those
which involve the presence of a particular substance or class 0f stibstances which
confer Gram posrtrvrty, (1f) those which invoke a difference in the ‘permeability’
of the cel%tote g/e

Much e ort In thé past has been concentrated on searching for specific bacterial
substances which may account for the Gram-positive reaction. Thus g r[Josrtrve
response to the Gran stain has been claimed to be due to lipoprotein (Stearn &
Stearn, 1924, 1930), Irprds Ersenberg, 1910; Schumacher 1928), nucleoproterns and
nucleic acids (Deussen, 1921: Dubos & Macleod, 1938: Henry. Stacey & Teece
1945 Henry '& Stacey, 1946 Webb, 1948); carbohydrate (\Nebb 1948) “and

* Present address: Department of Microbiology, University of New South Wales, Kensington,
N.S.W., Australia.
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%gcerorp_hosphate substances (Schumacher, 1928; Mitchell & Moyle, 1950, 1951,
054). Fischer & Larose (1952) suggested a Similarity in chemical structure between
h'ﬂ]hy degraded wool and the cytoplasmic membrane of Gram-positive bacteria.
Other chémical constituents believed to be related to the Gram rection in_some
unknown way include the polyamines found in greatest amounts in the Gram-
negative grotp of bacteria (Herbst, Weaver & Keister, 1958). Evidence that the
Gram reaction was related to Mg-ribonucleate in Gram-qunwe hacteria was pre-
sented by Henry et al. (1945) buf'an explanation of the stain reaction based on this
Proved less satisfactory when Mitchell Moyle,gl954 made a thorough investiga-
lon of the ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) contents™of
various hacteria. Further doubts that the Gram reaction was due to a Mg-ribo-
nucleate + basic protein co_mPIex_ (Stacey, 1949) also came from the studies of Shugar
& Baranowska ﬁl957%, reinforcing, the’ earlier conclusion of Lamanna & Mallgtte
195(?; that much of the nucleic aCid can be extracted from yeast cells without loss
fa Gram-positive reaction. _ _ ,

As an alternative to the mechanism of the Gram reaction based on a ncleic
acid + basic protein complex as E)_roposed by Stacey (1949), Mitchell & Moyle (1950,

, 1954) suggested a correlation between Gram positivity and the. presence of

phosphate ‘esters ((j‘XS_P’?. These phosphate esters were subseciuentl identified as
mixed gl}lcerol and ribjtol phosphate polymers (Mitchell & Moyle, 1958), substances
now Well known as the teichoic_acids of bacterial walls (
Buchanan, Carss & Greenberg, 1958). The tg)oIK)ci,IP/cerophol\%)hate of Staphylocaccls
aureus was given the name ‘positic acid” by Mitchell ‘& Moyle (1958). However
Jones, Rizvi &Stacey,(l958&showed that most organisms (hath Gram-positive ang
Gram-negatwe} contained “XSP’, Thus it now seems unlikely that “positic acid’
could be direct responsmle for Gram positivity. _ _

The opponents of the idea that a specific cellular substance is responsible for the
Gram reaction have sought other explanations, and _‘rPermeablllty’ factors have
long been suggested as the basis of the differential stainng observed. Thus, Burke &
Barnes (1929) concluded that the Gram reaction was dug to differences in cell-wall
Permeabl_llty. Further support of the ‘permeability’ theories have come from
he studies’ of Kaplan & Kaplan (1933) and more r_ecentg/ from Bartholomew,
Cromwell & Finkelstein (1959), The stutlies of Wensinck & Boeve (195/) on the
Fattern of extractibility with ethanol, of the crystal violet + odine (CVI) complex
|rr1?/o Vgéxctena, provide convincing evidence that some ‘permeability” effect is

That the cell wall is involved in some manner seemed inescapable, eszoemally from
the loss of Gyam [[)osmwty foIIowm%mechamcaI crushing (Benians, 1920), Iysosze
treatment of heated cells’(Webp, I 48] or protoplast formation SGerhardt, Vennes
& Britt, 1956). Although Chelton_ & Jones (1959) have shown that disintegrated
yeast cells car, under certain conditions, give a positive Gram reaction, It haS been
Wigely established_that loss of Gram redction_occurs concomitantly with loss of
ceIIuIar_mtegnt% (Bartholomew & Mittwer, 1952). Since many of the theories of the
mechanism 0f the Gram reaction were proposed before the more recent stydies of
the chemistry of bacterial cell walls, it seemed worth while to re-examine the
problem in ferms of present knowledge of the surface structure of bacteria. In this
paper, details of the composition of Bacterial cell walls from the present Investiga-

rmstrong, Baddiley,
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tion and from earlier studies (Salton, 1953«; Saltdn, 1958; Salton & Pavlik, 1960)
have been considered in refation to the Gram reaction and a Possmle method for
studying the mechanism of the Gram differentiation 1S presented.

METHODS

Organisms and growth conditions, Unless otherwise specified, the following
orga_nlsms used_were laboratory strains: Alcaligenesfaecalis, (nctc 8764): Bacillus
brévis énctc [571;).B. cereus p2; B. megaterium km; Candida pulcherrima (ncyc
373); Chromobacterium prodigiosum; CloStridium perfringens (C. welchii);. C. sporo-
enes;  Corynebacterium hog manni;  Corynebaderium xerosis-, Escherichia coli b,

. dispar (nctc 4169); Klebsiella aerogenes (Aerobacter aerogenes? a 30; Lactobacillus
arabinasus 17/5; Leuconostoc, mesenteraides p60: Micrococcus ysodeikticus (nctc
2665): Neisseria catarrhalis (kingly provided by Dr S. E. Hartsell); Proteus vulgaris;
Psaudomonas jluorescens; Pseudoranas sp. (kindly provided by Or J, M. Shewan):
Saccharomyces cerevisiae (ncyc 3662; almonella gallinarum: Spirillum serpens;

B%P)Elococcg& %Sireus Duncan; Streptococcus faecalis (nctc 6782); Vibrio metchni-
nctc .

The organisms were gjgown on the_following media: Clostridia on Robertson’s
cooked meat medium at'37°; Lactobacillus arabinosus and Leuconostoc mesenteroides
on 2% Bacto Casitone + 0-1 % Marmite + 1% glucose+ 2% agar at 30°; Sglnllum
serpens on 2% Bacto Casitone+(+1% Marmite+ 1% glucose broth at 25°-28°
yedsts on malt agar at 25°; all other organisms, were cultivated on nutrient agar or
nutrient broth at'30° or 37°. The yeasts and Spirillum serpens were harvested after
Incubation for 2 days and all other organisms after 24 hr. Cultures of the spore-
forming Bacillus species were harvested after incubation for 12-18 hr. The harvested
organisms were generally washed three times with distilled water on the centrifuge.
Organisms which showed anP/ tendency to lyse under these conditions were har-
vested and washed in physio otglcal saline. _

For stud mq the leakage of 3P compounds from organisms, these were. grown
under exactly the same conditions as specified above, €xcept that the media were
supplemented with 3P as orthophosphate (Radiochemical Centre, Amersham,
Buckinghamshire, England) in sterile saline solutions; (-1 ml. sterile 3P solutign
containing about' 1)7counts/min. was added to 20 ml, portions of agar or liquid
medium. The 2P-labelled organisms were harvested and washed as described above,

Gram reaction. Smears were stained bY the method modified by Hucker (1921).
All smears were blotted_ dry before decolorizing, with 9 % (v/v) éthanol in Water.
The Gram method applied'to bacterial sus_Pensmns by Wepsinck & Boeve (1957
Was used as described by these authors with the modification of dissolving 09 ¢.
Gurr’s crystal violet in 100 ml. 0-067 M- hos#hate buffer (pH 7).

. Leakage o3P compoundsfrom micro-Organisms, The effect of ethanol concentra-
tion on the Ieak\%;e of 3P compounds from labelled organisms was studied in the
following way, Washed suspensigns of organisms were pipetted into 1.¢m. x 7.cm,
test tubes and 1 ml. water or saline (wher bacteria suspended in this fluic) added
to each tube and the organisms packed by centrifugation.. The volume of washed
suspension added was adjusted so that ach tube”contained about 3-5 mg. dr

welignt organism. After céntrifugation, the supernatant liquid was carefully Sucked
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off with a pump 5o that the packed organisms were undisturbed, leaving a mini-
mum of residual liquid in the tube (usually less than 0-05 ml.). Packed organisms
Were_susPended in Lml. water or aqueous ethanol solution (conCentrations ofethanol
ranging from 25-100 %, v/v) and allowed to stand at room temperature (about 20°
for “Spécified periods. Or%amsms were depositeq bK centrifugation for 10 min. a
room. temperature and the supernatant liquids further clarifiéd when necessary by
centnfugat!on. The leakage of 3P comgounds was determined with a Geiger counter
Y meaSuring the radiodctivity of 0-2 ml. samples of supernatant fluid dried on
planchettes a5 describeq by Roberts, Abelson, Cowie, Bolton & Britten (1955).
The_time course of Teakage In 9 and 100% fv/v) ethanol was determined by
pre _arm% a series of test tubés containing 3P-labelled organisms as described above,
ad mgf,t e ethanol and filtering off the o%ganlsms on Oxoid bacteriological mem-
braneTilters. Filtration was rapld (10'sec. for about 1ml. cell suspension) thus per-
mﬂtmg samples to he taken at times much shorter than would have beén possible
by using centrifugation for removal of the extracted organisms. The 3P contents of
the filtrates were determined in the usual way. _ _
Isolation and com?osmon of cell walls. Cell walls were isolated. as described
by Salton & Horne g 001). Analytical procedures used were those given in earlier
studies (Salton, 1953« Salton ‘& Pavlik, 1960). ‘Total Ilﬁld was_determined
b{ extraction with_ether after preliminary hydrolysis with 6 n-HCI for 2 hr,
at 100° (Salton, 1953«). Amino sugar contents weré estimated by the Rondle &
I\Qolrggp 955) method after previous hydrolysis of cell walls for 2 ir. with 2 x-11Cl
at 100°,

RESULTS
Chemical composition of walls of Gram-positive and Gram-negative organisms

Extensive investigations of the chemistry of bacterial cell walls gSaIton, 19616)
and yeast walls (FalCone &Nickersop, 1956, Kessler & Nickerson, 1959; Northcoté
& Horne, 1952) have been made during the past 10 years; analyses have heen

Table 1 Major classes of cell-wall constituents and the Gram reaction
of certain micro-organisms

Gram-positive organisms Major chemical components of cell walls
eastﬁ . : —
accnaromyces cerevisiae Bo| saccnarlge, rotein, lipid
andida spp. olysaccnaride, protein
Bacteria o .
|croc]occus lIgsodaktmus Mucopeptide . . .
taghyococc aureus Mucopeptide, telcnom aci ,
{reptococel . Mucopeptide, te|f 0IC acid, golysaccharlde
orynebacterium Mucopeptice, polysaccharid
Gram-negative organisms
Escherichia coli . - .
Eronacter aerogenes Protein, polysaccharide, lipid, mucopeptide
Seu Pmonass np
pirillum " serpens

erformed on a large enough variet)( of Gram-positive and Gram-negative species
Eo IVe & comprenensive £|cture of the maj?r hemical copstityents 0f walls_from
oth groups. The principal types of chemical constituents found i walls of Gram-
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positive and Gram-negative organisms are summarized in Table 1. One of the most
conspicuous differencés between the walls of Gram-positive and Gram-negative
bacteria observed in the earlier studies (Salton, 1953a) was the higher lipid contents
of walls of the latter rouR._ The amino Sugar contents of the wallS of Gram-positive
hacteria were genera ly higher than those of Gram-negafive organisms, such a
difference probably being a Teflexion of the total amount of mucopeptide (peptido-
goI}/sacchande or glycopeptide) component in the wall. Thus, ‘as suggest_ed,by
alton (fl S?a spectrum’of lipid and amino sugar contents exists and guantitative
results Tor the walls of a variety of Gram-negative bacteria are compared with the
range observed for Gram-positive organisms (Salton & Pavlik, 1960) in Table 2

Table 2. Amino sugar and lipid contents of cell walls of Gram-negative and
Gram-positive micro-organisms

Amino T.ot%I

% B

- 1 0
G)\??bnﬁbé]e C— 3 11-

robacter aerogenes . . % 1¢§
M prodigiosum

Es romo acterlr §§

fhenc Ia ol ]

almone inarum

Ir{llum serpens* %8

i?ca [ ltjanes ?agc%?i?. ~
?g Al

e i

M?crﬁcoccusg&ioéle%icus* ;%%% Q

agal
roter morganii
NeISseria catarr - %
Gam-lo sitiYe .
gamz7 a}%u cherrima . 1-
ro
Bacillus cere

* Data from ear”e; s{udie - Northcote & Home (1952); Salton (19533, 1958); Salton & Pavlik
(1960) ; Salton & Shara 1958&.

In considering the chemical nature of the cell wall in relation to the Gram reaction
Table 1), it became_apParent that Gram positivity could not be correlated with the
resence of one particular type of substance in the cell wall. Thus, the teichoic acids
Armstrong et al. 1958) are present in only certain Gram-positive bacterja, and

similarly, ol}/sacchan e components are found in some and nof In others (Salton

6L D). All ot the Gram-positive bacteria contain mucopeptides (glyc,o epti es1 and
all of the yeast walls are rich in polysaccharides and polysacCharide comg exes
Northcote” & Horne, 1952 Kessler & Nickerson, 1959). Although the walls of

ram-negative hacteria were rich In lipids, the lipid content of Keast walls may be
as high as 10% and as low as 1% (Kessler & Nickerson, 1959). These considerations
of the chemistry of cell walls |ed to the conclusion that the Gram reaction is not due
to the presence of any specific substance in the wall and that several types. of
polymeric substances Mmay serve equally well as wall structures for Gram-positive
organisms.

|
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Echlﬁﬁgﬁa dispar

Bacillus brevis

acc Xces Cerevisiae™ 1- 8-55:10
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Influence of ethanol concentration on the leakage of 3P compounds across the
walls of Gram-positive and Gram-negative hacteria

In their analysis of the Gram reaction Wensinck & Bogve 9957 showed that the
amounts of crystal violet and ioding taken up was similar for Gram-positive and
Gram-negative or%anlsms. The main divergence in behaviour was found in the
extractability of the GVI complex from the stained organisms washed in aqueous
ethanol solutions ran_clq_mg from about 90-100 %, v/v. Thus under these conditions
the CVI in Gram-positive orgamsms remained Iargely unextractable desPne the fact
that the CVI_complex forméd by mixing solutios of the Gram rea(I;en S Was,_com-
pletely solubilized in such concentrations of aqueous ethanol. If the CVI is not
rendered alcohol-insoluble by being bound to specific chemical constituents gre_sent
In only Gram-positive organisms then other explanations of the results of Wensinck
& Boéve (1957) would have to he sought. As an alternative to the possession of
a_specific “Gram-positive’ chemical entity it seemed concelvable that the Gram
differentiation brought about by decolorizing with 96 % ethanol may result from a
dehydration of the” wall structures and consequent decrease in pore size, thus
|m’%ed|ng the pas_salge of small molecules acrqss the wall ang rendering the CV]
complex” inaccessible to extraction. Any . Information on the passagé of small
molecules across the walls (release from iriside as wel] as Rassage rom the_ external
medium into the cell) when orPamsms are suspended in ethanol concentrations used
{R Géam dlfferte_ntlatlon may [ead to a greater understanding of the mechanism of

e Gram reaction. .

To test the possibility that the passage of small molecules across the outer
envelope IS impeded when Gram-positive organ_lsms are exposed to ethanol concen-
trations which bring about the Gram differéntiation, the release of 3P compounds
from ngﬁml_sms suspended in aqueous ethanol solutions (25-100 %, viv) was investi-
gated_. e influence of ethanol concentration on the leakage of P compounds from
variety of Gram-positive and Gram-negative hacteria was studied; the results for
two Gram-positive organisms (Saccharomyces cerevisiae and Streptococcus faecalis)
and two Gram-negative bacteria (Escherichia coli and Proteus vulgaris) are illu-
strated in Figs. 1 and 2 respectlve Y.

It was conceivable that the decreased leakage of 2P compounds from Gram-
Rosltlve organisms might have been due simply to a smaller fraction of the cells
javing hadtheir plasma membranes d_ama%ed by the treatment. That this explana-
tion Of the tyPe of results given in Figs. 1 and' 2 was unlikely was shown by the
results of the ollov_vmg experiments. 3P-labelled Staphylococcus aureus was tréated
with ethanol solution3, the organisms deposited by céntrifugation and the super-
natant flyids removed. The organisms were then suspended in distilled water and the
release. of residual 3P compotinds determined after 10 min. at room temperature,
Escherichia (é)h Was treated An the same _me\nner. The results for . Tureus nd E. coll
are presented In Figs. 3 and 4, respective ;the_Y show that the larger fraction of
3P material ‘trappéd " inside S. aureus treated with ethanol concentrations between
80-100 % readily leaked out when the organisms were subsequently suspended in

water.
To test the possibility that the Fiﬁeren(ies in_the gatterns of 3P leakage in
ethanol solutions were not due to a slower release from Gram-positive bacteria, the
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time course of leakage from Gram-pasitive and Gram-negative hacteria was studied.
Organisms of Escherichia coli and Staphylococcus aureus were dispersed in_100%
ethanol and filtered as described in the Methods, at intervals of time up to 20 min.
The time course for the release of 3P_compounds from S. aureus and E. colj are
shown in Fig. 5. AIthou%h a smaller fraction of the total 3P content leaked out
from S. aureus in 100 % ethanol, the fraction was released at about the same speed
as that observed for E. coli.
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Fig. 1. Leakage of 3P compounds from Streptococcusfaecalis and Saccharomyces cerevisiae.
O%amsms alsﬁspen(ig?i C|n eﬁ)hangl so?unonsp#or 10 min. at room temperatu¥e.
Fig. 2. Leaka

of 3P compounds from Escherichia coli and Proteus vulgaris. Organisms
sugpendeg In gﬁ]ano SO?UII%HS or 18 min. at room temperature. J g
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Fig. 3. Leakage of 3P compounds from Staphylococcus aureus suspended in ethanal
SO?UIIOHS for.l raln.. ?t room te era&ure ECLPI‘J f)ané the su se%Bent release 0? %
e

compoyn S.Inlﬁ istilled wa&rw en deposlts of coccl from curye 1 samples were sus-
Fene In distilled water for 10 min. at rdom temperature (curve 2).

iP' 4, Leaka%e of 3P compounds from sch(?r chia %oli susRended in eft nol squtioHs
o 1 .mln. gt 0om t%m eJ ture (cyrve 1) an t}we subseque trelefaseo comﬁ) ungs
Into. distilled water when deposits o orga 1SMS ed

om curve 1 samples were suspended In
Istilled water for 10'min. at room temperature (curve 2).

Experiments. were performed with g collection of Gram-positive and Gram-
negative organisms to determine the release of 2P compounds in 100% ethanol,

The leakage in 100 % ethanol was determined in relation to the maximum leakage
occurring “at lower ethanol concentrations (usually at 50-75%, vlv, ethanol in
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water) and has been e><3rrressed as a percentage of the maximum release in the results

summarized, in Table
These differences between the Gram- posrtrve and Gram- negatrve or%anrsms only
establish that the passage of ceytain small molecu e gnor anic phosphate, nucleo-
tidles, etc Salton, 1951)across the waIIorwa -membrane 0f Gram- Posrtrve ‘bacteria
|s |m eded when they “are suspended in hi hconcentratrons of ethanol, whereas
?/ of the Gram- negatrve bacterra were affected to a lesser degree. This frndrng In
rtse rves not moret anaclueaboutalrkel mechanism of the Gram reaction and
su gestst at th echrsta violet + fodine complex 15 “trapped” inside the organisms
W ent e ‘permeability "o the outerwaII Is decreased on treatment with coficentra-

tions of ethanol exceeding 90 %.

600 - S—

7

Escherichia coli

7

Staphylococcus aureus

3
S)

200

32p release (counts/min.)

L ! ] 1
5 10 20
Time (min.) of exposure to 1009, ethanol

Fig. 5. The tjme course for the reI of ou ds from Escherichia coli and
J Staehlococcus aureus suspent?e 10%J /o no at room temperature.

Unfortunately the roje of mordantrng with iodine in the Gram reaction could not
be rnvestrqated In reIatan to the Ie% %e of 3P at drfferent ethano| concentratigns,
refreatment of the bacteria wrt e 1odine solution resulted in an immediate
os of intracellular P compounds from Gram-positive and from Gram-negative
bacteria. It seems likely thaf amore successfu a groach to the problem of the role
of moydanting with iodine might be to study FE netration of smaII molecules into
organisms suspended in ethanol before and after treatment with iodine solutions.

Effects of mechanical rupture and wall removal on extra,ctability ofcr%stal
violet + fodine complek from suspensions of Gram-stained ofganisms

If, as the above results and the iodine Eermeabrlrty effects reported by Kaplan &

Kaplan (193 32 and Bartholomew ¢t al. (1959) sug%est the pore size of the wall of

Gram-positivé bacteria is decreased by mordantifig with iodine and dehydration
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with. 95% ethanol, thereby trapping the crystal violet+ ioding QCVI) complex
within its boundary, then mechanical rupture or enzymic removal of the wall after
Gram staining shodlfd then render the CVI complex accessible to extraction.

Table 3. The relationship between the Gram reaction and the leakage of
3P compounds from labelled bacteria exposed to about 100% ethanol

released
Gram . ﬁ% reFatlve
reaction Organism t0 maximum*
seudomoqass .
roteus yulgar
scherichia’coli .
_ Ic |genesLae alis
. |Fr|0 n]ftc nikovii
— almonella gallinarum

a
— robacter ger_o enes .
: romopacteriu d;frodlgmsum
elsseria catarrnalls
Self Pmonas luorescens
EIH urn.seri)ens
c.ﬁnc ia dlispar
acillus brevis

. 4
S e F

Icr coccu? soderkticus
andida guc errima
tfe tacoccus faecalls
oHduﬁn SpOrqgenes
Lactﬁ fxu s arabinosus
tg&l 0COCCUS aureus

erégaryfee ?l}?n”Hg}fmanni }

0
: \’OSIS
aClius CEreus

. 1
accjwaromyces cerevisiae 10

solﬁt%lﬁ)(imum 3P released from organism usually occurred in 50-75 % (v/v) ethanol in water

Heated washed suspensions of Bacillus megaterium, Micrococcus lysodeikticus and
Saccharomyces cerevisiag were Gram stained” as described by Wensinck & Boeve
1957). The Gram-positive organisms were washed several times with 96 % ethanol
no counter stain used), the supernatant solutions decanted off and the packed
organisms, drained hefore dispersing in distilled water. These suspensions_ were
miXed with Ballotini beads and shaken in the Mickle apparatus under the conditions
normally used for_cell-wall isolation (Salton & Horne, 1951). The heads were
separated bR/ allowing them to settle and after several washes with distilleg water
the fluid containing tfe disintegrated ogganlsms wag centrifuged. The deposits from
disintegrated organisms and Untreated” Gram-positive organisms were suspended
in 96% ethanol” and centrlfuged agahn. .On extraction Wltq 96%_et!aanol t!]e
control organisms not submitted tg méchanical disintegration still remained strong 3/
Gram-positive whereas the material from the ruptured organlsms was decolorized.

Salton (19536) showed that the walls of heated Bacillu me?aterlum and Micro-
coceus lysodeikticus were removed on incubation with egg-white lysozyme, leaving

++ 4+
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the coagulated protoplasmic bodies. Similar exReriments were performed with
suspensions of organisms Gram stained by the metnod of Wensinck & Boeve (1957).
After decolorizing by washing several times with 9 % ethanol on the centyifuge, the
packed organisms viere draifed and sursT?ended in 0-067 M-phosphate huffer %fH 1)
and Incuated with 50ttr%1. Igsoz me/ml. for Lhr. at 37°. Control preparations
without lysozyme were incubated under the same conditions. Lysozyme-treated
and unréated organisms were then deposited br centrifugation, the suR_ernatant
fluids decanted, the dePosns washed with distifled water’and the washing fluid
drained off. The deposits were then dispersed in 9% ethanol and the organisms
sedimented by centrifugation. Under these conditions only residual amounts of
crystal violet remained in the deposits from the I){sozYme-treated preparations; the
organisms not exposed to lysozyme action were still strongly Gram-positive.

DISCUSSION

Burke & Barnes (1929) sug?ested that the Gram reaction could be explained bl/
the_ impermeability of the walls of Gram-positive bacteria to the crystal violet
lodine complex. Both before and since the proposal of this mechanism, attempts
have been made to relate_the Gram reaction to specific chemical compounds jn
Gram-positive bacteria, Convincing correlations hetween the presence of certain
cellular constituents and a positive Gram reaction have ultimately broken down and
as pointed out by Shugar & Baranowska (1957) the demonstration of certain sub-
stances In Gram-positive organisms *does not ne_cessanlt))/ mean that this c,omPonent
Is responsible for Gram staining, but only that it may De one of the manifestations
of the differences in physiological and “physico-chemical characteristics befween
Gram-positive and Gr m-neﬁa Ive organisms ’, Indeed, awide variety of simple and
[igleemenc substances can behave as Gram-positive material (Shugar & Baranowska,

Strong su?po_rt for the ‘Permeabmty "mechanism of the Gram reaction came from
the earlier studies of Kaplan & Kaplan (1933) and mare recently from the work of
Bartholomew et al. (1959). A clearer inferpretation of the mechianism of the Gram
reaction has cnly been possible as a resylt of the studjes of Wensinck & Boeve (1957g
who were the Tirst t0 provide con,vmcm% uantitative information about th

sequence of steps In the Gram reaction and the points of departure in behaviqur
between the Gram-positive and Gram-negative organisms on decolorization with
ethanol, The similarity between their Patterns of extractability of crystal violet +
lodine (CVI) complex and the release of 2P compoungs at ajfferent etdanol concen-
trations shown in'the present investigations (Figs. 1, 2), is striking. Thus, the ethanol
concentration used as the differentiating step in the Gram stain decreases the access-
ibility of the CVI complex and the same concentrations have been shown to impede
the IE)_assage of intracellular 3P compounds across the walls of Gram-positive
organisms.” These results together with the_observations on disrupted Gram-stained
organisms involving either Simple mechanical dama?_e or enzymic removal of wall,
str,ong!}/ support the view that a Gram-positive reaction.is due fo the CVI complex
being ‘trapped " within the organisms owing to dehydration and diminution In pore
size Of the walls of Gram-positiye organisms, It also appears likely that mordantm%
with 1odine could have a twofold éffect of forming a CVI comglex as well as a
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association between iodine atoms and OH tgroups of polysaccharide fcomposed of
sugars and/or amino sugars) components of the walls. THis might further decrease
the Ipore size on dehydration of the structure in ethanol, in a similar manner to the
decrease in the inferpal diameter of the starch helix which accompanies the associa-
tion of the large iodine atom with this polysaccharide (Greenwood, 1956).

If the Gram'reaction 1S thus due to the physico-chemical state of the wall during
differentiation with 96 % ethanol, then many of the confllctm(h; results of earlier
mvestlﬂatl_on can he readily understood. . Any breach in the mechanical integrity of
the wall either before or after Gram staining would render the CVI complex more
accessible to extraction. Gerhardt et al. (1956) indeed attempted such a conclusive
experiment with Bacillus megateriam but their results were not entirely satisfactory
and not as clear cut as the data obtained from washed Gram-stained suspensions,
The 1oss of Gram positivity on disintegration, autol}/fsm and digestion of heated
organisms with lysozyme (Webb, 1948) and even the effects ofaqemg, are all readily
understandable if an‘intact r|Tg|d wall Is needed as a barrier for'the Tetention of the
CVI complex. The presence of cell-wall degradmg enzymes in bacteria has been well
established (Mitchell & Moyle, 1957; Salton, 1956) and could account for the con-
version of bacteria to the ram-neﬁatlve state,

It 15 now generally agreed that the Gram reaction is not an “all or none’ pheno-
menan, for gradations Detween Gram-positive and Gram-negative extremes have
long been recogmzed (Neide, 1904: Chyrchman &Siegel, 1928; Shugar &Baranowska,

958). Some Of these quantitative differences may well be accounted for y the

resence of more mucopeptide component in the” walls, of organisms within the

ram-negative groui). The amino su?_ar content of the walls is probably a good ingex
of the antount.Of cell-wall mucopeptide and it is of interest to note thaf several of
the organisms intermediate between the extremes of 3P Ieakaﬁe in ethanol (Table 3)
also contain appreciable quantities of amino sugar in the walls (Table 2). Thus thé
total amount of mucopeptide and polysaccharide complex in the walls of bacteria
and yeasts may have an important bedring on the quantitative aspects of the Gram
reaction. The phcysmochemlcal state of the wall mucqpeptides and polysaccharides
may also be of considerable importance in determining the response in the Gram
reaCtion. It appears |Ik_e|}é that the mucopeptide polymers in the walls of Gram-
positive bacteria form thick continuous sheets, whereas in a Gram-negative organism
such as Escherichia coli the mucope,otlde component responsible for the rlgldg of
the wall is present as a very thin layer (Weidel, Frank & Martin, 1960)." Gram-
variable properties. may thus be explicable on the hasis of mucopeptide layers, of
thickness intermediate hetween those found for the two extremes of Gram-fositive
and Gram-neg,atwe bacteria. More information about the physico-chemical struc-
ture of micro |?I cell walls is ovious] neﬁded before a clearér picture will emerge
of the effects of the difterentiation with ethanol which leads to a Gram-positive or
Gram-negative reaction; and the role of iodine and  the possible groups in the wall
with which it may associate must be further investigated.

| wish to thank MrJ. G. Pavlik for preparing cell walls and carrying out some
analyses.
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INTRODUCTION

The genus Flavobacterium and the enus Cyto ha a are placed in different Orders
ofthe Class Schizomycetes by Rergey Manual . Thiswould Iead oneto exBect
that it would be egsy to d|st|nrqmsh the members o f either %enus from the members
of the otner.. In fact, several” workers have commented on the difficulty that is
encountered in making this distinction. For example, Stanier (1947) found that a
number of soil cytophiagas formed short elements which morphologically closely
resembled rue bécteria.“He commented that inspection of cultures with a predom|
nance of short cells “does not suggest that the rgamsms are myxobactena flexi-
bility is not evident, and the motility of the ndividual cells is hard to detect;
the only indjcative feature which remains being the weak refractility of the cells
The p|cture both in wet mounts and in stained preparations is stron5(15 sutggestwe
of a small, non-motile, Gram- negaﬂve true bacterjum.” Gibson (1955) noted that
certain soll orgamsms closeyres mbling the cytophagas in many respects, did not
move by means of the glid mga motilit wh|ch |s held to_be diagnostic of the mkxo
bacterid. This difficulty was also exP rienced by one of us EP HAwhen ma m%
a detailed study of 62 marine bacteria, all but one of which had been labelle
Flayobacterium’ by the workers who isofated them. By using orthodox taxonomic
methods, 1t was concluded that some of the test or(‘;amsms were probably cyto-
[l)h ges though others had Peen properly asm%ned 0 the fIavobacHena Hayes,
962). However, these conclusions were “far from being unequivocal and it Was
thouPht that the ap g lication of Adansonian methods m|ght help to solve this
Prob em and, at the Same time, provide an interesting comparison between different
axonomic techniques.

Presgnt addﬁesses *Marine Science Labor? ffpes Menai Bridge, Anglesey, f Birds Eye Foods
Limited, South Denes, Great Yarmouth, Norfo
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METHODS

The sixty-two isolates used in this work werg of marine rigin, and all except
nemb 11 Nad been identified as Flavobacterium species by the workers who
isolated them: 1solate nemb 11 was labelled as a presumptive Cytoghaga. All the
1S0lates were examined for a large number of characters; details of the méthods used
were reported previously (Hayés, 1962). . _

The data On the characters of the organisms were resolved into 104 features,
and put na form suitable for feeding intq a computer. The features ranged qver
morphology, cultural characters, biochemical reactions and nutrition. The data
were processed by an Elliot 402 computer, using Sneath’s (1957) programme.

RESULTS

A qurammatlc representation of the sorted S values is shown in Fig. L 1t is
clear that in terms of overal| similarity as determined b;r the formulaS = njns+na
the.organisms examined fell into two large g{roup_s or pleista iA, G), several smaller
Plel_sta (F, T, Ll%whlle the remaining 1Soldtes differed widely from each other in
heir S values, that is, they were the sole representative of their pleiston present.
Pleiston G consists of an inner cluster and an outer array of somewhat less similar
orgamsms. The position of the bottom boundary of pleiston G has been somewhat
arbitrarily drawp between NCMB 287 and 277 (See Fig, 1). 1t could also have been
drawn so'as to Include one or more organisms fower down the list. It the view s
taken that boundaries of this type arenot facts of nature, but merely convenient
devices (Floodgate, 19628 then'it follows that the best line will be the one which
serves the greatest number of bacteriological purposes. At the moment, 1t IS not
possible to State which of the possible botndary lines is the most satisfactory, hence
an arbitrary decision has to be made. The term pleiston (pi. pleista), referring to a
Cluster of similar organisms, was coined by Sneath (1957) and is preferred to ‘groups’
or ‘species’ because hoth these terms have_specialized taxonomic meamrags laid
down n the International Code of Bacterial Taxonomy and Nomenclature [Judicial
Commission, 1958).

Description of the pleista and diagnostic features

To identify a new isolate as a membgr of pleiston A or G with certainty it would
bF necessary to calculfate its S value with reseﬁect to the e%tzﬁt])lls ed member? of the
pleiston. However, I the 1solate possesses all or most of the characters of either
Aor G, the prObabI|ItP]/ of if belonging to the one or the other pleiston is very hlph.
The characters of both pleista and the frequency of their occurrence are set’out’in
Table 1, and those which occur most frequently can be thought of as diagnostic,
In sp far as they ?ossess most of the diagnostic Characters ncmb 245 and ncmb 262
can be said to ge typical strains of pleiston A and G respectively. Furthermore, the
average of their similarity gsg values to each of the other strainS within the pleiston

}%S\égr Shigh, suggesting' that theyfare very similar to the others in very many
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Fig. 1. Diagrammatic representation of sorted S values.

DISCUSSION

Havm% estahlished the pleista, it is natural to inquire whether a,n¥ of them re-
semble any well established bacterial Henera Or species although a pleiston qught not
to be equated to any other taxon, The p033|b|l|g that the _orr%amsms which make
U{) E|eIS on A or G would also fall into the genus Flavobacterium of Bergey’s Manual
957), the genus Pseudobacterium of KrasstInikov Fl949) or to the genUs oPhaga
escribed inhoth these works, is discussed below. Tt must be emphasized that each
of these classifications Is based upon a different taxonomic principle so that it would
be surprising if each method should lead to the same arrangement of the organisms.
Krassilnikov (1949% classified bacteria by what he believed to be their phlylpgenr?/.
Bergey’s Manual (1957), being concerned with brin mg together and co-ordinating
the ‘work of a large number” of bacteriologists, rétlects Several taxongmic view-
points, whereas. Ple|sta Aand Gare comgnsed of organisms which.are alike in theli
over-all similarity. Fortunately, however, the concept of similarity, although not

16-2
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exgressed mathematlcaII%{, Is frequently used by the authors of Bergey's Manual
(1957), while phylogenefically close organisms ‘are often similar to”€ach other;
WhenCe some approximation between the pleista and the genera of Bergey's Manual
(1957) or_Krassilnikov may exist. When Bergey's Manual (1957) 1 "consulted,
pleiston G is found to resemble the genus Flavobacterium, in that the cultures
consist of medium sized rods, forming an orange or yellow pigment, and attacking
Sugars either feebIY or not at all. This pleistor can be further” associated with Sec-
tion 1 of the key 1o the genus Flavobacterium since. they are non-motile, modify
litmus milk and’liquety gelatin. Thereafter, when division Is largely made on the
kind of reaction to litmls milk, the key becomes unworkanle, “Three pleiston G
organisms did not change milk, 16 reduced the indicator, 10 formed alkali or
eptonized the casein, 2"took on a slightly acid reaction and 1 formed a clot,
ost organisms carried out several of thése reactions simultaneoysly. The fact that
these very similar strains differed in their reaction to litmus milk ‘Suggests that a
division into several species by means of this test is not advisable. The nomenclatural
type species of the genus Flavobacterium, F. aquatile ATCC 11947 was not included

Table 1 Characters of pleista A and G .

Number of strains
p ssessmp the
characters In

P eist(in AP eist?n G
total 14 (tota

Characters of organisms strains)  ‘strains
Sicles of organisms Paiallel 14 8
Bu |q% 0 1
Reqularity of hol Irre%urh_ 12 1
egularity of morpholo onomorphic 0
A |y. phology® Meomorpﬁm 0 20
Insoluble pigment ellow 3 6
reen- ellﬂw 2
_ range-yeflow 0 1
Growth in broth S.r?\nﬁjlar ring 12 9
erlaInCuTr easily dispersed deposit 1% 0
Eg'ﬁ?ﬁgf?tnyt gep%sn, |%hsperseglownh 2 8
Lowest temperature per- 14 13
m\ﬁnsng grgwtﬁ P 80° 8 %
Highest temperature per- 30° 13
Onﬁt_tﬁng gtmR]Mh*t P %8° 1 %8
mum temperature °
PR Eperety g?aw 1% 0
Heat resistance® 55° No. killed jn 15 min. . g 20
o NO- jupviving 5 min. but not 30 min. 0
45° No. killed |n"15 min. .0 g
0. survivin 31 min. but not gOmm. 0
8. surwmé2 ) rrrr]firr]i but not 45 min. 12 2
37° No. %ﬁed in2d4hr. , 0 1%
0. survwlna% ﬁr. but not 48 min. 2 2
0. survivin I 1 2
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Table 1 (cont.
( ) Number of strains
p ssessmP the
aracters in

PIe|stonA Pleiston G
(total 14 ~ (total

ters of organisms straing) ~ “strains

NaCl tolerance No. tolerating 29 }) ut not 4 04) 0 1
No. tolerating 4 % put not 6 % g
No toleratin T ut not 10/o 1 1
0. tolerating 10% 2 1
Penicillin sensitive — 1 9
Streptomycin sensitive —_ 14 16
\éﬂir{ostla se?sntwet I e lotef y 14 1
elatin liquefaction nco ete liquefaction in eks 12 1
! n\gte Fq %lilactmn in2 % wee?< 0 1y
Ammonia from peptone* 0 20
Acid from Xylose* 14 0
R%amnose* 12 0
Eucose* 14 0
ructose* 14 0
nose* 14 0
alactoge 1 0
ﬁrose 14 0
tose* 12 0
nitol* 18 0
_ _ Sa icin 0
Litmus milk Redecnon of indicator % 16
fk reaction 2
A aling reaction 1 2
? tonization 8
10xidase’ _ 0 %
Starch hydrolysis — 1 5
Tributyrin agar 6 1
Nutrition* Fi)e%u ring unknown factors in sea-water 12 4
Growt in defined media plus growth 2 10
Gro Sh in defined media plus amino 0 4
, Grovvth in defined media plus purines 0 2
‘Swarming™ nggrm at peptone concentrations of 7 0
ngsgn} at peptone concentrations of 10 0
Swarrg at peptone concentrations of 12 0
Di not swarm 2 20
The cellts leiston A Strains mea red15/|x040 « wﬁh most strains 1-3,«. X 0-4-0-6/t;
the fellso eiston G strai s asure -> 10||x041|§!gwt oslt strains 1-5/tX 0-5-0-8/i
tram%]were co seho ramn ative, non-motile rods. All colonies were cwcur r smoot
shin trans%eyt and with an entire e ewen mwn 0n Sea-water utnentaqara rew with
aunfo¥mtur t r]broth |V|!F gsen |tveto§ rz%m henical an 1erram crhr]onegpr uce
nitrite fromnitr % H q none ormF acidfromara mose actose; tre raffinose,
starc sulm umtol sorbitol or inositol. - All were catalase positive and none used citrate as

sole

n
car
In(§] cates those characteristics which distinguish the pleista and can be used for identification.
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in the computer analysis because sufficient data on this strain were not available.
However, some of the morphologlcal, cultural and biochemjcal characters of the
type strain have been examined V one of us (P.R.H.), and found to be such as to
suggest that this strain might well fall into_pleiston G.. This is further evidence for
the progosnmn that the génus Flavobacterium and pleiston G are conformable.
The only other genus with which pleiston Gis at all likely to be assoclated s the
enus AIcahgenes. However, this is not as plausible as associating pleiston G with
e flavobaCteria because although Alcaligenes species have some biochemical
properties similar to those of members of pleiston G, the production of yellow
|g_ments by Alcaligenes is not very common, Furthermore, the orPamsms of
BI iston G ‘tend to”be orange-yellow rather than brown or grey-yelfow as the

Alcaligenes. group re. .

It |9 dl??lcgult t% ?md a taxon amo_n? the true hacteria in the scheme of Ber e?;’s
Manual (1957) which resembles pleiston A Theg are yellow pigmented, buf the
Plgments_ tend’to be greenish yellow rather than yéllow or orange. “Acid was formed
rom a high percentage of the“carhohydrates examined, and the organisms were not
very proteolync. These characteristics would not necessarily dissqciate them from
the”genus Flavobacterium, particularly as several of the species listed in Bergey’s
Manual }1]957 alsp form acid from a number of sugars, . e
. When the organisms of pleista A and G are compared with Krassilnikov’s classi-
fication (1949),” both can be associated with the genus Pseudobacterium. These
strains are described by Krassilnikov as having rod-shaped cells of varying size
sometimes pleomorphic and occasionally decomposing into short elements of coccaid
forms; they are non-motile and may bé Gram-positive or Gram-negative; the colo-
nies are colourless, red, yellow or orange. Physiologically they are” heterogeneous.
Clearly pleista A andG Could be assocrated with this gents. _

The question remains whether either pleiston A or°G can be allied to the genus

ophaga. The main characters of this genus as described by Bergey’s Manual

Bl_ b7) are briefly as follows: weakly refractile flexible rods; reproduction by
Inary transversé fission; absence of ‘fruiting bodies; movement IS by a glldl_ng
motion over a surface qlv_mg rise to a swarm'or pseudoplasmodium of a flat; thin:
spreading mass of vegetative organisms. The type species of the genus is oRha%a
hutchinsonil, a culture which '1s not now_ available. The aftfibutes of the 62
isolates examined in the present work with regard to the first three of these
chfaracgers were not available for inclusion in the Adarmman anzw/sw; they were
referred o In a E)rewous E_aper Hayes 1962). The ability fo swarm was, how-
ever, included in the analysis.. Hayes (1962) confirmed the observation of Stanjer
51947?1 that there was rela%lonshl between PePtone congentratl nadnd I?O'[IHIX,
nd showed that a number of the strains under study could be jnduced to form
swarm when the peptone concentration was lowered sufficiently, He suggested
that the formation of a swarm on a ge tone-depleted agar medium constituted
a sensitive method of demonstrating a gliding motility Which 1 too slow to be
observed microscopically in a wet film pre?aratlon. Wheén pleiston, G was examined
it was found that nong of its constituent jsolates showed anX sign. of swarmlng
at ar&y of the peptone concentrations used, while all hut 2 of the 14 strains of pleisto
A d% s0. Itwould %e reasonable then to consider pleiston Aas bearing a resemblance
to the genus Cytopnaga.



Adansonian taxonomy of marine bacteria 243

Unfortunately some other swarmers did not fall into pleiston A, including the
fwo most Vigorous ones, » . 11 and 292, both of which were also seen to move
by gliding when observed under the mlcroscope. Indeed these two organisms have
a’low S value when compared to almost all the other cultures, although they are
smallar to each other%‘s = %90/). Oth rswa{mer_s Werf neno 287 And"285,
and nenn 258 257 @ dl 275, the 1atter three forming pleiston T. The pair
wens 247 and 285 are also fairly similar to each. other Rasom = 63 %1 but
did not fit into any of the pleista. It is well established that gliding motility 1s
exhibited by many widely differing orqamsms, Including blue-green algae, a fact
which suggests that this” kind of mafility has arisen ‘Several” times _urmg the
evolution™0f micro-organisms. There is no a priori reason for believing that a
similar development Tould not occur among the true bacteria, giving rise to
organisms that would in this resPect closely résemble the cytophagas,

_Acomparison ¢an be mace between the groups formed by Hayes (1962%by tra-
ditional taxonomic methods, and the pleista formed by Adansonian techniques.
Pleiston A corresponds exactly to Ha%/_es group I. Pleiston G is composed of Hayes
grou 2+ qroup 3 except » < 254 whichfell just outside the p|e|st0nGbounda€%
s now drawn. Also Included In pleiston G dre two_organisms ».,» 288 and 2
which Hayes could not place in any of his groups. Thiee of the five members of
Ha_}/es group .4 make up pleiston T, the éxceptions being ».n» 247 and 285
neither of which fell into any category In the, computer analysis, «.n» 409 and
10 which formed pleiston F were™not classified, by Hayes, while +c~» 29 and
300 which he assigned fo the genus Flavobacteriurn came together as pleiston L
in the Adansonian analysis, However, these or_%f]imsms are”very unlike, to the
organisms of pleiston G"which are associated with the ?enu_s Flavobacterium. It
I5 also interesting to note that c.» 280 and 299, hoth of which Hayes (1962% Was
able to place in the genus Corynebacterium as described in Ber%eY('s anual (1957
are very unlike each other when all their properties are taken Into account
(02D = 34%). SlmllarP/, en v, 280 a?d 294 Whlcbrh can be T{s_ﬂgned 0 the
enus Pseudomgnas by usl Ptﬁe criteria of Shewan, Hobbs & Hodgkiss (1960) have
a low over-all similarity vafue to each other (s an= 52 %).

The work described. in this paper was carried out as part of the programme of
the Department of Scientific and’ Industrial Research.
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INTRODUCTION

Species_ of root nodule bacteria_differ in their vitamin re urrements Biotin is
essential for growth of strarns of thzobrum Ie umrnosarum . trifolif, R. phaseoli,
R. meliloti andR pini (West & Wilson, 1 1040)." In some rnstances rt 1S
required onyto rnrtrate growth AIIen&AIIen 1950) According to Jordan (195
some straing. of R, meliloti require neither biotin nor any other”of the B group of
vitamins. Biotin Is apparenty not reguired by cowpea or soybean rhizobia or by
the common nodule contaminant Agrobacterjurh radiobacter (West & Wilson, 19394,
1940). Thiamine and gantothenrc aci] stimulate growth of some strains of R. trifoli
(West & Wilson, 1939 Lill &Leonran 1945, Lunggren 1961), but In others they
are either not requrred or %rowt McBurney, Williams, 1935; Jordan,
1952) or have not heen tested (Allen & Allen; 1950). Sgnthesrs of lar eamounts of
vitamin Bz by the rhizobia (Burton & Lochhead, 195 Levin, Funk & Tendler,
1954) "has heen considered In relatjon to leghaemoglobin Productron in the nodule
(Levin_et al. 1954). A cobalt requirement has beert established for both rhizobial

rowth]lléciwe vans & Shaukat, 1960) and symbiotic fixation (Shaukat &

Vans
The' experiments regorted here form Ijoart of an rnvestr ation of rhizobial taxo-
nomy and were su gfe ted b arker and Oakle;( following their

dev ¥opment of a defined growth medrum forstrarns of Rhizobium trifoli.

METHODS

Organrsms The organrsms used | rn rqutine work were maintained on yeast extract
mannitol ﬂ ?a gar and, were subcultured at monthly infervals. They were pre-
seprtreersttgye hgt yopnilization method described by Annear (1956) and tfie ampoUles
W

Media. The defrned basal medium used throughout contained @ /I, distilled
water): MgSO4.7HZ), 0-25; CaS04.2HA), 0-03;"KII204 055 CuS04.5HA),
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0- 00008; ZnS04.7HA), 0-00016; FeS04.7HA, 0-0035; NaCl, 0-25; NaHP04.12H2),
1- 20: MnSQ4.4H20, 0-0004: HB03 0-0005; ureg, 0-5; glucose, 10-0; sucrose, 10
tyrosine, 0-015; aspartic_acid, 0-015; lysine, 0-015; Histidine, 0-015; glutamic
acid-HCl. 0-10: arglnlne, 0-015. The, meditm (minus the phosphates) was Sterilized
by autoclaving for' 35 min. at 5ps.i. Solutions and the phosphates were sterilized
separately and added before use. _

- This medium, with thiamine-HCI (0-004 g.), calcium pantothenate (0-004 g.) and
biotin (0-001 mg.) per litre added, had previously heen developed for two strains of
Rhizobium trifofif. "It supported growth to about 2 x 100 organisms/ml. (Dr Parker
and Mr Oakle)r, Olc_)e_rsona_l communication). In the present work it was used either as
a broth or solidified with 1-5% agar previously washed for 3 weeks in repeated
chan es_ofdlstllledw ter. o _ o

Ex%erlmenta procedure. Ten vitamins were tested. Requirements for thiamine,
calcium pantothenate, nicotinic acid, riboflavin, inositol, folic acid, p-aminobenzoic
acid, vitamin B2and pyridoxin were studied by the agar disk method described by
Ford & Hutner 81957 . Tubes of basal agar medium, each containing. 25 ml., were
liquefied by autoclaving, allowed to cool to 45° and Inoculated with a washed
suspensionof the a_pEroprlate_ organism; th_ex were then agltated, and poured.
Sterile filter lt)aper disks, each |mPregnated with Lfig. of one of the vitamins under
test, were placed on the agar Pates. Plates were ‘examined for the presence or
absence of growth stimulation after 3 days at 28°. Biotin requirements could not be
studied by this method because the biotin content of the agar, even after repeated
washing, ‘was sufficient to supplg the needs of the organisms. Instead, liquid
medium (20 ml.) was used in 100 ml.. Erlenmeyer flasks Ioose|1¥ plugged with
biotin-free cofton wool and covered with a 50 ml. beaker, The flasks Viere then
Inoculated with a washed suspension as before; duplicate flasks and positive
controls were used. They were, Incubated for 3 days at 28° in a reciprocal shakmg
machine. After three successive transfers in thé basal medium the flasks wer
examined for differences in growth,

RESULTS

There was no growth response by any of the cultures to nicotinic acid, @(ﬂdoxm
folic acid, p-aminobenzoic. acid, nositol, vitamin B2 or_ribotlavin.” Strains of
Rhizobium trifoliy, R. Teguminosarum ang R. phaseoli were alike in their requirement
for biatin, thiamine and calcium pantothenate (Table 13 Of the 3L strains of these
3 Species, 5 resRonded to both hiotin and calcium pantothenate, 8 to thiamine and
calcium %antot,enat_e and 10 to thiamine, biotin and calcium pantothenate. Only
5 of the, 31 strains did not require calcium pantothenate for maximum rqrov_vth._ Iy
severeﬂ instances hoth thlamlpe and calm%m Ean_tothenat? Were essentia t?_ |n,|t(§1te

rowth (Fig. 1). Biotin was also required by strains of R. lupini and R. meliloti, but

e frequency with which it was required appeared to be much less than that
suggested by earlier workers EAIIen &Allen, 1950). Thiamine was also required by
one of 7 strdins of A, radiobacter and 2 of 11 strains of A, tumefaciens.

Strains of R, lupini, R, r{aponlcum_ and the cowpea rhizobia did not appear to
require most of the vitamins studied in this work, although some unknown growth
factor present in the ?/east exgract mannitol medium was absent from or deficient n
the defined one. On transfer from YM agar medium these bacteria grew adequately
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Table L Vitamin requirements of Rhizobium and Agrobacterium species

Species
-8 s 3 g d
9 ’% ©
s 9 ? = 8 5 31
s o O ¢ o0 o
No. strains tested L6 7 7 6 9 10 7 1
V%amm required
- 1 — 3 — 2 4
T |am|ne - - 1 2
0p éhenate e
thiamine
|ot|n a pantothenate % 1
h|am|nﬁ a pantothenate .
&otmt mine and ) A
a pantothenate

i Rs trig:%%gsg
paleium pantolben

PESpONES

trifolij straj n 1A 3L bgr g%m gceBtr%l

13( L, Stimylation of he growth Oth'ZOb"ﬂ o e A

calcium %nto nate (centre, top
V|ta s ar supplie

at first but in subsequent transfers were much d|m|n|shed in growth Certain con-

tammatmE fun%| overcame this deﬁuenc;a ut adding L-glutamic, acid, |tr)('o
E methionine, DL-valine, DL-phenylalaning, DL-thregnine L-citr
-cysteine HCL, or L-serine singly or in comb|nat|on to the medium did not replace
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the requirement. Guanine, adening, thymine, uracil, choling, thioctic acid and
ascorbic acid were similarly inactive in making the defined medium like the YM agar.

Bergersen (196_}1) considered that near-mEximal 8r0wth of root nodule bacteria
can bé achieved in a medium in which the only gr vvth-ﬁromotmg substances are
thiamine, biotin and sodium glutamate. 1t would aﬁpeart at at leaSt two additiopal
substances, namely, pantothienic acid and an unknown growth factor(sa_ are im-
portant in the nutrition of some of these hacteria. Bergersen’s results indicate the
necessity. for using numerous representative strains in Work on Rhizobium,

Vitamin and amino-acid_requirements have been used in the separation and
classification of various soil-borne bacteria (Lochhead, 1952) and in” Adansonian
classification FSneath & Cowan, 1958). The present results suggest that they could
be equally valuable in c_Iassﬁymg the root nodule bacteria. Further taxonomically
useful characters are being sought.

The author thanks Dr C. A Parker and Mr A E. Oakley for their advice, and
Miss R. Ambrose for technical assistance. The work -wes done during the tenure of
the Bank of New South Wales Research Fellowship in Agriculture, and was financed
from Wheat Industry Research Grants.
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INTRODUCTION

The actlno cete Streptomyces coelicolor is a f|Iamentous organism which grows
in the form of a mycelium and produces re uar chains of Uninucleate hdploid
spores as the terminial stage In the life-cycle. "There is no morphological evidence
of a sexual cycle Hoi) but_ genetic recombination qceurs; it was
dlscovered Independently by Sermonh & Spada-Sermonti (1955) and bg Hopwood

When two strains of the organism, each having one of more biochemical
def|0|en0|es are ?rown together jn mixed culture for 4 few days and spores then
harvested and Rated ona medium lacking at least one of the growth-factors
required by eacnh parent strain, 1in 102to 10s of the plated spores gjves rise to a
colony. These colonles are of two_kinds; haploid recombinants and segregatin
heterozygotes. The relative proportlons of the two kinds ofcolomesvar ace rdm
to the particular combination of nutritional requirements against which the mediu
selects. The hai)|0|d recombinant colonies are homogeneous, breedmg true on sub-
culture. The relative fre uenC|es of the difrerent enotypes of recomBinants can be
used to determine the linkage relations of the markers, and two |inkage groups each
represented by half a dozen locr were recognized by Hopwood (1959). The segre-

* Present address: Department of Genetics, University of Glasgow.
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gatmﬁ heterozygous colonies, on the other hand, contain in their sloores a mixture
0f different gendtypes, and these colonies have therefore been called heteroclones
(Sermonti, Mancinelli & Spada-Sermonti, 1160). The evidence suggests that they
arjse from single spores (or, more precisely, single ‘plating-units’) éach containing
a heteroz*gous nucleus which allgws them to giow on the"selective mediym.

The hetéroclones make up a significant propartion of the total colonies which
arise on a selective medium oply when the nutritional requirements (at least one
In each parental strain) which the medium_does not satisfy are determined b
closelﬁ linked mutants.” Under these cond:tions, only a small Broporn_on of the
total haploid recombinants n the plated spore suspension are able to %IVG rse to
colonies, while the number of heterozygotes that can grow Is unaffected b}/ the
strln%en_cy of selection. When the two™markers selected against are about five
recombination units apart, heteroclones represent about 10 % of the total colonies,
and thetprop(t)rtlon rises to nearly 100% wnen the selected markers are less than
one Unit apart.

The hetgrozy ous nuclei ,segregate during the Rrowt,h of the heteroclones, and
nearly all the Spores to which'they give rise are haploid.. Since the heterozygous
nucler contain two closely linked ndtritional mutants, one in each parental gendme
the great majority of the haploid spores have_one or other growth requirement and
are.Unable o groiv on the selective medium. This provides a ready means of recog-
nizing the heferqclones. Replica plates are prepared from the “original selective
Elates on a medium of the same compositicn, by using a velvet pad (Lederber? &

ederber(hh 1952): the homogeneous recombinants are”perpetuated on the replica
plates, while the heteroclones are not (Hopwood & Sermonti, 1962).. .

The interest of the heteroclones of ‘Streptomyces coelicolor lies rlman(lly in the
fact that in them the heterozygous conditi m of the nucleus is prolonge enough
for its segregation to be studied.” In eubacteria, on the other hand, the héterozygous
condition produced by transfer of genetic material from a donor to an acceP_tor
cell is generally very ‘short-lived. When transfer is by Hfr-mediated conjugation
Hayes, 1960),” transformation (Ephrussi-Taylor, 19 2 or ‘general” transduiction
Hartman & Goodgal, 1959), the transferre fra?men appéars not to reproduce
Itself, or to do so to"a very limited extent, before IS incorporation in a recombinant

enome. Thus the acceptor cell does not produce a clone of heterozygous cells.

nly when qenenc transfer is mediated by episomes (Jacod & Wollmdn, 1958) do
clones of he eroz(Ygous cells occur reqularly, as in “special’ transduction (Morse,
Lederbery & Le erber?, 1956«) and”in ‘sexduction ” (Jacob & Adelberg, 1959),
where atfachment of a raqment of bacterial chromosome to an episome apparently
enaples it to reproduce with the acceﬂtor cell.

The persistent heterozygotes of Escherichia coli, discovered bﬁﬁﬁderberq (1949),

, the zyqotes were

e to undergo several divisions before segregation took place. These he grozygotes
have contributed little to the gjctur_e of the genetic system of E. coli; other [ines of
Investigation have been exploited instead (QA/ollman, Jacob & Hayes, 1956), and
no recent work on the heterozygotes appears to have been published. The hetero-
zggotes of E, coli seem to hay@ Some features in common with those of Streptomyces
colicolor. However, in S. coelicolor they have not only facilitated the formal gerietic
analysis of the organism, but have also provided some information on the genetic

E%Rresent nexceehon. Inthﬁspl)re?ence of a mutant enf (He
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system involved in the formation of recombinants. In this paper we shall describe
the analysis of the hete,rozggfotes and discuss the information about the genetic
system that can be obtained Trom them.

METHODS

. Mutant strains. All the auxotrophic and streptomycin-resistant mutants used
in this work have been derived from the same _W!Id-tyr?e strain of Streptomyces
coelicolor (Hopwood, 1959). The origins, characteristics and linkage relations of the
various mutants were recently sunimarized bPl Hopwood & Sermonti (1962). The
markers mentioned in the présent paper are focated in the two linkage groups as
follows, the distances being expressed as % recombination as deduced Trom the
analysis of heteroclones:

| Il
met-2 his-1 arg-1 his-3 str-1 ade-3 phe-1 ura-1

3 I B 14 5 9

The symbols for the markers are_as follows: ade, arg, his, met, phe, ura = require-
ment " for adenine, a_r%mme, histidine, methionifie, phenylalaning or uracil,
respect_lveIE; Sir = resistance to streptomycin. . _

Media. For details of the complete and minimal media and of the supplements
added to minimal medium, see Hopwood & Sermonti (1962). _
_ Preparation, of mixed cultures and plating on selective media. Two pairs of closely
linked nutritional markers were used for the selection of heteroclones: eiher
met-2 and his-1 n linkage group I, or ade-3 and phe-1 n ||nka%e group 1. Various
other markers were incOrporated In the parent strains, depending on the scope of
the experiment. - Inocula of the two parent strains were mixed together on a Slope
of complete medium. After incubation of the_culture for 3-5 days at"30°, a suspension
of spores was prepared In sterile water, filtered through cotton. wool to remove
large mycelial fra?ments, and spread on plates of seleCtive medium at a densﬂx
of ‘about 105to 10° spores per plate. The. selective medium lacked the growt
factors correspondmg to the pair of closely linked markers, and might or might not
contain growth factors correspondmg to other markers. _ _

Recognition- and study of tne heteroclones. When the recombinant colonies were
sporulating on the selective medium (about 4 days), replica plates were prepared
on a meditm of the same composition. Those colonies which did not give growth on
the replica plates after incubation for 2 days were identified as heteroclones. The
heteroclones were usually, though not nvariably, smaller than the homogeneous
recompinant colonies. Spores were isolated from @ heteroclone,in a loopful Of water
and plated_on complete medium at suitable dilutions to obtain isolated segregant
C?|0nIeS. Sometimes s;fores were also Iﬁted on selective media for the récover
of second-order heteroclones. After growth for 3 days the segregant colonies were
inoculated to master plates of complete medium, and were “characterized by
replicating to plates of diagnostic media (Hopwood & Sermonti, 1962).
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~ RESULTS
Quantitative analysis of heteroclones

Table 1 shows the genotypes of the segregants obtained from a single heteroclone
that was |soIated on unsup Iemented mrnrmaI medium. S rx markers Were seqre-
gating, two in link agMgroup and four in linkage érroup - In a sample of 166
serire gants, 23 of the 64 possible genotypes were foun srxofthembern represented
on once This mdrcates that man more genot)r es would have been recovered

|so atrnq]alar rsampleofsegregants The results are presented as a contingengy
ta e in which the reIatrve frequencies, of the four combinatigns of markérs |n
linkage group | are shown In association with each combination_ of markers in
group 11 There is no evidence of heterogeneity in the table, since G calculated by

Table 1. Numbers of segregants of each genotype in a heteroclone
Istparent:  mef-2 Y 4 Y ade-3 3
Regions 1 2 3 4
2nd parent; —f _ar(];-l ids s 4 ph?e-l
Linkage groups: | h

Markers in linkage group |

Markers in linkage group Il AT T T e 1 Cross-over
! (age groth +(arg met+ + + metarg Total In region

s i afle pJne 3% % 9 E %8 i
rR A N T S A T
his str aﬁe pfe 2(1) 18 6 (% 48 3
ths thrr aﬁle pi‘e 8 8 & 8 (]5 4
hrs err aJrje pJne ? 6 8 8 % 2,3
h+|s str aJEie pTre 8 (% 8 8 8 34
ths SH ar]e pne 8 8 8 8 8 2,4
i o ak pe T Y
Total 8 64 i [ 166

v ¥ ! ¥
Cross-over in region: 1

Ofthe 166 segregants &57 Ethoernrowsl 3and 5 gh ave been used to test the independence
marker rnatrons in'the two linkage groups seetextﬁ

the method of Woolf (1957? i$ equal to 6-09 with 9 degrees of freedom; this_corre-
sponds to a probability of 0-75. Thus marker combinations of the fwo linkage
grou s are assoclated at random, This indicates the absence, in this heteroclong,
f preferential associations of unlinked markers such as result'in some heteroclones
rom contamrnaron Y an ex raneouscone or from th gﬁresence ofafatgrowrng
sector ongrnate witfin the eteroclone The independence test is used routinely
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to recognize heteroclones in which segre(T;atlon_s are disturbed by such effects, and
only those segregations which show no Pre erential combinations ofunlinked markers
are”analysed quantltatlvelg. In Table 1, the proportions of the various pairs of
complementary genotypes are in general those predictable from the linkage relations
of the markers. ™ Hoviever, complementary Igl;enot_ypes are not equallg,numerous,
those containing the allele his-3~ being i the minority. Such inequalities In the
frequencies of Complementary genotypes are charactéristic of the heteroclones;
Etg)%lr,dlgrteedrpretatlon and their éffectS on the estimation of linkage will now he
sidered.

Table 2. Segregation of markers in linkage group |1 in a heteroclone

onstitution of the Y Y urafl
eterogenote * 1 2
str-1 ad&-3 +1
. 88 98 103
Allele ratios:
! 43 33 28

(@) Numbers of segregaras of each genotype
Genoteygpes of  Observed  Cross-over

segregants numbers  In regions
+ 4+ Ura 75 -
str ade + 1 y
str + ura 12 |
+ ade + >y
str ade ura E 2
+ Ja + 2,y
+ ade ura
str + 4 % 1,12,21/
(6) Recombination between pairs of loci
str, ade ade, ura str, ura
Parental combinations: - kU 3 ko T
' strade 27 ade + 23 str + 19
. o str + 16 ade ura 10 str ura 24
Recombinant combinations;
+ ale 6 + + 5 + + 9
% recombination: 17 2 25

TnTtE?sds()et%g?g Litrfgpingrigatueg”aigse lieﬁet?]ere ieofzu%ncies gcomplementa[jy \%enotxptes are exglaineq
st e our pers o k%%%ﬁ%?ﬁeﬁ?é’ry gQﬁaV&p?e;: . R g rom ety

Table 2 shows the data for the segregation of three loci in linkage qroup Il from
another heteroclone. Complementar Penotyge,s do nof have e%ua frequencies
?enotg es including the allele ura-|+ always emg less frequent, The dimjnished
requéncies of the markers in coupling with ura-I+, namely ade-3~ and str-I~, can
be attributed to the pnmaTrx,d!sturbance at the ura-1 locus; theﬁ do not require
Independent explanations. This is shown by the fact that none of the ratios between

17 G. Microb. xxx
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the frequencies of compleme,ntara/ %enotypes differs significantly from the allele
ratio at'the ura-1 locus, that is 103:28.. _ , _
QOther heieroclones were found in which the magnitude of the disturbance in the
allele ratio at the ura-1 locus varied widely from™one heteroclone to another, one
allele being occasionally completely absent. Sometimes ura-|+ and sometimes
ura-I~ wag the less frequent. Variots other loci were found to show prlmarY dis-
turbances n allele ratios in different heteroclones, and like ura-1 these were always
terminal loci of one or other linkage ?roug. The_simplest eXGDIa_natmn of these
findings Hoh)wood, Mancinellj, Sermonti & Spada-Sermonti, 19 lt)) Is that the units
from which the heteroclones ariseare “heterogenotes” (Morse, Lederberg &L ederberg,
1056h) in which one or more terminal segrents of chromosome are lacking. For
an allele in coupling with a deletion to b# inherited b¥ viahle segregants, a cross-
over must occur betiveen the locus and the pomnt of deletion, assumingthe deficiency

%ﬁebgllleeltehal in the haploid condition; this accounts for the decreased frequency of

Table 3. Segregation of markers in linkage group |1 in a heteroclone

onstitution of the hoo4 s
eterogenote™ : 1 2y
nids sl 4
. 42 121 84
Allele ratios:
24 3N 8

(@) Numbers of segregants of each genotype
Genog)g)es of  Otserved  Cross-over
+

Segregants numpers  In regions
7T age j
his sir i 1 _

+ S

his i ade g x,iy
+ + + 48 2
his ~str aglle X,2Y
+

o A e s,

(6) Recombination be'ween pairs of loci

str, ade his, str his, ade
- T age + 1 +
Parental combinations: str ﬂ gg his str 158 his age g}
) . + + 4 + +

Recombinant combinations: ~ str ade 1 his s_tfr 12 h+|s ade 0%
Total recgmbmants: 45 23 64
% recombination 14

(strage = 14 (1 f X

*Dto_tged Iipeesaitngr%caéesgerlgéendcerggeiicr)gs.e [ained by two terminal deletions in tram (contrast
[ ion, i Xpla tw |
TaMe%:x%%g J testin AJ 1 ctbrg jw Ié

g e A B Bl ey

eing disragarded:
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When, as in the heteroclone in Table 2, the departure from e_qually of comple-
mentary genotypes IS attributable to a single disturbance (a single deficiency on
the hypothesis™of terminal deletions), the éstimation of Jin a?e etween pairs. of
loci presents no difficulty (Table 2b). The observed proportion 0 segregants showing
the recombinant genotypes can bé taken as a reliable estimate of récombination;
since the decreaséd freguency of a single marker_affects proportionately the fre-
quencies of parental and recombinant Segregants. This Situation can be recognized
by means of a 2x2 y2 which compares “the ratios within parental and re-
combinant classes. When this chi-square 1 not significant, as for the three pairs
of loct in Table 2h, the linkage estimates can be accepted as reliable to the degree
of accyracy with which weare concerned here. Several pairs of markers Were
studied in’this way In many heteroclones and, when estimates of recombination
were accepted only from data giving a non-significant chi-square, an entirely con-
sistent picture of the Imka%e relation of the markers resulted %_Hopwood &Sermonti,
. Moreover, the linkage map of Hopwood (1959), which was based on the
much less direct method of Selective analysis, was very largely confirmed.
Often a single disturbance will not explain the irrégularities in the segregation
of the markers'in a ||nka%e group. An example mvolvm? three loci in linkage qroup
|1 1s presented in Table 3, “As before, the frequencies, of complementary genotypes
are different, but this time the ratiq 1s not the same in all pairs of gendtypes. Two
disturbances have to be postulated, and they can be representedas dgletions at
%)%pos_lte ends of the two homologous chromosomes (that is in the trans configuration).
e situation Is most clearly ilfustrated if we consider the segregation of the alleles
at two loci. For example, considering only the loci str-1 and adg-3, a model for this
heterogenote is as follows:

......... strl_l _i_
The four classes of segregants would be produced as follows:
Croslsﬁover Ob%egved

3y

X
Recombinant classes: s ale X, % y 4‘1

The greater inequality in the frequencies of the two recombinant classes as compared
with"the parental pair is explained by the necessity of a triple cross-over for the
formaﬂi)n of the type str %de, %s comdpared with sm?Ie cros%-_overs for the otlﬁr
three classes. Moreover, the observed proportion of recombinants between the
two loci, 45/166, IS an overestimate of the true fre(iuency of recombination. This i
because the need for a cross-over In ejther interval * or'y to produce the parental
classes diminishes the frequencies of both of these clagses, while only one of the
recombinant classes suffers a decrease in frequency, this time a compourid one caused
by the double cross-over in x and y; the net result of a reduction of each of the
parental classes is proportionately greater than that of a compound reduction of
only one of the recombinant classes.

. +ade
Parental classes: s+

17-2
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Even. in the presence of two disturbances in one linkage qroup estimates of
recombination can be made. The situation of a pair of locr included between two
deletions In trans is formally equivalent to the four-point bacterial cross with
selection for wild-type alleles’in trans at the two qutside loci considered by Bailey
1951), and so on for larger numbers of loci . As pointed out by Bailey, a method of
alcylating recombination ercentages which Uses the frequencies of the classes
requiring multiple cross-overs suffers from the severe drawback that these values
are very small and easily biased. The safest approach. is to calculate unknown
recombination values ip ro?ortlon to anqther distance in the same ||nkage grou

that IS already known (from the analysis of other heteroclones). When, for example,
we take the distance between str-1 arid ade-3 to be 14 units (the mean value from the
data In Hoi)wood & Sermonti, 1962), the other two recombination percentages in
the heteroclone of Table 3 can be calculated by simple proportionality. The esti-
mates obtained in this way are only first approximations, since no account is taken
of multiple crossing-over, and a more complex mathematical freatment is needed
to obtain more precise values. However, the correction is negligible when the various
mterv%ls are smeﬁlll and of co Para le fength. . _
. We have seenthat the data from hetero¢ones in which the segregation of markers
in a linkage group Is affected by a single disturbance or by two diSturbances in the
trans configuration can he used to estimate the recombingtion percentages between
Pa|_rs of |ocl; and the various distances show reasonable additivity. The order of the
oci on, the linkage map_can also be readllgl determined by considering the segrega-
tion of three loci, an |dent|fyl%the ledst frequent complementary pair as that
produced by double cross-over, Thus the data in Table 2 indicate the order str-1-
ade-3-ura-I"for these three loci, while those in Table 3 give the order his-3-str-|-
ade-3; these combine to glve the following order for the four loct: his-3-str-I-
ade~3-ura-l. Many more data are summarized by Hopwood & Sermonti (1962).

The range of hetcroclone types

The heteroclones just considered were recovered on unsupglemented minimal
medium, on which a number of wild-type.alleles were selected, besides those at the
two closely linked loci which are the. minimum requirement for the recovery of
heteroclones, When each parent strain carries selected markers in each linkage
group, the heteroclones are normally heterozygous for markers in both Ilnka?e
%roups. They always show terminal deletionSin at least one member of both
h{jomoso[ne, alés. otB Imkfa%e grou shav% shown, the same k|n(is o deletions,
and no relationship has been found between the deletions in the two linkage groups.
Smgle deletions (Table 22 and double deletiops at ogg)osne ends ofthe two homglogous
chromosomes (that Is in the trans configuration; Table 3) are common. Occasionally
the allele ratios suggest two deficienciés at opposite ends of the linkage group, bat
affecting the markers contributed by the same parent gthat Is inthe cisconfiguration).
However, in such cases It turns odt that there has been a change. in thecoupling
of the markers, such that the two chromosomes In the plating Unit that gave risé
to the heteroclone must have been non-parer tal. This means that the two deficiencies
are on different chromosomes, so that the deletions are in the trans configuration.
In some heteroclones, one allele at a terminal locys Js absent. Sometimes this can
be explained by the inclusion of this allele in a deletion, because the segregation of
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the other markers shows an appropriate disturbance. Sometimes, however, a
terminal marker is missing, but the segregation of the other markers shows no
disturbance attributable t0 a deletion jicliding the missing allele. The simplest
explanation 1S that the lack of one allele in stch heteroclones is due to homo-
zyqosity, rather than hemizygosity, of the homologous allele.

hen various supplements”are added to the medium on which the heteroclones
are recovered, so that the number of selected markers Is reduced, a much wider
range of heteroclone types is possible and a %reat variety of segregatlon patterns
has been found amongst the several hundred eteroclones that have been studied.
When the selective conditions are relaxed in this way, many heteroclones show an
excess of one or two genotypes. The genotype or gehotypes In excess are usually
able.to grow on the selective mediumi, and their preserice is probably due to the
origin, Within  the growing heteroclone, of recombinants which trien multiply
clonally. Heteroclories showing this kind of bias are the more common the fewer
are the selected markers, wher the probability of cross-over events that can give
rise to recombinants capable of growth on the selective medium is greater. When'the
alleles, of at least one locus in each linkage group are heterozygous, heteroclones of
this kind can be recognized by the test of Independence befween the two linkage
groups (see Table 1), Which tyrns out to be S|gn|f|cant. _

nen the platmq medium s selective for h terozy?osny of the markers. of only
one linkage groulo, he other linkage group is very often répresented by a single set
of markers, Usually those of one of thé parents, but occasionally a recombinant set,
|t seems probable that the plating units which give rise to heteroclones of this tyRe
contained an aneuploid nucleus, in which oné ||nka%e group was present In the
diploid condition, and the other in the haploid confition. However, we cannot
exclude the possibility that the markers of the second linkage group are also present
in the diploid_ conditjon, but homozygous_. T
. A special kind of heterqclone, wHiCh gives a hlthy S|?n|f|cant independence x2
is made up almost exclusively of the two parenta tgeno yﬁes, sometimes together
with rare recombinants. These colonies are interpreted as heterokaryons, and they
are particularly numerous In certain crosses.

Higher-order heteroclones

Second-order heteroclones are obtained by sowing spores from a heteroclone on
a medium selective for closely linked markers in répulsion. They are much more
numerous when the ingculum consists of fraPments of the myceliim of the original
heteroclone, Instead of spores. A smgle colony can give rise to several thouSand
second-qrder heteroclones. The few secona-order heteroelones that have so far been
analysed have often shown a pattern of se reﬁatlon resembling that of the parent
heteroclone. However, a hI(IJh proportion Of them have shown™qgreater geficiencies

ﬁftmarlfers, when the selective medium has allowed the recovery of Incomplete
eteroelones, . . . .

. The classification of the heteroelones as first, second, or higher order merely
indicates the number of transfers on selective media that have preceded their
isolation. The first-order heteroelones are not_necessa,rm/ derived from plating-units
containing P_rlmary zygote nuclei, since their nucler may aIreadY have undergone

several multiplications n the mixed culture. The problem of isofating the zydotes
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has not ;(et been resolved, and so we cannot say whether the¥ are complete or
mcomﬁle e. However, comparison of the segregation patterns of first and second-
order heteroclones clearly indicates the occurrence of post-zygotic losses of markers.

DISCUSSION

From a mixed culture of two suitably marked strains of _Streptom%ces coelicolor
strain A3(2) 1t was possible to isolate Heterozygotes containing the marker alleles
of hoth parents. These heterozygotes gave rise fo mixed clones, the heteraclones, in
which the parental and numerolis recombinant genot%/pes were present. Therefore
the heterozygotes represent a stage in the pathway of production of recombinants,
We cannot,however, exclude the existence of alternative pathways of recombinant
formation. The vanet}/ of recombinant genotypes recoverable from a single hetero-
clone s Iarqe, probably bemg limited only t()]y the number of markers and the size
of the sample of segregants analysed. This indicates that the number of independent
events giving rise"to” recombinants, and so the number of heteroz ?ous nuclel
undergoing Segregation in any heteroclone, is large, probably several thousand.
This Contrasts” with the normal situation in Escherichia coli (Lederberg, 1957;
Anderson, 19582 ‘where a single zygote produced not more than four recombinant
genotg/pes (omitting the characters of mo,t|llt¥ and morpholor%/ . o

Thé "occurrence 0f numerous segregational events need not necessarily imply
that the heteroz%qous nucleus in the Reteroclone mulnglles equationally for many

enerations.  Arfother Possmmty, suggested by Leder ergi (1957) to dccount for

e presence of several recombinant genotypes. amongs_t he progeny of a single
zygote_ of Escherichia coli is a ‘recycling of mieiosis:, that is an alteriation of haploid
and diploid nuclear generations,” This h)gfothesls_ has also heen used to explain
recombination in bacteriophage (Visconti & Delbriick, 1953). Clearly such a process
would lead to an increase in apparent recombination frequencies, which would
approach 50 % if the process were repeated many times, However, the two linkage

roups of Stregtomyces coelicolor turn out to be particularly short gHopwood &
ermonti, 1962), and this s not, due to parental Contamination, because the two
linkage groups alwa%s segregate independently, Within the two Imkaﬂe groups, the
orlqmal couplmq ofthe markers is preserved, with rare exceptions, in all heteroclones
analysed quantitatively, whether first or higher order. Thus an extensive recycling
of nielosis seems improbable. ,

Anderson (1958 ?'Ut forward another hypothesis to account for the occurrence
of repeated segregational events in the déscendents of the zygotes of Escherichia
coli, Without equational divisions of the zygio_te nucleus. He su%;ested that the
fragment of donor chromosome did not multiply, but was inherited unilinearly,
seg{re,gants being produced at intervals by a copy-choice mechanism. A consequence
of this hg otheSis; is that not more_than”one heterogenote could occur amongst the
descenagnts ofa single zygote; this is certainly not trle inthe heteroclones of Strepto-
mycescoelicolor, each of wiiich can qwe rise to Several thousand segregating subclones.

These considerations sugngest hat the heterozygou,s nuclells multiplies for a
number of generations, pro abl¥ af least a dozen, urmg the development of the
heteroclones of St_reptomrc_es coeficolor, At sporulation, ngarly all the spores In the
heteroclone contain haploid nuclel. Crossing-over has taken™place, but we cannot
yet say whether this occurs only at the time of reduction to haploidy, or during the
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equational divisions of the heterozygous nuclei, nor whether it occurs simultaneously
in the two Imka%e groups. Heterotlones heterozygous for markers in one linkage
roup and with the ‘other represented by a single'set of markers are very common,
e [atter occaswnallr\]/ representing a ndn-parental arrangement, but these markers
could be present in the homozygous or hemizygous condition. .
Complementary segregant classes always have different frequencies in the hetero-
clones, even when thé markers of g single linkage group are considered, These djs-
turbances can be attributed to a factor that réduces the freq#enc¥ of one of the
terminal alleles of 4 chromasome, or sometjmes to two factors that arfect two alleles
at oPposne ends of the two homologous chromosomes. From the point of view of
the formal genetic analysis, the natlre of these factors is unimportant. However,
the hypothésis that they are haplo-lethal chromosome deletions appears to_be the
most reasonable, especidlly in view of the variety of deficiencies observed in different
heteroclones from the same cross and in higher-order heteroclones derived from
the same lieterogenotic nucleus. The fact that'the alleles with the lowest frequencies
Eor absent altogether) are always terminal ones is in favour of the hypothesis of
erminal deletions. _ o
Some rearran%ements do occur during the equational divisions of the hete_rozygous
nuclet, as_shown by occasional homozygosity, and rare changes in coupling 0f the
markers. These rearranPements could drise by mitotic crossing-over at a four-strand
stage, and this could also account for the disappearance. of terminal deletions and
for’the transfer of a deletion from one chromosome to its homologue, phenomena
that are observed when certain hlﬂher-order heteroclones, are compared with the
parent heteroclone. The extent of these phenomena has still to be determined,
The incompleteness of the heterogenates from which the heteroclones originate
aﬁgears to be due Iargel_y_to post-zg/gotlc changes, since higher-grder heteraClones
snow more extensive deficiencies than the heteroclones from"which they originated.
Completeness or incompleteness of the pr_|mar¥_ z*;otes has still to be”determined.
Study of the heteroclones has thrown little |? on the early st_agies of sexual
reproduction, that is conjfugatlon and the transfer of genetic material, apart from
confirming the conclusion from the selective analysis ofrecombination that Iar&;e parts
of the parntal genomes, If ngt whole genomes, must be transferred (Hopwood, 1959).
The heteraclones show striking similarities to the semj-stable heterozygous strains
of Escherichia coli K12 isolatea™hy Lederberg (1919). These, like the Nieteroclones
of Streptomyces coelicolor, were derived froni heterogenotes whose nuclei divided
equationally for a certain number ofgeneratlons beforé segregating haploid groducts,
tke}; reqularly lacked one or more chromosome segments; derived from one or other
the parents, or occasionally from both, and they sometimes showed homoayggsny
certain arkersﬁedehberﬁ;, Lederberg, Zinder LIlvelle%l' Nels?n Lederher
9545. Unfortunately the Reterozygotes of E. coli have not been fully exploited.
heK were used as an argument n‘support of the theory of Eost-éygotlc elimination
-chromosome segments In E. coli (NelSon &L ederberg, 1954), and When pre-z qotlc
immation was élegantly demonstrated (Wollman, Jacob™& Hayes, 1956Y hey
appear to have been ahandoned, and have even been considered to be an example of
genetic teratology ([Jacob &Wollman, 1961). However, pre-zy%otlc and post-_zfvgotlc
Elimination are not mutually exclusive; op the contrary, t ez may be different
expressions of the same tendency towards fragmentation” of the chromosome that

o O
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seems to be a general feature of all bacterial genetic Systems. The heteroclones of
Streptomyces celicolor should help to throw miore light“on this aspect of microbial
genetics.

This work was aided k%y travel grants from the Italian Comitato Nazionale per
I'Energia Nucleare (C.N
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action of 11 de%%%r? c% sterone on T. ruprum.

INTRODUCTION

Previous work (Chattaway, Townsley & Barlow, 1959, 1962) showed that 11-
deoxycorticosterone (DOC) was one of thie most potent of a group of steroids which
inhibilted the rowth oancho h%mn rubrum, strain OS, The present B Oper describgs
studlies desug ed to throw ligh upon the mechanism_ by which DOC exerts ifs
Inhibitory action on the growth of this ungus Aprehmmary report of this work
has been"published Townsley, Chattaway & Barlow, 191

METHODS

QOrganism. The or Panlsm used was Trlchoph on rubrum, strain OS, and mycelial
pads, were growna on Sabouraud liquid medium or on the defined medium
previously described gChattaway etal. 1959).

Relation of DOC concentratior to mycelial Weight, The prewouslly reported growth
studies showed that 50 % Infibition of growth of Trichophyton rubrum, strdin OS
was given by 0-15 mg. DOC/10 ml. medium, This was.the mhibition of the growth
of an inoculum equivalent to lmg dry weight organism or 6 mg. wet weignt (i.e.
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mycelium dried between sheets of filter aper? %ivin%a ratio of weight of DOC
required to cause 50 %, inhibition of growth to that of rcehal wet weight of 1:40.
In the tollowmg experiments on the effect of DOC on glucose uptake, Bndogenous
respwatlor}Jl reléase of cell components and metabolism of glucose this ratio was
maintained,

Uptake ofglycose. For studies of the uptake of u_niforml_y |abelled %]—ﬁlucos_e by
mycelium, the fungus was grown in Saboyraud medium for 7 days, washed three times
with water and drjed between sheets of filter Raper; 0-15g. portions of this mycelium
were then suspended in water (4-5 mlg with the addition 9f DOC (final concentration
45 ) a5 required, The DOC was added to the sterile flasks in chlorgform ethanol
1+ 1 by vol.) solution and the solvent evaporated before addition of the medium.

he mycelial suspensions, were incubated for 1hr. at room temperature apd then
1-Ofic.”[¥C]-glucose QRadmchemlcaI Centre, Amersham, Buckinghamshire) added
(final glucase concentration 0-053m). _ _

Respirafion deferminations were mage by the conventional Warburg techniques,
the organism bemq grown on the defined” medium for 8 days, washed twice with
0- 01 M-Phosphae buffer ((ipH 6-8) and suitable amounts Suspended in the butfer.
Oxygen uptake was measured for 1hr, and then glucose to final 40 ) and/or DOC
E)Or fl”ﬂ]arl f-7r?hr5 " In 0-5ml. phosphate buffer added. Oxygen uptake was followed

. further,

Metabolism of [C]-glucose. This was studied with m¥celial pads 8rown on
Sabouraud medium for 7 days, then washed three times with water, dried between
filter papers and weighed portions (0-5 82 suspended in 1-0 ml. water or aqueous
DOC (7-6 mm » Suspension. After incubation for 1hr. at room temperature the
contents of each flask were transferred to a Pyrex sintered glass filter funnel (No, 4,
3 ¢m. diameter) and connected to, but shuf off from, a filter pump. A solution
containing 300 jA. of léCg-qucose (33-3/;c., 18 /;mole, final Plucose concentration,

- 8my Was added to gach filter funnel ana the funnel closed by a rubber bung
pierced by a glass tube fitted with a tap. After the required incubdtion period the
rubber bung was removed, the supernatant fluid removed by suction and the
funnel rapi P/transferred to apother filter fIﬁS}k %nd bojling 80% (viy agueous
ethanol. (5 mrf.) pourea on to the mycelium, the ung then being replaced. The
Incubation time was taken to be that period from the addition of the g%lucose until
the addition of ethanol.  Extraction was cotinued for 90 min., the exiract sucked
off and two more extractions for 60 min, periods made with 5 ml. portions of botling
20% (v/v) aqueous ethanol. The combined extracts were eva?ora,te,d,to dryness in
vacuo at 40° and when required the supernatant fluids from the initial incubation
with [4C]-glucose were similarly concentrated. The residues were washed three times
with &ther (5 ml.) to remove residyal DOC since this was found to cause streaking on
chromatog{ ams;” the final ether-free residue was dissolved in 2-5ml. 50% (V/v)
aqueous etanol. S _

Paper chromatograph¥. The radioactive substances in the concentrated cell
extracts and supernatant fluids were anal\//sved by two-dimensional descending paper
chromatography on 46 x 57 ¢m, sheets of Whatrman No. 4 filter paper. The phenol +
formic acid water system of Kornberg (1958) was used in the first dimension and
n-thanoI t pro?lomc auf ¥ watfr 846— 220+ 38—1 bP/ vol.) in the second $Benson
et al. 1950).” O the final 2-bml. Of concentrated extract, 0-2 ml. was chromato-



Action of DOG on a Trichophyton 263

graphed and the radioactive substances on the chromatog[am |ocated by radio-
autography with Kodirex X-ray film (Kodak Ltd.). The radioactivity in each spot
was counted directly by means of a G.E.C. Geiger-Miiller tube, type EHM. 25
operating at 1480 V: o - _
Radioactive spots on the_chromatograms were identified R_rovmonally_by their
chromatographic positions in the above splvent systems. This was corifired b
c0-chromato raEhy with authentjc materials in these_systems and in an ethgl
acetate + wafer + pyridine system (4 + 4+1, by vol.. see Jermyn & Isherwood, 194
and the re-propanol + ethyl acetate+wate,r(g+l_+ 2. _vol.gs stem of Baar &Bul
(1953) for Carbohydrate materials, For ninhydrin-reacting Substances re-butanol +
acetone + diethylamine + water (10+ 10+ 2+5, bé' vol.. Hardy, Holland & Naylor
955) and ethanol + ammonia -8802+Water(% 0+ 10+ 10; by vol.. Smith, "1960)
systems were used. The presence of orthomonophosphate esters was shown by treat-
ment of chromati) ram eluates with alkaline phosphatase (Light & Co.) by the
method of Heppel (1955). _ _ _
Chemical estimations. "Aming acids present in myceljal supernatant fluids were
estimated by determination of total a-amino nitrogen by the method of Moore &
%tgw ((113%? Inorganic phosphate was estimated by the ‘method of Fiske & Subba

~ RESULTS .
Effect of 11-0eoxycorticosterone on endogenous respiration

DOC has been shown to inhibit the respiration of baker’s yeast in the presence
of glucose {Shacter, 1949% and_of germmatlng conidia of Neurospora crassa in the
preSence of sucrgse (Lester, Stoné & Hechter, 1958): in both cases endogenous
respiration was either stimulated or unaffected. Many workers have demonstrated
the high endogenous respiration rate of dermatophytes and the virtual absence of
response In respiration rate to added substrafes. [n common with these flndln(‘;s
the mycelium of Trichophyton rubrum used in this work showed no response fo
added glucose, and the engogenous respiration rate was linear for at least 2 hr. The
effect 0f DOC on the endogenous respiration is shown in Fig, 1 the DOC bein
added after 1hr. incubation of the mycelium in phosphate” buffer. The rate o0
respiration is seen to be inhibited 50 %.

Effect of DOC on the release of cytoplasmic contents

Fatty acids and certain detergents are known to be fungistatic and to inhibit
fungal respiration by action an the cell wall, with resulting |oss of intracellular com-
porients.. Since cerfain steroids exhibit surface activity, the_possibility that DOC
exerted its inhibitory effect on growth and respiration” of Trichophyton rubrum by
this means was examined by comparing the release of inorganic phosPhate and
amino acids from the mycelidm into the medium in the gre_sence of cetyltrimethyl-
ammonium bromide (C AB% or DOC, with that produced in.the presence of water
alone.. The results, Fig. 2, snow that CTAB released appreciable amounts ofboth
materials, while DOC promoted no release beyond that which occurred with water
alone. Thus DOC did not appear to exert its' inhibition by virtue of a disrupting
action on the fungal wall.
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The effect of 11-ceoxycorticosterone on glucose metabolism

It appeared possrble that the eﬁects of DOC on growth lucose uptake and
endogenous resprratron Trichophyton rubrum might be explicable in terms of an
effect on ener? avarlabr theref re its overall effect on the metabolism of [LC]-
glucose was sfidied. The experrments were similar to those in which Moses (1%
tudied the effects of starvation, ammonia and azide on the Incorporation patter
;glucose In Zygorhynchus moelleri and in which Moses. & Smith (1960) in-

veerg ted the effects of uncoupling agents on glucose metabolism in baker’s yeast.
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The rncorporatron of [11[3 lugose into the a ueous ethanol fraction was determined
8s described in Methods, The incorporation of 14C] Into this fraction after exposure
for 30 min. to [4C]-glucose was decreased by 50.% by the presence of DOC (Fig..3).
A typical chroma ogram showing diagrammatically the pattern of incorporation
Into”compounds of the a ueous ethano| extract “from normal mycelium of T.
rubrum is shown in Frgh his was obtained after exposure of mycelium to 1434
lucose for 3 min. and Shows that radioactivity was present in 37 compounds besid
e Hlucose Similar experiments were carried out to determine the effect of DOC
on the pattern of incorporation after exposure of mycelium to [1C]-glucose for 10,
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60, 180 and 1800 sec. The radioactivity of each spot was determined in the resultm%
chromatograms and the values expressed as a percentage of total [1431 other tha
glucose incorporated into the agueous ethanol soluble ffaction (Table ).

Table 1. Incorporation of [1£CAfrom [1£Cf lucose by Trichophyton rubrum
strain OS in the absence an presence 0 11 -(leoxjcorticosterdne (DOC)
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|dentification of [14C] labelled compounds

The identification of labelled compounds in the aqueous ethanol extracts was
attempted by a study.of sugars, amino acids and phosphates present in extracts
from unlabefled mycelium, prepared under conditions identical with those used in
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the [MC] incorporation ex eriments, by using the chromatographic techniques
described. The only labelled carbohydrate compounds detected were glucose (spot 0,
Fig, 4) and fructdse (spot 24). Seventeen compounds which reacted with nin-
hydrr were present ofwhrch onIY one appeared to be labelled; this was |dent|f|ed
as aanrne S consr eration of the ch romatograyphrc m Jos of ass am

avrn )p suggested that spots 1-8 represented pos(p orylated compounds, due
a Iowance berng Made for the fact that acidic compounas show mcreased RFvalues
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ask. t edium were withgrawn at rnterva
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in the phenol +water+form|c acrd soIvent system of Bassham & Calvin. This was
confirmed for spots 4 and P/S owrn%t ern to be orthomonaphosphate esters by
elution and treatment wrth alkaling phosphatase followed by turther study of the
chromatographic properties of the products.

Effect of DOC on [1C] distribution

It can thus be seen from Table Lthat in normaI mycelium after 30 min. exposure
|Llftl] lucose 98% of the [143% Incorporated was present In fructose (67-7%)
alaning (13T %), phosphorylated Com ounds 163% danunidentified compound
spot 3 Sl -0%). After exposure to DOC the above compounds still accounted for
over 8/ f e [L] mcorporated but the drstrrbutron of radroactrvrty chan%d
precra y, being frictose (51-4%), alanine (27%), phosphory ated compoud
81 %) a pt 5 169%} The effect on the phos horz ated c%mﬁo(unswas
arked srnceater exposure to DOC only 3 such co pund were lanelled and the
decrease In percentage Incorporation |nto this fraction was apparent from the
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shortest time of exposure to the [K4C]-glucose. Since it was shown above that DOC
did not bring about the release of intracellular compounds it appears unlikely that
the effect on the uptake of glucose was the result of a direct action of DOC on the
permeability of the cell wall; this conclusion was supported by a chromatographic
study of the radioactivity of compounds in the supernatant solutions.
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DISCUSSION

The |nh|b|torK effects of DOC on growth endogenous respiration and uptake of
lucose by Trig oph on rubrum an its effect upon the pattern of distribUtion of
éﬂg c0se within th i]ow results 3|m|Iar to those obtained by Moses

It 1960 in thelrs y of the effects of uncouB Ing agents on yeast meta-
bolism. T ust ey found that 2 4-dinitrgphenol (DN ?)mht ited endogenous re-
spiration and respiration In the presence of exogenqus substrates, and also;decreased
the incorporation of 1434 lugose by over 50%:_incorporation of [XC] into phos-
phorIyIated comPouns nal free su%ars fprlmartl trehaloseg Wwas decrease but
mco oration Into amino acids (mal Py%utamtc id and alanine) was Increased.

imilarity between the action of DNP"and DOC was shown by Conner (1957,1959
W|th Tetraliymena piriformis; both compounds inhibited growth of this organism
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and the inhibition was annulled by stigmasterol. DOC has been reported to inhibit
the NADH-eytochrome ¢ reductase ofheart muscle (Mahler, 1955) and of sacchar-
omycesfragilis, Escherichia coli and Bacillus suhtilis ( |eId|ng,&Tomk|ns 1959), dn
effect which would impede the formation of ATP and thus’interfere with enérgy-

reqyiring. reactions. , o ,
_ qH]eregls ﬁlus evidence which suggests a similarity. between the_ action of DOC
I Trichophyton rubrum and tha of tncoupling agents in other organisms, suggesun%
that one result of the action of DOC on 1. rubrum IS the u_ncquplmg% of oXidativ
hosphorylation. This does appear to be. contrary to the findings of Lester et al.
1958) and cf Lester & Hechter 81959) in their studies of the_action of DOC on
Neurospora erassa. 1ney found that growth, oxygen uptake in the presence of
exogenous substrate, and uptake of sugars, aming &cids and ru indiumwere inhibjted,
butthat endogenous respiration was riot affected: the distribution of sodium within
the cell was alSo affected hy DOC. They postulated that the effect of DOC was upon
the binding of ions within the cell and net upon the energy-requiring reactions
associated With uptake of substrates.

We are grateful to the Wellcome Trust for a maintenance grant to one of us
(J.D.T.) and a contribution towards the cost of this work; also to Messrs E. R.
Squibb for a grant towards the cost of radioactive materials.
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INTRODUCTION

The immunological specificity of the immobilization antigens of Paramecium
aurelia is controlled by series of multiple alleles at several genetic loci (Sonneborn,
1951; Beale, 1952,1954,1957). In agiven organism at a given time only the antigens
controlled by genes at a single one of these loci can be detected, as a general rule.
P. aurelia is, however, a diploid organism and in a heterozygote two antigens
controlled by different alleles may be detected simultaneously. A combination of
environmental, cytoplasmic and genetic influences determines which of the genetic
loci is expressed; by careful regulation of the conditions of culture it is possible to
produce large clones in which nearly every organism expresses the same locus.
When the specificities of two antigens are controlled by genes at different loci, the
antigens are said to differ in ‘type’, and when speuﬁc antigen differences are
controlled by alleles the antigens are said to differ in ‘ sub-type’ (Beale, 1954 p. 113)

McClung (1943) showed that when a suspension of Paramecium was agltated
without breaking the organisms, the supernatant fluid remaining after the animals
were centrifuged off was capable of eliciting immobilizing antibody in the rabbit.
Dr G. H. Beale (unpublished experiments) has shown that a water-soluble extract
of homogenized Paramecium aurelia inhibits the immobilization of homologous
organisms by immune serum; by using a technique of precipitin formation in agar
gel Flnger fé56 demonstrated that a water-soluble extract of P. aurelia contained
several antigens, one of which was the immobilization antigen. Preer 19595) and

Is-2
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Bishop 1961?] developed methods of purifying the immobilization antigens, and
showed that they were at least 95 % gf)rotem In composition. A method of'starch gel
electrophoresis Was used by Bishop & Beale (‘1_960) to measure the relative mobilities
of several antigens, It was found that antigens of the same %)e were electro-
phoretically mre simjlar than were antlgens_ of different types. The present paper
describes titration techniques used to assay immobilization antigens and antisera,
and measurements of the, cross-reactions between different antigens by these
methods. These cross-reaction measurements are estimations of the Immunological
affinities, of the antigens, and may be usefully compared with the electrophoretic
observations.
METHODS

Stocks, The_organlsms were from stocks, 60, 90, and 103 of Paramecium aurelia
variety 1 maintdined by Dr G, H. Beale. Serotypes D, G and S of stock 60 and
serotype D of stocks 90 and 103 were useq. _ _ _
_culture medjum . A 7-5% (w/v) suspension of dried grass was boiled for 15 min,,
filtered, and the filtrate autoclaved (20 min., 120c). Two days before use, it was
diluted'with 50 volumes of de-ionized water and seeded with"a growing culture of
Aerobacter aerogenes. 1Ne Culture medium prepared in this way was miXed with an
equal volume of a cleared Paramecium culture. When the néw culture had itself
cleared (i.e. when the paramecia had removed all the bacteria), half of the medium
was removed and the organisms were harvested, while an equal volume of fresh
culture medium was addgd to the remaining half. o

Antisera. The paramecia were collected from cleared cultures by a modification of
the electromigration method of Van Wagtendonk, Simonsen & Zill (1952). The
s,uer)ensmn was then centrifuged at 3000 0g for S min., resuspended at a concentra-
tion of 1060rganisms/ml. in solution A (05013 M-NaC¥, 0-003 m-KCI, 0-003 M-CaCl2,
0-004 M-phosphate buffer, PH 6-8) and homogenized by ejection from ahypodermic
S nnqs. Rabbits (9 months old) were |n{ected intravenously twice weeklg/ for
Jweeks, 1ml. of homogenate being given at each injection. Ten days after thé last
m,ecnon 30 ml. of blood was take from the marginal ear vein. The blood was
allowed to clot, the serum drawn off, heated at 60cTor 30 min. and dialysed over-
night at 2° against 31. of solution A _ _

Antigen.  PUrified antigen was prepared as described elsewhere (Bishop, 19613.
About % % of the protein of puritied antigen was immobilization antigen; carb
g darr%tg n%r;gengflelc acid formed only about 2 and 0-5%, respectively, of the total

g\bsorp,tion ofantisera by intactparamecia. 1NeINtact organisms, concentrated by
eIectromlqrann, were centn?ugea (3000q for S5min.) and resuspended In the
aP ropriaie anhserqu. The mixture was ‘maintained at 32° for 60 min. and the
organisms then centrituged down. _ _ _ o

Precipitinformation in agar. Antiserum, diluted with solution A, was mixed with
an equal volume of 2% (wfv) agar (purified by the technique of Feinberg 19562 and
maintained_ at 0°. The mixtdre Was pipefted into agar-coated capillary tubes
Oudin, 195_27, insice diameter 2 mm.; further steps were as described by Oudin
1952).” Serial dilutions of purified anU%en were p|Petted on top of the agar layer,
he tubes sealed with wax and incubated at 25°. At intervals of 1 day, thé distance
from the agar-antigen Interface to the leading edge of the precipitin band was
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measured with a pair of dividers, and the equivalence value of antigen and anti-
serum was calculated as described by Oudin. , e

_ Estimation ofimmobilizatiop time. Measurements of immobilization time weye used
in the assay of antiserum and in the assay of antigen. In the formey case, a known
volume. (usually 0-05 ml.) of antiserum was P|petted into the three depressions of a
depression slide. Next, the same volume of a suspension of paramecia (200 organ-
isms/ml, solution A) was added to each depression and a Stopwatch was started. Each
depression was examined at every 30 sec. under a binocular microscope, and the nym-
ber of organisms not moving notéd. The number which stopped in each 30sec. period
was later deduced from this cumulative record. The mean immobilization time was
readily calculated for the orqanlsms in each gepression. The mean of means for the
three depressions was the estimated immobilization time. When antigen was to be
assayed.the procedure was 1dentical except that a small known volume of antigen
in solution A was added to each depression after the antiserum, and 2 min. before
addition of organisms. A contro| slide was run in which an equal volume of solution A
was added to“each depression in place of the antigen. L

_ Counting the organjsms. The organisms were counted by making serial dilutions
into solution A, and_directly cotnting the number of Organisms in ten (-1 ml.
samples of the final dilution.

RESULTS
Estimation of the activity of antisera and solutions of antigen

The immobilization of living paramecia by rabbjt antiserum prepared against
paramecia provides a reacly means of estimating the immobilizing antibody content
of dlitferent sera. . Accorging to the method. of Sonnebom ,119,5 the |mmob|l|zmg
activity ofan antiserum Is neasured b‘Y making a series of dilutions of the serum.an
finding'the greatest dilution which will immobilize a small number of paramecia in
the space of 2hr. The same technique, with minor modifications, was used b
Preer (1959). It is, however, a very insensitive method in its present forms, as is
ang titration method which involves serial twofold gilutions. . ,
. Beale (1948) showed that the time taken by a glven dilution of antiserum to
immobilize gar_amema (the immobilization time) was directly proportional to the
dilution; that is, the greater the dilution, the greater the immobilization time. |t
seemed likely, therefore, that an accurate assay, of antiserum activity could pe
developed, based on measurement of the immobilization time. To test the linearity
of the dependence of immobilization time upon antiserum dilution, ten dilutions of
60D antiserum were made, each in triplicate, and the mean immobilization time of
30 homologous paramegia found for each of the t_hlrt}/ dilutions. When the reciprocal
ofthe immobilization time (1it) was plotted against the antiserum congentration ()
It was seen that the line obtained was _sl|ghtlr¥_ but _3|gn|f|cantl¥_ curvilinear
(Fig. 13. For the purpase of routine observations, this deviation from linearity was
ignored, and the activity of an antiserum, In arbitrary units (a)/ml., was taken as
equal to 1/ta, where t was the immobiljzation time in minutes and a the fraction of
the final reaction mixture constituted by undiluted antiserum. Where the purpose
8¥ the assay Is to compare different antisera, the eryor introduced bY the non-linearity

t ( : ! [
o e relationship between antiserum concentration and; time will be smallest when
e

h
difference inimmobilization time is smallest. Accordingly serum dilutions which
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produced immobilization between 3 and 10 min. after contact were used. The
maximum error encountered, measured as the_maximum deviation of the points
from the stralght ling In Fig. 1, was then about 5%, comparing favourably with the
errors encountered with the older methods. Where more accurate determinations
were desired, 3 series of dilutions of antiserum %:alculated from a pilot experiment
to give immobilization times of between 3 and 10 min.) was made, and a was calcu-
Iateﬂ,as th%sl(?;ﬁe of the regressmn 0f A uPon 1, ,

This method has the advantages of great sensitivity and economy of material. It
also provides a basis for the standardization of antisera produced against different
ty(g)es_and subtypes, of antigen, If it be assumed that the mechanism"of immohiliza-
tjon is, the same in each case. It suffers die dlsadvantage, nowever, of bemg
dependent upon the physiological state of the paramecia uSed in the test. Whe
usmg paramecia collected from cleared cultures by overnight electromigration into
solution A, the method %ave hlg_hly reproducible Tesults When the samé antiserum
was assayed on different occasions. "However, paramecia collected directly by
centrifugation from cleared, or uncleared, cultures were highly variable in their
response to antiserum. , ,

ntiserum concentration, a, as measured by this method, can be used to obtain
an aerrommate value_for the antiserum titre’ as defined b ,Sonneborn,gl%o) hy
taking 1/120« as the titre. When. this was cone, the denominator was invariably
10-20% greater than the denominator of the value obtained by direct titration
hy the Sonneborm method. This is doubtless related to the slight deviation from
linearity observed in the relationship between antiserum concentration and the
reciprocal of immobilization time (Fig. 1)

Assay of antigen by the immobilization reaction

. Essentially the same reaction was used to assay solutions of antigen, by using the
immobilization reaction to estimate how much’ antibady activity was lost uPon
contact with antigen. Figure 2 shows the relationship” between the amount of
antigen added (i arbitrary units) and the % of inifial antibody: activity lost,
measured as 100(1 —tqt), where t and to are the immobilization times'in the presence
and ahsence of aan,en, respectively. Over the initial part of the curve, where the
amount of added an |?en I low compared with the amount of antibody, the slope is
constant, The amount of antigen in a given solution, in units of antigen/ml. (g), can
be_calculated fromg = 1/c ,ﬁ/?,O— " where o, s the fraction of the final reaction
mixture constltuteiig bY unw uteq antlgen_ soHJnon. Units of ?]nUgen,_ , 3 defined,
are entirely equivalent to the units of antibody Inactivated when Antibo y concen-
tration is given by a = 1A, as described above. Measurements could be made only
within ceftain lifits of antigen and antibody congentration, Tq satisfy the condi-
tions, necessary for antiserurn assay, of which this Is a modification, times between
3and 10 min. had to he used. Secondly, to avoid the second part of the curve shown
In Fig. 2, dilutions_of antigen had to’be chosen such that ¢ was less; than 20, In
Practl_ce, a Series of determinations was made within the ran?e permitted by these
wo limitations and the value of g was obtained as the slope of the regressiori of —6

upon 1.
pThe validity of this assay of the concentration of immobilizing antigen in solutjon
depends upori the existencé of linear relationships between antiserumconcentration
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and immabilization time on the one hand, and between anhqen concentration and
amount of antibody inactivated on the other. The near linearity of the initial part of
the curve of Fig. 2'is an indication of how closely these conditions are met over this
range of concéntration. |t may be asked what relationship exists in this region
between the amount of antigen added and_ the amount of antibody removed; in
terms of molar ratios. The ?el diffusion technique of Ougin (19523 provides a method
of determmmq the equivalence concentrations of a,ntlbodx and antigen solutions,
and may readily be a Blle_d to the immobilizing antigen and antibody system. The
same anthen can then e titraged agamst the same antiserum by the imniobilization
method. The concentration of antiSerum equivalent to the given concentration of
antigen under the conditions of the immobilization reaction Isa/c (1—tjt) Where the
sg/m ols have the same meaning as before. Comparison of the values for the equiva-
lence concentration of antiserum obtained by these two methods should reveal how
close the immabilization method comes to measuring, true immunological equiva-
lence. Such tests were ap[phed to_solutions of purified antigen of two types, type
90D and type 60D. The results (Table 1_?_shqw that the equiivalence coricentration
of antiseruym as measured by the immobilization method was 25 % greater than the
serological equivalence concentration, as measured by the gel-ditfusion method.
That is, agreater_amoun_t_ofanhserum was hound by a'given amount of antigen as
measured by the immobilization method. This s,ugE_ests at the serological equiva-
lence point may e found at the change of slope nFig. 2, which represents a smalley
antiserum to anthen,ratm than does the initial slope. ‘It may be noted (Table 1
that the true serological equivalence concentrations of both “serotypes examine
bear the same relationship to the equivalence concentrations measured by the im-
mobilization reaction.

Table 1. Equivalence concentrations of stock antisera against Paramecium aurelia,
variety 1 for test antigen solutions, measured by theimmobilization and gel-diffusion
methods

Theegull(valence conc nthanon ofar]useru ISﬁ]I.VE astheﬁro ornorf]ﬂ!concentration

of the stack antiserum whichis equivalentto the initial concentration of the test antigen.
Equwal?nce concentration .
Serot Pe of of antiserum . R%tllo of.
antiserum o e |mm“ atlon
and Immobilization GeI-dﬁLusmn to gel-diffusion
antigen metho method equivalence

8 fiet doee? 1)

Cross-reactions of antisera with heterologous antigens

Immunological cross-reactions, of antisera with heterolo?_ous antigens were used
as a measure of the stryctural similarities between the antigens. [N particylar, it
was of interest to determine whetherantigens of the same type but different sub-tyﬁe
differ from each other mare than do antigens of different types. Previous work on'tne
relatlonshlg)sbetweendlfferent|mmob|_I|zm%ant|gensofparamecium aurelia, variety 1
(Beale, 1952), was based on a comparison Of thé titres obtained when a given anti-
serum was titrated agamst both homologous and non-homologous paramecia by the

serial dilution method of Sonneborn (1950). Only very slight cross-reactions betiveen
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antigens of different types were observed by this method. Within type D seven sub-
types were detected (Beale, 1954) and several more sub-types have since been found
iDr G. 1. Beale, unpublished data). Three of these, namely sub-types 60D, 90D and

03D were found to cross-react only to a very limited extent, to the same extent, in
fact, as did the different types. These findings were re-examined by using the modi-
fied immobilization method described above, and were completely confirmed. The
greatest extent of cross-reaction observed between any pair of antigens examined
was 35 %.

Cross-reactions between antisera and heterologous antigens were also examined
by investigating the inhibition of the immobilization reaction by heterologous
antigen. For example, the extent to which the immobilization of 60 paramecia by
60 Dg antiserum is inhibited by 60G antigen is a measure of the cross-reaction
between 60D antiserum and 60yG antigen. This method revealed no cross-reactions
between different antigenic types and only very slight cross-reactions between the
antigenic sub-types of type D. In the latter case a slight cross-reaction was obtained
at very high antigen concentrations; but the effects observed with heterologous
antigen were unlike those observed with homologous antigen. The effect of adding
homologous antigen in the immobilization reaction could not be distinguished from
the effect of diluting the antiserum. On the other hand, when a high concentration
of heterologous (different sub-type) antigen was added, in addition to a slight
increase in immobilization time, an effect was observed which appeared very similar
to the effect of adding a toxic concentration of saline. Addition of the heterologous
antigen in the absence of antiserum did not produce such an effect. If the aberrant
behaviour of the paramecia can be ignored, and only the immobilization time taken
into consideration, cross-reactions between antigenic sub-types were always less than
10% of the homologous reaction when measured by this method.

A third useful method of studying the cross-reactivity of antisera with hetero-
logous antigens was described by Finger (1957). Homologous or heterologous
paramecia are incubated with the antiserum and then removed by centrifugation.
The amount of antibody removed or neutralized by this means is measured by the
decrease in antiserum titre which results, the antiserum being titrated against
homologous paramecia by an immobilization method. The absorption of 90D anti-
serum by increasing amounts of 90D paramecia is illustrated in Fig. 3. The amount
of antibody remaining after absorption for 1 hr. was measured by the immobiliza-
tion method described in the present paper. When a sufficiently large number of
paramecia was used in the absorption step (in this case about 12,000 paramecia/ml,
antiserum) no residual immobilizing activity remained. When heterologous 601
paramecia (i.e. differing in sub-type) were used to absorb the antiserum, a point was
reached (Fig. 3) at which an increase in the number of absorbing paramecia did not
further the activity of the antiserum against homologous paramecium. The number
decrease of heterologous paramecia (60%) reguired to reach this point was the same
as the number of homologous paramecia required to exhaust the antiserum (in this
case 12,000/ml. antiserum). In_the reciprocal experiment, namely the absorption of
60D antiserum by 60D and 90D paramecia, the same phenomenon was observed
(Table 2). On the other hand, when antiserum was incubated with paramecia of a
different type (as in the absorption of 60D antiserum by 60G paramecia) no signifi-
cant decrease in titre was observed. These results are summarized in Table 2, where
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the cross-reaction of each antiserum with heterologous paramecia is expressed as %
decrease in antiserum activity obtained with excess ofabsorbing paramecia. The cross-
reactions observed between the D sub-types by this method are thus greater by an
order of magnitude than the cross-reactions observed by the immobilization

Another method, more commonly used in immunological work, ofquantltatmg
cross-reactions, 1s the giel -diffusion method (Oudin, 195% Wheret esame concen-
tration of ant|gen |s allowed to dlffuse mto a serles of dilutions of the antiserum
gmlxed with agar I%;e ) the equivalence concentration of the antiserum is,foung b
xtrapolating 1o the antlserum dilution which gives zero rate of migration of the

o
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1/400 3400 5/400 1/10  3/10 . 5/10 3 5,000 10,000 15,000
Antiserum concentration Antigen concentration 2 No. paramecia absorbing each
(arbitrary units) (arbitrary units) < ml. of antiserum
Fig. 1 Fig. 2 Fig. 3
FI% Degendence of the rec r1p ﬁcal of the immobilization time of Paramecium aurelia,
va |ety l( erotype 60D), uport the antiserum concentration.

. 2. Inhibition ofthe lmmobghzat%on ofPar?memumaureha ariety. gserot[}/dpe 60D21
mcre%sml? conce tratlonso ury §%d gous antlﬂen The n|se um nceP
| ntreat? contko Was 0 ¥n mobilization s/mJ Eercen Im-
mob| Izing activity lost In the presence ofantigen was ca culated as described in‘the text.

Loss of immahilizing activity from 90D antiserum upon incubation with in-
gasio’ng numbers of[TSIJOD % gand 603{ parame&a d

Table 2. Cross-reactions between antisera against Paramecium aurelia, variety 1, and
immobilizing antigens measured by the serum-absorption and gel-diffusion methods

Cross-reactions are presented as % of the value for the homologous reaction, as
Theq i e text A gash indica h i

descri eg Int sh indicates that that particular cross-eaction was not
measure
Antigen
Method Antiserum 60D 90D 103D 60G
Serum absorption  antj- §§D 188 84 - 5
1 _ -
aﬂtl 8 g — 100
Gel-diffusion antl

antJ EL E 1% lé 1%)0

Y
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precipitin band. The cross-reactivity of the immobilizing antigens and antisera was
measured as follows. The equivalence concentrations of homologous and hetero-
|0?OU,S antisera for a given_concenration of antigen were determined by parallel
%e -(iffusion experiments. The antisera were thei tifrated, each against its own
omologou_s Serotype parameeia, bg the immobilization method. The equivalence
concentration of each' antiserum for the antigen used in the_Pel-dlﬁusL N experi-
ments could then be expressed in terms of Units of immobilizing activity. The
Rercentage cross-reaction was calculated as the ratio of the honfologous o the
eterologous equivalence concentrations, multiplied bg/ 100. The imMmobilization
method Was thus utilized as a means of standardizing the concentrations of different
serofype antisera. If the. method is to he valid it is fequired that the mechanism of
the 1mmailization reaction Is the same for. all serotypes. That this requirement IS
satisfied 1s. indicated hy: (a) the relationship hetween the immobilization and gel-
diffusion titrations is the ‘same for different antigens (Table 1); (b) the immuno-
logical cross-reactigns between the antigens as measured by this composite method
are ’qnternal Y C0 Sﬁtent, ag_wnl_be seen below., _

The results of the qel-,l usion Cross-reagtion measurements are presented. in
Table 2. In agreement with the cross-reactions measured by the immobilization
methods, cross-reactions between different t¥pes of antigens arid antisera were again
very slight.  In contrast to the immobilization results; but in agreement with"the
restllts Obtained by absorbing antiserum with heterologous paramecig, the gel-
diffusion method showed stron? cross-reactions between the three antigens con-
trolled by allelic genes at the D-focus. 1t may be noted, too, that the cross-reactign
of 60D dntigen with 90D antiserum as measured by this method IS quantitatively
not significantly different from the cross-reaction of 90D antigen with 60D anti-
serum. The internal cons_lstencB/ ofthe method thus lends veracity to the assumption
that the mechanism of immobilization Is the same for different serotypes of Para-
mecium. Quantitatively, the cross-reaction between 60D antigen and 90D anti-
Serum was ?reater thari the cross-reaction between 60D antigén and 103D anti-
serum (Table 2). At the same time the cross-reaction betweén 90D antigen and
103D antiserum was greater than that between 90D antlgen and 60D antiserum.
Taken together, these Tesults suggest the possibility that 90D antigen is an inter-
mediate antigenic sub-type between sub-types 60D"and 103D.

DISCUSStON

An investigation of the eIectroRhoretic mobilities of these antigens in starch gel
(Bishop & BEale, 196% showed that antigens 60D, 60G and 60T (i.e. of differént
types) had different mabilities at pH 96, whereas, antlgens 60D, 90D and 103D
L&, sub-types of type D) had the same mobility. This agrees well with the immuno-
O%I_C&| relationshis revealed by the serum-absorption”and gel-diffusion methods;
an |?ens of different types showed negligible cross-reactions, while the three typeD
sub-types showed cross:reactions ranging from 25 to 50% of the homolo?ous
reactions. This, In turn, is not surprising In view of the genetic relationships of the
antlgens. It is.to be expected that immobilizing antigéns controlled by genes at
différent loci W||| differ from eacq oth%r ch?mlcall% and immunologically to & greater
extent than will antigens controlled by allelic genes.
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. Since the different anti enlc,t}/pes differ significantly in elecfrophoretic. mobility,
it may be supposed that the virtual absence between them of |m_munol_og1|cal Cross-
reaction is a consequence of differences in primary structure. 1t is gossm ethat the
immunological drfferences between the type D sub-types are also consequent upon
differences In primary structure, differences however which do not result in char%e
differences at pH 96 or which lead to charge differences too small to detect by the
electrophoretic method employed.

The cross-reactions measured by the immobilization methods between the
type D sub-types complicate the otherwise straightforward interpretation of the
data. When antiserum was applied to heterologous paramecia (of different sub-types)
little cross-reaction was observed as measured by the immobilization time of the
paramecia. The heterologous paramecia were capable, however, of absorbing up to
half of the immobilizing activity of theantiserum (Table 2). This observation, that
paramecia absorb heterologous antiserum of different sub-type but are not readily
immobilized by it, may be explained if it is supposed, simply, that the complex of
antigen and heterologous antibody is a weak agent in inducing immobilization.
This might occur, for example, if the complex were built up more slowly than the
complex of antigen and homologous antibody. Since the immobilization method is
a measurement of the rate of immobilization the heterologous antiserum would then
give a weaker reaction.

Again, heterologous antigen, differing in sub-type, only slightly inhibited the
immobilization of paramecia by homologous antiserum . Measured by the gel-
diffusion method, however, the heterologous antigen had up to half as much affinity
for immobilizing antibody as did the homologous antigen. This effect, that although
heterologous antigen combines with antibody it does not significantly prevent the
antibody from causing immobilization, could result, for example, if homologous
antigen were capable of displacing heterologous antigen from the antigen +antibody

complex.

Al?hough,these explanations are very tentative, the basic difference between
methods which show @ high degree of crass-reaction and methods which show a low
seems to be that the forfier measure the extent of complex formation between the
heterolo[qous, antigen and antibody while the latter depend upan the extent of the
immobilization réaction in the presence of such a complex. Similar discrepancies
between different methods of titration have previously been rePorted by Finger
(1956) and hy Balbinder & Preer (1959). In these cases, too, the greater cross-
reactions weré observed when the extent’of complex formation was measured. At
this time, then, all indications point to the mechanism of immobilization as the
source of such discrepancies.

This work was sug orted by a grant to Dr G. H. Beale from the Medical Research
Council. | am indebted to Dr Beale for much helpful advice and encouragement.
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INTRODUCTION

The mechanism by which ultraviolet (u.v.) radiation produces mutations to
prototrophy in amind acid-requiring strams of bacteria has been the subject of
many recent investigations (Witkin, 1958, 1961: Lieb, 1960; Weatherwax &Land-
man, 1960: Doudney & Haas, 1958, 1960« b; Haas & Doudney, 1959: Doudney,
1961} Briefly, u.v.-radiation produces a large number of Pot ntial prototrophs.
The fraction whicl 1s realjzed (the yteldg is determined by the amount of protein
and RNA metabolism which takes place in the iryadiated auxotro (E)hIC orgamsms
during the period before DNA synthesis. . During this critical period, the yield can
be decreased b treatments WhICh Inhibit ﬁrotem or RNA syntheS|s Treatments
which proonﬂ his crlttca eriod increase the yield.

0 hypotheses have been advanced to exp Iam these fmdmgs The flrstsu%gests
thatthe| itial effect of u.v.-radiation |ssomeunknown ind ofdamage to D
that in the absence of adetéuate protein and RNA metabolism, the damage IS re-
paired, Failure of repair results in the stabilization of the damage in the form of a
mutation when DNA repllcates (Witkin, 1961). The secondh othesis is that the
Initial damage is not to DNA but to a precursor of R hen this modified
E)recursor becomes part of RNA, 1t causes a mistake m the structure of DNA

N

H fedflowm repr ort concerns the reIattonshtp between the u.v. dose and the
yie d of mutations. The effects on this re attonshm of varioys post-irradiation treat-
ments and of the method of scoring mutants will be described.
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methods

Bacterial straing.. The experiments were e.rLormed with fr ptoPhan-r? mgng
strains of Escherichia coli strain BJr, mostly with a strain which will be retefred t
as WP2. This strain had been passed from Dr E. M. Witkin to Professor F. J. Ryan,
to Dr S. B, Greer before we obtained it A few experiments were done with a strain
obtained directly from Dr Witkin and therefore designated as WWP2. Both strains
are apparently blocked at the same point, namely, 4 step before anthranilic acid in
the synthesis of tryptoRhan_._ Neither stra n canutilize shikimic acid. The growth
of these strains I anthranilic acid 1s restricted. The maxjmum rate IS obtained
with 0-5-1 flq./ml. and the rate decreases with concentrations greater than this.
Inhibition ofthe growth of an auxotroph by an excess of the same metabolite which
is required was pointed qut by Soboren & Nyc (1961). Although WP2, and WWP2
seem to be identical in their growth behaviour, their responseto u.v. irradiation is
different. The yield for WWP?2 is 4-5 times that for WP2.. N

Irradiation. The techniques for, qrowmg cultures, irradiating and determln{/r\llg the
survival of the parent and the yiéld of revertants were thosé described by Witkin
(1958). Unless Stated otherwise, stationary-phase cultures were used. Unfraction-
ated doses were alvya_¥,s iven, Platln% was dope on SEM (minimal medium +5%
nutrient brotn, solidified with unwashed agar) and/or, MM (minimal medium E
solidified with washed agar; Vogel & Bonner, 1956). _

The agparatus used for u.v.-frradiation and for photoreversal was described by
Hill & Simson (1961). Post-irradiation incubation was, carried out by 3|_mP|y
transferrlng the saline Suspension from the Petri dish in which It had been [rradiated
to atest tub e and immersing the test tube in the 37° water-hath of the photoreversal
ap_Paratus for Lhr, In experiments in which the effect of incubation, with and
without exposure to the light, was to be determined, the irradiated culture was
divided, into two test tubes. One of these was wrapped in aluminium foil before
immersion in the water-path, Althouﬁ]h the effect of the reversing light was actually
the combined effect of the light and the incubation, no correction was made. Since
It was not feasible to obtain entire_ dose/mutation curves with and without post-
treatments in asmt{;le experiment, limited sections of dose range were used and the
results normalized to the data for overlapping doses used in different experiments.

RESULTS

Flgure 1 shows the effects of incubation in saline and of exposure to light as
functions of u.v. dose when the (Y|eld was measured on SEM, With both tgpes of
post-treatment, the absolute yield of revertants was decreased in the low dosg range,
In agreement with other reports (Doudney & Haas, 1960a; Lieb, 1960). In the véry
high dose range, the revertant r¥|eld seemed to decline at the same rate as the auxc-
trophs were Killed. To determine whether tlis was true, repeated experiments were
done In this range. No difference In rate was detected. It may be concluded, that
either the mutagenic effect continued at very hlgh doses byt the increase in survn_/lng
revertants was too small to be detected, o th muta?enlc_eﬁect did not continu
at high doses, In either case, the final s]oPe represents a killing effect only. .
Aninteresting feature of the mutant yield curves obtained after saling incubation
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and after exposure to Itght is the rather extended plateau which connects the dose
ran(iesw ich correspon fo an increasing and decreasing yield. Again, alternative
explanations would"be either that the plateau Is the rasult of an exact balance

een the mutagenic and lethal effects as modified by post-treatment or that the
pIateau Is due to a saturation of the mutagenic effect at low doses combined with
?e\\/lgrrantt)smad shoulder on the survival curve for the organisms which become

1
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Whenirradiated organismswere plated on MMinstead of SEM, onlxasmall number
ofrevertantcolomese;t& eared. These ori matedfrom organisms whic werecapa le of
sufficient protein and RNA synthesis for |xat|on of emutatton and for pheno-
typic expression, W|thout the necesu%/ of suppl |ng a pool of amino_acids ‘Haas &

oudney, 1959). Figure 2 shows the dose- mu atlon curves for. this smaI Z6I0-
point’ fraction ofthe total yield, as obtained b patmglon MM immed |atelya ter
Irradiation and after 1hr of incubation In saline or “1Ar. of exposure to | |q
Plateaus appear In all of these cases. However, in contrast to the results for he
major part of the yield, saline incubation appeared to mncrease the ‘zero-point’
y|e d arter all doses of u.v,-radiation.

Further details concernmg the latter effect are given in Table 1 In the case of
Escherichia coll stram WP the mcreased ;{lel obtained by saline Incubation
before E)Iatm g was also obtame simpl atm%asmaller number of bacteria.
This dilution”effect i usually. ascribed to the existence of competitive Suppression
(Grigg, 1958). Since the Platmg was on MM, 1t 1s probable that the potential re-
vertants competed with other sirviving auxotrophic bacteria for, nutrients released
by non-survivors (Ryan, 1954). Presu abl¥ this release of nufrients also occurred
during the incybation in liquid medium betore plating. Therefore the ‘zero-point’
yield Ts probably not truly zero-point but derives front bacteria whose requirément
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Table 1. Effect of incubation in saline after u.v -radiation on the zero-point

yields of strains WP2 and WWP2
The strains were grown ni broth to a concgntranono?f 2 X JI09 per ml., c? trifu ged
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Table 2. Effect ofprolonged aeration in broth before irradiation on revertant yield

103 cells per riatota volume 0 ulture wa an P/aer tion.” At
v?nous times, were remov centrifu ed na re- su r%e ne tent
Pml wasdluted adprPJo rlataayto term ede ce Ne remaining
were Irradiated ate ose = sec ergs per mm2),

An ?verm jbroth culture of W%Ogr wThIthout aeration, was d|Iuted to give
T|m of Rﬁ |t3/ Revertants, ml. apPearmg after
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of an external supply of nutrients for fixation and ?henot¥p|c expression. of the
mutation was much Smaller than the requirement of the rest of the population.
. In the case of strain WWP 2, the dilution effect was not completely eliminated by
incubation in saline. This probably means that release of nutrients bY noN-Survivors
3 tgtregl adt%ng the Lhr. incubation period in saline, and for this strain continued
A ‘zero-point’ yield of revertants js not obtained when the auxotrophic bacteria
are Irradiated while In the logarithmic phase of growth (Lieb, 1956). Table 2 shows
that the ‘zero-point’ yield increased as the haCteria to be irradidted entered the
late logarithmic phase: This yield reached a maximum at a later time than the rest
of the Vield and declined more slowly as the culture aged.

DISCUSSION

|t has been suggested_that the ‘zero-paint ’Kleld may. be due to storage of intra-
cellular precursor material, thereby makm? the hacteria less depende tuPon an
external'supply (Lieb, 1958). Since'the totaf yield is not “zero-paint’, it would seem
that, if this stggestion is correct, the unirradiated stationary-phase population
must be heterogeneous with respect to the size of the intracellular pool of precursors.
This raises sonie interesting (ﬂuestmns. If the ﬂeld obtained by platln?hdwectly on
MM after irradiation comes, from bacteria which have the largest pool, then the’size
of this small_part of the gleld 15 already determined beforeIrradiation. This i In
agreement with the second of the two passible mterPretatJons of the dose/mutation
clirves mentioned previously, 1.e. the mutageni¢ effect is saturated at low closes,
A similar suggestion was praposed for the case of colour variants of Escherichia coli
strain Bir a earlngf after u.v.-irradiation (Newcombe & Whitenead, 1951).
The major part of the yield appears only on supplemented MM, increasing with
the amoupt _of_supflement to @ maximunm when the broth concentratign IS about
2-5-5% (Witkin, 1956).. By extending the case of the ‘zero-point’ yield to the
remainder of the 5r|eld, it would appedr that the number of revertants appearin
on.any given level of enrichment may also be pre-determined by the number 0
unirradiated cells which have a correspending-sized pool of precufsor material.

y does the number of revertants not continue to Increase when the broth
concentration 1s increased to 100%? The obvious answer is that the medium loses
Its selectivity since the surviving auxotrophic bacteria will undergo more and more
glwtshwns. {H %therdwtordts_, the nimber of revertants that can be detected IS limited

€ MELnoa ot aetection. . . . C . .

_}/W|tk|n showed that the critical period following irradiation, during which the
yield can be influenced by treatments affecting protein (and RNA) synthesis, was
grogortlonzil to Ahe V. dose IH he I?W%ose_-ran e. There'|sa Eare tlgamammum
ose In the low dose-range such that furtner irradiation no longer ncreases the sensi-

tive perigd, presumably because there is no further delay in D Asyfnthesm (Witkin,
1958). Sinc _%RIAIS tfie, amoHnt ofé)rote(!n szpth sis which takes place bef?re DNA
synthesis which determines the observed yield, (b) the relative amount of protein
synthesis which takes place in a Pw_en bacterium is determined before irragiation,
and (c) the method of detection fimits the amount qf protein synthesis which can
lead 10 an observable mutation, an apparent saturation of the mutagenic effect Is

readily understandable. _
19 G. Microb. xxx
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These considerations also explain the appearance of plateaus in the dose/mutation
curves, It was su?gested above that if the mutagenic effect is saturated at a low
dose. of u.v. radiation, then the plateau might répresent a_ broad shoulder on the
survival curve of the bacteria which beconte revertants. The preceding analysis
Indicates that the fraction of potential prototrophs which is actuall;i deteCted must
arise In those auxotrophic bacteria which have a larger mtracellu ar pool of pre-
cursors in comparison with those which are not de ecte The size of th|s ool
Increases as the bacteria enter the stationary phase of the rowth C ce Gll |es&
Alper (1960). found that the survival cyrves for Escherichia coli B/r (of which
strain WP2'is a mutant) had the same final slopes when the bacteria were u.v.-
irradiated in the logarithmic and stationary phases. However, when the bacteria
were in the Io%anthmlc phase, the surV|va| curve Was a smgle exponential; wnen
they were in the statlonarg phase, a shoulder appeared and the extrapolation
nurhiber increased to about 3. 'Evidently, the more “stationary phase’ the bacteria
are, the broader the shoulder on the survwal curve. Thus the’plateau, on the dose/
mutation curve ma¥13|mp|8/ be a reflection of the greater radiation-resistance of the
most ‘stationary. phase’ Bacteria, 1.e. the bactefia with the largest intracellular
pools the bactena responsible for the observed yield.

ort for th e above hypothesis might be gbtained from investigation of the

ect ont e.yield of mutations of expefimental conditions, other than the use of

bactena in d| ferent phases of the growth cycle, which broaden the shoulder of the

V. survival curve. Preliminary results obtaned by growing cultures before rradia-

tion in medlum supplemented with a high concentration of 8Iucose ;Stapleton &

Engel, 1960) have 1re.a, Shown that the droadening of the shoulder of the survival
curve is accompanied by a marked increase in the absolute yield of revertants,

The author WISheS to EXDIess Fgrat|tude to Dr H. H. Rossi for frequent helpful
discussions and Miss Barbara Potter for technical assistance. Based on. work
performed under Contract AT-(30-1)-2740 for theU.S. Atomic Energy Commission,
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SUMMARY

Spontaneous and u.v.-induced revertants were found to be unstable in
serial subculture. Instability was manifested by (a) replacement of the
originalrevertantbyrevertants with slowergrowth rates onminimalmedium,
and (b) the appearance of auxotrophic organisms which overgrew in
some cases but not others. In one case, the instability was found to be
more pronounced when the organisms were maintained in the logarithmic
phase of growth. This evidence, along with the previous radiological
evidence, was interpreted according to the following hypothesis. The auxo-
trophic organism has an episomic element located at the suppressor locus.
The damage inflicted by radiation consists in the detachment of this
episome. The prototrophic cell may again become auxotrophic by re-

attachment.
INTRODUCTION

Previous investigation (Hill, 1962) of the u.v. dose-mutation relationship for the
reversion of Escherichia coli Strain WP2 from tryptophan-dependence to inde-
pendence s_uggﬁsted that the qbserved revertants mjght not have been produced
at random inthe population of irradjated ayxotrophiC organisms out rather might
have been produced in a select fraction. This fraction would consist of organisms
which had a greater degree of stationary phase metabolism hefore jrradiation and,
associated with It, a gréater resistance to the lethal_effect of u.v.-Irradiation, The
logical extension of this concept leads to the,P033|b|I|t that if the unirradiated
population of auxotrophic organisms was uniform and had  the maximum_pos-
sible de?ree of stationary phase metabolism before irradiation, eyery Surviving
cel| would be ?rototrophm. It seemed to us that this conclusion implie somethmg
unigue about the mutation from auxotroPhy to prototrophy in WP2. To determin
whett%e(rj thh|s might be true, a study of thé revertants was made. The results are
reported here.

METHODS

Bacterial strains, Te revertants used in these experiments were derived from the
tryptophan-requiring strains, Escherichia coli WP2 and WWP?2, described pre-
viously (Hill, 1962).” Spontaneous and u.v.-induced revertants were used.

. Culiure conditions, Cultures of the revertants were maintained by serial transfer
in nugrient broth. One-tenth ml. of each culture was diluted into 2 ml. of broth for
transfer and the dilution incubated without aeration at 37° overnight. This allowed
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about 4-5 divisions to occur in each subculture. In one set of experiments, to be
described in more detail later, transfer was also made by diluting the overnight
culture intg 10ml. broth and growing wjth aeration at 37°. When & culture was to
be studied for its content of organisms, after dilution into fresh broth, the remainder
of the culture was centrifuged, re-suspended in Physwlo ical saline solution, diluted
in saline and 200-800 orgdnisms plated in duplicate on’MM and on SEM agar. As
described prewouslgl, MM is minimal medium E solidified with washed agar ana
SEM s the same but supplemented with 5% broth. In experiments whiere the
re?uwe,ment of secondary auxotrophs ansm% among the prototrophs was to he
determined, MM was supplemented with 40/g. tryptophan/ml. or with 20 fig.
phenylalanine or tyrosine. These last two aming, &cids were used to determirie
Whether the secondary auxotrophs were less specific in their requirement than the
primary auxotrophs WP2 and WWPZ, In all cases, the secondary auxotrophs
Wwere found tq require tryptophan specifically. ,

Isolation of revertants, ' Spontaneous and “u,v.-induced revertant colonies were
obtained by Elann? saline suspensions of unjrradiated and irradiated WP2 and
WWP?2 on”SEM of on MM. To be reasonably certain that the mutant colonies
apPearmq when irradiated cultures were plated were not of spontaneous origin, the
volume plated on SEM was chosen to, give ahout 100 mutant colonies, Thé hack-
groun_d of spontangous mutant colonies, arising during the (f]rowth of the auxo-
rophic parent on SEM was usually 6-15. On MM this precaution was unnecessary
since the Parent_ strains cannot grow and the frequency of spontangous mugants
capable of forming colonies on MM did not exceed abgut one per 10s organisms.
A very small portion of each revertant colony was carefully scraped from thé surface
with & needle ana susPended In 1 ml. of saline. Several dilutions of this suspension
wereplaced in duplicate on SEMand on MM so as to observe the initial characteristics
of the revertant. These plates were incubated at 37° and examined daily to deter-
mine the rate of Prowth on MM and any changes that might appear on SEM. After
3 days of incubation, scrap,mgs from one or two colonies Were gut Into 2m|. broth,
The orlgmal saline suspension was also diluted as 0-1 ml. into 2ml. of broth. Both
sets of broth cultures—one set inoculated from the revertant colony when it first
an%),eared and the other set inoculated with a subclone derived from’jt—were then

Intained by serial subculture (the cultures were refrigerated between Sub-
cultures). After every few subcultures, the cultures were studied as described above.

,Termmology. Varioys authors have reported that revertants arising amopg aming
acid-cepend@nt organisms vary in their anility fo grow on unsupplemented minimal
medium (Smith-Keary, 1958: Stadler&Yanofsky, 1959; Strauss & Okubo, 1960;
Bacon & Treffers, 1961). The revertants are usually classified according to the time
required for the colony size on MM to reach the sjz Produce,d b}/ the wild type after
24, of incupation at 37°. Thus they may be F (fast) meamn% hat the growth rate
13 |nd|st|nﬂ%ushable from that of the Wild-type; S48, ésl w, 48 hr.” required);
ST2, etc. The same terminology is used in the present stuay.

RESULTS

Fourteen independent spontaneous revertants and 18 subclones derived from
them were studied first. Of the 14, four were fast types when first examined and
remained fast. This was also characteristic of the Subclones derived from them.
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The rest of the 10 ouqmal cultures and the 15 subclones derived from them were
of the S48 type initially. However, after various numbers of subcultures, all of
}hfse 5 began to show’signs of instability. The instability was manifested in the
ollowing ways:

(a) Gradual overgrowth by a cell type which gave a colony on SEM with the same
morphology as that produced by WP2 (small, grey and translucent) and which
did not form a colony on MM. Whenever this colony type appeared, the colony
was tested and invariably found to be tryptophan-dependent (PI. 1, fig. 1}.

(b) Marked_ variation In the sizes cf the colonies: on MM (PI. 1, ﬁg. ;3. In
some cases, this feature preceded overgrowth by auxotrophic organisms; in others, it
Persmted for some time and then disappeared, onlty to appear dgain at a later time.

n the latter cases, an occasional or a few auxotrophic colonies aploeared but the
%’tlet}”e was not overgrown. A detailed study of one such case will be presented

&c) In some cases, as the percentage of S48 types decreased, they were replaced
no _onlg,by auxotrophic organisms but also by a'very much slowey tyE)e of revertant
which did ot produce a visible pinpoint-sizé colony on MM until after 3-5 days of
incubation_ (P1. 1, ,f|g. 4). Sometimes the culture became stabilized for manysub-
cultures with a mixiuré of auxotrophs and very very slow revertants. Everitually
the very very slow type declined in favour of the auxotrophic type.

Although the four cultures and their subclones which were classified as fast
remained fast, an occasional slight variation in colony size on MM was observed.
Also an auxotrophic colony ?Rpeared occasionall

An interesting finding was that cultures of subclones did not always show exactly
the same pattern of instability as the colony from which they were isolated. For
example, In one case, the oridinal culture became a mixtyre of 10% auxotrophic
cells and 90 % very very slow revertants by the. twenty-first subculture. It then
remained stable atthis ratio through the néxt nineteen’subcultures. On the other
hand, cultures of two subclones from this rParent WEre OVergrown %y auxotrophic
cells by the 9th and T1th subcultures.  In one, the overgrowti seemed to be gradual
and complete, i.e. no revertants were found when 106organisms were plated” in the
glt)?esru baClrj?ttllJ?egf 1% S48 revertants and 99 % auxotrophs was maintained through

Revertants induced by u.v.-irradiation were studied next. After u.v.-irradiation
of WP2 and WWP2, niore than 95% of the revertant colonies were slow in ap-
pearing when plating was done on MM. Bacon & Treffers (19612 reported that,
In the case of spontdneous reversion from ornithing-dependence, the grow_th rate
of the, colony, aS It first appeared on MM, did not indicate Its characteristic rate.
Colonies which did not reach full size until 9 hr. of incybation initially, often
turned ouf to be tast types after sunculture,  However, this was not dpserved
with irradiated WP2 and WWP2. Colonies which were slow in appearing initially
were also slow after subculture. _

The series of u.v.-induced revertants used for study included equal numbers of
S48 and S72 t¥ es. A small fraction of types appearing even more slowly on SEM
?nd MM were Tound, byt these were not ua,ed. en of the reyertants were obtained
rom WP2 and eignt from WWP2, No difference due to the auxotrophic parent
was observed. Both the S48 and S72 types and subclones derived from them
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exhibited the same patterns of instability as the spontaneous revertants. Instability
did_not appear to clepend on whether the. revertant was S48 or S72, .

Oneu.v.-induced revertant was studied in some detail. This mutant was originally
S48. 1t began to show. variations in colony size on MM by the 19th subculture, By
the 84th subculture, this variation was still observed (PI."1, fig. 2) and in addition
a small percentage of the colonies al\%ﬁarmg on SEM were tryPtophan-dependent.
When the smaller-sized colonies on MM werg picked and re-;i)la ed, they turned out
to be S72 and SY% tYpes. The 34th subculture was dong on | Au?ust 1961, In spite
of bi-weekly subcutture by 1/20 dilution in broth since then, there has been no
chalwI in the tp,ercentage_ of auxotrophic organisms and the colony size variation
on MM has persisted until the time of writing—April 1%2. However, a way to
change this picture was discovered. _

In"September 1961, the following experiment was performed. It was [ePeated
twice In February 1962, with some modifications of procedure but essentially the
same results. The experiment con3|sted_3|mﬁ|y of (3) growm% by aeration in broth,
(b) sampling frequently, and (c) comparing the properties of the organisms when the
culture’ was allowed fo complete one growth cycle with the properties when the
cultyre was maintaingd in the Io%anthmm phase.” Details of the experiment and the
results are shown in Tables 1 and 2

Table 1. Instability of u.v.-induced revertant no. 103 as afunction of the growth cycle

Anovernight hroth culturF rowr] without aeration was dilu%ed 1/1000 intq fresh broth
and aerateg’at 37°. Tw?m amples vY]ere rﬁrrov?d evergz { the organisms wa ﬁ
In saline, dilute apda%e%. 8r8 r., the culture was Je rigerated”overnight. The
next day, It was diluted 1/4000 and the experiment repeated.

Organisms/ml, calculated from nos. of colonies appearing  Nos, of cols, on MM « 100,
after 48 hr. incubation of plates containing NosS I?I(/ID\S\?}%QHW C(ilst’e%n
Timﬁ.of MM+ 40 fig, SEM | Tiere Mubated for

sarph%ng tryp%tP ﬁﬁﬂ“ Total %proto. % auxo.  48hr. 2hr.

BRERRR
B R EEEE

At the beginning of the experiment, the culture confained about 3% of auxo-
trophic orgamsms. Althought erewasa variation inthe size ofthe colonies formed on
MM, all of the prototrophiC organisms produced colonigs on this medium which were
visibleafter 48 hr. of incubation. As shown in Table 1, during the logarithmic phase of
the 8rowth C)(cle, the percentage of auxotrophic or?amsms_mcreased shghtll\%. More
importantly, the colonies formed by many of dhe prototrophic orgamsms n MMtook
longer to appear. Both of these effects became more pronouncéd when the culture
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was put through a second cycle of growth. When the culture entered the stationary
phase, the rate of growth of the prototrophic organisms on MM increased again.
Refrigeration of the culture when in the late logarithmic stage of growth seemed
to cause a decrease in both the percentage of auxotrophic organisms and the rate of
growth of prototrophic organisms on MM but this phenomenon was not investigated.

Table 2. Instability of u.v.-induced revertant no. 103 when kept in the
logarithmic growth phase

hese experiments were Ferformed S|multanf\ousl ‘with tgose des 1?nbed |% Table 1

sa eov culture was used initially.. This was diluted aer
mte hr., a 1/ %%funon was made: the 8 Fmon as then aerate anoh er h
the remainder of t g al uturews sampled In the same mann I as, the accom-
g? ¥|ng cy t]ure see |s roce Ure Was repeate everyr |ut| N made
te al time ? ht. ‘The n

uted 1/ |n|t|a]?fg angv thetgrgceerahereogfrtheq previous g%l()t/ re eateo[S Xfyﬁg

?10%6%|Iét|on was also sample

Organisms/ml, calcylated from nos. of colonies appearing  Nos, of cols on MMxlOO
after 48 hr. incubation) of plates containing Nos. o thp oson SEM
e

. When S were
" MM+ 40/IH SEM Inc

fryptopha :
? ypﬁ] Total %proto.  %auxo.  48hr.  T72hr.

¢ of

fion

I

8 xl8 96-§ % 2
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Table 2 shows the results of keeping the culture in the logarithmic phase for an

extended time. There is a more pronounced decrease in the rate of growth of the

prototrophic organisms on MM and a more rapid increase in the fraction of auxo-
trophic organisms.
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DISCUSSION

Itwassu%gested prewously (Hill, 1962) that the number of u.v -induced revertants
which can be detected Is limited by the selective medium, since those requiring
hj (];her broth congentrations would be masked by the mcreas%d rowth of auxotro-
Ph C or?amsms Asecond source of limitafion isindicated b resent observation
hat, after irradiation of the auxotrophic parent, some revertants do not appear
on SEM or MM until after4or more ays of incubation. If even slower ones were
present they might produce, only micraColonies, Still another source of limifation

be the phenomenon of instability. 1f |nstab|l|ty happens to occur within the
f|rs few %IVISIOHS after the newly . induce Prototro starts to A fow,0n agar, the
prototrophic organisms remaining in such a clone might not produce a visible colony

The finding of instability as a characteristic of both spontaneous and u.v.-induced
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reversions from tryptophan dependence in escherichia coti, WP2 and WWP2, is in
agreement with observations made on spontaneous leucine-independent revertants
IMSalmonella typhimurium 0 Smlth-Kean( 19552. As In the case of the revertants
derived from WP2 and WWP2, the slow yPes erived froms. typhimurium leu-
showed different degrees of instability manitested as variations in the fraction of
auxotrophic organisms and in the sizes of colonies formed by the prototrophic
organisms on MM. In addition, revertant clones which appeared initially to be stable
slow types frequently hecame unstable after subculture’ (Dawson & Smith-Keary
1962)." Although instability was reported only for the slow types, our results suggest
that ‘the faster types are probably unstable also. _ _

The slow tyPes In the Salmonella case were shown by %enetlc analysis to be due
to mutation &t a suppressor locus (Sm|th-Kear¥, 1960). Itho\/\uFPh génetic analysis
of Escherichia coli,B—the wild-type parent of WP2 "and WWP2—has not tieen
done, many genetic studies of £, coli K12 have been reported. |n this strain,
suppressor ‘mutations In tryptophan auxotrophs are common and most of the
revertants obtained b}/ u.v.-irradiation are the result of this type of mutation (Stadler
& Yanofsky, 1959), 1t seems safe to assume that this IS true for €. coti B also,

Dawson” & Smith-Keary (1962) showed that the most ﬁrobable explanation
for the instability of the leucineless prototrophs is the attachment of an' episomic
element (Jacob & Wollman, 1961% to the suppressor locus. Their data also indicate
that the episome which attaches to the leucing suppressor locus can also attach to
the proline suppressor locus. Furthermore, instability at the leucine Suppressor
locus was found to be more frequent when this locls was transduced into an
araninose-negative strain, which Pr sumably had more episomes available for attach-
ment than the original leucineless strain. This ubiquity and non-specificity of
attachment of this Type of episome accounts for the observation that instability
may appear at any time. A reasonable hypothesis capable of explaining all of the
Present findings can e made, if 1f be assunied that the |nstab|I|t¥ of the tryptophan-
ess revertants studied here, is.due similarly to the presence of episomes,

Accordmg *0 Dawson & Smith-Keary, thie attachment of an episome to_the mu-
tated suppressor gene causes an increased rate of mutation to, auxotrophy. Thus the
variations in colony size on MM are due to mutation during the grawth of the
prototrophic clones_on minimal agar. The experiment with the unstable trypto-
phanless revertant (Tables 1 and 2)shows that the rate of mutation to auxotrophy
during growth on minimal agar is increased If the organisms were in the Ioganthmm
Phase |{1 brotR before transfeﬂ t0 m|H|ma| aga. Converselg, when th%cells []e trins-
ferred from the stationary phase, the rate of mutation t0 auxotrophy on the plate
15 decreased. This phenonienon Is the reverse of what Is observed when the mutation
to prototrolph¥ from auxotrophy.is induced by u.v.-irradiation. In the latter case,
the number of revertants appearing on minintal agar Increases as the auxotrophic
or?ams_ms 0 from the logarithmic to.the stationary phase In complete medium,
before irradiation and subSequent Iatlnq on agar (Hill, 1962). [t the change from
Prototr_ophy to auxotrophy Is due to the attachment of an episome to the suppressor
0cus, it eems IlkeIY thaf the reverse change from auxotrophy to prototrophy in
these straing Is due 1o detachment of an epiSome from the suppressor locus.
Dawson & Smith-Keary take the view that the orl%lnal leucineless strain becomes
prototrophic by mutation of the suppressor locus (when the mutation s clearly not
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at the leu~ locus) and that the attachment of an episome increases the probability
that the mutated suppressor locus will back-mutate to its original inactive state.
The present findings suggest that the mutation of the suppressor locus causing
prototrophy is the detachment of an episome from this locus and that the back-
mutation to auxotrophy is the attachment itself rather than something which is
caused by the attachment. An interesting corollary of this hypothesis is that the
reason why the suppressor locus is ordinarily inactive is that it is masked by
having an episome attached to it.

According to our hypothesis, the effect of u.v.-radiation on WP2 and WWP2 is
then the_same as the effect of radiation on jnducible I?/sogemc strains of hacteria
(Lwoff, Siminovitch & KAeldqaard, 1950). There are af ledst three features which
are common hoth to the induction of prototrophy and the change from the prophage
to the vegetatlve state;

(1) Thereis an optimal dose of u.v.in the low dose-range which gives a maximum
effect (Jacob & Wollman, 3

) In the case of Escherichia coli K12 (A), the optimal dose is about 80 sec. for
a uv.-lamp of the same type as the one used in the present investigation and a
lamp to sample distance of Ocm. (Weigle & Delbriick, 951 . Foralamp to sample
distance of J0 cm., which was used by us, the optimal dose would be 4V sec. The
dose at which the mutagenic effect for the change from auxotrophy to prototrophy
seems to be saturated is about 60 sec. (Hill, 1362) The agreement in doses, to a
first approximation, is to be expected since the radiosensitivities of E. coli K| and
E. coli B/r are similar (Zelle,
Following irradiation, a period of incubation in rich medium is necessary to
obtain the maximum yield of induced lysogenic bacteria (Weigle & Delbriick,
951) and the maximum yield of revertants. Furthermore, chloramphenicol treat-
ment after irradiation decrease the yield of revertants (W itkin, 19 6 According
to our hypothesis, a decreased yield means either a failure of the episome to detach
from the suppressor locus or immediate re-attachment. Chloramphenicol treatment
has been reported to increase the probability that the phage type of episome will
be attached (Bertani, 1957, Christensen, 19@?

Cells containing unattached episomes can be ‘disinfected’ by treating with acridine
dyes (Hirota & lijim a, 1957 Watanabe & Fukasawa, 1961) This effect is attributed
to prevention of multiplication of the episomes while they are cytoplasmic, followed
by dilution amongst daughter cells during division. The same dyes increase the yield
of uv.-induced reversions from auxotrophy (W itkin, 1961 . If reversion consists of
the detachment of an episome, the action of the dyes would be to prevent re-
attachment. If the revertant is now grown in the presence of the dye, the presumed
episome, and any others which are capable of replacing it at the suppressor locus
and are cytoplasmic, might be diluted out. The revertant clone would then be
stable. Similarly, if the auxotrophic strain is treated with the dye before irradiation,
the induced revertants should be stable. Experiments to determine whether these
predictions are correct are how in progress.

The removal of an episome as the mechanism responsible for the change to
prototrophy in the tryptophanless strains studied here may have general validity
for other nutritionally-deficient strains in which suppressor mutations are common.
It remains to be seen whether this type of reversion occurring in other strains shows
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the kind of instability reported by Dawson & Smith-Keary for a leucineless strain
and confirmed above for tryptophanless strains. If our hypothesis be correct, then
strains in which suppressor mutations have not been detected (Rudner, 1961) may
give only stable revertants after irradiation. It would also be interesting to see
whether in those strains for which u.v.-radiation is not a mutagen for a particular
marker, the spontaneous revertants correspond only to a change at the original locus
(Demerec & Cahn, . In those strains where spontaneous mutations at both
the original locus and at a suppressor locus are possible (Stadler &Yanofsky, 1959 is
u.v.-radiation an effective mutagen for both types or only for the mutation at the
suppressor,locus? . L. .
maﬁl'i/, if the effect of U.v.-irradiation is the detachment of an episome, one ma

ask, as Lwoff has, whether this may justifiably be called mutation (Lwoft, 1953{
Until the discovery of episomic eléients, mutation was usually regarded as the
resultofastablechanqemthe se(ﬂuence ofhases in DNA. Superficially, the question
may seem to be simply a matter of whether one wishes to stretch this definition,
However, there is @ more important consideration. If it should turn out that
u.v.-radiation induces change to prototrophy only by an effect at a sui)pres_sor locus
and the removal of an episome hecomes more than ahypothetical explanation, then
the mechanism responsible for other reported types of u.v.-induced mutagenesis
would require more extensive investigation. Thus mechanisms other than a thange
of base in DNA m_a;r turn out to be more common than. is usually assumed. For
example, differential killing and the relief of competitive Inhifitory effects are
obvious mechanisms by whicnh the mutant fraction of a population Would be in-
creased, Unfortunate_la/ their possible roles in many reported cases of radiation-
induced mutagenesis in bacterla have not been studied.

The author wishes to express gratitude to Dr F. J. Ryan for suggesting the possible
presence ofan episome, Dr P .F. Smith-Keary for a lively exchange of correspondence
and for permission to quote results before publication, and Misses Barbara Potter
and Rosanne Levitt_for technical assistance. Based on work performed under
Contract AT'(30'|)'2740 for the U.S. Atomic Energy Commission.
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EXPLANATION OF PLATE
Prate 1. Colony types produced by u.v.-induced revertants after subculture.
gdgc&ltuﬁeréxotrophrc and revertant colonies formed on SEM by a subclone of no. 101 after 10
Fig. 2 Variations in size of colonies formed on MM by no. 103 after 19 subcultures.

Fi v% . Variations in size.of cdlogres formreﬁ M!YI b|y a subclone of no. 107. This revertant was
rgrown by auxatrophic cells by the fifth subcult
S rﬂ)cu(foulr)ensles of auxotrophs, S48 and S > 96 revertants formed on SEM by no. 106 after

AII plates incubated for 48 hr at 37°.
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SUMMARY

A penicillinase-positive variant was isolated from a penicillinase-
negative strain of Escherichia coli during ‘training’ towards ampicillin
resistance. The penicillinase activity of the variant was increased tenfold
when the organisms were disrupted in a Milner press or treated with toluene,
suggesting the presence of a permeability barrier. The enzyme released
by disrupting the organisms was not precipitated by centrifugation nor
removed by filtration. The penicillinase activity of toluene-treated
organisms was easily removed by centrifugation. Dls%éptlon of the
organisms released enzyme into solution whereas it remained intracellular
in toluene-treated organisms. The variant strain, although resistant to
over 200/ig. ampicilin/ml., did not appreciably destroy it; of other
penicillins tested only penicillins G and V were readily destroyed. The
enzyme was a ‘ penicillinase ’ (/?-lactamase) since the product was penicilloic
acid. The enzyme was not inducible; ex%)_osure of organisms to 6-amino-
penicillanic acid or phenoxybenzylpenicillin produced a threefold increase
In penicillinase activity not due to true induction but to an increased
permeability. The penicillinase of this strain ofE . coli thus differs qualitat-
ively and quantitatively from other penicillinases.

INTRODUCTION

Penicillinase produced by Gram-negative and other bacteria was first described
by Abraham & Chain (1940). However, until recently the interaction between
penicillin and Gram-negative bacteria did not receive much attention because
penicillin G was not highly active against such organisms. Much greater activit
against these is shownby ampicillin (a-aminobenzylpenicillin; Penbritin, BR L1 ]jf
d new semi-synthetic penicillin described by Rolinson & Stevens (1961). The present
paper describes a study of resistance and penicillinase in a strain of Escherichia coli.

METHODS

icjllins. Penicillin G was obtained from Glaxo Lahoratories Ltd. (Greenforg,
Enpgigrllcolj!_l nPsenﬁ:?mn V, ghenet ecl illn (‘Broxi ? meth_Licﬁﬁn {Ceﬁ)emdn’)( ampic?lﬁjn
(‘Penbritin’) 5-methyl- -phengle-él-lsoxazolyl- enicillin SBR 12) and &

I ,
aminopenicillanic acid from Beecham Research Laboratories (Brockham Park,
Surrey), gheno_xygropyl Eenlcnlln_from Pfizer Ltq. él?olkestone, Kentg and phenoxy-
benzyl penicillin(Penspek) from Distillers Co. L td. (Biochemicals) (Speke, Liverpool).

Measurement ofantibacterial activity.. nedro 0-02 ml.()i,ofa hI’._IPf %IOD hrot
culture was inoculated into 2ml. of infusion Broth containing serial dilutions of
antibiotic. The results were read after incubation overnight at 37",



300 J. T. Smith

Measurement of penicillin_destruction, (a) Production of acid from destruction
of %emcnlm G was determined qualitativel bcv the method of Knox & Smith
1961a).  Organisms were grown overmght n Cellulose acetate membranes (Oxo
td.) on nufrient agar and transferred 1o a Bad of three filter-papers, moistened
with a solution of penicillin G containing 25,000 units/ml, 1 Andrade’s indicator
2%). After incubation at 37° for 2-3 hr. 8_en|cllllnase,- _roducmlg colonies developed
pink colour due to proquction of penicilloic acid. Acia is also produced by amidase-
catalysed destruction. of penicillin G Plvmg 6-aminopenicillanic acid, bt in prac-
tice & positive result indicates penicillinase activity. N
_(b) .Microbiological activity of, Pemullm was estimated, bx determining the zone
size %lven by 0-1ml. of variods dilutions of the antibiatic in holes cut in agar plates.
The Test organism used W_&?_Sarcina_lutea ATCC 934).

(c) Destruiction ot penicil mbgamldas_e as tested for by the method of Batchelor
Chain, Richards & Rolinson (1 611. This method relies on the fact that atPH 20
penicillin G can be extracted b¥bu y| acetate, leaving any 6-aminopenicillanic acid,
Wwhen present, in the aqueous phase. The latter was thien éstimated by the hydroxyl-
amine method of Boyer & Everett (1949). L

(d) Destruction of Femullm by penicillinase was followed at a penicillin con-
centration of 2 mg,/ml. at 37° and pH 7-4 in infusion broth. Cultures were grown
overnight at 37° Ininfusion brogh and the organisms harvested and washed twice in
infusion broth by centrlfugoanon at 20004 for 10min. Sodium p-chlormercuri-
benzoate was added to 0 00Lm to_prevent induction of penicillinase during the
experiment (Steinman, 19614, ). The penicillin remaining was determined by the
hydroxylamine method of Boxer & Everett (1949). o

Tests of penicillinase induction. CUltUres were grown overm?htln infusion broth

at 3r° conFalnlng various concentrations, up to 2000 /tg./ml. of the penicillin belng
tested for mduurlw ability. The grganisms were then™ centrifuged down, washe
tw|c_f with 0-001 M-p-chlormercuribénzoate in infusion broth and resuspended. at
similar gptical densities by using an EEL nephelometer. The rate of destruction
of penicillin G was then determined by the hydroxylamine method.
_ Qrgapisms. The_organism used In this stidy was a strain of Escherichia coli
|so|afed from a urinary-tract infection, Iabqratory reference no. 214 This organism
(strain. O) was sensitive to 7-5-10 fig. ampicillinml. by the tube dilution method
and did "not destroy penicillin G When tested qualitatively by the membrane
technl(iue. When strain 0 was traingd to become resistant to ampicillin bY serial
subculture on solid ampicillin-containing media a variant was isolated which was
resistant to 230 flg. ampicillin/ml, This"variant (strain T) destroyed penicillin G
when tested by thé membrane technique. C _

Strains O and T grew at similar rates and gave the same biochemical reactions;
acid and gas were Broduced, n 8Iuc_osT, manpitol, dulcitol, lactose or maltose, and
no reaction was observed In adonitol, inosifol, sucrose, gelatln, urea, arabinose
phenylalaning qr salicin. Both straing were indole-posifivé, Yoges-Proskauer- and
malonate-negatlve and were motile. They did not produce Haf and did not grow
when ammoriium citrate was the sole carlion source; but they did produce acidand
%as In MacConkey broth at 44°. Rahbit antisera Brepared against each strain
Xnibited crqss-a %Iutlnatlon at similar titres (1/1000). Each strain completely
absorbed antibodies from both heterologous and”homologous antisera.
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RESULTS
Antibacterial activity of penicillins against Escherichia coli no. 214 strains 0 and T

_The minimum inhibitory concentrations of varius penicillins using the_tube
ilution method arf shownin Tﬂble LIt (fan be seen that Strain T was more resistant
than strain O to all the penicillins tested.

Table 1. Minimum inhibitory concentrations obtained with various penicillins
Escherichia coli strain

0 T
. lig.Iml.

Penicillin < S
Ampicillin 10 250
6-aminopenicillanic acid 60 90
G 62-5 1,000
Vv 200 1,000
Phenoxybenzyl- 300 1,000
5-Methyl-3-phenyl-4-isoxazolyl- 500 1,000
Phenoxypropyl- 600 1,000
Phenpxy_ethy - 700 1,000
Methicillin 2,500 10,000

Table 2. Rates of destruction of penicillins as percentages of
rate obtained with penicillin G

Staphylococcus Bacillus Escherichia

o aureus cereus coll

Penicillin strain E3 NRRL 569 strain T

G 100 (696) 100 (560) 100 (2)
% 110 117 82
Phenoxyethyl- 100 103 7
Phenoxypropyl- 11 56 4
Ampicillin 198 156 3
Phen(_)x_?/benzyl- 167 91 5
Methicillin . 1 1 1
5-Methyl-3-phenyl-4-isoxazolyl- 1 1 2
6-Aminopenicillanic acid 1 3 5

igures in parentheses indicate the absolute values for the rates of hydrolysis of penicillin G
¢9./mL/min./109 organisms.

Destruction ofpenicillins by Escherichia coli no. 214 strain T

The ability of strain T to destroy penicilling was investigated and it was found
to destroy penicillin G when tested bﬂ the hydroxylamine assay method. The
product was identified as benzylpenicifloic aci b}/ Bpaper chromatography. The
presence of amidase was tested for by the method of Batchelor etal.o(l 61} and the
o_rﬁanlsm was found not to possess this type of enzyme. About 30 % of the peni-
cillinase activity was found inthe culture medium; thus it seems that the penicillinase
was mainly intracellular. . o _

The results (Table 2) show the activity of_the_Renlmllmase of an intact untreate
suspension of Strain T against various Ei)_emmlll ; also included are results with
a susRenswn of Staﬁrylococcus aureus strain £ 3 (Knox, 1960; Knox &Smith, 19610)
grown overnight in (-5 yg./ml. of methicillin as an inducing agent and the super-

20 G. Microb. xxx

F
in /-
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natant fluid from a culture, of Bacillus cereus NRRL 569 (I;rown overnight in 5fig.
methicillin/ml. as an indycin a?ent. It can be seen thal the_penicillinases from
these two organisms are fairly_similar as regards hydrolysis of various penicilling
except for the rates of destryction of 6-aminopeniciflanic acid and phenoxybenzyl/
Pem illin. Both types of penicillinase destroyed ampjicillin much more rapidly than
hey destroyed penicillin' G and their absolute activity was much, greater than the
perilcillinase.of strain T; however, the latter organisms were not induced.

The penicillinase, of Escherichia coli strain. T hiad a much more restricted pattern
of activity in that it only d_e_stroy(ed Femcnlms_ Gand V1 any appreciable extent,
It had a Very low but significarit activity against ampicillin, Which was so_readily
de_stroB(ed hy the other"two enzymes, ‘when tested by the hydroxylaming and
microbiological assay techniques. No increase in the rate of destruction"of ampicillin
was found“at substrate concentrations as high as 15 mg./ml. (about m/25).

Induction of penicillinase in Escherichia coli no. 214 strain T

. Induction of the penicillinase in strain T was investigated, The results are shown
in Table 3. It can be seen that induction with all th& penicillins tested was of a
low order; sta h)élOCOCCI can be induced to increase their rate of enzyme production
50 times (Knox & Smith, 19623 and Bacillus cereus can possess several hundred-fold
more enzyme when induced (Pollock, 1952; Steinman, 1961, b).

Table 3. Inducing ability of different penicillins

_ Ratio of induced
Concentration of to basal

enicillin penicillinase

tested for activity of
o induction intact

Penicillin (fig./ml.) organisms
Ampicillin _ 100* 100
5-Methyl-3-phenyl-4-isoxazolyl- 1000 100
V 1000 1-42
G 500% 100
Phenoxyethyl- 1000 1-64
Phenox_YpropyI- 1000 1-64
Methiciflin = 1000 1-64
6-Aminopenicillanic acid 30* 300
Phenoxybenzyl- 500* 3-45

*T eo,r%anism did not grow well enough in higher concentrations of these antibiotics to test
for induction.

Penicillinase activity of disrupted Escherichia coli no. 214 strain T

The effect of disrupting the organlsms of strain T in a Eress was investigated.
A suspension of strain T Was taken and dlswted in a press described by Milner,
Lawrence & French (1950) and modified by Wimpenny §1_962), at 4° and"3000 |b./
s%.m. The broken grganisms were then tested for destruction of various penicillins,
The broken organisims destroyed penicillin G at a rate about 10 times the rate
obtained with intact organisms but did not destroy ampicillin to any apPr_emabl_e
extent._The enzyme reléased by breaking strain T in the press was further investi-
gated. The enzyme was not precipitated when centrifuged at 33,000 g at 2° for
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90 min.; it passed throu_?h an Oxoid filter membrane of mean 9ore size.0f 0-5-T0/i;
{}yvr\)/glsndestroyed by boifing for 1o min. or by incubation at 37° ovemight in 0-2 %

Penicillinase activity of toluene-treated Escherichia coli no. 214 strain T

Since the penicillinase activity of strain T was increased tenfold by disruption
of the organisms the effect of tofuene treatment was Investigated, Orﬁanlsms were
treated with toluene, samples broken in the press and the activity ofboth suspensions
tested against penicillin G. Both suspensions were about 10 times more active than
untreated organisms. The toluene treatment did not lyse the organisms (as Judg%ed

neghelometry and mlcros_cop[y), whereas disruption of the or%amsms with the
press causes the“optical density to fall by some 60%. |t was found that the peni-
Cillinase acﬂw(t)y of toluene-treated organisms was precipitated by centrifuging
at 2000 g for 10°'min,

Penicillinase activity of disrupted induced Escherichia coli no. 214 strain T

The effect of disrupting induced organisms in the press was examined. Strain T
Was_g_rown overnight In intusion broth-and infusion broth contammg 30_f|g._6-am|no-
penicillanic acid/ml. The,orgamsms were centrn‘u%ed down, washed twice in 1o~ -
E—chlorm rcuribenzoate in Broth and resuspended at similar opacities bfy usmg an

EL nepnelometer, Portions of 6-aminopenicillanic acid-treated and of yntreated
organisms were broken jn the press at 3000 Ib./sq.in. at 4° and all suspensions were
tested for destruction of penicillin G. The rates of destruction are shown in Table 4.

Table 4. Penicillinase activify of intact and disrupted %-aminapenicillanic-
acid-treated organisms

Destruction of

penicillin G,
fig./mL/min./
_m%. dry
weight bacteria
Intact untreated strain T 3-84
Intact 6-aminopenicillanic 12-24
acid-treated strain T
Broken untreated strain T 42-00
Broken 6-aminopenicillanic 42-00

acid-treated strain T

It can be seen that the intact -aminopenicillanic acig-treated organisms Rossessed

about 3 times the activity of Intact untreated organisms. However, both treated

and untreated organisms, when broken, gossessed identical activities. Thus treatment

with 6-am|n0Pen|C|IIan|c acid haa not caused any Increase in tofal enzyme content.

Similar results were obtained with organisms grown in 500 flg._ phénoxybenzyl-

genlclllln/ml. and with the toluene tfeatment™ in place of Tisruption” of the
[ganisms in the press.

Penicillinase activity of disrupted Escherichia coli no. 214 strain O

The presence of penicillinase in strain Owas investigated. Strains O and T were
grown overnight in infusion broth. The organisms were Centrifuged down and vz\ﬁlghed
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in 10-3 xM-"-chlormercuribenzoate in broth and resuspended at similar opagities by-
using an EEL nephelometer. A sample of each suspension was taken, ana disrupted
In the Press and the actmty of the broken and intact strain O organisms compared
with similarly treated strain T qrganisms. These results are shown in Table 5. It
can be seen that dlsrugted strain” O organisms showed_a small amount of enzyme
but not the intact ones. The total amount, of enzyme in the strain O was atiout
one-fiftieth of the total amount of enzyme in strain T.

Table 5. Penicillinase activity of intact and disrupted organisms
Destruction of

enicillin G,
lg./ml./inin.,
per mg. dry weight
of bacteria
Intact strain O 0
Broken strain O 0-84
Intact strain T 4-22
Broken strain T 42-44

. The penicillinase activity of strain 0 released by disruption was_ found to be
similar; to the enzyme possessed by strain T: 1t was heat- and trypsin-labile, not
remBltated by cen_tr_lfugatlon noy”removed by filtratjon throuig(;_h an Oxoid filter
membrane. The PemCIIII ase act|V|t¥was exposed by either breaking the organisms
In 3 press or by toluene treatment. The activity of toluene-treated Suspensions was
sed|mented_b,)(_centnfu(?atmn at 2000 ¢ for Z0min. The enzyme of strain O de-
stroyed penicillins Gand V at similar proportional rates to those found with enzyme

of strain T and was relatively inactive against any other penicillins,

DISCUSSION

As aresult of ‘training " Escherichia coli no. 214 strain Oto resist the antibacterial
actmtz ofampicillin, strain T was selected, and this strain possessed a total content
of about 50 times more penicillinase than the parent strain. Both strains O and T
%ave similar biochemical reactions_and serologically could not be separated.

herefore 1t seems likely that strain T was a mutant of strain O. Further attempts
to. select a mutant from strain O with the characteristics of strain T have so far
failed; therefore 1t seems that such a change 1S a rare event. Although the enzyme
of strain T was relatively inactive against ampicillin, as compared with its activity
against i)enlmllm G, it did destroy some. |f the enzymes of both strain O and T are
identical the fact that strain T ng)ossessed much more enzyme than strain O ma
explain the resistance of the former to ampicillin, Indeed the penicillinase activit
of strain O was only demonstrable when the cells were disrupted or treated wit
toluene, whereas a tenth of the total ?emmlll_nase actjvity of the variant strain
could be detected in intact cells. Thus the variant strain could have some sort of
advantage over the parent strain in the presence of ampicillin. _ _

Another possible way of explaining the increased resistance of the variant strain
would be If the penicillinase had some essential metabolic function to the cell. The
flndmg that the variant strain had about 50 times more enzyme m|§ht mean that
this strain would have an advantage over the parent strain If the enzyme were also
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a site for antibiotic action, Indeed Abraham & Chain (1940) stated that the numpber
of bacteria found to contain an enzyme actlnlg on penicillin points to the possibility
that it may have a function In thelr metabolism
Of course resistance, to penicillin is not always due to_penicillinase, Stapht{lococm
trained to become resistant in vitro do not destray penicillin G but become tolerant
t0 It, whereas resistant strains isolated from clinical specimens possess pemullmase
ESpmk & Ferris, 19452 The strain of Escherichia coli used here was trained to ampi
illin re3|stance in vitro and It 15.quite Possmle that the ampicillin-resistant variant
Was resﬁ ant Y a mechanism similar to that seen in staphylococci made resistant,
to penicilfin G in vitro (Knox & Smith, 1 5%
he behaviour of the enzyme found in the scherichia coli strain T was different
rom that ofpemgnhneﬁes belonging to other species of micro-organisms which have
een prewousy escrie
ﬁ enicillinase activity of strain T was increased by about tenfold b
dISU ting the cells or by toluené treatment, indicating the presence ofa permeabilit
arrler eronlmvs& ohen (1958) found that the Cell membrane of penicillinase-
producing staphylococcr did not present a barrier between penicillin G and the
enicillinase, and Pollock (19615 obtained 5|m|Iar results with Bacillus suptjlis,
n the other hand, Nowck (1962), usmg staphylococcal penlcnhnase found that
the extracellular enz me adahl er affinity for en|C| msGanthhan the
cell-bound enzyme, which could su estthat a ermea hilit arrler may be present.
When the organisms wereb oken In the ress the penicillinase activity was
o Brempltatedb centrifugation norremovedb filtrationand therefore seems to be
Saz, Lowery & ackson (1961) found that the mtracellular penicillinase
o staso my ococci was particulate as it was removed by centrifug mfg at 144,000 8
n. Sabath & Finland B1962|) found that the éem(:llhnase fom disrupte
?Itﬁghylococu could be removed y filtration through a bacteria-proof sintered glass

When the enzyme of either strain O or T was exPosed by toluene treatment
easily precipi atedb centrifyging down the cells, whereas the penicillinase
act|V|ty of dlsrupted cells remamed In the suPernatant Thus the penicillinase ma
be attached to the cell by a mechanism which Is not associated with the permeabilit
barrier, or toluene treafment may damage the permeability barrier sufficiently to
allow accests of penicillin G to the peniCillinase but not stfficiently to allow"the
enzym
@) The PeCIfICIt pattern of the Escherichia coli penicillinase was muych narrower
thant at of Staph ococcusaureusor Bacillus cereus Ioenlcnhnases It |3|nterest|n%
that |tdestro¥ en|C| |thwevet|mes more rapidly than phenoxyethylpenicilli
which differs ro the former In that It has one mare methyl group 1 the sidechain,
w The penicillinase of the Escherichia coli strain T was not In u<:|ble Treatment
of the, or%amsms with 6- ammogemmllanlc acia or Phenox benzyli)enlmlhn did not
Ive rise 10 a real Increase In total enzyme content but caused a larger prO{)orhon
/10) of enzgme to be accessible to the substrate than the EProportlon 10%70
unmasked enzyme In untreated cells. Whether this |sdue to d geo the perme-
ability barrjer aIIowmg the substrate easier access to the enzyme or due to an In-
creased active transpOrt mechanism, such as permease, across the permeability

barrier is unknown.
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SUMMARY

Damage to living organisms b Xray but notb ultrav radi tron
R 3/ GO
¢ relaten 10 hofmr Cpre(s)enceo gpeacrn ea}sla Aetor o ring
%\H dEionic row% SO e}rar 0. or Xrays de-
Creast o men br mos rveat uv andmor
effect rve rvere bsence an In the' presence o
AT h@e fnaero row Correspon ed wilh & VAFIE

e 2o ouf 4 oFeq rv oy I()rrre"i1 ahonto r}rea me ¥rh81nw 0 '?re%r
e Wer ised ﬂ% fe ¢ ECtlV a wasBr;ecrease
ﬁ UGS lon On ESCRErIEhia [ Were U
UL rrrrnaarerfaarawae et S

e rarean i “ér%raar il s i
radiation did Ot alter the ¢ ctofoxygen Uring Irradiatio

INTRODUCTION

Various lines of evidence sugRort the view that oxy?en which enhances the
effectiveness of ionizing radiation when present durrn% rradiation, acts Ph ySico-
chemically, rather than by affectrn% metabolism, With some straing of micro-
organism, effects of radiation on cofony-forming ability may be greatly modified
by chan?mg the conditjons of growth, Koth before and after irradiation.” Modifica-
cation of this.type is clearly rélated fo effects on the brochemrcal Processes which
lead to cell division, and thie presence or absence of ox&gn durin growth of the
organisms may affect the end'result. The mechanisms of this mod rn actron of
oray en are easrlx drstrngurshable from those rnvolve% in the paftw re 0X r%en

¥|nterve ing In the ‘metionic reactron 8. the chemical reaction |

ollowing. an"ignizin e\rﬁnt ‘)

as reported yAI er Gillies 160a)t at Escherichia coli strain B organisms
wh en Kept. anaero IC after X- oru,v.- irradiation benaved like those to which other
metaolic rnhrbrtors were ap glred In that their colon -forming abrlrty was much less
affected than when they were grown in optimal conditions. Effects of anaerobic
8rrt)w|th on this strain, and on |tsmutantE coli B/r, have now been studied ingreater
eta
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methods

Organisms, The organisms used.in most of the experiments were Escherichia ol
strains B and BIr, as used In previous work in this laboratory. A few comparatiye
experiments were_done with E. coli strains K 12(A) and K125, and with Salmonella
typhimurium strain LT2. , _ _

Media. Oxoid blood-agar base was used as plating medium and for slopes. Oxoid

nutrient broth no. 2 was used for broth cultures.
_ Pre,oa_ranon of organisms. Logarlthmlcilohase_broth cultyres were prepared by
inoculating 0-2 ml. of an gvernight broth culture into 5 ml. of fresh broth which was
Incubated tor 90 min. at 37° with a moderate degree of aeration, A further dilution
of this culfure was made and agration_continued_for 105 min. The organisms were
then centrifuged down and washed thrice in 0-067 M-phosphate buffer{(pH 7-0) and
finlly resuspended in this buffer, _ o

The most convenient way of attaining mammallg_aerobm conditions was to grow
the organisms on slopes for a shart tinte. Anaerobically grown cultures were pre-
pared Dy using slopes incubated in a Mclntosh & Fildes anaerobic jar so that the
conditions of growtn were the same In all but this one respect. All aerobically
grown sIoPe cultures were harvested after ?rowth for 4-4-5 hr.; anaerobic cultures
were usually tgrown for the same time, but in a few experiments th%y were left lon
enough to enter the stationary Phase. The organisms were harvested by washing o
n IQhosphate_ buffer, and were then washed fwice more. _

or ultraviglet- GJ.V.-) Irradiations the organisms were spread v_erz thlnlly on
cellophan carriers s %ported on 1:5% agar in‘istilled water, a technique described
by Alper & Gillies (1958). Suspensions 0f organisms were exposed to X-rays or to
8MeV. electrons in sBefla!)lz dfsg]gne? vessgls_through which air or oxygen-free
nitrogen was continuously habble (‘A_ per, 1955), _ _
. Satirces of radiation. (L)” Ultraviolet-irradiations were carried out by using awater-
acketed Hanovia ‘Germicidal’ lamp, 90% of the energy bel_n? emitted af 2537A.,
ne dose rate was about 200 ergs/mm.2min. (2) For X-irradiations we used a Solus
Schall 300 kV. constant potential X-ray unit, oEeratmg at 250KV, and 10 mA,,
with no added filtration. The dose rate i the vessels was 1050 rads./min. as deter-
mined by ferrous dosimetry. (3) In certain experiments we used the 8 MeV. linear
accelerator of the M.R.C. Radiotherapeutic Research Unit (Batchelor, Bewleg
org\ soer} 19%t9 venson, 1959). The arrangements for irradiation were as describéd

P_os?-lrrad|at|0n treatment. All putrient agar plates were warmed to 37° before trans-
ferring tothe surface either samgles_ of syspensions of organisms, or cellophan carriers,

Andgrobic conditions were obtained by using a McIntosh & Fildes anaeropic Jar,
evacuating and refilling with Pure h}/_dr gen twice, The jar was maintained at"3/
throughout. After overnight Incubation air was admjtted and the Incubation. con-
tinued until the colonies viere large enou%h to count (about 6 hr.L_Slnce Wwe wished
to establish comparative rates ot growth on plates, under aerobic and anaerobic
conditions, the technique described KAI er &Gillies %1960a’) Was Used. Orﬁanlsms
Were seeceq on to_strllos of cellophan supported on the_surface of nutrient agar,
removed after suitable intervals and shaken n MacCartney bottles coptaining
phosphate buffer. Viable counts were made on the suspensions so obtained.
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ChloramPhenicol treatment. In general we followed the. methods described by
per (1959). Cellophan carriers onwhichthe organisms had beenirradiated

were Jaid on the syrface of nutrient agar _chloramlphemcol and left overnight in
e

aerobic or anaerohic conditions, The Carriers we

then transferred to normal

nutrient agar and incubated until the colonies were large enough to count,

been Incuba

In one exPerlment air was admitted to chloramphenicol agar

: Blates which had
ed anaerobically overnight and the organisms, icu

ated aeronically

for a few hours on chloramphenicol aﬂar in case the anaerohiosis had prevented the

chloramphenicol from exerting Its fu
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effect. The final result was not affected.
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Fig. 1. Survival of Escherichia coli strain B/r (harvested from a slope growing aerobically
oranaerobically) after exposure in buffer solution to X-rays under oxygenation or anoxia.
Subsequent inCubation aerobic. ¢, Grown aerobically, irradiated Under oxygen; o,
grown aerobically, irradiated under anoxia; A, grown anaerobically, irradiated under
oxygen: Agrown anaerobically, irradiated under anoxia. Dosa%e scales have bheen
selected so that survival curves for irradiations with and without oxygen are super-
imposed. 95 % confidence limits on every point are indicated.

Fig. 2. Survival of Escherichia coli strain B/r (harvested from slopes ?,rown aeroblcalh{
or anaerobically) after exposure in buffer suspension to u.v.-radiation. Subsequen
incubation aerobic, X, Grown aerobically before irradiation; A grown anaerobically
hefore irradiation.

Chloramphenicol (5 /ig./ml.) was used in the experiments rePorte_d bz_ Gillies &
nrﬁs?nt series we found q loss of viapil |r[%d|ated

d tyinu
eft In contact with c?wloramphemcoll %5 7ig./m OVer-
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night. We cannot account for this increase in toxicity. Chloramphenicol at 1 /ig.fml.
had as much rescuing effect as was found, previously with 5 fig./ml.; the lower con-
centration was used n the present experiments,

RESULTS
Effect of anaerobiosis before harvesting organismsfor irradiation

Escherichia coli B/r. Youn(ry cultures of E. coli strain B/r grown on nutrient agar
slopes yielded exponential of ver ne_ar!y exponential survival curves, while those
of the same age grown anaerobically yielded curves of equal slope, but with an initial
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‘;x‘ \\ \ \
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Energy (ergs/mm.2) Energy (ergs/mm.2)
Fig. 8 Fig. 4

Fig. 3. Survival of Escherichia coli strain B (harvested from slopes grown aerobically
or anaeroblanIyL after exposure on_cellophan carriers to u.v.-radiation. x, Grown
aerobically, incubated aerobically; Qgrown al&roblcally, incubated anaerobically; A
grown anaerobically, incubated “aerobically; A, grown anaerobically, incubated an-
aerobically. The dashed curves indicate thé survival of,broth_-%,rown logarithmic phase
organisms grown aerobically or anaerobically after u.v.-irradiation (see Fig. 5).

Fig. 4. Survival of Escherichia coli strain B/r (logarithmic phase, broth-grown) after
exposure on cellophan carriers to u.v.-radiation. = X, Aerobic incubation; Qanaerobic
incubation. The dashed curve indicates the survival of E. coli B grown under similar
conditions and incubated anaerobically after u.v.-irradiation.

shoulder. Survival curves pertaining to anaerobicall _%rown organisms had extra-
Eolatlon numbers (AIPer, llies & Elkind, 196021 as |8, as 8 (Figs. 1, 2). The final
lope of 3 survival curve with stationary-stage anaerobically grown ort]lanlsms was
on sllghtI{ less. thap that observed” with logarithmic-phase organisms grown

aerobically

see Fig. 1). Figure 1 shows that pairs of survival curves for the two
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populations, each irradiated in the presence and absence of ox¥gen, could be super-
Imposed b}/ _usm? the same dose-multiplying factor (2-6 in_the conditions of the
experiment illustrated). These results are in agreement with those reEorted bg
Hollaender, Stapleton” & Martin 81951_) Howard-Flanders & Alper 3957_) an
Sargent (1961). " Figure. 2 shows the difference in response to u.v.-irradiation of
aerobically and a_naeroblcaIIP/ grown organisms of the same age. _

Escherichia coli B. Qrganisms of thiS strain grown aerobically on nutrient agar
slopes were not so sensitive to u.v.- or X-irradiation as were broth-grown organisms;
those grown anaerobically were still less sensitive (Fig. 3).

Q
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! ) 1 i 1 1 j | ) L X
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Energy (ergs/mm.?) X-ray dose (kr.)

Fig. 5

Flﬂ. 5. Survival of Escherichia coli B (logarithmic phase, broth-qrown) after exposure on
cellophan carriers to u.v.-radiation. X Aerobic incubation on Oxoid agar; Qanaerobic
incubation on Oxoid agar; Aaerobic incubation on Oxoid agar+ 1 /tg. chloramphenicol/
ml. followed by incubation on nutrient agar; A, anaerobic incubation on Oxoid
agar+1 /;g./chloramphenicol/ml., followed by incubation on nutrient agar.

Fig. 6. Survival of Escherichia coli strain B (logarithmic phase, broth-grown) after
exposure in buffer suspension to X-rays under anoxia, x, Aerobic incubation after
X-irradiation; Qanaerobic incubation after X-irradiation.

Salmonella tthimurium LT?2. This sfrain showed the same characteristics as did
Escherichia coli B/r: survival curves of anaerobically grown organisms showed an
Initial shoulder not seen with aerobically grown organisms.

o ~Anaerobiosis after irradiation .
Escherichia B/r. This organism showed no effect on the survival curve after u.v.-

(FIE.4 or X-irradiation. ~ o . .
scherichia B. Anaerobiosis was more effective in rescuing the organisms after
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u.v.-irradiation than after X-irradiatjon; irradiation was mare effective when the
organisms were X-irradiated in the absence of oxygen than, in its presence (Figs. 3
and 5-7). Up to the time of the first cell division, Increasing duration of andero-
biosis pérmitted more X- or u.v.-irradiated organisms to give colonies; conversely,

periods of aergbic %rowth before anaerobjosis Was started decreased the

subsequent  imposition of anaerobiosis no_longer

affected thé number of colonies formed. Figure 8 shows how the coIo_n¥_-form|ng
ability varied when the organisms exposed. t0 200

transfverred successively from an an

ergs/mm.Zof u.v.-radiation were

aerobic to an aerobic environment and vice

.
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Fig. 7. Survival of Escherichia coli strain B (logarithmic phase, broth-grown) after
exposure in buffer suspension to X-rays under oxygen, x, Aerobic incubation after
X-irradiation; Qanaerobic incubation “after X-irradiation.

Fig. 8. Survival and growth of Escherichia coli strain B (logarithmic phase,_broth-
?rown) after exposure on cellophan carriers to 200 ergs/mm.2 U.v.-radiation. QT rans-
erred from aerobic to anaerobic incubation at the time indicated on abscissa; ¢, trans-
ferred from anaerobic to aerobic incubation at the time indicated on abscissa; x , viable
counts, on u.v.-irradiated organisms growing aerobically, as multiple of initial count.

versa. The growth of the u.v.-irradjated organisms in aerobic conditions is shown.
There was a similar dependence of survival on duration of aerobic or anagrohic

growth atter X-irradiation. The dose of X-rays re
OOergs/mm.Zu.v.-radwtlon|mi%)setias orterl%g
occurred was correspor mg o

er organlsms. Anaerobiosis hatl ho effect on Escherichiacoli K lng) orK 12S after

tion. Salmonella typhimurium was affected like E. coll

ch%r%g

u.v.-irradi
extent.

y shortened:

;

ulred to give the same survival as
eriod, and the period withinwhich

but to a lesser

Multiple of initial count
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Effect of anaerobiosis on growth of Escherichia strains B
and Bfr(‘lunlrradlated)

Escherichia coli B/ hag the same Iag phase and generation fime whether grown
a‘eroblcallx/Nor anaerobmall]\é._WlSh E. coli B, however, the lag phase and the genera-
tion time were increased (Fig. 9).

-

X

102 -

F—>-%x4
-

1C

Multiple of initial count

| ] 1 | i
1 2 3 4 5

Time of incubation (hr.)
Fig. 9. Growth of non-irradiated Escherichia coli strains B and B/r éharvested in log-

arithmic phase from broth), x, E. coli B_growing aerobically; +, E. coli B growmg
anaerobically; A, E. coli B/r growing aerobically; O, E. coli B/ growing anaero

ically.



314 B. Hodgkins and T. Adder

Interaction of anagrobiosis with chloramphenicol treatment after irradiation

Anaerobiosis_as a mechanism for resculn? irradiated Escherichia coli B had
sh%htlg more eﬁectthan had chloramphenicol freatment when the latter was apRhed

jately after plating. As reported by Gillies & Alper (1959), chloramphenjcol
treatmentappliedtou.v.-or X-irradiated organisms after short incUbation onnutrient
agar allowed more organisms to form colonies, When the counts were expressed as a
dose-effect curve, thé higher. counts were seen to be due to the appearance of an
initia[_shoulder on the Survival curve. ChIoramghenlcoI treatment in anaerobic
conditions brought about much less rescue than anaerobic growth alone, or chloram-
phenicol treatment in aerobic conditions (Fig. 5).

o ~ DISCUSSION o
Anaerobiosis as a rescuing treatmentfor u.v.-irradiated Escherichia coli B

|t was suggested by Alper (1961, 19622 and by Gillies (1961) that the lethal effect
of X- or u,V.-radiation on micro-0rganisms mluht occur as a result of damage in at
Ieast two sites, sch that treatment after irradiation might act dlfferenuallu onthese.
As observed with other treatments which rescue Irradiated organisms of this strain
of Escherichia coli there seems to be a minimum detrtree of damage which anagro-
biogis 15, unable to affect much the same dose effect curves are seen Whenuv or
X-irradjated E. coli B |s treted 1,v keeping the organisms, anaerabic, by chl oram
Hhemcol by specific in |b|t|on of protein”synthesis (Gillies, 1961) or slmplly 9}/
olding the_ organisms out of contact with ‘nutrients (Roberts &Adous 9
CharleS & Zimmermann, 1956: Gillies, 1961 It seems robable that all such treat-
ments enablethe organisms to by-pass amage to aparticular site, but the mechanism
may very WeII be dlfferent W|th different treatments Certainly the Kinetics of
resCue by chloramphenicol or by puromycin (Dr N. E. Gillies, personal communica-
tlon) differ fromt 0se observed with other treatments we have used. As shown In
E)re |m|nary aerobic |ncubat|on decreased the eﬁecuveness of subsequent
anaerob 0SIS: simi art() a preliminary period of normal Protem synthesis decreased
the effectiveness of s sequentspeu I inhibition thereor (Gillies, 1961|) The reverse
Is true of treatment by chloramphenjcol and puromycin, thelroveral effectiveness
being greaterafteraprehmlnaryperlod OfVI rous normal metabolism. Byt when
chlofamphenicol or puromygin Was aPp ied immediately, and for short periods, to
V.- or X- urat\hahed 0 vganlsms Par |culark Wheh these were In the logarithmic
stag?e of growth, there was a decrease In the final colony count, not an” Increase
Gillies & Alper, 1959: Dr N. E. Gillies, personal communjcation). Not only was
here no additivity m the resculng effect of chloramphenicol treatrhent and anaero-
biosis, hut these two treatments In fact counteracted each other (Fig. 5); this
suggests that two different pathways of rescue from radiation damage may’ inter-
fere"with each otner.
Anaerobiosis hefore u.v.- or X-irradiation. In all three strains tested, anaeropic
rowth decreased the effect of radiation on colony-formn ab|I|tE Anaeroblc
rowth conferred on Escherichia coli B/r and on SaImoneIIa tlxg imuri m the abil |t
0 bsorbe]dose ofrftdlatlon betore the Killin ecarggcerégs ntial with d se,w I

with E. coli B the slope of the survival curve was ed. When E. coli B was
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quown anaerobically after irradiation, as well as before, the survival curve showed
e same characteristics as did that ertalnln? to anaerobically ?rown E. coli strain
Blr (Fig. 3). It was inferred by AISer&Gll les (1960, b) thaf the two strains of

E. coli as normally grown (e.p. In nutrient broth) do not differ in the tar?ets which
they present to radiation, but'rather in the effect which damage to these arg{ets has
on the bichemical pathwags_ which lead to cell division. Like other treatments,
anaerobios|s aft_er_ﬁi.v.-lrradl tion has the effect on E. coliBof making its response to
u.v.-radiation similar to that of its resistant mutant B/r, the growth Curve of which
Is exactly the same in agrobic and in anaerobic_conditions, "It is noteworthy that
anaergbiC conditions, without affecting generation time, affect E, coli B/ so pro-
foundly that the organisms acquire the ability to absorb a ‘quasi-threshold dose
FAI er'etal. 1962) which is about twice that réquired to )froduce an average of one
ethal event per organism, once the curve has become exponential.

Y;Vﬁ are grateful to Dr N. E. Gillies for permission to quote some of hisunpublished

results.
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SUMMARY

Forward mutaﬂo&mbat the { locus in Neurospor %ck mu atl
al.alg, Were Scorea oy esu pressor et 1S me 's
Siceht ang e sm creemn rous acld
ehonate uItraV|

gw% ane s effect |vea muta %X

L! Ine USive resu It T ¢ salle %r
g orgus \I/eenrséao |he ffern o Hf R\Pﬂsoast E)r
?Xge%rﬂélglgotlhs SN S[gpaer?égd t0 mduce mu gtlons which asﬁect J SIR‘l F

INTRODUCTION

To facilitate studies in mutagenesm It is necessary to have screening methogs,
both simple and thorough fort eselectlon of forwar andb gkmutants at sReuﬂc
loci (Westerqaard 196 partlculary promising orwar selection method IS
available forthe g pvr) locus of Ne urogpora This method w?s described in the
first paper of this serie e|35|g1E 1960), and wall be henceforth called the Suppressor
method. |t can be outlined as ollows: uninucleate conidia, (microconidia) from an
arginine-dependent strain of Neurgspora are plated on medium supplemented with
B rimidine, but Iacklnq arginine. Ar%mme -lependence in this strain is determined

the arg gene. The arginine-independent colg |eswh|ch?r0w onthe screening plates
résult from any of the foIIowm events: (1) back mutation at arg; (ii) forward
mutation from YH top Xr avmg thepe|otrop|ceﬁectofsuppressm tearqmme
requirement while creating a requirement orpyrlmldmes Emosamfo dyrcoonles
also grow, because the sinPressor frect ofpyris d mman {m orwar mutatlon
from’ pyr+to Tp yralae alleles which suppress arg, but do no createaPynml Ine
re uwement fie main purpose of the resentstd wasto test the usefu ness of the
suppressor method for. (a) screening mutagens; () ana ysm?\lpatternso mutagen
specificity; (¢) determining how mary of the chains in tiie DNA duplex are altered
Eer mut ge c it It was of particular interest to test (C g& or nitrous acid
ince Tessman (1959% and Yielmetter & Wieder g1959) showed that nitrous acid
Produced single-chal mutagemc hits in bacteriop g Contrary to those results,
he data fo De presented here suggest that nitrous acid produces mutations in
Neurospora by simultaneously altering both chains in the DNA molecule

The Tollowing abbreviations are used: pyr for pyr-3; arg for arg-2

* Present address: Laboratorio de Genetica, Facultad de Ciencias Exactas y Naturales, Peru

222, Buenos Aires, Argentina.
” G. Microb. xxx
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METHODS

Neurospora strains. Strain ED 416 carries the arg (Srb & Horowitz, 1944), cot
ngtcheII & Mitchell, 1954), pemand fl (Barratt & arngobst, 1949) markers. In
onsequence It 15 arginine-cependent, colonial at températures anove 31° and
microconidial. MicroScopic ghservation k&y using Glemsa staining showed that 98 %
of the microeonidia vv_erg %nlnuEIeate and 2 % Binucleate ,

Atester strain carried the following markers: co (Mitchell & Mitchell, 1954), arg
and pgr (Re|53|r%, 95%. _ ,

Media, The medium of Westergaard & Mitchell 99473 with Jower sugar content
LO-_Z-l %) and supplemented as required was used for crasses. The. solid medium of

ries (Beadle & Tatum, 1945) Stﬁ)ﬁlemented as required, was used in all other cases.
Hydrolysed ribonucleic acid (RNA: 0-5g./1) was used as pyrimidine source;
L-arginine HCL was added to 0-1 g/1.

S eemng. Microeonidia were harvested from cultures_of ED416-1a grown at

20° for a ortnl(fqht on arplmne-s_upplement_ed mediym. This, low temperature of
Incubation was Tequired fo obtain good microconidial viabilit QF. J. de Serres,
Personal communication; Reissig, unpublished observations!. n the experiments
0 be reg(l)rot/ed, the viability of untreated microeonidia ranged from 18 to 61 %,
average 31 %.
_Theg microconidial sus&)ensjon was filtered through sintered glass (average pore
diam. 50 1) and washed twice with water b}( centrifugation.. Suspensions con-
taining _10'3_ microconidia/ml. were incubated at 25° with"agitation under the con-
ditions indicated below. N _ _

For treatment with ultraviolet %.v.) radiation, an aqueous suspension of micro-
conidia was exposed to a Hanovia Germicidal Unit for various times. The u.v. dgse
in erPs was determined by using the dosimeter of Latarjet. For treatment with
eth¥ methane sulphonate, the microeonidia were incubated for 11, .in the pH 9
bufter of Teorell & Stenhaqen (1938) + ethylmethane sulphonate. This procedure
was developed by H. Mailing (personal Communication). For treatment with
nitrous acid, the”microeonidia were incubated for 35 min in 0-05 M-potassium
tartrate + sodium nitrite. The nitrite was added at time_ zero to the incubation
mixture as a freshly made, sterile filtered, agueous solution. For treatment with
pr-benzoqumone thé microgonidia were incubated for 2 hr. in half strength pH 65

eorell & Stenhagen buffer+p-benzoguinone, Treatment with 8-ethoxycaffeine
required in ubatmRs for ? dags In |I%UId minimal medium (1.e. minimal” medium
minus a%a_r +8-ethoxycaffeing. In every experiment an untreated series was
Incubated 1n a similarfashion, but witholt the mutagen.

The screening Plates contained minimal medium su;r)#lemented as follows: bottom
layer (12 mlgw h hydrolysed RNA: middle layer (3 Iq like the bottom layer, but
containing, the microconidial susFensmn; top layer (12 ml.) with hydrolysed RNA +
L-canavarine su“ohat_e (0-15 é] ) + L-lysine”HCL (0-05¢./1). “In Some experi-
ments, an aqueous micrconidial Suspension was substituted for the middle | 5yer.
The tolo ayer was required to inhibit residual growth, and was added 18-25 hr.
after plating the microgonidia, The plates were incubated at 32°. but cooled to 25° for
some hours on the day before scoring. Scorlnq was done on the 8th day, unless other-
wise specified. Viability was reckoried from platings on minimal medium + arginine.
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Low plating densities and premature addition of the top_ layer resulted in low
recoveries of mutants (]Re|53|g 1960; and unpublished). "Since some mutagenic
treatments alter the value of those. parameters, each experiment was run I SIx
series, plating microconidia at densities of 2 x 107and 108(P]|ateJ and adding the top
layer 18, 21 and 25 hr, after plating. Only the results of the highest-yielding series
are,rePorted. Analysis of the co_mi)lete results, and reconstriiction’ experiments
Indicated that recovery was essentially quantitative for treatments with low doses of
mutagens, but was occasionally mcomglete at higher dosgs.

Othler procedures, For further studE, mutants™were picked on to_ slopes supple-
mented with arginine + pyrimidines. Filtered microconidial suspensions from each
of those cultures, at concentrations of 103104viable microconidia/plate were plated
on three different media: arglmne sugglemented, lemldlne sugPIement_e . and
unsupfplemented. These plateS were used for rPunflc tion of the strains, preliminary
classification_of nutritional requirements, and classification of the clones as pure
or mogaic. Further experimental details are presented in an earlier publication
(Reissig, 1960)

RESULTS
Dose effects of mutagens

Figure La shows that u.v. radiation, ethylmethane sulphonate and nitrous acid
were” effective mutagens. The curves presented relate mutant frequency among
survivors to the log of the survwmg fraction. They are roughly equivalerit to dos
dependence curves, since the log of the surviving fraction isTapproximately a linear
function of dose (Fig. 2). _ o

Each microconidim Teceives on the avera(I;e one lethal hit when the survival is
37% (Lea, 1947). The probability of a scorable mutation at this survival value can
be read off Fig. la. It 15 2x 105 with radiation or ethylmethane suIRhonate, and
10~5with nitrous acid. Therefore, the ratios of the probability of a lethal hit tothe

robability of a scorable mutation are 1:2 x 105 or 1:10~5 according to the
utatgen Used. Such ratios can be taken to represent the relative size and perhaps
sensifivity, of the targets involved in k||||n? the whole genome) and in mutation
?enes rg)cyr and arg?. et this.can be at best an approximation since the mutation
eque K curves for uv radiation and. ethylmethane sulphonate are non-linear,
Treatment with p-penzoguinone kills microconidia, but induces no mutations. The
data are incluged in Fig, 1 to show that mere killing will not simulate the indyction
of mutants (Gng%%, 1952; Kolmark & Westergaard, 1952). Figure 15 is simifar to
Fig. la, except that mutant frequency was Calculated per tréated microconidium
InStead of pe survwmgi_mmroco idium. Net Increases In the number of mygants
were observed, thus ruling out selection of pre-existing mutants as.a significant
factor in.the results presented. In other experiments, treatment with 8-ethoxy-
caffeine increased mutant fre%uenc amonP survivors, without effecting a net
Increase over the spontaneous value, ‘Suryivals were (%2j 39,17,10, 7, 3and 2 under
the conditions used, which involved incubation for 3-5 fays with concentrations of
8-ethoxycaffeine up to saturation, at temperatures ranging from 12to 32°. Controls

were Incubated under the same conditions, but withoUt 8-ethoxycaffeine.
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Mutagen specificity

The suppressor method [yields avariety of mutant types: pryrimidine-inde_pendent
ypes, Including back mufations at ar_? nd mutations to Py_é"aB' and pyrimidine-
ependent types, comprising five, different complementation classes and, whole
range of degrees of de[ﬁendence (Reissig, 19632. The %uest_lon arose whether different
mutagens give the sa es?ectrum ofmutant types. This IS so within the pyrimidine-
dependent group, where the three mutagens tested yielded the same distribution
of complenienting types (Table 1). Furthermore, comparison of the trequencY of
types exhibiting residual growth among mutants induced by u.v. radiation, ethy
methane sulphonate or nitrous acid, did ot reveal any mutagen-specific differences.

Table 1. Mutations in Neuro? or_? rgpresergjn the different
complementation groups, classified accor mS 0 origin

Methods as described in Reissig (1662)

Xo. mutants in complementation groups
f

Non-
Origin Alpha Beta ~ Gamma  Delta %)g%%]re]g
t * 0
E?ﬁnf%ﬁaﬁ%ﬂfsm honate éﬂ % 0 g %
Itrous aci(f1 P 9 2 8 0 2
Total 155 38 3 1 T

* dent events,
f ,rqglelpdﬁﬂgegatgvﬁgpgrted previously (Reissig, 1959).

Table 2. Depencent and inde edlde t mutants of Neurospora classified
according 1o origin

Only mutants scored on the eth day are tabulated.
No. of mutants

T ST P Imldne'
o T

V. radiation
IL:Jh Irmet% e sulphonate ﬁ(io %§ éé
Ntl'[ ous acﬁp P 1 5
p that the difference between u.v. mutants and the others is due to chance alone = 0-1.

On the other hand, reIatmgngP/rlm|d|ne-dependent 1o independent mutants, u.v,
radigtion seems to produce more of the latter than either ethylmethane sulphonate
?_r nitrous acid (Table 2). A closer examination of this différence demands class-
ication of the mutants Ito the two expected Igenotypes: argHpyr+ and arg prysar
E%/ recombination tests (Reissi 19602. Briefly, the unknown Strain s crossed to a

argp r tester, and the ens mg ascospores are Plated on argining medium. The
few Colonial recombinants obtairied are then tested for arginine dependence. If
the unknown parent was arg+pyr+ most copyr+recombinaits (35 out of 47 in the
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experiment reported below) will be ar%mne dependent (0q arg pyr+g because the
arg-pyr distance Is Ign er than co-ar(IJ. n the other Pan , If the Unknown was arg
pyrirag a]| pyrimidine-independen segregants will carry pyrsjaig and be thu
ar mme-md%)_f_ndent. Th? results of such tests are reported in'Table 3. |

he probability of misclassification of back mutants as a result gf recovering only
cross-vers In the co-arg region is slight. Adequate numbers of colonial réconi-
binants Egrangmg In each cross from 3t0 21, with an average of 8) were tested for 77
of the 8 mulﬁmts classgjed as %afarg . .

It 15 clear the u.v. radiation nduced back mutations at arg, relative to ﬁyrsuag
events, more frequently than ethylmethane sulfphonate ornjtrous acid. On the basis
gf thISd restult,dthe larger yield of prototrophs after u.v. irradiation (Table 2) can also

e understood.

Table 3. Pyrimidine-indef)endent mutants of Neurospora tested

genotypically, classified according to origin
No. mutants
Origin argrpyr+  argpyr’
Spontangous* 0 3
E}tj\ﬁ Irr%giﬁﬁore]fsul honate B §
I'[IYOUS aCI(J1 P 8 3

* |ndependent events.
f ncﬁﬁfing 1(5 arg+pyr+and 2 arg pyrsuara from a previous study (Reissig, 1960).

Mechanism of action of nitrous acid

_According to current ideas, nitrous acid produces mytations by chemical modi-

fication of only one of the two chains of th? DNA duplex. |n thie present system
such one-chain hits should yield mosaic clones (mutational mosaics) containing
arg pyr and arg }%H nuclei”derived respectively from the mutated and the un-
miltated strand’ The expectation that these heterokaryons would be detectable by
the usual screening method is based on the following obServations : (ag the Suppressor
effect of Pyr is dominant over_Fyr+ (Reissig, 1958); (b) mutations ec,reasmq E5)gr+
activity 10 one half are readi g_scored b%/ the present method (Reissig, f2
© ar% pyrjarg pyr+ mosaics Originated dy mutation of one nucleus.in multi-
nuclegted macroconidiawere infactTecovere (Re|33|g 1960%; (dg when glatmg micro-
conidia at high concentration, a sizable progortlon f the mutant colonies ﬁnalysd
were aggnﬁ)iyriargpéﬁ mosaics, probably as a result of contamination with the back-
ground microconidia. _ , ,

The frequency of mosaics after nitrous acid treatment was determined. As a
control fo estinate the frequency of mosaics originating by contamination (con-
tamination mosaics), microconidia from a nqyr strain of an Unusyal complementa-
tion type were mixed at a concentration comparable to the evel.of induced mutants
expected. Colonies myolvm% the Unusual pyr types were classified as control series
since almost all mosaics among them must be Contamination mosaics, Colonies of
other complementation tyBes make ubp the test series, and mosaics in this series
could be originated by mutation or by contamination. The occurrence of muta-
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tional mosaics might have been inferred if the frequency of mosaics in the test
_erggierhd been significantly larger than in the control.” This was not the case
Before disallowing the theory that nitrous acid produces mutations in this system
by means of single-chain hits on the DNA duplex, we must consider the possibility
that the absence of mutational mosaics is due to concurrent induction of smgle-
chain recessive lethals which made. the DNA molecule effectively single-strantled
for |n_f?_rmat|0n transEr. ow, |[)k||||n were de _t%_sm&/l_e-cham_rece%swf Iethala
the kil mg_curve ought to have been tgglcal multi-hit, With a wide shoulder an
extrapolating at zero dose to Zm(on the Usual log scale), where m is the tofal number
of essential 8enes (Atwood &Norman, 1949), This is not compatible with FI?. 2,
Another molel postulates that each chainis essentl_aIIY a smgle_tar et for fethal
hits which destroy the capacity of the chain to replicate. A Z-hit killing curve is
expected, and this might be consistent with the data depicted in Fig. 2¢. However,
such a mechanism could not have prevented the detection of mosaics in the experi-
ment re_i)_orted In Table 4. There, nitrous acid killed 36 % of the organisms, and the
probability of a lethal hit/strand would be the square root of this, of 60%. Forty %
of the strands would have survived, and thus 40% of the mosaics would have
been recovered. On the other hand, If killing by nitrous acia were a more complex
henomenon, combining features of the two S|m8|e models described above and
Eossmly_mvolv_mg also” dominant lethals and double-chain hits, then it would
ecomé impossible to decide what proportion of mosaics can be recovered.

Table 4. Frequency of pyr/pyr+ mosaics, among mutants of Neurogpora induced by
nitrous acid (fest series) or pre-existing (control senesjp

A 105:1 mixtyre. of arg and py.r tp%b ta, mueh residual growth) Neurospora micro-

g LN T e e

P requency o
nivor.. Colonies carrying the added I%%gecﬁyfse re tabulated in"the control series.

ones without > 10% pyr+ nucler are ¢ MOSsaics.

No. tested mutant clones
Series Not mosaic Mosaic

ngﬁttrol % é

DISCUSSION

The suppressor method appears very suitable for mutagen screening, being
efficient and simple. |ts sensitivity is only limited by the usual'value of spoitaneous
mutants gof the order of 10~7live microconidiur), and by recovery difficulties
encountered when using hlg_hly toxic treatments. (srvival below 0-1%). Contrary
tq the clear-cut results obtained with u.v, radiation, ethylmethane sulghonate and
nitrous acid 1t was not possidle to decide whether or not 8-eth0xklcaffe|ne Was
mutagenic. 1f 8-ethoxycaffeine induces mutations In the Rresen Neurospora
system, they are not fréquent enough In relation to lethal events to produce a net
Increase In the number of mutants, “Under such conditions, reconstruction experi-
ments would be required to rule out selection as the cause for the Increase in mutant
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frequency. Selective effects were particularly suspect in the present experiments
because ver Ion% incubation times in minimal medium were demanded by the low
solubility of 8-ethoxycafteine, On the whole, the results obtained with this system
are not Unlike thosg reported for Ophigstoma by Zetterb_er% (19602, who claimed a
slight mutagenic etfect for 8-ethox§caffeme o the basis of the results of recon-
striiction exper} ents, _ _

_The curves of the present work which relate mutant frequency/survivor to lethal
hits (—|0? of surviving fraction) after treatment with u.v. radiation or ethylmethane
sulphonafe, depart from the linearity which simple theory predicts. They are, how-
ever, typical of the dose curves gbtained for u.v.-induced prototrophy in eurosgora
(Glles, 951g and bacteria. A plausible explanation for this effect was furnished by
Witkin (1959) who worked with a bacterial s¥stem. _ _

The su_pgressor method, being essentially a forward-mutation system, is probahly
more reliable than the usual back-mutation method for the scréening of potential
mutagens. Forward mutation IS the summation of events at a consigeranle number
of matons and the specificities of their reaction average out. Back mutation, .on
the other hand, involves a restricted number of mutons being altered in specific
wag/s; therefore (lifferent alleles respond specifically to different mutagens. This
queéstion was reviewed by Westergaard (1960). The contrasting behaviour of for-
ward and back mutation is again brought out by the data here presented. The
relative frequencies of [yr-cc, pyr-fl %rafarg mutafions and lethal events were the
same whether uv radiation or ethylmetharie sulphonate were used as mufagens;
yet u.v. radiation is far more effective than ethylmethane sulphonate as an inducer
0f hack mutations at arg relative to the anove-mentioned events. The_obvious
interpretation i that baCk mutation of the arg allele is mutagen specific, while
forward m\ftatlgn at %yr IS nof. _ _

The results obfained with nitrous_acid stron I,;( suggest that this compound does
not induce mosaics In Neurospora. The possibllity thiat mosaics occur, but are not
detectable, was examined: no evidence in its favour was found. Further proof would
need to come from reconstruction experiments with microconidia known to be
mosaic for poth DNA chains, but this material is not available. Thus, on the basis
of the available evidence, the absence of mosaics contradicts the hypothesis that
nitrous acid produces mutations by deaminations which affect only one DNA
chain/hit, Gelduschek &1_961 showed that In vitro treatment of DNA by nitrous
acid produced cross-linking between hoth chains of the molecule. Should such
events Jead to mutation, they may be expected to |e|d_Rure mufant, clones. Tess-
man’s (1959) results with h_a?e, Which confirmed the single-chain hit hypothesis,
might In fact be more consistent with the hypothesis that nitrous acid proguces
both single-chain hits (deamination) and double-chain hlts_écross-lmkmg). About
one-third of the clones obtained by Tessman after nitrous acid treatment Were pure,
and two-thirds were mosaic. Puré clones did not result from concomitant inactiva-
tion of the other DNA strand, because their proportion did not decrease with In-
creasing doses of nitrous acid. C. M. Wieder gper_sonal communication) has found
comparable results with, collphage T2 Therefore, either the DNA of one-third of the
particles is effectively single stranded for information transfer at the locus studied
Sfor which there Is rio ewden,c?, or both single- and double-strand mutagenic hits

ccur when treating phage with nitrous acid.
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p This is paper 11 in the series on forward and back mutation in the pyr-3 region of
Neurospora.
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INTRODUCTION

The enetlcs and the complementatlon Pattern of mutants at the pyr-3 {pyr)
[egion o Neurospora was stu Mitchell & Mitchell (1956), by” Suyama,
Unkres & Woodward (1959) and by Woodward 0(1962 ).. Davis (1960), investigating
the enzymic defects int esamemu ants, showed that the pyr region is functionall
heterogeneous: [t comprises mutants which lack aspartic transcarbam¥lase AT
activity, as well as mutants with normal values of the same activity and pre-
sumably deficient in a previous step (DaV|s 1961, 1962). The “former or
ATC Iess mutants will be designated pyr-SN* {pyr- Ng and the, latter p g
The results just outlined wer obtatne with mutants |soIated y the
usdal methods for the selection of auxotr%P A special fcreemng method, which
will be referred to as the suppressor method, is also available for the isolation of pyr
mutants (Reissig, 1963) This method takes advantage of the fact that pyr mutarits
pyr-N mutants, as will be seen) sup Eress the arglntne requirement Of a strain
arrying the ar? -2 (arg) mutant gene ven partial decreases In the activity of the
normalg yr+al eIe reSult in suppression of arg Re|35|% 1960) Consequentl the

%E)res or method screens for @ whole spectrum of mutant alleles, ranging from the

hreshold pyraa0 (no pyrimidine requirement) to pyr alleles allowing no trace

df thh in the ?bsence fB rimidines. With two basn:aL?/ different’ methods

avallable for the selection of mutants at pyr, it seemed profitable to attempt a more
thorou?h assessment of the genetic information contatn d inthis region,

The following abbreviations are used: arg for arg-2; pyr forpyr-3; ATC for aspartic
transcarbamylase; Rdtrg for growth In the” absence of arginirie relative 1o growth
In its presence; Rguifor growth i the absence of uriding relative to growth”in its
presence.

* Present address: Laboratorio de Genetica, Facultad de Cieneias Exactas y Naturales, Peru
222, Buenos Aires, Argentina.
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METHODS

. General methods were described in the preceding paper (Reissig, 1962). Addi-
tional detailg are gilven in this sectl)on‘ : :

Strains, Severa _p¥r mutants ontained py auxotroph selection following treat-
ment with u.v.-radiation, were klndll\% provided by K. D. Munkres (strains prefixed
KS; _SuYama et al. 1959) and by M.'B. Mitchell reEresentm types N and M
Davis, 1960; and %ersonal communlcanon]): KS36a, KS36A, 70007-45502-32723a
I¥r-Sd co% and 455024507-1A %r-Sd all tylele N; and KSI38a, KS138A

d ED354-1a (a re-isolate of 37301) all type”M. The St Lawrence wild types
T4A and 73awer? also ysed. .

Measurement of growth_responses, Growth was. measured as in the usual tube
method gRyan, Beadle & Tatym, 1943); but by usmt{; 15 x 150 mm, test tubes with
a notch near the open end, laid horizontally so that the notch retained the mediym
5ml), Each strain was tested on four ditferent media; unsu&)lemented supple-

ented with arginine 0-1_%._/I.), supplemented with uridine (0-05 g./1.), and supple-
mented with arglnlne uriding, .

Strain ED 416-1 4, the source of all mutants screened, is arginine-dependent, but
can qrow slowlg on arginine-free medium. This slow growth’is characterized by a
long Tag phase E -6 days Instead of the usual 1 or 2) followed by growth at a constant
and normal rate. Therefore, linear growth rate IS useless as 8 measure of growth
response to arginine: a meaningful growth index must take into account the dura-
tion of the lag Phase. The ?rowth index used was defined as the reciprocal of the
time taken by the mycelial front to travel 11 cm. from the Pomt of Inoculation.
MeasurementS were Qiscontinued on the 14th day, and extrapolated whenever

necehssarpl. . - o .
The growth of each mutant in the absence of argmme, relative to its growth in the
presence of argining, was called Rgaeand calculated from equation (I):

_._Index on minimal + index op uridine,
—InCIEX on arginine + Index on arglnlne+ur|d|ne )

Similarly, relative growth without uridine (Rgud) is given by equation (2):

i = » . Index on minimal + index on arginine
R = Mdex on uridine + index on argining’+ uridine (2)

The, measurement of resgonse to uridine does not present com ||cat|8ns of the
tlyge discussed in connexion with argining response;” uriding-stimulated mutants
espond to this metabolite by shorténing the lag phase and increasing the linear
rowth rate. However, for tfie sake of uniformity, the qrowth Index was defined
roughout as previously indicated. 1t should be’noted that substitution of rates
of linéar growth for the %rowth Indexes In e(iuatlon (2), leaves Rowvalues practically
unchan_%ed. Therefore, the choice of growth, index 1S not mposmg any arbitrary
distortion upon the description of the experimental data. A differnce”in Rgag or
n R%Ld larger than 0-21S. robablg significant. However, statistical contrgls” were
not mcluded in the experiments t0 be reported: therefore only the major features
of these results can be discussed.

Complementation tests. Unless otherwise specified, mutants were tested in pair-



Spectrum, of pyr-3 mutants 329

wise combinations for their ability to complement (i.e. to form a prototrophic
heterokaryon) on plates of minimal medium + arginine.in the manner described b
de Serres"(1956). Unsugf)lemented plates yielded similar results. Two weeks were
allowed whenever possible before classing 4 test as negative, but Posmve reactions
were in evidence between the 2nd and 4 de(tjy except when unrelated strains were
used. ComPIementatmn tests hetween arg an P%r (or ar? pyr) strains were mage on

lates su?p emented with orotic acid (1 g/I.). This ,suspp ement inhibits the residual
Browth of arg and stimulates only slightly pyr strains.

RESULTS

The fre(ﬂuenc distribution ongelt__gvaIues among 190 mutants obtained with the
supPresso method, is shown In"Fig. L Clearly, partially arginine-dependent
mutants (RgMin the 0-4-0-8 rangeg were also obtained. This is $o with the usual
scoring scheddle; but by picking 2 days earlier, only fully arginine-Independent
mutants are recovered. o
_The distribution of Roal values amo_nq the same 190 mutants is strikingly
bimodal (Fig. Zg. Before “attempting tq interpret these, results we must ascertain
the genetic basis of the mutations examined. This Is particularly important because
It is known from previous work that the screening method used yields back-mutants
at ar% as Well s mutants at wr The genotype of the prototroPhs, was ascertained
bg recombination analyss, a ePort_ed Inth #%recedmg pabper Of this series _%Re|33|g
196); the results are indicated n Fig, 2apyrmiag strains by vertical hatching; and
back mutants by dotted areas, Pyrimidine-dependent mutants were tested for
allelism by complementation criteria (see section on allelism), and all found to be
allelic as |nd|_c%t?db honzqntal atching in Hg 2 .

-Mutants with low Rga?values <0-_85?cou not easily be tested by the recom-
bination method, becalise the segregation of partial arginine-ciependerice interferes.
Unshacled areas in Flg.ZCorrespon to mutants of this t¥pe. Preliminary tests Rer-
formed with some of them favour the hypothesis that they are predominantly

r
pyIt Is clear that the distribution of mutants atpyr isbimodal. There is no reason to
suspect that this may be due to an artefact of the selection method, Bimodality
points, rather, to a duality in function, as will be considered in the discussion.

Complementation pattern

In a previous study (Reissig, 1959) 9Pyr mutants obtained by the Suppressor
method were tested for complementation In all possible pairwise combinations, This
disclosed two complementation groups or cistrons: aIF_ha, represented by 5 mutants
and beta, rerﬁresented bX 4 mufants. Compl megt% ion testlgg Was now exteRded
to 204 new mutants of 1ndependent orlgln, Induced by u.v.-radiation, ethylmethane
sultphonate or nitrous acid Re|53|g, 19 3%. Testlng1 inall Eossmle combinations was
not attempted; jnstead, 1alpha tgster and 3 beta testers were chosen at random,
and their complementation reactions with all other strains were determined. The
results of these and some additional tests are shown in Table L. Four complementa-
tion groups alpha, heta, v\§1amma, deltag were revealed, such that any member of
one group complemented with an¥_mem er of another, but did pot complement with
members of the same group. A Tifth group (non-complementing group) comprises
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mutants unable to complement with representatives of any of the other 4

roups.
9 T_f?e_fanure of this fifth group to, complement could be due to relationships
intrinsic to the pyr region: or to extrinsic factors, such as additional_mutations_at
loci which determine "harriers to the formation of heterokaryons. To determine
whether the ability to form heterokaryons was impaired i’ the 7 non-comple-
menting mutants, Neterokaryons were attempted between them and the arg strain
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ard mutations as pyr-. daﬁ dstg Ishe b%com emenéatmn, , 5 est
recom |ga;\mn, [%}1 %seata lished by complementation and recombation.
ethoas.
from which all pyr mutants derived. Positive resFonses were ohtained in every
case, and the trueheterokaryotic nature of the resulting prototrophic mycelium was

rgs or metthod. I tants (argl); - not te ﬁet%e Eé?:
1SNea..0)
or (?e my-
tion o g%, see
confirmed by the sofation of hyphal tips, subcultivatior, and plating of ieroconidia
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on aﬁgroprtately sugglemented media. Therefore failure to complement was not due
t0| ompatibifity barriers and Was most Ilkelg related to the type of functional
ateratton atpyr. Aclear correlation was noted etween failure to complement and
failure to growi at all on minimal medium (Table 2

Table 1. Complementation among pyrtmtdlne dependent mutants
of Neurospora obtained by the suppressor method

Mutants of Neuros or wer c|a55| led in 5 complementation qroups The comp!]
mentatlon eactions 0 aI mem erso eac ro%) tﬁ representa Ye strains fromt
same an rom 0 F]r ﬁrou s.are Indicated In the table: corFH ?{nen tation; 0, n
ﬁ?@ rtctggttatlon gur in parent esesmdtcatet e number of different pairs teste

Non

No. of Complementation compl

mutants group Alpha Beta ~ Gamma Delta  mentin
1 Ipha 0 (444 .

gg gt ma ; 267} : 48 03 '

b e 2 55 o 8
o0 Non-eomplementing o (28) 0(8) 0f(2) 0(1)

Table 2. Correlation betweenfailure to gr owoanyrimidine
free medium, andfailure to complement

a0 :ﬁ‘ho | No. of pyr, mutants |
pyrimigine free _ Non- .
Complementing}  complementing

Yes 101 0

39 10
ble growth by the 14th da o rginine supplemented medium,
Eft’ er| Yv‘h t;eta gammat/)r e?t Icemp?uﬁt%ntq]ng groupg .

Comparison with mutants obtained by auxotroph selection

Two types of mutants are known to occur at the pyr re(iton (Davis, 1960): pyr-N
mutants lacking ATC and pyr-M mutants with. normal levels of ATC. " Infirst
anal 3|s yI- N and pyr-M utants can be identified with two complementation
% riich will be called respectively, n and m. New complementation g{roups
ave agpeared in more recent work (W oodward 1962; see also Mitchell & Mitchell
1956), bt the earlier identification of pyr-N and pyr-M with two complementation
groups is still useful as a preliminary Citerion for Comparatjve studies. The results
{ust described refer to mutants ob alned by auxotroph selection. It is pertinent
0 ask whethey the same picture ap lies t0_ mutants’ obtained by the sUppressor
method. The data in Table 3 show at this is not so: sugpressorse ectlon am)ears
{0 yield only mutants of the n comEJ lementation tV ut before attemR
Intérpretation of the data in Table 3, It was essentia oftndoutwhethert e
complementation tests might result from incompatibility factors extraneous
pryr focus. Incomt%attbmtyfactors were ruled out by three different criteria.

First criterion. Two mutants, respectively alpha and beta type, were crossed to

T e
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TAA, a strain highly compatible with KS strains. Eighteen segregants (éll alpha
and 7 beta) were ‘tested for complementation with™m gK81 A, KSI38a, and
ED354-1a) and with n ‘(KS36a,_ CS36A, pyr-Sd co, pyr-Sd T) strains. Although
the speed and intensity of the positive reactions were mach improved in most casés,

all reactions reported negative in Table 3 were again negative.
Table 3. ComPIementation between Pyrimidine-degendent mutants of Newrospora

obtained by the suppressor method and by auxotroph selection
Complementati(in reaction against auxotroph
Suppressor mutants setction uants

N P : " Group m mutants Group n mutants

0. Y S —— % A

tested Group KS138a ED35%-1a KS36a pyr-Sd co

5 Ipha + + 0 0
g ta + + 0 0
ma + + 0 0
1 elta : + + 0 0
10 on-complementing* + + 0 0

* That is, non-complementing when tested against suppressor mutants (Table 1)

Second criterion. An alternative method for ,testm% complementation involves
crossing both auxotrophic strains. and determining whether prototrophic_pseudo-
wild type ascospores aploear. This test is more Sensitive than the usyal hetero-
karyon test @e Serres, 9601 and eliminates incompatibility barriers (Mitchell &
Mitchell, 1956). A total of 10,300 viable ascospores was examined in' crosses of
n xa; 7100 ascospores in crosses of n x /; and 1030 ascospores_in crosses of n X pon-
complementers, 'In every case the results were negative. Control crosses of the
same.to m strains gave an avera eof_(}Z%prototrths. o
Third criterion. The strain from which all'Suppressor mutants derive is arginine-
dePendent. It was a simple matter to test whether this strain (ED416-1a) is
hetergkaryon-compatible With KS36a, one of the strains used as p tester in the
experiment of Table 3. Mixed inoculation allowed growth on orotic acid supple-
mentedglate_s. Isolation of hyphal tips, cultivation on minimal medium slopes, and
Rlatm f microconidia on aR ropriately supplemented media, proved that a true
eterokaryon had formed. Therefore, nd barriers existed which prevented hetero-
karyon formation. _ _ _
onclusion. The complementation results shown in Table 3 reflect functional
relations at the Ryr locus, and are not distorted bY extrinsic factors. Pyrimidine-
dependent mutants representative of the ditferent Pes obtajned as suppressors of
arg, are all of the n complementing type, and thus presumably deficient'in ATC.

Allelism of Suppressor mutants

In this section we shall consider all mutants obtained by the sugﬁgessor method,
with the exception of back mutants at arg. Allelism between -pyfiarJand pyr was
emonstrated to within +0-1 ma u%s In two, instances.in a previous publication
Reissig, 1960). Recently 89 newpyrs genetic tests

Ina
_ gr l‘!mutatlonswerel(]]entﬁle b?/
Reissig, 1962). These tests involvéd crossing arg pyrsfadx arg pyr. If pyr-laJand



Spectrum of pyr-3 mutants 333

%yrwere not allelic, recombination would yield arg+ + strains, arginine-cependent
ut pyrimidine-independent. Yet no arginine-dependent strain Was found among
148 yrlmldlne-mdePendent segregants isolated from crosses mvolvm% the 89 new
sralﬁs. Thus most It not all mutants described as pyrafag are alleles of pyr, or
closely linked to this locus. , _

Allelism of all pyrimidine-ciependent mutants is most simply demonstrated by a
functional criterion: they all can be classified in five compleméntation groups, such
that one of the glr,oups fdils to comf)lement with the other four (a, /2, y, 5). Genetic
evidence for allélism between an al 8ha mutant and a beta mutant was gresented
earlier (Reissig, 1959). Five additional mutants representing the various, comple-
mentation grotips were crossed to a Sixth pyr mutant; again no pyrimidine-inde-
greonsgent reCombinant was detected among several thousand ascospores from each

Having demonstrated that the major mutations screened with the suBPre_ssor
method dre allelic, the possibility should be considered that concomitant mutations
at modifier genes_mlpht he responsible for the minor ﬁ)henotypw differences observed.
This seemedl unlike ¥ since |t would require simultaneous mutation of two genes
(pyr and modifier) affecting the same character, but nevertheless was tested. Four
pyr mutants with Rouj ="0-6-0-7 (pi/rQe Q) were crossed to a pyr strain with

grd =00 (pyro.) marked with co {coloriial), about 3 units away from pyr. Both
parents carrled also the cot (colonial at 32°) allele, When ascospores_from such a
cross are Incubated at 32°, all growing clones make small colonies. The morpho-
Ioglcal difference between g andl ot 15 masked at thjs temperature, and Size dit-
ferences are related to growth requirements on!}/._ Cooling then to 25° the difference
between (o and co+ can be clearly appreciated in a few hours.. Ascospores from
Cr0SSes ofco+ar? _rQ%-,cotxooarg yro. cot were plated on minimal mediym with
a,ndwﬂhoutpgl idines. On the forrer medjym the colgnies formed were ofnormal
size, half co'dnd half co+. On medium lacking pyrimidines, the colonies which
appeared were small, and most (695.out of 702) Wwer€ cot. This result shows that the
factor allowing residual 9rowth is clogely linked to co.

In another éxperiment, asco%P_ores from the cross co arg pyro.a cof X co+argnpyr_o.o
cot were plated on minimal medium. Seven days later, niicrocolonies could be dis-
tinquished and transferred to p%r|m|d|ne supplemented medium. On coolmP all 174
colonies were found to be co. Control. platings on pyrimidine medium yiefded half
coand half cot. Control platmgs on minimal of crosses mvolvmg J)?//'UOX yro.o gave
no microcolonies. Thus, lnkage between the residual growth factor and cgwas a?am
demopstrated. In all likelihodd this means that residual growth is an attribute ofthe
pyr aIIteI_es clharétcterlsnc of each mutant, and that additional modifier mutations
are not involved.

ATC activities

DrR. 1]. Davis, at the University of Michigan, has assayed some of our Suppressor
mutants for ATC activity and very kindly made available his results for. insertion
In the present publication (Table 4). 1t 1S clear thatl\h)yr mutants belongmg to the
five complementing groups are all deficient in ATC. Matants with low Rguihave no
demonstrable ATC ‘activity, where 5% of the normal value would nave been
detectable; and mutant K0493-50a, capable of appreciable growth in the absence

2 G. Microb. xxx
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Dr M. Nazario (personal communication; Instituto Nacional de Microbiologia,
Buenos Aires) has confirmed the absence of ATC activity In strains K0 493-14,
K0493-54, KO545-122 and K0545-31, by using a method capable of detectmg
0-3% ofthe normal activity. He measured incorpdration of XCcarbamyl phosphat
in the acid-stable fraction, using extracts of strains cultured under conditions of
de-repression, 1.e. with limiting Uridine. _ _ _ ,

The biochemical data reported confirm the conclysions arrived at in previous
sections on the basis of 8en_et_|c and complementation data alone, name;]y that
suppressor mutants are Geficient in ATC (Fig. 3); and that pyrsuarm 15 arf allele

ofpyr.

DISCUSSION

The mutants screened by the suppressor method fall into two groups. back
mutations at dl{] and forward mutations at PyI'. The latter involve drastic (pyr-N
or partial (pyr ars) deficiencies in ATC activity. Since selection is based on the
suppression of the dl{J gene, it could be concluded that this suppression entails in
every case a total or partial block in reaction (1):

carbamyl phosphate + aspartate i£? >ureidosuccinate (1)

The available evidence Reissi(];, 1960; Davis, 19622 indicates that arg has a Partial
(cf..Fig. 1) block in the synthesis of carbamyl phosphate, a commoni precursor of
argininie. and pyrimidines. From carpamyl phosphate onwards, the argining and
Byrldeln_e biosynthetic pathways dlvergoe Via reactions cata1l%sed, [eS ect|ve1ly

y omnithine trarjscarbamylase (OTC) and gATC_(reactlon 1}. us, OTC and ATC
compete for carbamyl phosphate. Why a block in carbamyl phosphate synthesis
should resylt In a mutant res ondm%m arginine, but not to Ipyrlr_nldmes,, has not
been explained with certainty; but this might easily result from irreversibility of
certajn reactions, channelling, or grevallmg requlatory systems. At any rate, sup-
pression of arg by a second.mutation creating a deficiency for ATC, is readily under-
stood In terms of a diminished competition™for carbamyl phosphate. Diinution
of ATC activity to about one-third its normal value suffices for full suppression of
arg (Table 4). Other mutations in the pyr re%lon cause only partial supPressmn of
arg Re|53|9, 1960, and present paper), presumably as a result of smaller decreases
In"ATC activity. _ _ _

There are two types of genes which control Proteln s%ntheswz re uI_ato_rB/ and
structural ﬁJacob onod, 1959?. In the presen studg,t e frequency distribution
of ATC-deficient mutants 1S clear dy bimodal when they are classified accordlnP to the
extent of their pyrimidine dependence (Fig. 2), and presumably also when classified
PrYATC activity (Table 4g. This can be most si Blyexrﬁlamed on the h[yﬂothessthat

ost n[])grlmldl e- eRend nttypes (pyr-N) are due'to mutations at a strctural gene,
and most prototrops (pyrsuarey 10 Mutations at a regulatory gene.. Of course, the
evidence for the existence of hoth ret{;ulato_ry and sfructyra géenes in this system is
not _compellln%;, and 1S indirect. Alernative but less plausinle explanations are
Possmle._ For nstance, the structural relations in the ATC molecule may be such
hat amino acid sybsfitution Muld {nost often Ieixd to T_}WO discontinous activity
states. Or discontinuit ma}/ ollow from the peculiar effects of chromosomal Sites
of high mutability (‘hot-spots’, in the terminology of Benzer & Freese, 1958). The

22-2
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latter alternative is rendered improbahle by the fact that the same distribution of
mutant types.can be obtained with different mutagens (R_e|33|g, .

An Interesting feature of the mutants discussed here Is the fact that mutants
defective In the same enzlec activity are able to complement in heterokaryons.
|t was noted (Table 22 that there is a_positive correlation between residual growth
of the various mutants and their ability to complement. This correlation should be
kept in mind when comparmq mutanis qbtained by the suppressor method with
mutants obtained by the usual methods for the seléction of auxotrophs, since the
|atter methods discyiminate against mutants which exhibit residual growth, while
the suppressor method does fiot. A possible_theqretical basis for the correlation
between residual growth and complementation IS frowded by the observation
(Yanorsky & St Latrence, 1960; Lacy & Bonner, 1961) that tryptophan synthetase
mutants which possess CRM (an |mmun0|09|cally related protelm complernent more
frequently than those which fack it. In turn, possession of CRM might be a condi-
tion for residual growth,

This work was performed during the tenure of a fellowship from the Rask Orsted
Foundatjon, and su_pﬁorted by ?rants from the Carlsber? Foundation and the
Rockefeller Foundation. | am 8_ra eful to Professors M. Westergaard, O. Maaloe and
N. H. Giles for many useful discussions; to M. B. Mitchell, K. D. Munkres and
V. W. Woodward for access to their mutant strains and unpublished results; and
to R. H. Davis and M. Nazario for generously facilitating their unpublished results
for_inclusion In this paper, and for many useful comments. . . ,

This is paper 3 in'the series on forwdrd and back mutation in the pyr-3 region
of Neurospora.
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INTRODUCTION

Many strains of coliform bacilli have been shown to_be sensmve to low concen-
trations of the new penicillin, ampicillin 6(a(—a-aminophenylacetamido): peni-
Cillanie acid F‘Penbntm Rolinson & Stevens, 1961: Stewart, Coles, Nixon &Halt,

Brumfitt, Percival & Carter, 1962). 'Nevertheless, in early studies wth
benzylFemcnIm it was shown that most sPemes of collform bacilli_produced a

enicillinase” (Abraham & Chain, 1940; Harper, 1948; Woodruff & Foster, 1945;
ong &Dletz 1944; Czekalowskl 19505 and amPn:lIIln has been shown to be fully
sensitive to the penicillinase 6Pro Liced yﬁenlml n-resistant staphylococcl. . It was
therefore decided to Investigate the relat|o ship between penicillin‘inactivation and
amP|C|II|n sensmvny In cqliform_bacilli

he terminology of penicillin-inactivating enzymes now needs some clarification
since the enzymesm y attack the en|C|II|n molécule in at least two different sites
|e bP/ gllttlng the [7-laetam ﬂ yremovmg the Sld? chain, Inﬁh resent

the term ﬁ1en|0|lllnaseW| be resefved for en \{mess itting the /(- actmnnP
an the term amidase used for enzymes femoving he side cham. When a penicif-
linase acts on Pemu lin and splits” the /?-lactam nn? genlelllmc acid |s tormed.
Although peniellloic acids derived from benzylpenicillin and_ ampicillin differ, they
both relfluce |og|ne to the same extent and are therefore referred to in the text as

‘penieilloic acids
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METHODS

Ampicillin sensitivity. Coliform type organisms (148 strains) were identified and
tested for sensitivity t amPu:lIIl_n. he sensitivity of the organisms was determined
bty the dltchﬁla_te method, the ditches containing 50 flq. ampicillin/ml. A standard
strain of Escherichia coli sensitive to 3f_|g1. ampicillin/m1. was used as a control. The
results were recorded as sensitive, partially resistant or resistant as compared with
the control organism. Six strains each of ampicillin-sensitive E._coli and Proteus
mirabilis were”tested by the hroth dilution method_ fo determine the range of
minimum inhibitory coricentrations of ampicillin-sensitive strains.

Ampicillin and benzylpenidilin inactivation

Cup-plate assay. A screening test for amP|C|II|n inactivation was performed on
the or%anlsms tested for ampicillin sensitivi Y Ampicillin was added to 5ml. of a
6 hr. shaken broth culture to a final concentration of 100 fig./ml. After a further
18 hr. of incubation at 3/7° without shaking, the cultures were examined for residual
ampicillin by the _cup-PIate assay method, The results were recorded as complete
Inactivation, partial or no inactivation. This test did not detect low de%_re s, of
aumIIm Inactivation and some of the organisms which. showed ng Inactivation
were further tested by incubation with a lower concentration.of ampicillin (20 tig./
ml.). _SamBIes were femoved at 1 3, 6 and 18hr. and a?aln tested for residual
ampicillin by the cup-plate method, Similar tests were performed on three strains
of Pseudomonas pyoq(an_ea aeruglnosa) and four strains, of amBImI,Iln-sensmve
Proteus mirabilis.” A strain of Klebsiella'and broth containing antibiotic only were
used, as pogitive and negative controls respectively. _ _
lodometric method. Penicillinase was estimated by the iodometric method of
Perret (1954). This test degends on the hydrolysis of the various penicillins to their
respective penicilloic, acias by penicillingse. fodine is reduced bq penicilloic acigs
and a ?rommatelg e|(§1ht e%nvalents lodine are eﬂuwalent to Lmole penicillojc acid.
In the test samplés (0-5-2 ml.) of an overnlghts aken proth culture were addeq to
5 ml. of a benzylpeniallin solution %0—25 %.0 benzylpenidilin in 100 ml, of phosphate
buffer. pH 6-8] and shaken at 37° for 1-5 hr,, depending on the rate of formation of
EenI_CI“OIC acid by the orga_nlsm concerned. Six_strains of Escherichia coli, two
Eralns (%f Cltrotf)a terfr_eu|r|1_ I, SIX shralns oftKlﬁb?leIIa, fourtegn strains of F?lrloteus,
also a strain of g penicillinase-producing staphylococcus and a non-penicillinase-
pr%duc%ngfsta hyqlo%occus W_er,e“Fested l)f t]%lsprﬁlet%o_(ﬁ_ it P fimated
ect 0f pH values op peniciflinage activity. Penicillinase activjty was_estimate

b t%_e |od8metr|c metR(g_)(i usnllig G%r_. shaken Erotk cuftures O#Xstraln eac% of
lebsjella, Proteus vulgaris and Escherichia coli. Two ml. of broth culture from each
organlsm were incubated with penicillin in a series of phosphate buffers of pH

range 4-5-6-0.

Fgenlcnlmase induction. The strains_of coliform_bacilli examined were shaken in
broth for 6hr. at 37° to which ampicillin, methicillin or cephalosporin C had been
added to, a final concentration 0 Zfé%./ml. Penicillinase was estimated by the
lodometric and cup-plate assay method,

Penicillin amidase production. Penicillin amidase removes the side-chain from the
penicillin molecule and leaves the /5-lactam ring intact. The product Is 6-amino-
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penicillanie acid (6-APA) and was tested for b)ﬁa modification of the hole-plate
method described by Uri & Sztaricskar (1961). Phenylacetyl chloride ang sodium
carbonate were addad to the test fluid in a Heatley cup placed on a nutrient agar
plate seeded with a culture of the Oxford staphylococcus, and incubated overnight
at 30°. When 6-APA is present It is converted Into benzyIPen|c|II|n by the phenyl-
acety| chloride and a zone of inhibition s shown.. Contfols without phenylace Xl
chloride were set up, and also a cantrol containing a known_amount of 6-APA.
109 broth cultures of coliform bacilli were tested by this technique. .

Since gemmllm amidase is maml¥ intracellular, dnd has an _ogtlmum ac_t|V|t¥ at
pH 7-5-8-5 (Rolinson et al. 1960) further tests were made with two_strains of an
ampicillin-resistant Escherichia coli, two strains of an ampicillin-sensitive E. coli, a
strain of ampicillin-resistant Klebsiella ang a control organism known to Produce
the amidase. These organisms were grown in shaken broth cultures in a water bath
at 28-30° for 24 hr. The cultures wefe then centrifuged and the deposited organisms
resyspended in h_osPhate buffer (pH 80) and inctbated with benz Igenlulllnfor
per{ﬁda from 15 min. to 24 hr. at 30° or 37°. Tests were made for 6-APA by the above
method,

Development of resistance of Escherichia coli t0 ampicillin. six strains of
ampicillin-sensitive ,ESCheI’IChIa coll were subcultured on ampicillin ditch plates
containing 50-200 flg. ampicillin/ml. to determine the rate of development of
resistance. The number of subcultures and the_corresponding minimum in-
hibitory concentrations were recorded. A strain of E. 00ll was also subcultured on
nutrient agar plates containing ampicillin at 2-5-100 flg./ml. Further tests were
made to detect the presence of ampicillin-resistant mutants by using large inocula in
broth. Nine ml. ampicillin-containing broth were added to I ml. ofa 24 hr. broth
culture of an ampicillin-sensitive strain of E. CO|I; ampicillin was used at 10, 25, 50
and 100 flg.im|., with 10 tubes for each concentration. The cultures were examined
at2andb days for increased growth, the presence ofresistant mutants and ampicillin
inactivation. A known non-penicillinase-producing staphylococcus was used as a
negative control. ] ] o o

e effect of inoculum size on ggovvth in ampicillin. Dilutions of 18 hr. broth

cultures were made in sets of 8 tubes containing 5ml, broth+500 /tg. ampicillin.
The dilutions of the brath cultures were 10fold, ranging from 1/10 fo 1/108 The
organisms tested were Proteus vulgaris, P. rettgeri, EScherichia coli and a strain of
penicillin-resistant Staphylococcus -aureus.  Control tubes containing 5 ml. broth
only were inoculated In‘a similar manner with the staphylococcus, The cultures
were incubated for 48 hr. at 37° and the number of tubes which showed growth
](ecozrg%d. Residual ampicillin was assayed by the cup-plate method after incunation
or 24 hr,
. Comparison of ampicillin and benz¥lp_en|0|II|n a5 a substratefor penicillinase. The
lodometric method was used to determine the relative amounts of penicilloic acid
formed from ampicillin and benzsylzg)enlullm when incubated with broth cultures of
colitorm bacilli rS_taph%Iococcu_ ureus. Samples (0-5-2 ml.) of an 18 hr, shaken
broth culture were incubated with 5ml. of similar concentrations of ampicillin or
benzyl gemullln (0-25. In 100 ml, phosphate buffer, pH 6-5). Three estimations
were'made on cultures of the Escherichia coli strain. - Ampicillinand benzylpenicillin
Inactivation by the same strain of E. coli was also tested by the cup-plate assay
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g\retmgmwith antibiotic concentration 20 fig/ml. and an 18 hr. broth culture of
_%unure' media. A Deef digest broth ng, 7-4) was used in all experiments solidified
with 1-4 % agar (Oxoid no.” 2) when required.

RESULTS

Ampicillin sensitivity tests. The number of strains tested by the ditch-plate method
which were sensitive to ampicillin is shown in Table 1. This shows that 34/41 strains
ofEscherichia coli and 26/3§)strains ofProteus mirabilis were sensitive to ampicillin.
All other organisms tested were resistant apart from two strains of Klebsiella which
were isolated from sputum (K lebsiella pneumoniae).

Ampicillin inactivation. The results of the screening test onampicillin inactivation
are also shown in Table 1. It can be seen that most of the organisms fall in one of
two main groups; one group was able to inactivate ampicillin and the other group
showed no detectable inactivation by this method. In the smaller, third group of
organisms were eight strains of Proteus morganii and two strains of Citrobacter

Table 1. Screening testfor ampicillin inactivation

No. of _Inactivation of ampicillin
strains. (100 /|g.r)mcI. Yn ml. o? B]l%t% culture)
Total sen5|t|\1ﬁ.to

Organism strains ~ ampicillin -~ Positive  Partial ~ Negative
scherichia, coli | and 11 4 3 9 41
Itro aﬁ erfreu d||
lebsella | ang. | 1
roteus morganii
. mirabilis 2 2

. ret]?erl Jg
. vulgaris
rovidence

seudomonas pyocyanea

Positive = complete inactivation of ampicillin. Partial = partial inactivation of ampicillin.
Negative = no de ectablle Inactivation. P P P

freungii, resistant o_r_ParnaII resistant to ampicillin and which showed partial
inactivation of ampicillin, Seven of the Escherichia coli Strains Were resistant or
gartlall_y resistant to ampicillin and showed no detectable inactivation. There were

strains of proteus mirabilis and 2 straing,of Klebsiella sensitive to ampicillin and
all showed no_detectable inactivation. - Of 71 organisms (exc!udln? Pseudom onas
pyocyanea] which showed no detectable inactivation, 9 were resistant'to ampicillin,
whereas.all strains which showed complete or partial inactivation were resistant to
ampicillin. The resylts indicate that none qf the £ . coti or amP|C|II|n-sen3|t|v,e straing
of p, Tirabili.s actlvelg. dest{o ed amﬁlullm whereas most of the Klebsiella and
ampicillin resistant strains ot Proteus did.

The tests made with three strains of Escherichia coli incubated with smaller
amounts of ampicillin showed that E. coli inactivated ampicillin slowly as compared
with a strain of Klebsiella. The results of three tests for each organism are shown in
Table 2. The strains of E. coli usually inactivated very little ampicillin after incu-
bation for 6 hr. but completely inactivated 20 fig. ampicillin/ml. (in 5ml. broth)
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after incubation for 18 hr. There were three exceptions: one test showed complete
Inactivation after 6 hr, and. in two others there was little inactivation after 18 hr.
A strain of Klebsiella inactivated 2qpg. ampicillin/ml., in one hr. The four strains
of ampicillin-sensitive Proteus mirabilis tested bal the same method showed no clear
evidence of inactivation as compared with a on-penchIImase#_roducmg staphy-
lococcus. This, may. have been dye to the test not bemP sufficiently Sensitive.
Inactivation of ampicillin by Pseudomonas p;{lqcyanea was also difficult fo detect by
the cup-plate assay method, as.a zone of irhifiition of the, Oxford staphylococcus
occurred with the Control orgamsm without added antibiotic. Similar experiments
with Ps. pyocyanea by the Todometric method gave Inconsistent results owing to
cIuumg of the orﬁanlsms. On several qccasiors there was evidence of ampicillin
Inactivation at 24 fir., but very little at 6hr.

Table 2. Inactivation of ampicillin
(20 fig./m\. in 5 ml. of broth culture.)
Zone diameters in mm.

Lhr. 3hr, 6hr.  18hr.
E. coli v ég

Pog
3 ]
Klebsiella ?) fg

Controls g% %g :_ i_ %

* Controls contained nutrient broth and ampicillin only.

Escherichia coli (1)

E. coli (3)

O FIREESIREI

OO

Results of penicillinase estimations by the iodometric method. The relative amounts
of penicillinase produced In oyermght shaken broth cultures and estimated by the
lodometric method are shown in Table 3, The results show the amounts of penicilloic
acid formed by 1ml. brgth culture from benzylpenicillinin 1 hr. when shaken at 37°.
The results mainly confirm the cup-plate assay results. The Escherichia coli strains
%rpduced low amaunts of penicillinase, and the _amiuull|n-sen3|t|ve_stra|ns of Profeus

irahilis (which are_more_sensitive to ampicillin than E. coli gr_oduced Mst
detectable amounts of penicillinase. The three strains of Proteus rettoeri and the two
strains of Citrobacter freundii showed no inactivation or partial destruction by the
screening testand by this test also seemed to show loweramounts of penicillinase than
did the other ampicillin-resistant penicillinase producers. Apart from these strains,
the ampicillin-resistant strains in general produced more than 1 /;mole penicilloic
acid/ml. culture/hr. under these conditions. A culture of a pemulﬁnase- roducm%
stapnylocaccus o_fcomgarabledo tical densit gavearesulttwo to three times highe
Se-pro

than did the penicillin cing coliform organisms. The penicillinase produced



344 G A J Ayuffe

under these conditions appears to_be mamlg intracellular. An overnight shaken
broth culture of an amﬁlmllm-resmtant Klebsiella produced 1-9 /:mole”penicilloic
acia/ml. broth culture/nr. and the supernatant fluid_showed (f-4 [tmole/ml./hr.
An ampicillin-sensitive strain of £scherichja coli 9ave 0-6 /zmole penicilloic acid/ml.
broth culture/hr. and the supernatant fluid 0-17 unole_/rnf/hr. o .

Effect of PH value_on 'penicillinase cultures. Maximum penicillinase activity
occurred at pH 6-0 with the strains of Klebsiella, Proteus vulgaris and Escherichia
coli_ tested. "Activity decreased sligntly between pH 6-0 and 7-0 but decreased
rapidly between pH"6-0 and 50,

Table 3. Penicilli7iase (iodometric method) activity

. Ampicillin Penicillinase activity /¢mole peni-
Organism S’\%?alﬁg sen h%!lty cilloic acm?mﬁ. o{ \Jro¥h 6cui)tur% {] hr
scherichia coli ensitive -05, 0-34, 0-42, 0-45, 0-46
L st O
Eebsw A . esistan -]6’1-8 4 %—4, 16,20
roteus mirabilis ensitive g 89% 03
. esistant ,
.rettrqerl . esjstant - 0- 8-63
. mQroanii esistan b, 2-35, 319
'avHﬁoglosccus aureus ggtgtgﬂ v 2k
g. gu eus ensitive 08, 005, 0-06, 0-2, Oil, 014

Table 4. induction ofpenicillinase
Ampicillin In(&ﬁgg neﬁ?)ent limale/penici Iomiﬂld/ml.

sensitivity broth culture
Escherichiacoli(\) Sensitive Nil -
Am[%lm.lln -
_ _ Methicillin -
E. co|||_ 8 geys_tant N !II 8%(13
. coli ensitive | : -
_ g_ef)halosponn C 0-34
Klebsiella (1) Resistant Nil -
m%lm.lllm -
Klebsiella ~ (2) Resistant i? o :
S s @.e halosporin C H
taphylococcus aure
prylococeus awreus - Resistent B i a2

Induction of penicillinase. The results of genlcull_nase values obtained with 6 hr.
shaken broth cultures to which had beenacded ampicil|in, methicillin or cephalosporin
Care shown in Table 4. The optical density of the cultures was about the same and,
in tpe results shown, th(f v%lues pad been correcged éo the %ame 0 %cal densug_ Ior
each organism examined. The cultures were Incubated for 5 hr. wit enszRenl illin
for the Escherichia coli Strains and for 1 hr. for the Klebsiella strains and the strain
0f Staphylococcus aureus. A g_emulhnase-producmg strain of s. aureus Was included
to show the %ﬁect 0[ methi ||Hn on the VBemullmase level under Slml|ar_C_L|l fural
conditions. The results show that there was no significant increase n penicillinase
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values in the strains of Klebsiella, or E. coli examined in the presence of the three
possible inducing agents tested. This was in marked contrast to the large increase in
penicillinase when the penicillin-resistant staphylococcus was grown in presence of
methicillin.

Aniga.se production. In tests at 37° none of the 49 strains which inactivated
ampicillin gave nositive evidence of the production of penicillin amidase; this
suggests that the mactlvatmg enzyme was a "-lactamase, which was confirmed by
the “todometric method. The 60 anipicillin-sensitive strains also showed no evidence
of amidase production at 37°. When organisms of broth cultures grown at 28-30°
were incubated with penicillin at pH 80'Similar negative results were obtained with
all_strains apart from the known a_mldase-producm%_s_traln of Escherichia coll,

Development of resistance of Escherichia qoli to ampjCillin. Resistance developed
rali)ldly when six strains of ampicillin-sensitive Escherichia coli were subcultured on
nutrient agar é)lates containing ampjcillin. There was_a 20-40-fold. increase In re-
sistance after 6-8 subcultures, “No difference in ampicillin inactivation was Seen as
hetween the sensitive and resistant strains by the cup-plate method; this was con-
firmed by the lodometric method. The result with one strain Is shown in Table 4
(E. coli (1)), ampicillin-sensitive and resistant). =~ . o

When a heavy jnoculum of a strain of ampicillin-sensitive. Escherichia coli was
grown_ on ampicillin-containing agar %Iates, the minimum Inhibitory concentration
after incubation for 24 hr. was 2-5-5-0 pg. ampicillin/ml. After Several days at
room temperature large and small colonies appeared on the lnlate containing 50 Pg.
ampicillin/ml.. Although both types of colony grew normally on nutrient dgar, the
minimum Inhibitory concentration for the larger colonies was 12-5 pg. ampicillin/
ml., whereas the resistance_ of the small colonies was unchanged. ‘After 5 sub-
cultures of the [arger colonies, the resistance increased to. 100°pg. ampicillin/ml.
This confirms that"resistance develops rapidly in a step-wise manner.

The tests with heavy inocula in broth cultures containing ampicillin showed no
evidence of any highly resistant single-step mutants when subcultured on ampicillin
plates; growth occurred in 10 to 5((); Pg. ampicillin/ml., after incubation for éo days.
This appeared to be due to slow inactivation of ampicillin, since ampicillin activity
was only detected in the tubes of broth containing 100 0(. ampicillin/ml., and there
was no increased growth at this concentration. There was no comparable inactiva-
tion in cultures of a non-penicillinase-producing staphylococcus, under similar
cultural conditions.

The effect of inoculum size on growth in ampicillin

The results of growth with different inoculum sizes in broth ,co,ntammg 100 pg.
ampicillin/ml, aré shown in Table 5. The aPproxmate Benlmllmase activity 1s
shown jn the last column. The strain of StaPhy ococcus aureus, although apparently
producing, more penicillinase than the Proteds or Klebsiella strains, did not grow
when the inoculum was diluted 1/105 The Klebsiella and Proteus strains grew When
the Ingculum was diluted 1/108; no residual ampicillin was detected at this dilution
with these orqa_nlsms after incubatjon for 24 hr. There was no 5|?n|f|cant Inactiva-
tion of amﬁlm lin In the tube containing S. aureus at dilutions of fnocula from 1/105
to 1/108 There was no detectable nactivation with the E. coli strain at any dilution

of inoculum.
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Penicillinase actiyity on ampicillin and henzylpenicillin. The amounts ofpe_n!(:|||0|c
acid formed by coliform bacilli and by staphylococeus aureus from ampicillin and
benzylpenicillin are shown in Table 6. Penicilloic acid formed from ampicillin by
proteys mirabilis, KIebsiella and's. aureus Was about the same or rather more than
from benzylpemcnlln. The three tests made with ampicillin-sensitive Escherichia
coli Showed that less penicilloic acid was formed from ampicilhn than from benzyl-
Femullm. The cup-plate assay result also confirmed that ampicillin was inactivated
ess rapidly than benzylpenicillin by €. coli,

Table 5. The effect of inoculum size on growth in ampicillin
Dilution of inocLHIum PenicillinaSﬁ
in

IR R

Ampicillin rr%i%(ﬁ?hrg'ter ofbrg]'

Organism sensitivity A ncbztion culture/hr,
Klebsiella Resistant . 29
Proteus vulgaris Resjstant - 8%
P.rettgeri Resistant - -
Escherichia coli aensmve < 83
Staphylococcus aureus gsistant 10-4 -

Table 6. Penicillinase activity on ampicillin and benzylpenicillin
Penicillinase activi
/'moy emcﬁf IC & |é¥ml.
bt cul

oth culture/nr,
. Ampicillin . Benzyl-
Organism senglt(ivlty Ampicillin pen|ncz|\ﬁl|n
Proteus mirabilis Resjstant 15 -36
Kle syelina_ _ Resisant - -
Escherichia coli Sensitive - ? 1)
Staphylococcus aureus Resistant % :
DISCUSSION

_ BY_ the not very sensitive cup-plate method used as a screening test for ampicillin
inactivation, there was a clear correlation hetween resistance to ampicillin and its
Inactivation by most of the strains tested Citrobacter, Klebsiella and the Proteus
groups. This correlation was not seen with the strains of Escherichia coli, NONE Of
which showed ampicillin jpactivation by this test, although 7 of the 41 strains tested
were_resistant to ampicilfin. None of the strains of pseudomonas pyocyanea gave
positive evidence of ampicillin inactivation althqugh all strains of this Species are
resmtanﬁ to am ICI||I“. mﬁr re%ults were obtaing bY Trafford et al, F19622 with
Klebsiella and a smaller number of strains of £ . coi, but they described four strains
of ampicillin-resistant proteus mirabitis which did not Pro_duce penicillinase. B

the jodometric methad, however, It was found that the strains of £ . ¢oi 0id In fact
produce some penicillinase, whether they were sensitive to ampicillin or not
although the values were lower than those of the ampicillin-resistant strains of
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Proteus, Klebsiella or penicillin-resistant staphylococcus aureus. Ampicillin-
sensitive strains of P. mirabilis Seemed to show even lower values of penicillinase than
did the . coli Strains. _ _ .

AmI%mJII_m_ was nactivateq as rapldl%/, or more ,ralaldly than benzylpenicillin by
the ampicillin-resistant strains of Profeus, Klebsiella and staphylococcus aureus.
However, it was also shown that ampicillin was more resistant than benzylpenlullm
to penicillinase produced by a strain of escherichia coli. ThiS suggests that the
penicillinase produced by thiS e . cori Strain differs from that produced by the strains
of Proteus, Klebsiella r s. aureus. This difference in resistance of the two anti-
biotics, fo geg|%|lllnafe cor f rPonds to the difference in sensitivity of €. coli to
ampicillin ana benzylpenjcillin. , _ o
_The experiments described here su_(ﬂ?est that there is no marked increase in Renl-
cillinase.production by coliform bacilll grown in presence of low concentrations of
ampicillin, methicillir OL cephalosporin”C. This contrasts, with otheL enicillinase-
producing organisms SUch as staphylocogcus aureus FGerommu_s&Co n, 1957) and
Bacillus cereus (Pollock, 1950). No evidence of penicillin-amidase groductlon Wwas
found for the strains examiried under the conditions described. Some degree of
amidase production cannotbe excludedsincemany ofthe organisms also produce peni-
cillinase which splits the /2-lactam ring. The resistance of naturally-occurring strains
0f 5. ayreus {0 Pemcnlmjs considered to be almost entirely due to penicillinase
ptroductlé)n. In the experlhmgntsd hberelggscrlbed Wltphn/]oclula of d|ﬁfe[ent 3||zes, the
Strain of s aureus Was inhibite - ampicilhn/ml. when the inoculum was
diluted 113105 whereas wﬂh _the ,s%ams po, ProPeus and KYngmﬁa, aﬂ%ougﬁqthey
apparently produced less penicillinase, an inoculum diluted 1/108grew in this con-
centration of ami)_lullln. It thfrefore Seems _unllkelly that the reSistance of these
strains to ampicillin depends solely on penicillinase production.

| wish to thank Beecham Research Laboratories Ltd., for a grant which made this
research Possmle, Dr Mary Barber and Dr R. Novick, for advice and criticism and
Mrs J. Filbey for technical assistance.
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