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Interspecific Transformation in Azotobacter

By MIRA SEN ana S.P. SEN

Microbiolo Uq[y Laboratory, Department of Botany,
Kalyani Urliversity, Nadia, West Bengal, India

(Received 5 February 1969)
SUMMARY

rdesc est ersul btale ex erhments on interspecific
rans H'B ac er ac [0 ro coccuglﬁfvas r ns
rme WI e vmelfa - hec onJes i
aren sra|n| co our, .0 on carac am] oc em|ca carac
erls IS, S0me of e rané{or a S |ns I Nitro Bn IXIN
ca a<:|t an ad ﬁ(l:egﬁor m ranﬁforman ohtaine d3(rea-
vine andu Wi Eroococcum ) hadb Ieren
co ur cqbonyc ara terIstic and Ca aan 9r W in ng rient broth an
peptorie, nut the|rn Itrogen-fixing capacity was decreased.

INTRODUCTION

Gengtic transformation in micro-organisms has numerous possibilities apart from
its utility in genetic analysis. The characters transferred hitherto by this process
mclude re3|stance t0 an b|ot|cs and certain enzymes concemed Wwith the pro-

dution of ca sue specific polysaccharides, antigens and several cellular meta-
bolites. RaV| \9\/ 61) listed some 20 bacterial species which have been found to, be
transformable. We record here observations concerning interspecific transformation
tz\etvy/eregl at\rlmv .species of the free-living nitrogen-fixers” Azotobacter chroococcum and

METHODS

The strain of Azotobacter vinelandii used in this work was ariginally obtained
through the courtesy of Professor R, H. Burris (University of Wisconsin). In most
of the' work describeq here a dark hrown nop- sePre atmg strain azcf 0f A, Chro-
cooccum was used. This was isolated from local soil'sa ges bny the ennchmentplate
method The cultures were usually grown on A trogen ree_mannitol
me |um havin te following composition: mannltol 100¢9.,” KHPO4 052
10% 04.7HD, 0-2¢.; NaCl, 0-2.. MnSO04 trace; FeCI3 trace; distilled wat

DNA extractlon n grellmlnary experlments several methods of DNA extraction
were tried. The methods of McCart% Aver ﬁ1946 Anagnostopoulos&S Izizen
£1961) Marmur (1961) and Colter, Brown, & Ellem (1962) all yielded good results.
ysozyme, sodium deoxycholate and sod|um aury sulp ate“were useful for the
disruption of the bacterja, Temetho ma ado tedwas as follows: the bacteria
Were ound with alymina in 50 ml. of saliné+ED A(Icontamln 0T5 M-NaCl and
0T mEDTA, pH 8-0); 1-5.¢. sodium citrate and 25 ml. of a 1% (wiv) solution of

Vol. 40, No. 3 was issued 17 November 1965
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2 M. Sen and S. P. Sen

sodium deoxycholate were added. After 15 min. 2ml. of 25% ?w/vi lauryl sulphate
were added and the mixture warmed on a water bath at 60° for 10 mirl. This was
followed by addition of solid NaCl fo a final concentration m. An equal volume of
water-saturated phenol was added followed by centrifugation at 4° for 30 min, The
u(w)er aqueous layer was removed and re-extracted with water-saturated phenol
for 10 min. in the Cold, the mixture being stirred with a magnetic stirrer. The |I8UId
Was agam centrifuged, the uprer layer extracted with ether 4 or 5 times for 10-20
min., traces of ether removed from itand left at 0° for several hours, centrlfuged and
the supernatant fluid added to an equal volume of 9% (v/v) ethanol in water, The

NA which was collected on a glass rod was dissolved in 9 ml. dilute saling citrate
FOTS M-NaCl + 0 015 M-sodium Citrate) and shaken with an equal volume of chloro-
orm +1soamyl alcohol (24+ 1 by vol.) for 15 min. and centrifuged. This OReratlo_n
was repeated twice and the DN [\Pre ipitated by additign of 9 %(v/vg ethanol In
water. After centrifugation the DNAwas disperséd in halfthe volume of Supernatant
0-15 M-NaCl + 0-015 M-sodium citrate. RNA was removed Dy incubation with
ribonuclease (50 f|P./mI.) at 3/° for 30 min., foIIowedey centriflgation and further
washmP with chloroform+ ispamy! alcohol. The DNA was re-precipitated with
ethanol, dissalved in dilute saline Citrate buffer and 0-54 volume isopropy| alcohol
added dropwise with stirring. The DNA threads ‘were collected on a lass rod
and Place In 70% (vlv) ethanol in water and then absolute e~hanol was added
slowly to a concentration of 95% (V/VI) ethanol. After centrifugation the DNA
was finally dissolved in 0-85% NaCl solution (normal saline). _

Genetic'markers. The characters of the Azotobacters which were used as %ene_tm
markers were the brown_ melanin _P|gment colony characteristics, fermentation
reactions and nitrogen-fixing. capacity. Ashby’s nitrogen-free mannitol agar media
In Petri dishes werg seeded with a suspension ofthe donor strain, incubated, and the
bacteria harvested 72 hr later by gently scraping-off the, gumw growth from the
surface of the agar. The organisms were then suspended i normal”saling and their
DNA isolated by the procedure described above.

Transformation. For transformation a loopful of a 22 hr growth of a receptor
strain_ was susgend_ed in 2ml. normal saline to provide a Concentration of 107
organisms/ml. and incubated with DNA of the donar strain at 37° for 30.min. to
1fir. At the end of this incubation period dilutigns of the bacterial suspension were
9Iated on Asths mannitol agar and incubated at room temperature (28-30°) for

-14 days. Pro_on%ed Incubation was useful for the development of the mefanin
p|gment. Colonies hearing resemblance to any character of the donor strain which
\s’\t/u?j absent from the recipient strain were transferred to agar slopes for further

Plgment formation. The mel_amn-t_yﬂe igment was extracted according to the
Eroc dure of Dawes 0(1941) with shg { modjfications: a hacterial susBensmn Was

oiled for 10 min. and the nsoluble residue digested for 48 hr with 100 ml. of 1%
Eegsm in KCL+ HC1 buffer ng 2-0); a little foluene was acded and the mixture

aken. The sediment was washed with distilled water, centrifuged and hydrolysed
with 4% gw/v) NaOH, the boiling being continued for 15 min. The brown pigment
was estimated with a Unicam absorptiometer at 400 m/t £E|oo). For qualitativé com-
parisons of amounts of pigment, suspensions of%/oun? ultures of similar bacterial
concentrations were used directly for spectrophotometry.



Transformation in Azotobacter 3

Nitrogen-fixing capacity was estimated by a micro-Kjeldah| determination of the
trg(ta%”\rln of the Crop of Organisms obtainéd on Ashby’s nitrogen-free mannitol
um.

RESULTS

Transformation of Azotobacter chrooccecum Kith
A. vinelandii DNA

When Azotobacter chroococcum was transformed with the DNA of A, vinelandii
6-10% of the colonies obtained through dilution plating were found to be different
from the arfnt colonies, Colome?_o the original parent strain of A. chroocqccum
were dark coloured, smooth and(i|stenmgb t never raised, Colonies of the donor
strain of A, vinelandii were colourless and Taised. The ‘transformants’ showed much
lighter shades of brown, some being completely colourless and others raised and very

Table 1. Characters of transformants obtained hy treatment of
Azotobacter chroococcum with A. vinelandii DNA

Growth in
, Colony Nutrient ~ Peptone  Utilization
Organisms charactérs troth water  of sucrose
Parent strains _
A. chroococcum (strain azcf) — Deep brown, gummy - ++ +4+
A. vinelandii (strain azv) Coly u[jless, very gummy,  ++ t +44
raise
Transformant isolates :
AZcv| White, gummy - + +4+
AZcv?2 White, gummy — ++ + 4+
AZ V3 White, gummy +4 + +
AZ CV4 Faint brown — . b4
AZ VS White, gummy ++ 4 +44
AZ CV6 White, gummy 4+ - + 4

+, +, ++, +++ indicate doubtful, slight, good and vigorous growth, respectively.

gummy. In several colonies which produced p|8men_t the rate of pigment production
was much slower than by the parent strain, Colqnies which were faintly brown or
white and_gummy were"used for detailed. investigation. The biochemical charac-
teristics of Six selected isolates together with a brief description of the features are
?lven in Table 1 All the transformants fermented mannitol, sucrose and xylose
Ike the parent strain, but they differed to some extent in their capacity. to grow on
peptone or nutrient brath. THe azcf strain of A. chroococcum used in this work was
unable to grow in nutrient broth, whereas the isplate of A. vinelandil ?r_ew well In
this medium, The transformants cv3 and cv5 utilized r%eptone ang nutrient broth
whereas the 1solate cv4 did not grow in either of these media. The Isolate cv6 grew
well on nutrient broth but not in geptone water. . : :
The pigment content and nitrogen-fixing capacities of these isolates are shown in
Table 2.1t will be seen that all"the tranSformants shown in this table had ver
little of the melanin pigment, whereas the receptor strain of Azotobacter chroococcy
azcf WS qujte rich in the pigment, The actyal p|%ment content of the parent strain
was much higher than the value shown in the table because the method of extrac-
tion used could solubilize only a part of the total pigment, and the pigment which
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Was ] htlZ bound could not be seParatedb any method._The pigments of the
transform nts however were almost completely extracted. The strain of A. vine-
landii use had a higher c%)acny for f|xmg nitfogen than the receptor azcs strain
of A. chroacoccum. he| rovement observed ‘In nitrogen-fixing capacity was
quite remarkable and all the transformants studied fixed at least twice as"much
nitrogen as the receptor azcf strain of A. chroococcum.

Table 2 Plgment content and pitrogen-fixing capacity of
ransformant Azotobacier isolates

Pigment present in 1 mg. dry wt. organism dissolved in Lml. 4% (w'v) NaOH.
Pi%ment Total

Organism n (%;
. chropcoceum 010 1-5
.vinelandii _ 0015 3-6
. chroococcum transformed with A,
vinelandii DNA
AZCVI 002 3-0
AZCV2 001 31
AZCV3 002 _
Az CV4 002 3-0
AZcvh 002 36
AZcve 002 34
Table 3. Characters of transformants obtained lr)%treatment of
Azotobacier vinelandii with A. chroococcum DNA
Growth in
, Colony Nutrient  Peptone  Utilization
Organism characters roth water  of sucrose
Parent strains
A. chrogcoccum (strain azcf) Deep brown, gummy - + 4+ + 4+
1. vinelandir (strain azv) V\{gnstgdvery gummy;, + 4 t +44
|
Transformant isolates
AZvel Deep brown - + ++ 4
AZVC2 Deep brown - * + 4
z\Ve3 Deep brow _ — , + 4
zvcd White, ralsed, slightly — — +4+
wrinkled

t, +, ++ ++ + indicate doubtful, slight, good, vigorous growtlr, respectively.

Transformation of Azotobader vinelandii with A. chroococcum DNA

Attempts to transform. Azotobader vinelandii to A, chroococcum have aIso been
successful. - Several transformant straing have been isolated which have the prro-
Bert}g of melanin groductlon as indicated by the formation of brown pigment.

lochemical ¢h ar Cteristics RI\% ment production, and nitrogen- f|xmrg capacities
are given in Tables 3 an lle the strain of A. vinelandit used grows well on
nutrient broth but p oor%/ |f at all, in peptone and the converse 1S trye for A.
chroococeum, the transformants varied ¢o 5|derably In their capacity, to utilize these
substrates. Al of them, however, could metabolize sucrose, mannitol and xylose,
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though in varying degrees. The three transformants vcl, vc2 and vc3 increased
conmderablg in |gment roduction, The mtrogen-ﬂxm? capacity was, however,
lowered in all the Cases and intermediate values were oblained.

Table 4. Pigment content and pitrogen-fixing capacity of
ransformant Azotobacter isolates

Relative amounts of pigment present in 1 mg. dry wt. organism dissolved in 1 ml. 4 %
/vSﬁlaOI—F. pIg P g.ary g 0

(w .
) Pigment Total
Strain i N (%)
A chroococcum 010 15
A. vinelandii . 001 36
A. vinelandii transformed with A.
chroococcum DNA
AZvel 0-06 2-4
AZvc? 008 2-1
AZ\C3 005 3-4

DISCUSSION

The mveshgatlons (escribed_here indicate the transformability of Azotobacter
chroococcum and. A. vinelandil. The grogerty of the Iproducnon of brown melanin
p|?ment, alteration in the consistenCy of the gum produced and the shape of the
colony can_be acquired by the rece? or strain"when treated with the DNA of the
dongr strain. The strains of both the species of Azotobacter studied were fairly
sensitive to gemullm ang streé)tomycm, and the property of resistance to these
antibiotics_could not be studied. ~ * _ ,

Genetic implication of the fmdmﬁs will be presented in a subsequent Paper. It Is,
however. of considerable interest that when Azotobacter. chroococcum is treated with
the DNA of the non- |%ment-produc,|n (A, vinelandii a large number of trans-
formants failed to produCe the melanin pigment. Whether this is.due to the acqui-
sition of the capacity to elaborate a substance which interferes with the rproducﬂon
of melanin, or'theré was some position effect, cannot be decided at present. The
capacity to fix mtr_o%en can arpﬁarentl be modified and this observation also merits
careful consideration and further hiochemical studies, .

The significance of interspecific transformation in Azotobacter in speciation
cannot be assessed at present. Variations in the shape of the colony, plgment content
and gum production of the transformants are, however, indicative of such a possi-
bility since strains of Azotobacter isolated from a given soil are very often found to
vaw considerably in their morPhoIo ical featuresand biochemical_characteristics,
as fias been found in the case of the fransformants described, here. The 5|%n|f|cance
of genetic transformation In spéciation and variability of soil micro-organisms has
beén discussed elsewhere (Biswas, Sen & Sen, 1964).
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INTRODUCTION

This Pa er presents part of a biochemical, serological and qenetrc study of
bacterial penicillinases Currently under way in this laboratory. 1t is_based on a
number of inter-strain and_ intra-strain crosses in Bacillus licheniformis which in-
voIve Renrcrllrnase production, studied by means of transformation with DNA.

enotypic properties of various penicillingse mutants uged and of the
trans ormants obtained are also described and discussed. Since the = work
was completed Gwinn & Thorne (1964) have reported the transformation of
several nutritional markers in a strain of B. licheniformis, and Leonard, Mattheis
Mattheis & Housewrrqht (1964{ have studied transformation to prototrophv and
polvglutamic acid synithesis in this species.

METHODS

Organisms. The parent of all the mutanf strains used for transformation studies
Was acrIIus liche |torm|s 74971, derived from strain 749 by ‘training’ it to [ow
rapid eyrn ‘minimal’ medium havrng NH4+ as sole source”of N, Strain 749/110
8 SUpS quentl¥ referred to as 110) 1s a Streptomycin-resistant and histidine-re urrrng
ervative of 749/1. Strains 749/48 and 49/81 are streptomycin-resistant an
methionine- requrrrn% mutants re ectrveg also derived from 749/1. These three
strains were obtained from Dr P néath. Strain 246 was received from Dr 1.
Takahashi (Canadian Department of Agriculture, Ottowa). Strain irc-1 Was

\ ;Prﬁsser'rot address: Department of Biochemistry, Albert Einstein College of Medicine, Bronx,
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received from the Institute of Research, Brussels, Belgium. As with strain 749 and
its derjvatives, strain 6346 was previously referred to,as B, subtilis (ncec 6346) (see
Pollock, 1965). All of these strains are penicillinase-inducibe.
Media, The minimal (glucose, ammonium, salts) medium_used was that of
Ana nostopoulos & Spizizen (1&561& Andrade agar (Kogut, Pollock & Tridgell,
was used as a standard solid nutrient medium an for etectrng the pro-
ductrono OPenrcrllrnase on solid medium.. Cephalosporin C (5/;9./ml.) was rncluded
in this medium as an ind ucer when required. Difeo Penassay Broth was used s a
standard l urd nutrrent medium. Enz nyme reparations for starch electrophoresis
an rmmun grca studres were obtairied_from organisms grown i CHS medium
Collins, 1 rans ormatron medium (TM) consisted of the salt mixture used b
na nostopou 0S & Spizizen. (1961 }+05 lucose, 0-0075% Casamino acid
02% yeast extract, L-histidine, (50Tig./ml.), 02 % additional sodium citrate and
O 005 . each ofstock jron solufion and oligodynamic mixture (Pollock & Kramer,
8) per 100 ml. medium. “Solid medium_Corftained. 2% Difco agar. L-Histidine
was a ded to solid media to a concentration of 50 fig./ml., and Streptomycin to

Im

t\/(t]uta enic treatment. Ultraviolet radiatjon. Two ml. of distilled water containin
about 3x 106spores/ml. were Irradiated in a Petr: dish for 25 ec. at a distance 0
50 cm. wrth a 300 watt u.v. lamg EHanovra Slough). The survival after this treat-
ment Was about l% The i rrra lated spores werg diluted 30 times with Penassay

broth and incubated overni
EthyImethane sul IronateEE 85 mutagen. Spores were susgended in 2ml. of
(-1 K-sodium phos hate buffer H70 c ntarnrn The suspension
Was rncubated for 20 min. at 35", washied once wrhphosphate buffer, diluted 30
times rnto enassay broth and Incubated overnigh

h%l -N'-nitro-N- nrtrosoguanrdrne (NG)asmutagen An overnight cultur in
Penassay broth was centrifuged and resuspended to original yolume in 0-2 M-sodiym
acetate buffer (pH 5-0). To 0-5 ml. of this suspension Was added, 0-12 ml. of g solu-
tion of NG (4 ng./ml') In_acetate buffer. The suspension was incubated, without
shaking, oy 210 min. at 35° and then diluteq 30 times in Penassay broth, followeq
bg r[or\r]eurrnlrcganIto%rowth This method 15 essentially that used by A’ Garen (personal

Selection of penrcrllrnase mutants. Constitutive mutants were detected by plating
about 103 colony-forming units in a 2 ml. layer of Andrade agar on a prevrouslr
poured Andrade” plate. The bacteria -were then covered with“an additional 2 m
of Andrade agar. After overnr(%rt Incubation, t e ates were flooded with a
solution containing about 500,000 unitsbenzylpenicillin. Colonies of penicilli-
ggssﬁ coln: t(re tive nr]rlrjrt eés produced pink zones after a few minutes, and were

Mutants roducrng Iow amounts of enzg/me actrvrty were detected b Iatrnd
500-1000 constitutive colony- formrn units as described above. After vrnr]%
rncubatron at foom temﬁerature tegates were incubated for 4hr at 50
resulting colonies were then ‘developed’ for penicillinase by the method ofNovrck
1963). modified by J. F. Collins and M. H. Richmond oersonal communication),
s follows, A saturated solutjon of th nyl-| -naphthylamine-azo-0-carboxy-
benzene (PNAC) was prepared In dimethylformamide. This was mixed with 1Q-2
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M-phosphate huffer (pH 7-0) to a final dimethylformamide concentration of 30%,
allowed to cool for several hiours and then filtéred. This preparation was_poured on
to the Petri dishes to be tested and allowed to soak in for about Lhr. The excess

AC was rinsed off with distilled water and 10 ml. of 10 ZM}Phos_ha,te buffer
(pH 70) contalnm% 300 mg. benzylpenicillin, poured on the dish. Within a few
minutes the constitutive (Par_ent colonies stained a deep purple. Colonies which
remained pale were picked with a Pasteur pipette into Penassay broth contammq
100 units ‘sterile penicillinase/ml., to destroy excess (Pemcnlm. After overnigh
Incubation, the mutant strains were purified and tested. _

_Transformation ‘procedure, An entire smﬂle colony. of a competent strain was
picked from a minimal mediym plate and inoculated into 3 ml. of transformation
medium (TM) In a Iar%e culture tube. No attempt was made to disperse the
organisms. The tube was then incubated on a reciprocal shaker for 20 hr at 35°.
At'this time 0-15 ml. was removed and added to 1-35ml. of TM containing 7 x 10~3,-
NaCl. Deoxyribonucleic acid (DNA) prepared from the donor strain was added to
the desired concentration (usually L'/fg./ml.). The suspension was incubated and
wgor_ousl;i,aerated through a_ﬁ;lass tub& in @ water bath at 40° for 1-2 hr. Durin
this time little or no change I viable count occurred. Deoxyribonuclease (DNAse
was added to g final conentration of 20/ig./ml. along with 10-2 M-MgS04 After
10 min. the culture was plated as desired in order to”select transformiant clones.
The viable count at this time was about 5 x 108ml. _

‘A—>B ' signifies a cross in which DNA from A (the donor) is used to transform B
(the recipien _

Selection of transformants. Transformants to prototrophy were selected by Platmg
on the appropriate. minimal medium. Streptomycin-resistant transformants werg
selected b}ﬁ plating in a layer of a?ar on a previously prepared bed of Andrade agar.
After a 2-nr delay at 35° @ third Tayer of agar confaining streptomycin was added,
The final streptomycin concentration attaimed after uniform diffusion throughout
the plate was 1 mg./ml.

Penicillinase-producing transformants were selected as follows. Molten Andrade
agar (25 ml.) containing about 3 x 106 colony-forming units was pipetted into each
Petri dish. “Benzylpenicillin was added with the bacteria, to reach a final con-
centration of 0-03 units/ml. in half the é)l_ates and 0-04 units/ml. in the rest. Both
concentrations were used in each experiment since the optimal selection concen-
tration was extremely critical and somewhat variable. Atop IaZer of 5ml. 1-5% (wiv)
Difco agar was poured when the bottom Ia)(er had set. ‘The plates were then in-
cubatedat 35° for 18 hr. At this time large clusters of minute satellite colonies were
visihle, often with a Iarger transformant colony in The centre. Each plate then
received 2-10 x 104 unitS benzylpenicillin in 2 ml.  M-sodiym hosghate buffer
pH 702. After 20-48 hr at 35”, the satellite growth had lysed and the trans-
ormant colonies could be easily picked and “purified.  Reconstruction experi-
ments showed that, with the recipient strain used throughout these BXperim nts,
recoverY of both inducible and Constitutive dongr typés was 90-100%, Trans-
1t‘ortr_nan colonies were picked with a needle and purified”on appropriate media before
esung. . . .

Periqlcnlmase assay. Penicillinase was ass_a[yed by the method of Perret 99542 and
expressed as units” (//moles benzylpeniciliin hydrolysed/hr at 30°; Pollock &
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Torriani, 1953). Benzylpenicillin, methicillin and cePhansporrn C were used as
substrates at concentrations of 2-4, 2-4 and 3-0 mg./ml., respectively.

When cephalosporin C was used as a substrate, 20 mrn were aIIowed for the
hydrolysis product to react with iodine (on the suggestion of J. F. Collins, gersonal
communication) rather than the usual” 10 min. tsed with benzylp enrcr Ic acid
A correction factor of 2 was apPIred since rt 1S reported that, the pro duct (presumed
to be cephalospororcacrd reacswr on ey equiva entsofrodrneEFIemrnq Goldner
& Glass, 1963) as compared wrth8rnt Case ofbenzr(l enicilloic acid. ‘Tt should
however, be noted that valuies for “cephalosporinase activity thus assayed are about
30% below those obtained manometrically (Pollock, 1965).

Induction tests: ‘induction ratio. Overnight crdtures In Penassay broth were
diluted tenfold in the same medium and inctibated at 35° with shakrng When an
opacity equivalent to a hacterial concentration of 0-1 mg. dry wt. bacteria/ml,
measired” by reference to a standard opacity/dry wi. curve) was reached, each
ulture was divided info two portions, one of which received'2 ;g cephalosporin
Clml. Penycillinase values were measured after further incubation for -5 hr and
expressed In unrts/mg dry wt. bacteria (pecific actrvrty)f The specific activity of
the. induced cultures diviged by that of the Uninduced is referred to as the “induction
ratio . It should be noted that Induction Ratros are only reallxvalrd for comparatrve
purgoses under standard conditions, and do_not medsure the maximum possiple
text nt ?ﬁ mdductron I any particular case; this would require much longer rncuba
lon with inducer

Preparation of DNA. DNA was preBared by the method of Marmur (1961) and
estimated by . the method of Burton ( b6

Immunological analysis. Enzyme/antiserum Frecrprtatron reactrons in agar were
etected and en rr/me samPIes uantrtatrveIY trated (ymeanso antiserum to
\e’\llée thyer;g (Porc(hée formis strain 749/c penicilfinase, according to methods described

W

Starch-gel eIectrophore is. Horizontal starch-gel electrophoresis was done with
enicillingse samples soaked on filter paPer according to' the method of Smithies
1955), using gel prepared in 5 x 10-2 mlycine buffer (pH 8-9), Avolta%egradrent
of about 10 /cm Was aB plied at room emperature for4hr he starch Blocks were
slrced and penrcrllrnase ands deve qped on one half b usrn% PNAC and on the
ot er Spra rng with 2M-odine containing 100,000 units benzylpeni-
cillin/mk: The fatt rmethod was more sensitive but nfore transitory than the first,
The resulting patterns were photographed.

Reagents. “N-Phenyl-1- naghttlt?ylamrne a70-g-carboxvhenzene was bought from
The British Drug Houses L td., Poole anr and, the ethylmethane sulphoriate from
Fastman_Kodak Co. and the A-methyl-JV-nitro-AFnitrosoguanidir.e from The
Aldrich Chemical Co. Methrcrllrn and ceghalosporrn C were gifts from Beecham
Research Laboratories Ltd. and Glaxo Laboratories, respectivély.

RESULTS

Thro hout thrs work derivatives from Bacillus licheniformis strain 749 were
used as crﬁrens

Table 1 shows that pre-treatment of DNA with DNAse (20 /eg.Iml.) for 10 min.
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completelly prevented transformation. DNA prepared from a histidine auxotroph
(strain 110) could transform to methionine prototroth but did not transform
strain 110 fo independence of histidine. The same 110 cufture was competent since
It was transformed to prototrcphy by wild-type DNA._ It proved possible to trans-
form cells of various mutant strains df B. Ucheniformis 749 routinely at a frequency
of 10~5t0 10~ All markers tested have been successfully transformed, including
streptomycin resistance, histiding, methionine, adenine and arginine prototrophy;,
and penicillinase production., N _

en Bailllus Uchfmformls 749-typc cultures_were plated on minjmal medium,
two morphological colony Aypes were apparent. The majority were flat, smooth In
texture, sticky and soft.” A small and variable mmontzy (0-1-10%) were smaller
rough, often crinkled, and turned reddish brown after 2-3 days. THe predominant
colony type will be referred to as ‘smooth” and the other as ‘rough’. In a typical

Table 1. Strains, markers and transformation frequencies in
Bacillus Ucheniformis o

transformant-
type colonies
appearing after

_ _ , . Selected treatmen
Strain from which DNA was isolated Recipient marker DN

749/48 749/81 Strepj, -res. 1930

T49/48 (preparation pre-treated 749/81 Strepl, -res. 10

with DNAse) _

749/48 110 his+ 1850

10 110 his* 10

110 749181 met* 2240

None 149/81 met* 30

None 749/81 Strept. -res. 15

None 110 nis* 0

experiment in which 2 smooth and 5 rough variants from strain 110 were trans-
formed to histidine independence, the smooth variants gave 10 and 17 proto-
trophs/ml, and the rough gave, 2540, 3970, 286, 478 and” 1430 prototrophs/ml.,
respectwelz/. When a mixture of rough and smoofh variants was used as recipient.
all of the Colonies selected for histidine or methionine independence were rough.
The viable count plates contained about 80% smooth colonies, It is apparént
that the smooth variants were not, c,omi)etent_ under the conditions used, When
rough variants were streaked on minimal medium, reversion to the smooth state
Was, eas%y demonstrated. The rate of reversion varied markedly among rough
strains, Competent rou%h variants were maintained on minimal aga and re-Streak®d
from single colonies abgut once a week on fresh plates. Single colonies from these
stre%ks Were used to |n|t|ate_comg_etent cultures. _

The concentrations of the ingredients in transformation medium (TM) were those
experimentally. determined to”be optimal. These components were required only
during the period of Iglyrowth preceding the addition of DNA. Once the organisms
had become competent theny could be diluted into Spizizen salts medium or saline
containing 10-3 M-Mqﬁozla d then exposed to DNA without loss of competence, as
compared with controls treated in the usual way. In salinewithout MgS04 the trans-
forming efficiency was much lower,
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Competence was found fo reach a maximum during the stationary phase of
?rowth ang to decline rapidly after about 3 hr. The yield of transformants increased
[srhegr/%wnh increasing DNA concentration, reactiing a maximum at about 1 jug,

Characterization of 1 penicillinases

Mutants. Table 2 presents some properties of the penicillinase mutants obtained
from the standard wild-type ‘margno-mdumble’) strains used. In addition to
‘magno-constitutive” strains, several loss mutants, some Oproducm Immuno-
logically cross-reacting material (CRM) were obtained. Other mutants with
abnormally low induction ratios, presumably with requlatory lesions in a control
gene, may be described as ‘semi-constitutive’ (raised basal, normal maximum
nduction] or ‘semi-inducible’ Fnor_mal basal, subngrmal maximal mdu_ctlonz.
Others were strictly_ non-inducible (inguction ratios of unity), each producing IS
characteristic level of enzyme with of without inducer, covering a range from around
normal hasal or below (‘micro-constitutive’) up to 10% of the maximum (‘magno-’
constitutive value (‘meso-constitutive’). Treatment at 50° for 1hr caused “mor
than 90% loss of activity in ¢rude culture supernatant fluids from both these
mutants, but had no effect on the parent, wild-type enzyme. o

Strain 9 behaved ljke the inducible wild-type at 35°, hut was semi-constitutive at
50°, farming at the higher temperatyre about 500 upits en_mﬂlmase/mgh dry wt.
baé:t%?g n|n e absence of inducer and the normal fully inducible complement after
Induction,

Strain 18 (obtained from a constitutive_mutant of 100) represents a particular
gpe ofenzyme mutant of which strains 19, 7L and 20later proved (Pollock. Fleming

Petrie, 1905).to be further examples. [n Penassay broth, the total enzyme
activity of strain 18 was only about 5-10% of that produced by the parent
strain, When the bacteria were lysed with lysozyme, about 50% or more of the
penicillinase activity was lost, whéreas the low acfivity in the supernatant fluid was
unaffected 'bIX lysozyme. When a constant amount of Supernatant fluid enzyme was
titrated with increasing amounts of specific antiserum to B. lichentformis 749/c
enicillinasg, a threg- to four-fold stimulation of genlcnll_nas_e activity was observed.

nder similar conditions wild-tvpe enzyme was 50% inhibited by’ this antiserum

Pollock, 1964).

Strains 22 and 72 produced no enwme B,C'[IVIt?/ detectaple bg the methods used;
these strains were derived from corstitutive_strains and produced cross;rea;:tm%
material (CRM) in the absence of inducer. They were thus double penicillinas
mutants, with damage presumably in both the Control and the structural gen_es.
%Falgn%lvl\{%sa Suesed throughout this'work as a recipient In crosses involving selection

Jomologous crosses. The term “homologous’ is used here to describe a cross in
which the donor and remg_le_nt strains were derivatives of the same wild-type isolate.
When_ the donor and recipient were derived from distinct wild-type Strains, the
cross is described as ‘heterologous’. Strain 749/c3 (a constitutive mutant strain
was transformed tq prototrophy by usmg DNA from'the w 1d-type strain 749, Th
resulting his* strain_ (c3/1) was Used to0 transform strain 22" Selection was for
penicillinase production and for histiding prototrophy. In this cross 17 penicillinase



Strains
Standard Parent
749 749
74911 749
110 74911
Penicillinase
mutants
749/c 749
749/C2 110
749/c3 110
149/C4 110
749/c5 110
749/c6 110
149/C7T 10
749/c8 110
18 749/c3
32 110
19 149/c3
17 749/C
11 749/c
20 749/c3
17 749/C3
28 110
16 149/c
3 110
75 149/c
16 149/c3
74 749/C
25 149/c3
26 149/c3
72 749/C
2 149/c3
23 749/c 3
24 749/c3
Cl 74911
9 749/1
21 10
29 110
34 110
30
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Table 2. Penicillinase ﬁropertle_s of strains derivedfrom
Bacillus licheniformis strain 749 »
Precipi-
tation
with,
. P_ecmc
Penicillinase antiserum
(umts/m?. dry wt. to wila-
bacteria) Indue _ tm)e
_ A tion Phenot}/,plc penlell-
Mutagen Uninduced Induced ratio*  descriptionf linascj
- 12-24  840-1400 35-117 MaPno-inducibIe +4
MS andard wild-type)
- 12-24  840-1400 35-117 Magno-inducible +4
tradl,ned)to minimal
edium
12-24  840-1400 35-117 Magno-inducible ++
(histidine auxotroph:
streptomycin-res. )
EMS 3000-5000 3000-5000 10 Ma(t;no-constituti\_/e R
%a.n ard constitutive
rain
EMS 4530 4750 105 Magno-constitutive nt.
EMS 3660 4120 102 , + +
EMS 4190 4320 103 J; n.t.
EMS 3370 3910 116 " n.t.
4440 4510 102 n.t.
EMS 5920 5850 0-99 n.t.
EMS 6970 1430 107 . nt.
uy 280 210 0-95  Meso-constitutive +
XG 208 208 10 :
XG 90 )] 10 ++
XG 19 11 0-98 ) -
XG 50 ) 104 ++
XG 3 4 0-7 . + 4
XG 2 25 12 Micro-constitutive .
XG 24 23 0-95 }
XG 19 25 1-3 4+
NG 9 10 11 .
XG 39 42 11 + 4+
XG 38 26 (7 + 4
XG 24 22 (92 -
XG 28 21 05 "
XG 0-80 090 11 ;
XG <005 <005 - Xegative + 4
XG <005 <005 — . ++
XG 4250 nt. — (Thermo-labile enzyme)  +
XG 1420 nt. . . +
EMS 2865 4130 1-44  Semi-constitutive nt.
EMS 3% 19 1250 e Magno-inducibleat 3 + +
50° 400 1400 28  Semi-constitutiveat50° n.t.
XG 155 130 86 Seml-l?duuble + 4
XG pl B 41 ] +
XG 18 43 2-9 J -
XG 14 31 2-3 ) -
EMS 2 18 15

110
n 74911

* Induction ratio = differential rate of enzyme

induction/ditferential rate of enzyme synthesis Wlt?]/OUt Induction, (see Text)
f !

T See text

or description of nomen

.t Based on plate Ouchterlon

induction) as described by Pol
n.t. = not tested.

ature.
1961).

nthesis understandérd conditions for maximal

Iytist(on surface growth (in case ofinducible strains, after maximal
oc
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transformants were picked, and all were found to be constitutive; control platings
of strain 22 alone allelded_ no revertants. _ _

When strain 11071, an ingucible wild-tvpe his+ transformant derived from 110
was used to fransform strain 22, 89 out of 101 penicillinase transformants tested
were nductble; the remaining 12% were constitutive. When a DNA concentration
20 times lower was used, 11 out of 15 transformants (73%) were inducible. These
strucfural and requlatory mutant sites in strain 22 are therefore closely linked bly
transfoymation. Twa coristitutive and 5inducible transformants from this cross were
assayed for penicillinase produgtion, with and without induction. The values of
enzyme proguced in these transformants were not,shgm]‘lcantly different from those
of the constitutive parent strain of 22 and of the inducible donor strains.

Some crosses were performed with strain 9 (the temperature-sensitive control
mutant) as donor and strain 22 as recipient. Transformants were tested on Andrade
plates, with and without inducer, at 35° and at 50°. Of 15 transformants tested 6
were constitutive and 9 showed the donor temg)erature-sensmve character. It was
ace)rr]lecluded that the requlatory mutation of strain 9 1s also linked to the structural

Table 3. Linkage of structural and control loci for penicillinase
in Bacillus licheniformis
The recipient in all crosses was B. licheniformis strain 22 (see Table 2).
Frequency of

histidinie

Transformants , .and
Donor tested Inducible penicillinase
strain (no.) (% transformation*
749/1 101 100
1IRC-1 3l 16 370-610
0346 185 52 46-73
246 45 31 32-43

* These values are percentages of the average transformation frequency obtained in the homo-
logous cross.

Heterologous crosses.. A series of crosses was undertaken bY’ usm% DNA from a
number of ma no-éJenlc!IImase-mduubIe w_lld-t%/pe Bacillus Ticheniformis strains:
0346, irc-L-s' (an EMS-induced mutant of |£x- resistant to 1 mg, st_r_eg_to,m)/cm/
ml.r), 246, "In these crosses 20,000 rather than 100,000 units benzyiperiicillin/plate
were used on the second day of selection, becayse of the lower resistance of 246 and

346 t0 saturatm% concentrations of benzylpenicilfin, Segarate experiments showed
that the use of 20,000 rather than 100,000"units in homologqus crosses with strain

49 would not have affected the earlier results obtained. This permits comparison
of resylts derived from the homo!ogou_s and heterologous Crosses.

Table 3 shows the, numbers of inducible and constitutive transformants and the
relative transformation frequenmes obtained for histidine and penicillinase in the
varioys crosses. Throughout this work the freqbuency of histidine and penicillinase
transformation never differed by more than 50% in‘a given cross. The last column
In Table 3 therefore presents combined data for both these markers, gNenher the
strain 22 penicillinase structural marker nor the his~ marker has ever been observed
to revert.ﬁ) All three heterologous donors could co-transform strain 22 to inducibility
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and enzyme function, thus demaonstrating linkage of the structural and re(t;ulatory
loci.  The degree of linkage varied from'about 80 to 80 %. Table 3 shows that the
fr_e%uency of linked transformation of he structural and r_e?_ulatory markers varied
directly With the frequency of transformation of the histidine and penicillinase
markers between heterologous strains.

Properties of penicillinase produced by the progeny of heterologous crosses

An attempt was made to characterize the enzyme produced hy transformants
from heterologous crosses containing a 749 genome+ genetic material from a fore|%n
strain carrylnP the structural and requlatory determinants for penicillinase. The
specific benzy tPen!cnlmase activities Of strains 6346 and 246 (which appear to be
Indistinguishable, u%ged by all tests so far ma_de? are about sixtold lower than that
of strain 749. Indeed, the purified 749/c penicillinase has a molecular activity on
benzylpenicillin nearly 6 times that of the funﬁed enzyme from strain 6346/c (a
magno-consntutlve mutant from strain 6346; Pollock, 1965). On Andrade agar
plates (‘developed’ by the addition of about 2x10s units benzylpenicillin, after
Induction with 5fig. cephalosporin Ciml.), this difference was clearly recognizable
from the zone size of acid production. The genlcnllnase types of the Frogeny of a
number of heterologous crosses involving 6346 and 246 donors were tested in this

Way,

8{ 185 strain 6346 -strain 22 ‘hybrids’ examined in the first batch, 182 had
maximal values of henzylpenicillinase activity similar to that produced by strain
6346. About half of these were constitutive {Table 3)7. The re a|n|ng3 transfor-
mants, however, produced penicillinase at the strain 749 value, and all were con-
stitutive. Repeated control tests never revealed any reversions of strain 22 back to
the magno-constitutive ph notX e from which it was derived.

Among 145 further strain 6346 -> strain 22 hybrids, another 3 transformants (all
constitutive) formed penicillinase at the strain 749 value. Finally, out of 45 hybrid
strains obtained by transforming strain 22 with DNA from strain 246, 2 produced
749-t_)g)e enzyme, and both were likewise constitutive. Thus, out of a total of 475
hybrid transtormants, 8 (all ,constltutlvez produced recipient-type enzyme, indi-
cating that repair or suppression of the structural ?ene mutation in strain 22 had
been achieved by means of transformation with heterologous DNA.

The validity of the rapid plate test for distinguishing between 6346-type and
749-type, penicillinases was confirmed_in several cases by measuring the ratios, of
activity in hydrolysmg cephalosporin Cand methicillin relative to benzylpenicillin
as described In Methods. (These differ markedly and characteristically in the wild
t){pes_'_ Pollock, 1965.) The results for cephalosporin C are shown in Table 4. The
classification of a given transformant penicillinase as 6346-like or 749-like on the
basis of the plate test was confirmed in all cases by its relative activity on cephalo-
sporin Cand in two cases (T2 and T252 on methicillin. C _

Finally, the a ?arent identity of the transformant 6346-type penicillinase with
the normal wild-type 6346/c enzyme was confirmed in two of these inter-strain
Wbrlds by comparative titrations with anti-749/c penicillinase antiserum 0(Fl_g. 1).

ild-type 6346/c and 749/c penicillinases have been shown to, differ by 100 % in the
extentof maximal stimulation of their methicillinase activities b){ this antiserum
and by approximately sixfold in their equivalence points, when this is expressed

4
=N
%uﬂ“nﬁ‘lm Nyl ‘mnﬁﬁ“‘émj\ \
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in terms of the ratio of the minimum amounts of antiserum causing maximal stimuy-
lation of the activities of the two types of enzyme respectively (Pollock, 1964).
Flg?ure 1 shows that transformants t21 and €25 gave titration curves mdlstm?msh-
able from those given by normal 6346/c enzk/me. In an analogous experiment with
benzylpenicillin as subStrate, . transformants t13 and €33 Dboth gave, with the
same antiserum, the ‘biphasic’ titration curves characteristic of "the 6346-type
penicillinase (Pollock, 1964).

Table 4. Bacillus licheniformis: relative activities of wild-type and inter-strain
(6346->22) transformant penicillinases on different Substrates

A_ctjl\i_ity of
nicillinase in
p(Jh drolysfng
_ _ cephalosporin C
Type strains Phenotype inferred from as % achw_ty_on
Yparental) benzylpenieillinase plate test enzylpeniciflin)
6346/c 6346 constitutive 103
749/c3 749 constitutive 0-76
[nter-strain
transformants
tested
rl7 6346 inducible 104
T18 6346 Inducible 9-6
t 6346 constjtutjve 103
t 06346 constitutive 90
t2 6346 constjtutive 105
t23 6346 constitutive 100
t16 749 constitutive 073
t25 6346 constitutive 97
t21 0346 constitutjve 95
t28 6346 constjtutive 100
t30 6346 constitutive 93
t3l 6346 inducible 94
t33 6346 constitutjve 90
V-3 149 constitutive 0-78
v-4 749 constitutive 083

In spite of the fact that all the strain 6346 strain 22 transformants tested pro-
duced atype of penicillinase with enzymic and serological prog_ertges indistinguishable
from ong or other of the two wild-types, electrophoretic mobilities of somé of these
transformant enzyme samples appéared to be significantly different from both. On
eIec_tr_oPhoresm through starch gel (see Methods}, samples of wild-type 6346/c
penicillinase always moved more rapidly than the 749/c enzyme, thoughboth types
showed multiple an,dlng (Pollock, 1965). Culture supernatant fluics from tén of
the strain 6346 - strain 22 transformants which were enzymically 6346-like and from
both_ wild-types were dialysed and concentrated 15-fold by " freeze-drying, and
mobilities compared by this method. The penicillinase, in preParatlons from all ten
transformants, migrated at speeds intermediate between those of 6346/c and
749/c. All these produced an enzyme-type enzymically similar to that of 6346/c:
typical results are presented in Fig. 2. In electrphoretic runs of artificial mixtures
of preparations from transformants and 6346/c wild type strains, each ‘brand’ of



Penicillinase transformation 17

penicillinase retained its characteristic mobility unaffected by the presence of the
other. Two 749-like transformant preparations from strain 6346 —=strain 22
crosses migrated at the same speed as the 749/c preparation. _ o

To determine whether transformation of strain 22 to produce active penicillinase
led to elimination of the abl|lt?/ to form the mutant 2%enlcnllnase protein (cross-
reactm? material: CRM) normally produced by strain 22, culture supernatant fluids
from sfrain 63464 strain 22 transformants were examined for the presence of
material interfering with the normal penicillinase/antipenicillinase reaction. Inter-
ference by the enzymically inactive strain 22 mutant-penicillinase CRM itself was

8r ®

Un o
6
o

Activity (xmoles methicillin
hydrolysed/hr/ml.)
H
T

Ti1 t20 t20 tl1l8 t18 t25 t25

1 1 1 ] 1 1 + + +
0 0-02 0-04 0-06 0-08 0-10 0-12 6346/c 6346/c  6346/C

ml. antiserum Penicillinase preparations
Fig. 1 Fig. 2

Flg. 1. Immunological titration curves of penicillinase from 6346/c (wild-type) and
6346-"- 22 transformants. Increasing quantities of anti-749/c penicillinase antiserum
were added to a constant amount (150, unjits) of enzyme from untreated culture super-
natants, and the resulting enzyme activities’ determined with methicillin as substrate.
—+ — 6346/c control; —A— 21 —0— t 25.

Fig. 2. Tracings of patterns of enzyme reaction bands after starch ?el e
of Inter-strain “transformant (¢ 11, t18. 20 and t25) and parental-typ
6346/c) *ngcnlmases_ (smglﬁ and together). Migration is toward the anode
origin and relationship of'enzyme types.

749/c 6346/c

lectrophoresis
e (749/c and
. See text for

shown by measuring the stimulating effect of increasing quantities of antiserum to
749/c penicillinase on the rate of methicillin hydrolysis ¥ normal (strain 6346) and
transformant (train €25) enzyme, as follows. “100 units of normal enzyme contained
in 0-45 ml. supernatant fluid from cultures of strains 6346/c and t25, 8rown to a
population density equiv. to 1-2mg. dry wt. bacteria/mh, were titrated (a) alone
and (v) after addition of an equivalent quantity (0-5 ml. of culture supernatant fluid
from mutant 22 grown to an opacity equiv. to 1-1 mg. dry wt. bacteria/ml.) of
the CRM penicillinase. The titration clrves obtained (Flg. %}s ow («) $|Pn|f|cant {up
to 50%) inhibition, by an equivalent amount of strain 22 CRM penicillinase, of the
reaction between antiserum and both W|Id-t¥pe and transformant enz¥mes, md_lcat_mg
ne_arl}/_ equal competition between CRM-22'and, wald-t _?e enzyme for combination
with limiting quantities of antibody; (b) no significant fitration differences between
2 G. Microb. <1
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normal 6346-type enzyme and that formed by t 25 (as previously indicated inFig. 12.
Similar results were obtained with another”strain 6346 strain 22 transforman
t21. If either of these two transformants had formed 3|?n|f|cant quantities of
22 CRM penicillinase as well as normal 6346-type enzyme, their enzgme titration
curves with antiserum would have been different from that of the 6

46/c enzyme
alone.
T

Activity (umoles methicillin hydrolysed/hr/ml.)
S
T
[ )
a»

1 1 1 1 1 1
0 0-01 0-02 0-03 0-04 0-05 0-06
ml. antiserum

Fig. 3. Interference in the penigillinase/antipenicillinase reaction through addition of
enzymically inactive CRM fpenlullln_ase from mutant 22. Titration clrves showing
comparative stimulating effects of increasing quantities of anti-749/c Eenlulllnase
antiserum on of methicillin h drolgs y. 100 units of W|Id-t¥pe (‘346/0) and
transtormant (tZo) enzyme {d) aloné, an )afterzgddltlon of equivalent amount of
22 CRM penicitlin s& 346/t alone —e —s ' —, tlo alone —0—0—, 6346/C+22
CRM —A—A—, t5+22 CRM —U—1 —.

DISCUSSION

_ The various penicillinase mutants listed in Table 2 can be provisionally grouped

into_two main categories. T
‘Control’ mutants, which produce penicillinase qualitatively indistinguishable

from the ‘maé?no;mdumble " wild-type, but at a significantly different rate or with

an altered induction response. These comprise: f(|) strains 749/c to 745/c8 inclusive

(see Table 2), which form maximal amounts of enzyme in the absence of inducer
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and conform to the original definition. of ‘magpo-constnutwe’ gPoIIock, 19572;
(1) strains 27, 29, 30 and 11 (all “semi-inducible’), which retain some response o
Induction but form less enzyme than the wild-type, and strain ¢! (‘semi-copsti-
tutive’), which has a significantly increased basa gunlnd_u_ced) value; both these
su%grou s have, of courSe, subndrmal induction ratios; gn) ‘Mmicro-constitutives’
and” ‘meso-constitutives ’, which show no induction response but form enzyme at
rates well below the maximum; some of these (77, 17, 74, 25 and 26) arise from
stra|ns_alread¥ mutated to magno-constitutivity, whereas others (28, 31 and 32)
stem directly from_the original nducible strain” 110; (|v8 Strain 9, a “facultative
constitutive; inducible at 35° but semi-constitutive at 50°, having properties con-
sistent, with the presence. of a thermo-labile repressor, and very similar to the
Escherichia coli /i-galactosidasc mutant described by Horiuchi & Novick (1961).

Structural ?ene mytants, which form enzyme with progernes clearly differentiated
from those of the wild-type—having either markedly decreased specific activity (as
indicated by the presence of a normal serological precipitation reaction, combined
with greatly decreased enzyme activity: strains 18, 19, 71, 20, 76, 75, 16, 72 and 22)
or decreased thermostability (strains 23 and 24). Strains 18, 19, 71 and 20 show
altered serological behaviolr, wild-type activity being partially or completely
restored after interaction with specific antiserum. One explanation is that this is
due to E)_arual restoration of the original wﬂd-tgpe conformation b}/ combination
with antiserum, it being Supposed that the mutated enzyme in solution adogts an
altered conformation which'is enzymically inefficient (see Pollock et al., 196! ?

Novick (1963) reported on a gerietic analysis by transduction of the penicillinase
of Staph¥lococcus aureus, and presented evidence |nd|cat|nﬁ that the_penicillinase
gene of that organism was carried on a plasmid. In Bacillus licheniformis, how-
ever, there is no suggestion that the %enl_cnlmase genes are extra-chromosomal; the
structural gene is stable and, unlike the situation in S. aureus, there is no large class
of absolute _ne%atlve, irreversible, loss mutants. _

The data in Table 4 show that the frequency of co-transformation of the structural
and control genes In three hete_roIQ%ous crosses was directly proportional to the
frequency of histidine and penicillinase transformation, [t seems reasonable to
Interpret’ these results in terms of the degree of genetic homolog% between the
strains, since homolo%y OVer a Iar?e stretCh of chromosome may”be required to
Integrate a more extended. region of donor DNA. B. W, Catlin (private communi-
cation) has obtained a similarresult in transformational crosses Detween strains of
Neisseria catarrhalis; the frequency of co-transformation of resistance to strepto-
mycin and kanamycin was higher in homologous than in heterologous strains.
This concept is borne out In the present case by what is xnown about the phenotype
of the four strains of Bacillus licheniformis involved. The penicillinase ofB. licheni-
formis irc-1 1S more closely related in substrate ‘profile’ and antiserum titration
values to that of strain 749 than are the penicillinases produced by strains 246 or
6346. Furthermore, several Phages, Isolated from soil, form plaques on either strain
749 or strain irc-1, but not on strain 6346 or 246 (D. A. Dubnau, unpublished
observations), . . .

It seems |gh|8/ frobable that the structural penicillinase loci in the, wﬂd-tyge
strains 749 and 6346 are strictly allelic. Apart from a priori considerations based
on the similarity of the two strains and the two types of enzyme, the results of
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interstrain (6346-"22) crogses indicate that (a% insertion of the 6346 type of
enzyme into a_749-t'¥ﬁ/? recipient $22) involves the exclusion of the normal cross-
reaCting material (CRM) fp_roduct of the mutant 22 structural gene, and (b) in a few
but,sqnlflcant number of, instances a%parently complete repair of the defective 749
penicillinase structural gene in strain 22 can be'achieved by means of transformation
with DNA from the heterologous wild-type strain 6346, The 749 and 6346 types. of
penicillinase have been shown (Pollock; 1965) to be closely related proteins with
similar molecular weights, differing considerably in their enzymic pr%ertles but
with only marginal distinctions physico-chemicallv and serolo%[cally. nalyses of
their ovérall amino-aciq compositions do not show significant differences, and it is
not therefore yet certain that their primary amino-acid sequences are dissimilar.
It is, however, more likely that they do differ by anumber of residues.* If this be so
the most probable explanation of the repair, by strain 6346, of the defect in strain 22
Is the occurrence_of an intra-cistronic recombination involving the restricted in-
sertion into the 749-type (22) ?en_ome of that portion of the 6346 penicillinase
structural gene which is identical with, or very similar to. the homologous region on
the 749 genome containing the mutational defect expressed in strain'22.

. The fact that 100 % (8 out of 8) of these particular transformants are constitutive
(i.e. retain the control mutation of the recipient) indicates that crossing-over must
have occurred between the control and structural mutated loci in strain 22. 1f a
region of dissimilarity within the 6346 and 749 %enes exists between the position of
the mutation,in strain 22 and the proximal end of the control gene, a strong selection
for constitutivity among the 749-like transformants would be expected.

The overwhelming majority of strain 6346 -> strain 22 transformants produced a
donor (6346)-type penicillinase. This was to be expected, and it is probable that in
most of theSe transformations the 749-type recipient has accepted the ‘fore_lgn’
hete_rologzous gene, with little or no modification. However, in some instances it is

ossible that a 6346-t pe enzyme may also result from intra-cistronic recombination.

he relatively high (about 50%) incidence of constitutives amongst such trans-
formants suggests that, since close Ilnkage between control and structural penicil-
linase genes has already been demonstrated in homologous crosses, a proportion of
recombinations between the control and structural mutated loci in strain 22 may
have occurred within the structural gene. Ifso. they must involve insertion not only
of the area defective in strain 22 but of the fragment of the strain 6346 structural
Penlcnllnase ene which carries all or most of the sequences dlfferln% in the two
ypes. The distinctive eIectrthore_tlc behaviour of all of the 634b-like trans-
formants is also consistent with this possibility, although three inducible hybrid
transformants tested showed this same behaviour. The fact that differently treated
preﬂa_ratlons_of_exo-enzyme from the same wild-type strain can also differ significantly
In their mobilities as shown by this technique (eg as hetween a supernatant fluid
concentrate and. a fully purified sample; Pollock, 1965) suggests that these dif-
ferences do not involve the primary amino acid sequence and may arise from the
inggugnrcneoﬁef(: a|e749-type cytoplasmic environment acting on a 6346-type of penicil-

Inas ule.

* S Note e 2
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INTRODUCTION

Between the Shigella and Escherichia groups, as now defined (Ewing & Edwards,
1962; Edwards & Ewing, 1962; Carpenter, l963a1)there IS 2 wide sloectrum of re-
lationships, expressed also t rouEh an appreciable genetic homo 8%( (Luria &
Burrows, 1957; Stenzel, 1961; Falkow, Schneider, Baron & Formal, 1063; Stenzel,
1963; Stenzel & Meler 19643 as well asthrough biochemical and antigenic similarities
EEWlng Hucks & Taylor, 1952; Ewing, 1953 Ewm% Tatum, Davis &Reavis, 1956;

wing, Reavis & Davis, 1958; Edwards & Ewing, 1962). As the procedures for the
determination of genetic compatibilities are not mcluded among those used in most
diagnostic lahoratories, and patho%enlc properties are not internationally accepted as
taxonomic criteria for the groups ofthe family Enterobacteriaceae (Carpenter, 1963p),
the ﬁosmve and differentia d|a nosis of Shi eIIa and Escherichia asofaII othergroups
of the family) is based on biochemical and antigenic tests; forgrou determination
biochemical characters are used predominantly. With Shigella and Escherichia, of
the 41 seroty?es accepted in the Shigella group, only 5 do not exhibit relationships
with the O (1-145) antigens of the schenchla group; 14 Shigella serotypes have
identical 0 antlpens W|th that of some Escherichia types, and the remaining 24 sero-
types of Shigella present different degrees of antigenic relationships of the type a-,
b or a b-a, cwith the members of thé Escherichia [qroup (Edwards & Ewing, 1962).
It Is evident that biochemical tests have particufar value in the examination of
isolates which might belong to one of these groups. There is no difficulty in the
recognition of tyﬁlcal Escherichia strains (prompt lactose fermentation, motility,
aerogenesis) which are most frequently encountered, but the identification of slow
lactose- fermentlngg24 hr ormore) non-motile and anaerogenic strains which conform
to Shigella and Escherichia definitions after the usual biochemical screening tests is
sometimes difficult.
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Up to September 1962 we used l'or the separation of the lactose noil-fermenting
non-motjle and anaerogenie strains which for the rest conformed to the Shigella and
Escherichia groups, thé tests for lysine and ornithine decarboxylation, Christensen's
citrate, sodium ‘mucate and thie decomposition of several carbohydrates, In
September 1962 we were informed, thr _ugh the courtesy of Dr W. H. Ewin
Atlanta, Georgia, U.S.A., who kindly supplied the ma_nuscngt of athen unpublishe

aper) about a chemically defined medium containing Sodium acetate as_sole
carbon source, which Trabulsi & Ewm(i (1962% had found valuable in the differ-
entiation, of Shigella and Escherichia cultures. From that date we used this test in
our routine biochemical tests for the examination of Enterobacteriaceae. The
resent Rape_r reports the results obtained with this, test of sodium acetate utiliza-
lon in the differentiation of Shigella and Escherichia strains.

METHODS

Organisms. Between September 1962 and January 1965, 860 isolates which
Were 9found_to belong to Shigella and Escherichia were tested for their ab|I|t?/ toutilize
acetate. With some few exceptions, all the strains studied had been freshly isolated

Table 1 shigella serotypes tested on sodium acetate agar

Xo. of
, isolates
Species Serotype tested
S. dysenteriae 1 2
2 24
3 1
S. flexneri la 2
(b 26
23 62
2 3
33 2
3 58
4 16
5 n
6(Boyd { 16
6 (Manchester) 24
var. X 3
var. Y 5
S. boydii 1 28
ya ] f
S. sonnei 6 2
Form | and Il 128
Total 414

from stools of diarrhoeal and non-diarrhoeal persons, who were being examined for
dlagnostlc or prophylactic purposes. The identification of these isolates was mage
biochemically and serologlcaIIY (8not all cultures) according to Internationall
accepted procedures (Report, 1958; Ecwards & Ewing, 1962). Other technica
details about the biochemical methods were given elsewhere (Costin, 1965). The
§h| ella straing bBIon ed to the subgroups B; D, G A (in decreasing nurmerical
requency; see Table 1),
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Medium. The sodium acetate agar medium (SAA) was prepared accordlna to
Trabulsi & Ewing (1962): distilled water, 100 ml.; NaCl, 0-5g.;MgSO47H20,0-02 g.;
NHHZP04 0-1¢.; KHPO4 01 g.: sodium acetate 0-2 ¢." agar (washed 3 days).
20 bromthvmol blue (1/50(()} aqueous solution), 4 ml. o
eingredients were dissolved by boiling, thea%ar added, and the solution adjusted
to pH 7-7-1. The medium was dispensed in 120 x12 mm. tubes in about 3 ml.
amounts, the tubes closed with rubber sto?pers, autoclaved for 15 min. at 121° and
cooled ina sloped Posmon to form a butt of about 10 mm. The tubes were inoculated
over the surface of the slopes with saling suspensions from fresh gZO hr) agar cultures
and incubated at 37° for 7 days. Readings were made daily. Since 1t was noticed
that correct results were obtained only when there was somé syneresis liquid in the
bottom of the tubes, only such tubes were used. In all instances, in which non-
lactose-fermenting, anaerogenic and non-motile strains were examined, other
sggnlflcant biochemical tests (lysine and ornithine decarboxylation, Christensen’s
citrate, sodium mucate, carbohydrates) were also done; béginning in 1963, the
[i-galactosidase test (Le Minor &Ben Hamida, 1962) was also used.

RESULTS

Table 2 summarizes the results obtained; nong of the 414 Shigella isolates used
acetate as sole carbon source in the presence of inorganic nitrogen, and did not
develop on the sodium acetate agar (SAA) during the 7 days of observation.

Table 2. Growth of some Shigella, Escherichia and Salmonella
cultures on sodium acetate medium

No. of positive strains in
No.of 3 lo

strains 3- ;
Group (serotype) tested 1day 2days days + -
Shigella (A, B, C, D} _ 414 100
E. Colt (lactose non-fermenting, non- 169 134 2 4 94-7 53
motile, an_aeroegenlc, serologically

und?_termlned
E. coli ?belong ng to Alcalescens- 114 103 5 1 95-6 4-4

Dispar .
E. coli (lactose non-fermenting/24 hr/ 65 3 100

aeroHemc _
E. coll Spr mft |actose-fermenting) 51 5 100
E. col| 124:72 (BL: 37 2 13 2 100
E. coli 112ac:66 (Bn) 1 :
Salmonella typhi 10 100
S. ﬂalllnarum and S. pullorum 602 100
Otfer Salmonella (B-group) 3 34 100

From the 169 strains of |actose non-fermenting (< 24 hr), non-motile and anaero-
%enlc Escherichia coli, Which did not belong to alkalescens-dispar, 124:72 and
12ac:66 serotypes, and which were not further identified serologically, 94-7%
developed and made alkaline the SAA medium, mostly after 24 hr incubation.
A similar proportion of positive results, (9_5-6%) was obtained with 114 Escheri-
chia strains, which were biochemically similar to the above collection but which
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belonged to 0 F1-8_) A-D anU%ens gmostly to (+). In the case of tlie strains from the
above two collections which did n _t%row on SAA (5-3 and 4-4 % respectively) the
d|a9n03|s of Escherichia was established on the groung of positive results in one or
more of the significant biochemical tests E(Iysme, ornithing, mucate, Christensen’s
citrate) and confirmed serologically by lack of significant reaction with the, Shigella
antisera. We encountered nq'strain which was positive on SAA and negative in all
the other ahove-mentioned significant biochemical tests. In no instancé, therefore
was the diagnosis of Escherichia established only on a positive resuit in the SAA
test. Furthér, the SAA test was positive with all the 68 motile and aerogenic, Slow
|actose-fermenting Escherichia strains tested and also with all the other 57 prompt
|actose-fermenting Escherichia strains originating from diarrboeal cases, which
belonged to_cerfain determined 0-antigen grodps and which were described
previgusly (Costin, 1964). _ 5

Thirty-seven Escherichia coli 124:72 strains from those so far tested utilized
acetate (see also Costin & Olinici, 1965); slmllarly( one strain of €. coli 112ac:66.

From the results obtained with the sodium acetate agar test in other. rouBs of
Enterobacteriaceag, only those of some Salmonella strains are included ifi Table 1
for comparison; the strains of salmonella gallinarum-putlorum Were all of avian
origin (see Costin et al. 1964).

DISCUSSION

The fact that none of the 414 Shigella strains examined developed on the sodium
acetate agar SAAg medium, seems'tq Indicate that the inability to yse acetate as
sole_ carhon source in the presence of mont;amc nitrogen in @ chemically defined
medium is a constant feature of members of the Shigella group, Though many of the
accepted Shigella serot)g)es were not represented in our Mmaterial, yet'the agreement
of the results presented here with those reported by Trabulsi & Ewing (1962) is
strong sugaport for the conclusion that a culture which is able to develop on SAA
mediim can be excluded from the Shigella group, as at present defined. The high
proportion of posjtive results (growthon SAA medium) obtained with the non-
motile, anaerogenic and lactose non-fermentlng Escherichia coli Strains, which are
easily mistaken for Sh||gella strains, especially in view of the antl%emc relatjonships
mentioned in the Introduction, shows the usefulness of the "SAA medium for
differentiating these Escherichia variants from true Shigellas. Suche. coli variants
gbelonrgmlg ornot to the specified A-D antigenic agrou 5) are not rare in the material
ncouritered in routine work. Thus, In the period” September 1962 to January 1965,
We encountered 283 such strains, representing about 4 % of all strains of factose-
negative (24 hr) Enterobacteriaceae 1solated by us from faeces mastly from non-
didrrhoea subgects. Since about 5% of the a aerogemc Escherichia isolates gave
negative results with SAA, it Is evident that the acktate ytilization test canndt be
recommended as a sole dlifferentiating test between Shqella and Escherichia. The
results of the work reported here show that the acetate utilization n the SAA
medium of Trabulsi & Ewing (1962) Is usgful for the differentiation of the members
of the Shigella and Escherichia groups. Therefore, it maﬁ/_ be said that any faxo-
nomical stlidy of strains called ‘intermediate” between Shigella and Escherichia is
incomplete (Ewing & Edwqrds .1962), if there is no mention of results obtained
with the sodium acetate utilization test,
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The, writer wishes to acknowledge his indebtedness to Dr W. H. Ewing, Atlanta,
(;;Secz)rghall Jgtr_ 0trqe courtesy of having supplied the manuscript on SAA medium before
its publication.
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SUMMARY
The morphoIoLgé/ 0f 28 bacteriopwa%es active on r@embers of the Proteus-

e gt B ST IS, SXTIned By, o LGS T
SR R e (e
omona% (%a e@. W0 phages (3, 94%? wiﬁ1 0C gg a? C?ap5|ds Were
e e s el e
Fc)(il IS, ”Pprﬁgtg(eri ph et%gdfis unldgé%that It POSS%SS . ﬁﬁﬁ
W|Fg a.aee%lar he ag 85@%“ '%61""‘ ccgjlar% ﬁn?n-cont ctile taif. while
%r arr%vh ega%?v b% %e?m.G IS believed to be the fargest phage active on

INTRODUCTION

The morphology of Proteus bacteriophages was first examined by Ruska, (1943
1950). He examined shadow-cast grepara_tlons and recorded the” dimensions of
tadpole-shaped phages. Coetzee(1953) examined shadow-cast preparations of phages
active onproteus vulgaris andp. mirabilis, Thez were also tadpole shaped. Inapaper
on defective lysogeny Taubeneck (1963) published photogiraphs of shadow-cast
preparations of a tadpole-shaped phage derived from a Tysogenic strain of .
mirabjlis. Other illustrations n the paper show tail cores surrounded hy con-
tractile sheaths adsorbed to p. mirabilis and P. vulgaris strains. These tails were
liberated by defective | so?en,lc strains and no head structures were visible.

In the family Enterobacteriaceae bacteria of the Proteus and Providence %roups
share the distinction that they alone possess a phenylalanine deaminase, (Shaw &
Clarke, 1955). They display many intra- and inter-group differences (Ewing, 1958'1
and their classification is uncertain. Rauss (1962) would allocate them tribal ran
In the family with generaproteus, Morganella, Rettgerella and Providencia.. Topley &
Wilson’sPrinciples &1964)_ recognlzelvu%ga_rls, mirabilis, morganii and rettgeri *species
In agz_enus proteus Ofthe tribe Enterobacterieae. They do not commit themselves on the
position of the Providence group. Kauffmann (1951) has combined ‘mirabilis* and
vulgaris’strains in aspecies ‘hauseri’. Falkow, yman&Wash|ng_ton(l962)suggest
that'®. morganiiis distinct genetically, possessing a guanine + cytoSine molar content
of 50 %, compared with other Proteus and Providence strains, where content is about
40 %. We deciced to study the structure of phages active on the above organisms as
an approach to the taxonomy of both the phages and their hosts.
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METHODS

Bacteriophages and host organisms. Phages were isolated from sewage by the
enrichment technique of Adams (1959) or were derived from Iysogenic strains
spontaneously or by ultraviolet induction. All but 4 of the phages have been used
In other 1nvest|%at|ons and are listed in Table 1 together with the method of isola-
tion, indicator host and reference to the literature. Sewage phages 50, 67b and

Table 1. sources of bacteriophages

Phages Isolation Indicator Reference
Proteus hauseri :
9 Sewage P. vulgaris 9
15 Sewage P.vulgaris 15« Coetzee, 1958
65 Sewage P. vulgaris 65
67h Sewage P. vulgaris 67 See Methods
78 Sewage B vu_Igaerls_ 78 |
12 Sewage . mirapifis 12
14 Sewage P. mirabil|s 14 r]. Coetzee, 1958
57 Sewage .. P. mjrapjlis 57
34/13 P. mirabilis 34 P. mirabilis 13
12/57 P. mirabilis 12 P.mirapills 57 Coetzee & Sacks, 1959, 1960a, b
fil14 P. mirapilis 24,25 P. mirabils 14
13 vir P. mirabilis 13 P. mirabilis 13 See Methods
P. morganii .
50 Sewage P. morganii m50  See Methods
5845 Sewage NCTC 5845 1
10041/2815  NCTC 10041 NCTC 2815
47 ma7 P morgannj Coetzee, 13634
m235
Providence
9248 Sewage NCTC 9248\
9266 Sewage NCTC 9266
9211/9295 NCTC 9211 ncte 9295 ¥ Coetzee, 19636
9213/9211a, b nctc 9213 ncte 9211 1
9000/9402 NCTC 9000 ncte 9402
P. rettgeri
8893 Sewage nctc 8893)
7480 Sewage nctc 7480 Coetzee, 1963 ¢
7480b Sewage nctc 7480 See Methods
7479 Sewage nctc 7479)
74781325 ncte 1478 R325 [ Coetzee. 1963¢
74761322 NCTC 7476 R322 i

7480 b productively lyse proteus morganii strain m50, P. vulgaris Strain_ 67 and .
rettgeri nctc7480 respectively. Phage 13 vir i nresent in plagues which appear
spontaneously on cultures of p. mirabilis Strain 13, Organisms of this strain cannqt
be freed of the phage by suspension in hl(t;h-tltre phage antiserum, and this phage is
therefore regarded as a virulent mutant of a temperate phage of strain 3. The
temperate phage has not yet been demonstrated. The general phage techniques
were those of Adams (1959{

Media. TNe nutrient agar was that of Adams (1959) and the broth was that of
Coetzee & Sacks (1960c). .
_ Electron microscopy. High-titre phagfe lysates cf sewage prh%%;e were prepared b
infecting young agrated broth culiires from single plaqués. Temperate phages were
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repared by the modification (Adams, 1959) of the double-agar-layer method of

ershey, Kalmanson & Bronfenbrenner (1943). The lysates were purified and con-
centrated by differential centrifugation (de Klerk, %me&mwal%?Tm
%urlfled phages (plaque-forming “titres about 1x 10u/ml.) were suspended in

-IM-ammonium acetate (pH 7-2). The negative staining method of Brenner &
Horne (1959) was used. Phage suspensions in neutral potassium phosphotungstate
were mounted on carbon support tilms by the spreading technique g3radley 1962)
and examined with a Philips EM200 electron microscope. In the absence of spon-
taneous contraction of tail sheaths, hydrogen peroxide (3 %, v/v) and ethyl alcohol
10%, viv) were added to phage suspensions to cause possible sheath contraction
Kellenberger & Arber, 1955).

o _ RESULTS
Dimensions of the bacteriophages examined are listed in Table 2

Table 2. pimensions (in A) of Proteus bacteriophages

Tail
JR— _ C_or?] Overall
Phage Head* Length Width widt length
Proteus hausen
15 518 148 22 — 666
34113 630 167 204 — 197
65 518 148 22 — 666
12/57 589 185 204 — 174
9 826 1837 89 — 2663
13 vir 600 1019 b/ 60 1619
5 619 882 18 )] 1501
6/b 589 981 14 14 1510
18 611 889 163 60 1500
12 593 2163 115 — 2156
14 660 2045 15 — 2105
ff/14 715 X604 1715 08 2430
P. morganii
50 970 X670 1252 159 52 22
5845 1022 x. 763 1252 ho 74 2214
10041/2815 h44 182 6/ — 126
47 556 1481 85 — 2037
Providence
9248 611 185 — — 796
9266 1193 x 822 2152 248 96 3345
9213/9211 a 026 1696 137 — 2322
9213/9211b 608 152 204 — 760
921119295 533 148 19 — 681
9000/9402 682 2304 148 2986
P. rettgerl
889 926 x 741 1296 118 74 22
1480 034 2185 126 - 2819
480b 367 330 63 - 69/
1479 131 1852 85 - 2589
(4181325 604 1741 115 — 2345
14761322 533 1600 1 — 2133

* Dimensions between apices are given, or apex to tail-joint and width. Figures are the mean
of 8t0 12 measurements.
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Phages active on Proteus hauseri strains

Phages 15, 34)13, 65 (P1. 1, figs. 1.2.) These are similar in mor holog%/. Phages 65
and 34113 afe presented. The heads have hexagonal outlines and attached to one of
the angles by means of & short neck is a basé-plate with a number of pins. These
?hages reserble salmonella ﬁ)ha%e P22 (SAnderson, 1960) and pseudomonas phage
2B"(Bradley, 1963a) but phages 15 and 65 are slightly ‘smaller. _

Phage 12157. &P. fig. 3. ﬂjs phage resembles’ those just mentioned but
possesses a delica A-wice, around the short neck. No tail fibres
were seen,

Phage 9. (PL 1, fig. 4.) The head of this phage is large, hexagonal in outline and
octahedral in shape. The tail is thin, cross-striated, non-contractile and ends in a
[fomt with tail fibres. It resembles pseudomonas phage 24 \X/Bradley 1963a), ?hae
C (Bradley, 1962) and phages F | (lBradIey 19636) and WAK/2 (Bradley, _961%.

Phages 13 vir, 57, 67b,_78. (Pl 1, figs. b, 6, 1.) These phages have a similar
morphology and 13 vir, 57 and 78 are shown. The head is re(r{ular hexagonal in plan
view. The tail consists of a core surrounded by a contractile sheath™to which is
attached an mconsPlcuous base-plate, probably with 6 prongs. CI;&SS-Stl‘IatIOHS are
visible on some of the sheaths with ‘a periodicity of about 40A These phages
resemble Vi phage 1 (Bragley & Kay, 1960) altholgh their heads are smaller.

Phages 12, 14. (Pl 1, fig. 8) These phages are Similar and correspond to the
group of ‘smaller phages without contractile tails’ of Brale &1_9635 . PhaPe 12
is shown. Their heads are polygonal and often hexagonal in outline. The tails are
non-contractile and markedlg/ cross-striated, with a periodicity of about 40A A
small bundle of fibres is present at the tail tip. _

Phage fiyr4. (PI. 1, fig. 9.) This pha%e has a CE)ol hedral head sllghtIY longer than
wide which closely resembles that of phage ZG[3A (Bradley, 196f). t has a non-
c%ntracgle tail with cross-striations about 30A apart. NO tail fiores have been
observed.

'L fi
e collar about

Phages active on strains of Proteus morganii

Phages 50, 5845. (PI. 1, fig. 10; PI. 2, fiqu. 11 123 These phages are similar in
shape. The dimensions and appearance of the heads suggest that they may be
bipyramidal hexaPonaI prisms and the tails consist of cores surrounded bkl Cross-
striated contractile sheaths. A base-plate with pins moves with the sheath. Tail
fibres are present and in some hotoqrraphs they form a_fibrous nex/ork which
extends to the collar (Bradley, 19636). The collars have a width of 360 Aand a peri-
odicity of the sheaths of this group is about 40A In PI. 2, fig, 11, is a separate
rosette-sha%ed structure which may be either a base-plate or a collar. These phages
{Eserglble %9%%%)“’ which is repdrted to possess a bipyramidal hexagonal head

radley, . _

Phagey 10041)2815. §PI. 2, fig. 13) This phage is similar to butshPhtI smaller than
P. hauseri phage 12/57. The collar above the hase-plate can be clearly seen on one
of the phages in the figure. No tail fibres have been observed. _

phage 47. (P1. 2, figs. 15,18.) This phage has a head with a hexagonal outline. The
tail is non-contractilé and cross-striated.” It has no neck or collar, tail fibres have
qgég%gen identified and it resembles the SBL group of typhoid phages (Bradley,
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Phages active on Providence strains

Phage 9248. (PI. 2, fig. 14.) The head of the pha%e is polyhedral and hexagional in
plan view. 1t has a wedge-Shaped tail attached to one corner and resembles coli-
phage T3. It also resembles brucella phages (Brinley-Morgan, Kay & Bradley,
%gg ; McDuff, Jones &Wilson, 1962) and a group of pseudomonas phages (Bradley,
_ Phage 9266, (PI. 2, figs, 16, 172 This large Rhage has a head which is hexagonal
in outline and resembles those of the T-ever phagés. The tail core is surroundgd b
a contractile sheath with cross-striations. No base-pplate IS evident. Attached to
the tail sheath and visible in the contracted state (PI. 2, fig. 16) are 6 short spikes
and a tangled mass of fibres. 1t has a neck but no collar, ™

Phage 9213/9211a. (PI. 2 fig. 19.) The phage has a head with a reqular hexagonal
outline in certain view$. The tail is non-contractile, has cross-striations and enas in a
rosette-sha(lPed structure. It resembles starpmlococcal pha%es 187, 52 (Bradley,
1963a) and pseudomonas phages Pc, Pz (Bradle &Ka¥ 19%0).

Phages 9213/9211b, 9211/9295. éPI. 3, figs. 20, 21). These phages resemble the
P. hauserj groups 34/13, 15, 65 an 12/57 and the P morganij phage 10041/2815.
On occasions a rod 30-40A wide which projects about .E[SOA be¥o_nd,the base-
gelgrt]e was seen, but could not be consistently demonstrated. No tail fibres were

Phage 9000/9402. (PI. 3, fiq. ZS.AThe outline of the head is a regular hexagon. It
hasalqpn non-contractile tail with cross-striations and some fibres at the tip. This
Ehage IS S |?htly longer than the . hauseri phages 12, 14, but smaller than the Cl;
] group of colipliages (Bradley, 19636).

Phages active on strains of Proteus rettgeri
58zgage 8893. (PI. 3, fig. 26.) The structure is similar to P. morganii phages 50,

Phage 7480. (PL. 3, fi% 22'25 This phage is similar to Providence pha?_e 9000/9402,

Phage 7480b. (PI. 3, Tig. 2 .{)The head has a regular hexa%onal outline. A short
tail is attached to one corner by a neck which is surrounded by a collar. The tail
could not be made to contract by the methods used and cross-striations were not
seen. Despite rePea_tedl(%fl&rts, the detailed structure of the tail-tip could not be
resolved. The collar is IUJAwide.

Phage 7479. (PI. 3, fig. 24.) This phage resembles p. hauseri phage 9 although the
octahedral head is slightly smaller.

Phage 7478/325. (7 l. 3, fg;. 21 This 8ha8e resembles p. hauseri pha(_}e 12, 14,
P, morganii phage 4/, Providence prhae 000/9402 and p. rettgeri phage 7480. The
dimensions are similar to those of 5?Bradle &K_a%, 1960. _
. Phage 7476/322. (PL 3, fig. 28.) The phage ead is hexagonal in outline. The tail
is thin, cross-striated and measures ahout 30Aless in wickth than tails of the SBL
group (Bradley & Kay, 1960). _

Many of the capsids have an uneven rough appearance suggestive of arrays of
capsomeres (Bradley, 1964) but neither their"shape nor their packing arrangements
could be determined. Apart from those whose heads are obviously octahedral, the
head shapes of the phages could not be determined. We have indicated those which
may have bipyramidal shapes and the remainder are possibly icosahedra.

3 G. Microb. x1i
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discussion

Undescribed varieties of phage have been found. Theproteus rrarapilis transducing
phage 12/57 differs from its salmonella counterpart P22 in that it has a delicate
collar. The same apr|IeS to P. morganii phagie 10041/2815. Phage 7480b is unique
in that it has a_collar, a non-contractile tail and a head with a'regular hexaganal
outline. Phage ZG/3A described by Bradley (1964% Is similar, but has a bipyramidal
Br_lsmatlc head. The overall dimensions of phage 9266 are larger than those of phage

| E()Anderson, 1960) (which is described as th largest phage yet examined ( ages,
1965)) though some staphylococcal Fhages have longer tails (Bradley & Kay, 1960).
Phage 13 vir has a unique morphology for a phage derived frcm a lysogenic bac-
terium. The nearest to it are phages Pi, P2 (Anderson, 1960), which are much
larger, lack tail pins and have less conspicuous tail fibres. The original lysate of
phage 9213/9211 (Coetzee, 19636) was_t_hou%ht to be pure, but it has yielded two
morphological types. There is apOSSIblllt%/t at one of the phages may be derived
Ifrom the “Indicator strain nctc 9211 although this strain hasS not been proved

Sogenic.
) Itgi_s not known how the P22 group of phages infect their hosts (Anderson, 1960).
The finding here of phages which resemble P22 but have collars may eventually
cast light on the process. Tail fibres were never observed in these phages. The nature
of the structure which projects beyond the base (Plates of phages 9213/9211b and
92_ldl/9295 Is not known. 1T could not always be demonstrated and may be nucleic
acid.

Providence Phage 9248 resembles coliphage T3. Its head shape could not be
established but it may be octahedral like that of phage T3 (Bradley, 19636). Two
other phages (9, 747 [)) of this series possess octahedral capsids. Caspar & Klug
1962) have cast doubt on the octahedral shapes of phage capsids but Bradley
19636; 1964) has clearly demonstrated such capsids among coliphages.

Good correlation between the morphological and serological types of phages have
beer, recorded (Bradley, 1963a; de Klerk,"Coetzee & Theron, 1963: de KIerk et al.
19652. Phages 15, 65, Which are mor hologjcally identical, are related serologically
but the identical structural types 57, 73 differ serologically and in other aspects
Coetzee, 1958). The bacteriophages studied show considerable morphological varia-
on and identical tgfoes_ grow on representatives 0: most of the gr_oups of organisms.
This lack of morph oglcal s;femﬂcny 15 a great problem in bactériophage taxonomy
Dawsgn, Smillie & Norris, 1962; Bradley, 19636). Results also diminiish the hope

f finding a particular, morﬁ)_hologlcal tyge with @ pregilection for one or other of
these grou[?s of organisms like that of the RNA and filamentous phages for male
straing of Escherichila coli (Bradley, 1964).

. Oneof us %J.N. C.g I$ in receipt of a grant from the South African Council for
Scientific and Industrial Research,
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EXPLANATION OF PLATES

The magnification in all Figs, is x270,000. All phages_ in ammonium acetate and phospho-
tungstate.” Figs. 1-9. Phages active on Proteus hauseri strains, Figs. 10-13, 15, 18: phages active
on P. morgnnil strains. Figs. 14, 16, 17, 19-21, 23: phages active on Providence strains.” Figs. 22,
21 28: phages active on P. retlgeri strains.

Plate 1

Fig. 1. Phage 65.
Fig. 2. Phage 34/13.
Fig. 3. Phage 12/57.
Fig. 4. Phage 9.
Fig. 5. Phage 13vir,
Fig. 6 Phage 78.
Fig. 7. Phage 57.
Fig. 8 Phage 12.
Fig. 9. Phage fi/14.
Fig. 10. Phage 50.
Plate 2

Figs. 11, 12. Phage 5845.
Fig. 13. Phage 10041/2815.
Fig. 14. Phage 9248.

Fig. 15. Phage 47.

Figs. 16, 17. Phage 9266.
Fig. 18. Phage 47.

Fig. 19. Phage 9213/9211a.
) . Plate 3
Fig. 20. Pliage 9213/9211b.
Fig. 21. Phage 9211/9295.
Fig. 22. Pliage 7480.

Fig. 23. Phage 9000/9402.
Fig. 24. Phage 7479.

Fig. 25. Phage 7480b.
Fig. 26. Phage 8893.

Fig. 27. Phage 7478/325.
Fig. 28. Phage 7476/322.
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RNA Metaholism of Rhodopseudomonas sPhermdes during
Preferential Photopigment Synthesis
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INTRODUCTION

Rhodopseudomonas spheroides When grown aerobically is devoid of bacterio-
chlorophyll and contains onIy traces of carotenoids, but it st{nthemzes large amounts
of these photoPtgments when grown anaerobically in the light or when incubated
semi-aerobically In the dark (Cohen-Bazire, Sistrom & Stanier, 1957). The extent of
pigment formation is inversely proportional to light intensity or to the 02tension
undersemi-aerobic conditions.”Formation ofbactenochloroghyll isstrictly dependent
upon protein synthesis (Sistrom, 1963; Bull &Lascelles, 1963). This is in part explain-
ed by the fact that certain enzymic activities associated with bacteriochlorophyll
formation increase in parallel with the ability to form photopigments (Lascelles,
1959; Gibson, Neuberger & Tait, 1963). However, the obligatory requirement
for Rrotetn synthesis in already pigmented cultures, which presumably contain
all t eenzYmes necessary for bacteriochlorophyll synthesis, suggests that bacterio-
chlorophyll formation mist proceed with joint synthesis of Somé protein component
of the photosynthetic apparatus. Evidence that proliferation of intracellular mem-
branes is concomitant with development of photopigments in the Athiorhodoaceae

U;Kresent address: Department of Biological Sciences, Purdue University, Lafayette, Indiana,
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supports this view (Cohen-Bazire & Kunisawa, 1963). The integral relationship
between photopigment synthesis and protein synthesis sugglgsts that control of
bacteriochlorophyll formation may be at the genetic level. The role of RNA in
mediating synthesis of specific protins is well known, To galn information about the
relationship of protein Synthesis to bacteriochlorophyll Tormation | examined the
RNA, metabolism of r. spheroides under conditions where the organisms were in-
creasing their specific photopigment content.

METHODS

Organisms. The strains of Rhodopseudomonas spheroides USed were strain Ga, and
strain m-25 which requires uracil for growth. These bacteria and the methods used
to grow them were described prewousIX (ILeSS|e, 1965). ,

Semi-aerobic incubation of bacteria. CUItures were grown aerobically to a popu-
lation equivalent to about 100 jug. protein/ml. The organisms were ceritrifuged and
suspended to ten times their orlglnal concentration In fresh medium, and 60 ml.
volumes of the suspension were shaken at 34° in X-tubes (see Lascelles, 1959).

Determination of cellular nucleic acids, protein, and bacteriochlorophyll. RNA
and DNA were extracted from organlsms_wnﬁ hot trichloroacetic acid S CyA). RNA
was estimated coIorlme_trlcaI_I%/ by reaction with orcinol (Schneider, 1945). DNA
was estimated by reaction with indole (Ceriotti, 1952). TCA-insoluble protein was
digested in NaOH and estimated by the Folin phenol method_(Lowrg et al. 1953).
The details of these procedures were given elsewhere (Lessie, 1965). Bacterio-
chIoroP_hyII_was extracted from bacteria with methanol, and estimated by measuring
the extinction of the methanolic extracts at 775 miu isee Cohen-Bazire et al. 1957).

Incorporation of uC-uracil into bacteria. Uptake of UC-uracil into cellular RNA
was measured as follows. Culture samples were diluted 1/2 to 1/10 in cold tri-
chloroacetic acid F(TCA) to give a concentration of between 20 and 100 ig. protein/
ml. in5%TCA. Part of the TCA-treated samgle 5(cpntalnmg about 100 hg. protein)
was filtered through Millipore membranes (0-65 ji pore size) and the organisms
washed with cold 5% TCA. The membranes were dried, cemented to planchettes,
and their radioactivities determined by using a thin window Geiger tube. At the
concentration of hacteria used it was unnecessary to correct for self-absorption.
In a few experiments 2C-labelled RNA was extracted from the bacteria with hot
TCA. The results were identical to those obtained using the Millipore technique.
_ Preparation and characterization of ribosomes and RN A. Bacteria were dlSI‘URi[Gd
in.a French press to obtain crude extracts containing ribosomes and soluble RNA.
Ribosomal RNA was obtained by deproteinizing the crude extracts with sodium
lauryi sulphate and phenol. The ribosomes and RNA were characterized by sucrose

radient centrifugation usmﬁ an SW-39 rotor ina Spinco Model L ultracéntrifuge,

he detailed procedures followed to obtain and characterize Rhodopseudomonas
spheroides riposomes and RNA have already been reported (Lessie, 1565 §

2-1C-uracil was obtained from the Radiochemical Centre Amersham, Buc m%am-
itjugeA Millipore filters were obtained from the Millipore Filter Co., Beaford, Mass
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RESULTS

Effect of light on the differential rate of RN A synthesw Cultures Othodupseudo
monas spheroides SUDjected to an Increase in light intensit temP[ rarily stoppe
forming photo |gments and synthesized RNA preferentially. After the specific
RNA content }5 % rotein) increased to the value vaIue charactensnc of
growth at the Nigher Iqht |nt nsity mcrease 0f RNA proceeded in step with increase
0f protein. For &xample a culture of r. spheroides Strain Ga subjected to a step-up
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Flg 1. Increase ostemflc RNAcontentfoIIowmq an mcrease in Ilght mtensnY Bhodo
gs udomonas spheroldes 0a was grown in 400 mi. SG medium at a |% ht Intensity
00 ft.c. The culture was bubbled with a mixture of 5% (v/v) CQ2and 95% (v/ 2
When the culture reached a concentration equjvalent to about 50 fig. Froteln/ml It was
divided into two portions. One portion was incubated as before in light, at 300 ft.c.;
the other portlon was incubated in light at 1000 ftc. At the indicated times duplicate
sa’(In les were ta en for deter)mlnanon of bacteriochlorophyll (i----h), protein (0—0),
o —) (x—x

in |I(_1h'[ intensity from 300 to 1000 foot-candles (ft.c.) synthesized RNA prefer-
entially until its specific RNA content was increased. about twofold (from 0-13 to
0-25, see Fig. % he amount of DNA/protein remained constant with a specific
DNA contept of about (T,

Conversely, a decrease In light |nten3|ty caused the rate of RNA synthesis to
decrease below the rate of grotemsynt esis, as a consequence the cellular RNA was
dlluted Aftert esecm RNA content decreased to' the value charactensnc of
rowt at the Iower |ght intensity, balanced synthesis of RNA was, resumed.

qeord mgP/ a culture stbjected to a step-down in li htmtens%formed bacterio-
chlorophylf without 3|gn|f|cantly Increasing Its net content of RNA. For example,
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following & decrease in light intensity from 1000 to 200 ft.c. the specific bacterio-
chloropliyll content of a culture of Rhodosopeudomonas spheraides Strain 0a more
than doubled while net increase of RNA was arrested (see Fig. 2). The specific
DNA content increased sll?htly following the step-down in light intensity and then

readjusted to its initial value.
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Fig. 2. Decrease of specific RNA content following a decrease in light intensity. Rhodo-
pseudomonas spheroides was grown n 400 m|. SG medium in light at an intensity of
1000 ft.c. The culture was bubbled with a mixture of 5% (v/iv) C02and 95 % (Iv/y N2
When the culture reached a concentration equivalent to about 50 kﬂ' protein/ml. it was
divided info two portions. One portion was maintained in 1000 ft.c.. the other was
placed in |I?ht at 200ft.c. Duplicate samples were taken at Specified times for deter-
mination of bacterioclilorophyll (----(-), protein -Q---0), RNA (# —), DNA
(x  x)

RNA synthesis following a decrease in light intensity, RNA synthesis was not
abolished by a decrease in light intensity. The bacteria incorporated radioactive
uracil into their RNA at the same time a$ they Preferentlally synthesized bacterio-
chlorophyll. Figure 3 shows the kinetics of éntry of 11C.-uracil into the cold-TCA
insolublefraction of a culture of Rhodopseudomonas spheroides Strain m-25 foIIowmg
a step-down in light intensity from 1200 to 120 ft..-. Incorporation which gccurre
after the initial rapid uptake amounted to about 10 % of that in cultures maintained
at 1200 ft.c. Following a decrease in light intensity from 1200 to 400 ft.c. the rate
of uracil incorporation was about 20% the value at 1200 ftc. _

In order to ascertain that under the above conditions uracil was_lncorﬁorated into
RNA and to determine which classes of RNA were being synthesized the following
exB_erlments was performed. Cultures of Rhodopseudomonas spheroides m-25 Were
subjected to a step-down in light intensity from 1200 to 120 ft.c.. and then given a



RNA metabolism of R. spheroides 41

2 min. FE)ulse of 1C-uracil which was ‘chased’ for different times with excess 12C-
uracil. Phenol purified RNA was prepared from the bacteria, and characterized by
sucrose gradient centrifugation. Figure 4 shows the sucrose gradient profiles of
RNA from bacteria which were givena 2 min. ?ulse of UC-uracil, and then incubated
for 30'sec. or 2, 10, or 20 min. with an excess of unlabeiled uracil. The sedimentation
patterns were similar when the bacteria were subjected to a step-down in light
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Fig. 3. Uracil incorporation into RNA durin?néJreferentiaI, bacteriochloro rwll,forma-
tion under anaerobic conditions, Rhodopseudomonas spheroides m-25 was grown in 1200
ft.c. In 200 ml. SG medium containin f% uraeil/ml. The culture was bibbled with a
mixture of 5% (v/v) CO2and 95% (v/v) N2 When the cells reached a concentration
equivalent to abou_t_looflg. protcin/'m|. they were centrifuged and suspended in 200ml.
SG megium containing . tgr uracil/ml. and a total of 20 microcuries 2 1C-uracil (3730
counts/100 sec.//tg. uracil). The suspension was incubated in light at an intensjty of 120
ft.c., and gassedas before. At the indicated times samples Were removed for deter-
mination 0f bacterlochlorophyll (H----- (-l) RNA (+-#), protein (O—0), radioactive

uracil in cold-TCA washed cells from 1 mr. culture’(x —x ).

intensity from 1200 to 400 ft.c. or maintained at 1200 ft.c. It should be noted that
11 spheroides is devoid of the usual 23S ribosomal RNA (TLessm, 1965). The first
RNA to be labelled was unstable and sedimented differently from the bulk ribosomal
and soluble RNAs. The sedimentation behaviour of this heterogeneous fraction of
RNA was similar to that of m-RNA. Within 10 min. most of the label passed into the
R o oesio T Db Keehe oF bl of phenol-ourified RNA, el
expected from the kinetics of labelling. of phenol-purified RNA, label was
found topenter rapialy into the nbonucﬂaoprot%m pgrncles %f bacteria subjected toa
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decrease in light intensity. Figure 5 shows the kinetics of appearance of Xuragil
In the 30S and 50S ribosomes of bacteria which were subjected to a step-down in
light intensity from 1200 to 120 ft. ¢. Similar incorporation of [abel into ribosomes
Were obtained with bacteria transferred from 1200 to 400 ft.c. or bacteria maintaiped
at 1200 ft.c. In all three instances the 30S ribosomes were labelled more rapidly
than were the 50 ribosomes. _ _

RNA synthesis in semi-aerobic cultures. SUSpensions of aerobically grown rhodo-
pseudomonas spheroides s_ub#]ecte_d to a marked decrease in 0 2tension formed ghoto-
p;gments without significantly increasing their net content of RNA. The bacteria
didl, however, continue to iricorporate MC-labelled uracil into cellular RNA (see
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Fig. 4., RNA sgnthesized following a decrease in light intensitg.dRho,dopse,udomonas

sphieroides was grown In 1200 tt.c, and transferred to” 120 ft.c. as described in_Fig. 3,
except that transfer was to_medium containing one pg. uraeil/ral. and no 1C-uracil.
After3m|n.20Fc. 2-uC- ramlwer? added in one’ml. 27ro time). Two min. later 3-6 ml.
10-2M1L-uracll were added (final uracil cone. 20/;g./ml.). At 30 sec. and at 20 min.
00 ml. volumes of culture were poured onto 50 ¢: crushed ice containing 0-75 ml.
2% 10”1M-NaNs. The bacteria vrere centrifuged, washed twice with cold SG medium cqn-
taining 10-3M-NaNj, %nd then frozen. An Identical culture was given a two min, pulse
of 1-uracil, but the hacteria were sampled, washed, and frozen"after 2 min. and after
10min. chase &Jenods In the presence of excess £C-uracil. Crude ribosome extracts ang
Ehenol-purlﬂe RNA in 5x 10~3M-tris buffer (pH 7-19 ?nd 10 4M-M$C|2were prepared
rom thawed pulse-labelled bacteria_combined with unlabelled bacteria from a 300 ml,
culture (1oopF. proten/ml.) grown in 12001t.c. 02ml. portions of the phenol-purified
RNA preparafions were centiifuged at 38,000 rev./min. for 5 hr. through 5 ml. "5-15%
sycrose gradients contammngl ~3M-tris butfer (pH 7-4) Fnd 1 _]M-JI% [2. The bottoms
of the tubes were punctured, and 5 drop fractions were collected.” Extinction at 200 nip
(+—-+) and radioactivities (X — X) of each sample were determined.
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Fig. 6). Pulse experiments with 4C-uracil indicated that, durln%preferentlal photo-
pigment synthesis and during the period of adaptation to form photopigments, label
was incorporated into rlbosomal and soluble RNAs after flowmg through unstable
RNA like that in Fig. 4.
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% 5. Synthesis of ribosomes foIIowm?a decrease in |I8ht intensity. 0-2ml. samples

crude ribosome extracts obtained from the samples escrlbedlnFlg 4 were centri-
fu ed at 38, 000 rev./min. f0r25hrthrou h510 A)sucrose gradlents containing 5x 10-8
M-tris buffer (pH 73 ]1 -4M-Mg C%am(gles were “coll ected and their radio-
activities (x—Xx ) and 260 m ext|nct|0ns ) were determined.

Uracil requirement for bacteriochlorgpkyll synthesis, Aerobmallfy %‘OWH Rhodo-

pseudomonas spheroides INCUDAted semi-aerobically without uraci] foried no photo-

pgments nor did anaerobically grown bacteria depnved of uracil and subjected to
a Stepdown in light intensity.

DISCUSSION

The present results indicate that while preferentially s nthe3|2|n%R|hotoap %ment
Rhodopseudomonas spheroides Synthesizes all the usual classes of It

more slowly than durmg balanced growth. There ap gears to be no strik mgc ang
I nucleic gcid metanoli m(suchasagreatymcrease output of m-RNA) signalli %
a preferential rise in baeteriochlorophyll format|on owever the observation tha
R. spherojdes stralnm 25 did not form) bateriochloraphyll when its RNA's nthe3|s
Wes restriced bﬁ deprivation of uracil sug?ests that NAs nthesis is necessa for
baeteriochlorophyll formation. These dafa are consistent with a role of
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synthesis in bacteriochlorthyll formation as already implied by the results of
istrom (1963) and Bull & Lascelles (1963) which established thaf bacteriochloro-
phyll formation is coupled to protein synthesis. It is possible that the primary
control of photopigment synthesis operates at the genetic level by regulating syn-
thesis of specific informational RNA required to promote synthesis of Some protein
integrally involved in bacteriochlorophyll synthesis. Qur results indicate that if
suchacontrol exists detection of the informational RNA involved would depend upon
more sensitive technique than sucrose gradient resolution of the entire bacterial
complement of RNA. o _

_It'has been shown that Rhodopseudnmonas spheroides is devoid of the usual 23S
ribosomal RNA_(Lessie, 1965). The experiments reported here show that R,
spheroides contains unstable RNA which' sediments more rapidly than does 16S
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Fig. 6 Uracil incorporation into RNA during semi-aerobic incubation. Rhcdopseugo-
monas spheroides was grown aerobically to a concentration equivalent to_about 100fig.
Fr,ot,em/ml., centrlfuged, and suspended to about 1 mg. protein/ml. in SG medium con-
aining 20 pg. uracil/ml, Three 05 ml, volumes of the susgen5| n were distriputed Into
separate 1-tubes. 20 microcurics 2-1C-uracil In one ml. were added to one of the tubes
(2210 counts/100 sec. Ifig. uraulg. All three tHbfswere shake_ngentl at 34° C. At 15 min.
Intervals 3 ml. samples for bacteriochlorop Yl determination were taken alternatively
from the two tubes without 1C-uracil. At the indicated times O-ISmI. samples of the
culture with 1C-uracil were pipetted into 4-5 ml. cold 5% TCA. 4 ml. of the TCA-treated
sample was assa}/ed for RNA and for protein; the remainder was used to_determine
radioactivity 1n the cold-TCA insoluble cell fraction, * —e¢ RNA: 0—0 groteln;
+---D, ba(iten(ichlorophyll; Xx— X, radioactive uracil in cold TCA-washed bacteria
from one ml. culture.
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ribosomal RNA. Two observations make it unlikely that this RNA represents a
small pool of 23S ribgsomal RNA. First, examination of the kingtics of incorpora-
tion of labelled uracil into RNA indicated that the RNA under discussion) was
|abelled more rap|dl}/ than was 16S RNA. Secondly, under the same conditions
30S ribosomes were fabelled more rapidly that 50S ribgsomes. Since 165 RNA Is

presumed to comprise the RNA of 305 ribgsomes, it 1 unlikely that 165 RNA
would_ be labelled more slowly than RNA of 509 ribosomes. | presume that the
RNA in question was not derived from 50 ribosomes.

| am _grateful to Dr June Lascelles for her help and advice during this work. The
author iS apost-coctoral fellow of the United States Public Health Service. The work
was aided by a grant to the Department from the Rockefeller Foundation,
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INTRODUCTION

In Salmanellamutations which cause absence of fla%ella map at sites distinct
from the loci H 1 and H2 which control the serological character of, respectively,

the phase-1 and” phase-2 flagellar ant ens (Lederberg& Edwards, 1952. Many
fla~ mutants, when treated with phage 2 lysates o)l +strarnsdrfferrnrif om them
in_respect of their H 1 allele, y roportron of swarms (fla+ transductant clones
with the phase-1 flagellar antigen ofthe onor strain. [t is inferred that thejla site
concerned are cIoser linkeg to H1,50 thatt efIa+and H 1 genes of the donor can be
simultaneously, transduce yasrng e J) agO particle. owever even these fla~
sites map outside 11, which’is beliéved to oe the structural %ene for the phase-1
flagellar &)rotern (fla eIIrn? constrtutrng phase-1 flagella (McDonough, 1965).. More-
OVEr In diphasic strains fia~ mutants form neither phasel nor hase flagella
tou% H2 locus, believed to be the structural gene for TO 2 fla gellrn 1S
remoefromHlon the chromosome (Smith & Stocker” 19672). hetIa+ enés there-
fore g ay some role in the formation of flagella other than |n the determrnatron of
the tructure of flagellin, their only knovin component. Most complementation
studies in micfo- organrsms have heen made with auxotrophjc or ngn- fermentrng
mutants, and haveconcerned complementation of mutated forms of genes whic

* Present address: Department of Bacteriology, University of Oregon Medical School,
Portland, Oregon, 9720X, U
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determlne the structure of enzymtcallv active proteins. The availability of many
a~ mutants é)ermtts a study “of complementation in %enes which détermine a
| erent sort of character. 1t"ls easy to test whether, in Cells which are diploid for

retglon a|rso non |dent|cal jla~mutants comPIementeach other toproduce
t eW| henotype. ThiS can be done by looking for ‘trails’, the, linear
grou bs of mlc o coI n|es w ich mark the path throu?h & semi-solid medium of
acteria of a non-motile. strain made motile by abortive transduction (Stocker,
Zinder & Lederberg, 1953; Stocker, 1956; Led rberg 1956g. Two reports (ling,
1958: lino & Enomoto, 1962) recorded complementation of Some but ot all pairs
offla~ mutants, the results defining several complementation groups of which three
at least are linked to H1. An Investigation of mutation of the H1 allele, 111-I,
resulting in altered forms of antigen 1.0f S, typhimurium strain 1¢2 (Joys, 196L:
Joys &Stocker, 1963) necessitated the isolation, in each of several such mutants, of
one or more jla - mutants at sites co-fransducible with H1. We here reRort the
behawour in complementatton tests of eleven jia~ mutants isolated for this pur-
pose, of four other It2]|_a mutants isolated n this laboratory, and of one A|a~
stramoS paratyp e.,z la~ stratns were obtained as spntaneous mutants
by selection W|th ph ex, which attac S various Salmonella species only when they
are motile (Sertic' & Boulgakov, 1936; Meynell, 1961).

METHODS

Bacterial strains, The ZParent Salmonella typhimurium LT2fla+ stocks used com-
prised: i t2 athA4Rro 01 (ath, pro, ade, met, try indicate loci mutation at which
results In auxotroE| y for, respecttvel adenine” + thiamine, proline, adenine (or
other punne met oning, tr gptophan seven mutants |nd|catedm5 ne ml, etc
In which the wild-type has 1 antigen i of S. typhimurium had been changed g
mutation to iM5, 1M, | 1, etc. (Joys, 1961: Joy s&Stocker 1963 all ob atne
I 1¢2 adeC-/ proA-46; lines sa7 an 50|I denved from 12 metA 21r
transductional replacement o, respecttvey II 1, and successtvely ofthts gene and
of gene H2-1.2, by the corresgondtT% leles, H d H2-enx of aogy
strain sw803 (Splcer&Datta 1959). The non- fIageIIated strain of S. paratgu

: ?4319uéas originally solated as such itsjla" sité is closely linxed to TI1 (Stocker
etg

IsoIat|? of non dla ellate mutants, Pha e E?/ waf pro gated and titrated on
Salmonella typhimurium strain QI (Bo nd/ dwell,"1957). A Ja+ parent strain
was first Passaged through semi- soI|d edtum (Stocker et ., 1953) o ensure good
motility, then Streaked out. Aportlono abroth culture, moculated with a discrete
colony in the desired antigenic phase and incubated at 3/° un~il just turbid, was
spread on.the surface ofadeep t%%’[lc beef-digest nutrient agar plate. Drops of
asusgenslon of ph th;ex ‘a out 106 plague-forming units/ml.) were applied and
allowed to dry, a dte Iaelncubate at 23°. This Procedurewas necessary to %et
suffldent VSIS since S tyrn Imurium strain 1+2 1s only moderately sensifive’to this
phage ( os 1961 Meyriel, 196%) Discrete colonieS which appeared in the area
of Iysis were picked. Clones whicH were non-motile in broth culture were tested b
slide agglutination, to ensure they were jla~ rather than mot~ tﬂ tk;ellate but not-
motile) mutants, then tested for Tate of reversion to jla+hy streaking about 1010
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bacteria on_semi-solid medium. Mutants which gave swarms after overnight incu-
bation at 37° were discarded. The remaining, stableflar mutants were tested to see
whether they gave anFY swarms with the phase-1 flagellar antigen of the donor when
treated Wlthapha(%e 22 lysate of a strain with a different phase-1 antlgen. Mutants
which met this test were rétained and assigned fla mutation numbers Starting from

a-90.

Transduction methods. Phage P22 (Zinder & Lederberg, 1952) was grop_agated
by the soft-agar layer method On strains to be used as donors; lysates were titfated
on strain qlEBO 0 & Bidwell, 197). For transduction an overnight shaken broth
culture (about 109 bacteria/ml.) of @fla "strain to be used as recipient was mixed
with a phage P22 lysate of the donor strain (%eneralgl another flar mutant) at a
multiplicity of about 10; after 20 min, at 37°, "10-1, 10~2 10~§_10_4d|lut|ons were
made In broth and one standard drop (about 0-02 ml.) of each difution was streaked
on each of three plates of semi-solid motility medium, poured 1cm. deep in 5c¢m,
diameter Petri dishes for the easier observation of trails, The plates were incubated
at 37°. The production of swarms of spreading growth, and their absence from
control plates inoculated with unreated recipient bacteria, then indicated the pro-
duction offla+recombinants. Inflar flar Crosses the presence of trails, best seen
with inpcula dilute enough to yield few or no swarms, and their absence from control
rolates, Indicated complementétion ofthe twoflar mutants. To test for linkage of the
|a site of amutant to H 1, the same method was used except that forflar strains with
the unexPr_essed phase-1 antigen i (or iM 5, iM6, etc.) the donor strain used was
sa7, that IS, 12 with the phase-1 ant_|%en b. Drops of the transduction mixture
were streaked. on semi-solid medium without serumang on semi-solid medium con-
taining sufficient anti-? serum to prevent the spread of i swarms, and anti-12
serum’to prevent the spread ofan)é phase-2 swarms. For fests onfla” mutants with
the unexpressed phasg-1 antigen b, the donor had the phase-1 antigen iMIO, and
anti-5 serum was used instead”of anti-? serum. |t was necessary to énsure that the
recipient strain was in latent phase 1 (see Stocker et al. 1953). The appearance of
swarms on the serum-containing plates indicated co-transduction of H1 with flar
from the donor: this was confirmed by slide agglutination after streaking out. In
tests on some of the fla~ mutants comparison oFthe lowest dilutions which yielded
swarms on the semi-solid plates with serum or without serum gave an approximate
estimate of the proportion of fla+ transductants with the phiase-1 antigen of the
donor, i.e. of the rate of co-transduction of H1 with fla+

RESULTS

The properties of the fifteen em2fla- mutants isolated by selection with g/ haqe
and of the fla- strain of Salmonella paratyphi B and the tharacters of thé motile
parent strains are recorded in Table 1. Seven of thejlc.r mutants on occasion yielded
motile revertants; but_not at a frequency high. enough to interfere with the trans-
duction experiments. The rate of co-transduction of H 1 with the fla loci, i.8. the
estimated proportion of swarms manifesting the phase-1 antigen of the donor strain
ranged, In those mutants in which 1t was determined, from ahout 05 to < 001
> (001 Allsixteenfla- straing on treatment with a lysate of a wild-t ge dopor %ave
swarms, 1. fla+ transductants (Table 2). Twelveof them also gave abundant
4 G. Microb. <1
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Table 2. Complementation and recombination between pairs ofJla~ mutants
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trails, i.¢. trails even from an inoculum of @ 10" 2dilution of the transductant mixture
(Table 2). Four mutants (m6fla 52, m 6 fla 61, m7fla 53, Mil Jia 55) gave no trails
even from inocula of undiluteg transduction mixture. We consicered the possibility
that these four mutants might not form trails because they carried ot only fla
genes but also modifier genes; not co-transducible with the fla—H 1 region, restltin
in poor motility even wien afla+gene was introduced. A comparisor of the rate 0
spread offla+1ransductional swarms derived from the fla mutants which did not
form trails, with the rate of spread of swarms from two trail-forming mutants (m5
jia. 50, mI0fla 57), did not support this hypothesis. Swarms from fwo of the non-
traﬂ-formmg mufants gmG fla52, Mil fla’55) spread more slowly than did the
control swarms, but those from the other two on-trall-formm? mutants s?re_ad
faster than the control swarms. We do not know why, these four sfrains did no qlve
trails. Evidently no nference about complementation can be drawn from a Test
with a pon-trail-formin remg),lent strain,

Eactfof the sixteenfla~ strains was tested with phage P22 Il¥sates of every ong of
the fla~ strains (Table 2). Every combination except'the ‘seffed’ crosses (€.9. MIO
fla 58 treated with a lysate of MIO A!a 582 gave swarms. It therefore a gears that
none of the sixteenfla~ mutations coincidés with, or overlaps, the site o n1y other.
The selfed combinations did not produce trails, as was to be expected. The fqur
mutants which gave nq trails on treatment with wild-type lysate also did not give
trails on treatment with any other lysate; but each of them"when used as a donor
evoked trails from several dther fla “strains. Otherwise every pair offl-a~ mutants
?a\_/e the same result (swarms and trails = complementatign; or swarms but no
rails = no complementation) when tested in the twg possible directions.

The complementation results divide the mutants into several complementation
or. cistronic groups; (i) fla-60 comglements all fla- mutants except itself, and con-
stitutes group E, (Iu)fa-58 behaves similarly and forms group - (i) fla-50 and
fla-59 do'not comE ement each other but complement all other mutants, and form
group B;_(Iv) fla-54 and. the non-trail-forming fla-53 behave similarly and form

roup €. The ten remalm_n% mutants, which complement mutants of groups E, D,
and C, form group A, with a complex pattern of complementation with each other
which may be Tepresented:

Group Al 66 and 69

Group Ail -~ 57

Group Aiii 65, 67 and 68
Group Alv 5

Group Av b2*, 55* and 61*

where overlag ing of the bars representing groups of mutants indicate that the)( fajl
to complement—or are geficient In the’ Same ‘unit of function’, and_non-trail-
forming mutants are indicated by asterisks. Mutants fla-66 and jla-69 (the S.
Parat}/ | B 0strain) do not complement any of the ten mutants of gfoup A and we
erm hem_?roup All. fla-57 complements all' A strains excegt those ofgrou? Al and
we assign if'to a group Ail. Mutants fla-65, fla-67 and fla-68 complement fla-57 of
roup All, but noother group A mutant; these three mutants thus form group Alil.
roup Aiv comprises mutantfl.a-56, which complements group Al and also the three
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remainin? strains of the Agroup,jla-52*jla-55* andfla-61*. These last three strains
behave aflke in that when t8sted as donors they complementthe Ajiand Aivmutants
but no others of the A group. As none of thé three produces trails they cannot be
tested for ahility to complement each other; we tentatively group them dsgroup Av.

DISCUSSION

. In 12 of the 16jla strains examined the_production of trails, i.e. motile ahortive
jiat transductants, showed that thefla~ lesion was recessive tofla+. Our experiments
on the rate of spread oféIaTde_nvanves of the four non-traﬂ-for_mmg JIa" mytants
ave Inconclusive results; despite this we think the most plausible xglanatlon_of
eir character is that they carry unstable modifiers, at loci not co-transducible with
HL c_ausmP poor,development of flagella, so that abortive JIa" transductants are
Insufficiently motile to travel through semi-solid medium. If the chromosome
fragments involved in transguction bg/ phage P22 are indeed of constant composition
Ozeki, 1959) the ability of I;Bsates f'the non-trail-forming strains to_evoke trails
rom_other flar mutanfs gTa le Zg shows that these four]jla~ mutations are not
dominant to ffieirJla+alleles. However, recent experiments gPea_rc_e &Stocker, 1965
Roth & Hartman, 1965) show some hete_ro%ene| In composition of transduced
chromosome fragments, ang the hypothesis 0f dominant fla~ mutation Is thus not
entirely_ disproved by our observation. . _ _ _

Drs ling_and Enomoto in.a communication submitted to this Journal while our
paper was in proof describe five complimentation groups amongs their 7/7-linked jla
mutants of Salmonella tryop Imyrium and S, a ?_r us-e(ﬂuuand Show by crosses with
representatives of our groups that four of the five correspond to ourgroups, A, B,
Cand D; our group E Was not represented amongst their mutants, nor their group
J amongst curs. Our five com;t)lementatlon (I;roups may represent five distinct jla

enes; ar, less probably, reflect to some extent intra-geriic complementation. Ifall

egrougAmutants are mutated magIaA ene thewLIasnes should map adjacent
to e3ch other: but In our tentative map (Joys & Stocker, 1963) the locus H sepa-
rates AIa—S? fromjla-52 and jla-55, though all these three mutants fall in complemen-
tation group A. "However, subsequent experiments (Mrs Ursula Pearce & Stocker,
to be published) suggest that jla-52 and {Ia-55 were incorrectly mapped.

Some jla mutationS map at a locus between gal and try, thiat is, far from 1|
$Sm|_th Stocker, 1962; lino& Lederberg, 1961). The production of flagella therefore
equires the fu_nchonmg of at least twogenes, and, IT gach co%plementatlon quoup
represents a distinct % ne, of at least six genes, distinct from HI and H2, the
structural genes for the alternative forms of flagellin, the only known structural
comgonent of Salmonella ﬂa%ella. Several possiple roles for Such genes can be
envisaged, and most of them have been discussed by ling & Lederbérg (1964). If
flagella contain a second structural component, so far undetected and serologically
Inactive, the gene or genes for Ifs production would presumably have the E)ro erties
ofjla qenes. he syntnesis of flagellin or of ﬂagella may involve special structures;
for instance, a polymerization enzyme or a special sort of ribosome (“flagellosome’
lino & Lederberg,” 1964); the genes determining, their protein or RNA components
would then have the properties ofjla ?enes._ 1t°Is also go_ssmle that one or morejla
loci are concerned in regulating the production of flagellin, probably by regulating
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the production of H | and H2messenger RNA. The existence of some such regulatory
system s squested by the effect of Some environments in suppressing production
of new flageffa (e.g. Quadling & Stocker, 1962) and by the absence of cytoplasmic
flagellin in'most jla~ mutants (lino & Enomoto, 1962). By analogy with a class of
dominant lac~ mutant (Wilson et al. 1964) aflar mutatjori at a Pene whose function
was the production of 4 repressor of synthesis of flagellm Wwould he expected to be
dominant to itsfla+allele. There is at present no ?_oo evidence for the, existence of
dominantfla~ mutants. However, recessive mutations at requlator loci resulting in
failure to produce the regulated protein have been reported in other_syﬁstems (Garen
& Echols, 1962; Englesberq et al. 1964). Afla gene of this sort might produce an
“Internal inducer’ for prodtction of flagellin (lino & Lederberg, 1964).

The work forms part of the London University Ph.D. Thesis of T, M. Joys. We
thank Drs T. lino and M. Enomoto for exchanPe of information, and for theif court-
eous agreement to adopt our nomeclatyre for ffa complementation groups A-E, even
though this involves an mte_rchange of the designations B and C used in an earlier
review paper in Japanese (lino, 1964).
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INTRODUCTION

The s?ecrfrcrt of the_ various somafic or O antigens of enteric hacteria e?
Salmonella, resides in a lipopolysaccharide (LPS) coniponent of the cell wall. Mo
precisely, the structures re Ponsrble for the S ecrfrcrty are relatively short repeatrngT
se(iuences ‘repeat units’, of monosacch an es which constitute the (}sRecrfrcparto
I)f/saecharrde sldle- charns (Staub 1964 Robbins & Uchida, 1962). The innermost
ions of the side-chains and the backbone to which these are ‘attached form a
core Pro bably common to all Salmonella species, irrespective of their antigenic
character (Kauffmann, Kriger, Litderitz & Westphal, 196L; Lideritz, Beckmann
& Westp haIF 1964). The main features of this structure are apparent from the
diagram Iﬁ
I

number df different mutations are known that resw rn a defectrve Irpogolyy

G
!

saccharice, all bacteriologically recognized as rough (R) forms and apparent
ossessrn? amore or less complete coré hut not the specific parts of the side-chains.
f special interest among them are rou-B mutants whose lipopolysaccharides have
the antigenic type called Rn (Subbaiah & Stacker, 1964: Beckmann, Subbaiah &
Stocker™ 19647 Beckman, Lideritz & Westphal, 1964), These seem to have the
complete core; with AIacetngIucosamrne S the terminal monosaccharrde unrt
éOsborn et al. 1964). Different enzymic defects can result in this same I]o enot
efective thamnose synthesis in ong case, unknown defects in many others ( Nrk
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Nikaico, Subhaiah & Stocker, 1904). Since the rou-B mutants are by definition
genetically linked to his, the, locus of histidine biosynthesis, it is likely that they
oceur 1n a fperhags large region of the chromosomg which is concernéd with the
synthesis of the O-specific part of the side-chains. This region could reasonably be
called an 0 locus. Earlier, a locus controlling the st()ecn‘mn of the O antigen In
Escherichia coli was mapped near his (Orskov™& Orskov, 1962): this could well be
the same locus.
Lipid

Regeatunit com rising GNac *Glc-> Gal-s Glc >(Hept, KDO, P)
310 5 monosaccharide /l N )

Sidechain Backbone

Specific part of the Rn (rough) LPS = the complete core
sidechain
GNac = if-acetyl-D-glucosamine; Glc = D-glucose; Gal = D-galactose; Hept = L-glyeero-n-
mannoheptose; KDO = 2-keto-3-deoxyoctonic acid: P= phosphate: LPS = lipopolysaccharide.

Fig. 1. A schematic representation of the somatic lipopolysaccharide of Salmanella
(mgl_nlysaccordmg to Oshorn et al. 1964). The structure of some 0 repeat units Is shown
In Fig.' 3.

Serolog|call¥ each specific Q anngen Is @ composite. of various partial antigens
Kauffmann, 1994). These foarual an gens represent different aspects of the Same
|p_<gPoJ?/saccharlde molecule (Furth & Landsteiner, 1929; Staub & Pon, 1956;
Liideritz, O'Neill & Westohal, 1960), and possibly of the same_repeating unit
(Robbins & Uchida, 1962; Uchida, Robhins & Luria, 1963). The antibodies used for
identifying the partial antigens recognize a structure definitely larger than a mono-
saccharide, and probably Of the order of a trj- or tetra-saccharidg. However, the
non-reducing mono- and di-saccharides at the ends of side-chains, andfor their
branchess gp a bpr%néﬂ)ent role In the specificity (Staub, Tinelli, Liideritz & West-
, 1999, Jlaub, : : o :
The present work was started in the hoPe of eventyally clarifying the genetic
determination of the specific side-chains of the somatic lipopalySaccharidé. Sal-
monella species seemed 1o offer several advantages over Escherichid coli, even thomﬁh
the work was started with the latter (Orskay & Orskov, 1962). The Salmonefla
antigens have been more exhausnveliy Classified hoth serologl ally gKauffmﬁnn,
and chemically (Kautfmann, Liideritz, Stierlin & Westphal,” 1960; Uchida

et al. 1963; Staub, 1964). The usual absence of capsular antigens in Salmonella
organjsms makes them technically easier to analyse, The recent devel,oPment ofan
effective Hfr~ -* F~ conjugation system perm_lttln% Inter-species and inter-O-group
crosses in Salmonella was a necessary rprereqms_ﬂe or this genetic analysis (Makeld
963). Two questions seemed to be of special interest: (1)| whether orie would find
allelic genes concerned with the determination of the alternative specificities of
polysaccharide structures; (2% to what extent the partial anU%en_s would be inde-
ﬁgngetﬁtel eggermmed, e.g. Whether it would be possible to synthesize new combina-
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METHODS

Bacterial strains. Those used came from the author's collection in Helsinki (sh
and sw strains) or from the.collection of the Guinness-Lister Research Unit at the
Lister Instituté, Chelsea Bridge Road, London, S.W. (sI strains).

Group B (4 b, 12) bacteria;
W 1444 Sal monefa abo ey Hir met~ aro~ str-r [1-b 112-e,n,x, which is identical
with sw 1391 of M
phlmunum LT- 2 F hlsD37~ athA 2~ strr H1-1 H2-1.2.
sh 142. S, typhlmurlum LT2F his~phe~H 1-i

Group D (9, 12) bacteri

sh 6/3. aImoneIIaenter|t|d|sF59+t Hl-gm. The F' e|sm, 59, canverts
bacteria carrying it into donors of hesa e type as sw 1444 (Makela & Ziegler
unpublished):

sh 674. . enteritidis F~ his~ try~H [-g,m
The location of markers and origins and directions of chromosome transfer of

the donor ngr and F59J? strains, as well as abbreviations used are given in
Fig. 2. F~ or = female recipient strain,

sw 1444
F59

str

H2, phe

(aro, ath A)

his

2 AchromosomemaP of Salmonella showm? the approximate I?catlon of markers
gﬁomto origin (po|nt of the arrow) and direction of transter ofthe donor strains
accor to Smyth'& Stocker, 1962 and personal commumcatlon Makela, 1963; Makela
Zie Ier unpublished), thr, threoniné requirement, #]ro prol mT requirement; try,
tryptophan requnement his, histidine requirement; a phenyla anne and tyrosire
rgquirement; ath, adenine and thiamine requirement; phe E henylalanine requirement;
sir, streptomycin resistance: H1, phase-1 flagellar antigen: 112, phase-2 flagellar antigen.

Culture media. Broth: Difco nutrient broth. +0-5%NaCl.. Nutrient a ar
Difco nutrient broth +1-6% agar, Motility medium: Difco nutrient broth+ 0-5%
agar +8% gelatin (Stocker, Zinder & Lederberg, 1953). Defined medium: Daws



60 P.H. Makela

minimal medium (Lederberg, 1950): 1-6% aqar, 0-2% glucose, amino acids and/or
aﬁgnclgteed 20/tg./ml.; thiamine, 0-002 /;g./ml.; streptomycin, 1000 ug./ml. when
Indicated.

(Crosses were made between exponentially qsrowm cultures of Hfr or F 53+donar
ang F~ reugwnt mixed so as to give abodt > x 107donor bacteria/ml. and 5x 108
recipient bacteria. This mating mixture, was kept undisturbed at 37° for 2 hr, then
plated without washing on selective defined medium. Recombinant colonies which
appeared after 2 da){s were streaked on nutrignt a%ar, from which single colonies
were picked and tested for their growth requirements and antigenic characters,

H antigens were determined byslide a%%!ut_matlon in rabbit anti-H sera dilyted
1/100. Before testing, the strainS (or recombinants) were passed through motility
medium to enhance their motility. o _ _

O antigens were determined b¥ slide agglutination in apgoroprlate antisera at
redetermined dilutions. Single factor sefd anti-4 and ant:-9 were a gift from the
erological Standards Labordtory, Central Public Health Laboratory, Colindale
London, N.W. 9, Anti-5 factor serum was prepared by absorbm{; an anti-45,12
serym with strain si 681 of Salmonella typhimurium, an LT2 mutant which lacks
antigen 5. An unabsorbed serum against S. paratyphi A (O antigens 2, 12), also
fron¥ the Standards Laboratory, was used as an anti-12 reagent.

RESULTS

Cross 1was between a 45,12 Salmonella abony donor and a 9,12 S. enteritidis
recipient; the outcome is seen in Table 1. In hacterial crosses most recombinants
resemble the recipient parent more than the donor parent, having inherited only a

Table 1. Crogs 1. 45,12 donor Salmonella abony Hfr sw 1444 (met aro- str-r HI-b
H2-e,nX); 9,12 recipient S. enteritidis F~ s» 674 (try~ his~ str-s HI-g, m)
Selected marker

from Recombi- o
Hir e nants Markers tested (in their proposed map order)

donor pient no. Q Oserotype try HI his 0-4/9 0-5 a0 H2 sir

w

his+ aro+ 20 43 912 R R R _*
2 48 412 R R B D R B B 5
7 14 4512 R R D D D R R R

49
—~+ aro+ 10 100 9 12 D

R
. R represents the recipient (F ~) allele, D the donor ‘Hfr) allele. *—indicates no reaction in anti-5
immune serum, which erhan iSnot an adequate test for'the presence of 0-5 In these recombinants
(see discussion, p. 63). The alleles used in selection In bold face. For abbreviations see Fig. 2.

R R R R R R

small part_of the donor chromosome. However, when the donor his+allele was
selected, 57 % of the recombinants had the 4-S emﬁcﬂg of the donor instead of the
90f the reclPlent. All the recombinants tested showed tront%and t|¥ep|cal O-%ggluu-
nation in either anti-4 or anti-9 serum, and none had_ both of these specificities.
Thus the partial anﬂgens 4 and 9 behaved as If determined by alleles ot one locus,
which might be called 0-4/9, approximately 60% linked to his.
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The specificities 4and 5 were separated in several cases. Indeed there were more
4.12 than 45,12 recombinants although the donor was 4,5,12. None of the recom-
binants, with _trﬁdpartlal antigen 9 had 5-specificity. If the order of the loci con-
cerned is:—nis—0-4/9—0-5—such recombinants dre not to be expected since the
incorporation of his and 0-5 from the donor without that of 0-4 requires a quad-
ruple crossover. They are, however, to be expected with his+but without 0-4 in the
[)% g@ed cross, with a 9, 12 his ] strain as donor to a 4, 5, 12 his+ str-r recipient (see

When the danor try+ allele was selected instead of his-, all recombinants_had
completely recipient-like Oantlgens. They also all had the reC|R|ent his-. Both
his+and tr¥_+were simyltaneous K_selecte from the donor in the hope of obtam%
the integration ofthe whole try—his segment in many recombinants. 1f0-4/9 or 0

Table 2. Cross 2, 9,12 donor Salmonella enteritidis F59+sh 673 (try- str-S
[1 19, m); 45,12 recipient S. typhimurium F 51 803 (his~ ath str-rH 14, H2-1,2)

Selected marker

from

Markers tested (in their proposed map order)

F69- F- No. of .
donor recipient recombinants O serotype ‘ry Il his 0-4/9 05 nh dr
hiss st 9 452 R R D R Rt R R
R R D D _ R R
?:10 s B o1 P OB T F R
J R R R
g2 42 K R bR B & R

R represents the recipient (F~) allele, D the donor (F'+2 allele, *—indicates no reaction in
anti- immune serum, which perhaps is not an adequate test for the presence of 0-5 In these
treocnosmslgénénés Esee discussion, p. 635). The alleles used in selection are in"bold face. For abbrevia-
| ig. 2.

were located between try and his then all or nearIY all such recombinants wotdd be
expected to have the donor O alleles. However, the integration of the whole seg-
ment did not occur, as indicated by the absence of thé donor phase-1 fIa?eIIar
antigen b among the recombinants; the g_ene HI determining the specificity of this
antigjen is known to be located between is and try. The reason for this ynéxpected
behaviour remains unknown. A high degree of chromosomal non-homology in the
region might be an explanation. The'H| %enes %determl,nm(r; the specificitiesd for the
danor, g,m for the reC|P|ent) could replaCe each other in transduction tests.

In.crosses 2 and 3 the ‘reverse’ cross, was, made, crossing a 9,12 (Salmonglla
enter|t|d|sg F* donor to two S, tygummurlum 4 5,12%_h|s~ str-r F- recipients. The
results are shown in Tables 2. and"3. The donor allele his+was selected in both cases.
Again in all recombinants either antigen 4 of the remPlent or antigen 9 of the donor
was fully expressed. The donor allelé 0-9 was 50% linked to his.

_The partial an,hgens 4 and 5 were again separated, for in cross 2 of the recom-
binants with antigen 4 of the recipient two failed to agglutinate with anti-5 serum.
These two 4,12 récombinants constitute a minority out of 17 recombinants with
antigen 4. They represent quadruggg C0SS-0Vers accordmgcto the map order pro-

posed ahove, which on other evidence is believed to be corréct (see discussion, p. 64.)
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But a_ccord_m% to this order a majority of the 10 recombinants with antlpen 9 would
have inherited the Pene 0~5+ 0f 'the Tecipient. No expression o: it could, however,
be detected by a%g Utination in anti-o factor serum. In all crosses, all recombinants
were agglutiriated by the anti-12 serum, as were the parent strains.

Table 3 Cross 3. 9,12 donor Salmonella enteritidis F59+sh 6/3 (fry*
HI-g, m); 45,12 recipient S. typhimurium F~ sh 142 (his—phe~ HI-1 H2-1, 2)

Selected marker from . Markers tested
(in their propgz?d map order)
F59+ F~ No. of —~ At .
donor recipient recombinants O serotype  try HI his 0-419 0-5 phe
his+ try* gl 4,512 R E D RD R, R
g s R R B B =B

—

R represents the recipient (F~) allele, D the donor (F'? allele. *— indicates no reaction in
anti-5 Immune serum, which perhaps 1S not an adequate test for the presence of 0-5 in these re-
comFb_|nar21ts (see discussion, p. 03). The alleles used in selections are in'bold face. For abbreviations
see Fig. 2

DISCUSSION

Let us first examine what is known of the chemical structure of the O antigens
4,&5),12 and 9,12 with which the experiments were concerned. According to recent
results the repeat units of the respective lipopolysaccharides are very miuch_alike.
Figure 3 shows their proposed structure, where the only known difference is in a
terminal di-deoxyhexose attached to a mannose unit (Westphal & Liideritz, 1960;
Staub, 1964); It group B this  di-geoxyhexose Is abequose, I.e. 3,6-di-deoxy-D-
gnalact_ose, n groug D tyvelose, i.e .3,6-dI-deoxy-D-mannose. These sugars are’ the
ost Important determinants of the partial antigens 4 or 9.

Glcx Abe ' Glca Tyv \
11-4 M l b
Rha v aGal-> Man ->Rha=»dGal-> Man /%
Group B (4,12). Group D (9,12)
Abe = abequose Man = b-mannosc
al = D-galaetose Rha = t-rhamnose
Glc = p-glucose TyV = tyvelose

Fig. 3. The %ro(aolsgd structure of the O repeat urllit of the lipopolysaccharide of group

a
) and group D (9,12) Salmonella strains (Staulb. 1964).

The partial anh%en 5 when present, is determined by an O-acetyl gro#P on the
galactose moiety (Kotelko, Staub & Tinelli 19613. Qther aspects of the"same repeat
Unit represent é e an_t|%en Tacfor 12, hut do not require further attention here, as the
exFen ental data give no Information about It. o _
n ¢rosses hetween group B (45,12) and group D, (9,12) bacreria, irrespective
of which, das the .dondr o r(iCI lent, the partial antigens 4 and 9 replaced each
other as if determined by allelicgenes. _ o
Both the dl;deoxyhexoses,mamlg/ congemed, with these specificities are very
uncommon, being foind only in these specific antigens (and certain other 0 antigens
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of some other Gram-negative denera) Therefore it is improbable that either parent
was able to synthesrze oth of them. In fact an enzymic conversion of a common
Brecursor cytiding-diphospho-glucose (synthesized “by both group 1. and. D
acterraE to cytrdrne diphospho-abequosé by extracts ‘of Salmoniella. typhimurium
(grou r? or to cytidine-diphospho-tyvelose by extracts of S, enterrtrdrs (group D}
was recerfily demonstrated ikaido &Jokura, 1961: Drs H. and K. Nikaido, persona
communrcatron) hus a donor-tvpe (in resEect oanntrgen) recombinant must have
inherited from the donor parent the genes for all the &nzymes leading to the syn-
thesis of the donor-type di- deox exose, and probably als0 a gene fora transferase
needed to carry thrs sugar from rts eytrdrne iphosphate Precursor compound to its
Elace In the Irpopo ysaccharide. Th number of different enzymes involved is not

nown but must be'more than one; each of these enzymes miust be specified by a
separate structural gene. Because all recombinants Rad either dongr-like or réci-
pient-like antigens, Te. 4 or 9, all these postulated genes must be located in one
cluster s as tq be rnherrted together This cluster, the 0-4/9 locus, is situated near
his, the Iocus for histidine hiosynthesis.

In naturally occurrrnnga moneIIa strains the partial antrgen 5 often ap]pears with
412, but never with 9,12 (or other O antroens) fKau fmann, 1954). "The corre-
sponding gene 0-5+, mutation of which leads to the [oss of 5- specrfrcrt transformrn
25,12 bacteria into, 4, 12. 1 sjtuated close to his %sekr & Sakai, 1952: mrt
Stocker, 192). This_finding 1s corroborated by te resent stud% 00, 1f It be
assumed that group D Salmonella lack this gené or, ess probably aveanegatrve
allele of it. 1n"some of the crosses reported aboveamajorrt of the 9,12 recom-
binants must have inherited the 0-5+ gene of the 45,12 Rarent but no expressron
ofrt could be detected hy anti-5 factor Serum. However, this rs not conclusive proof
of th e absence of acetylated alactose in,these recompinants, because anti-5 serum
mr% ht reg urre for redction 4 Iarger antrqenrc grouping than |u rost the acetylated
? ctose Even so, one would Expect srong cross reactrons etween the acety-
ated-galactose forms of %roups B and D, hecause the units on each side of the
8alactose are common to both %roups 0 such cross -reactjvity was found. A more
efinite test would be the use & immunog ens of 09 recombinants In which the pre-
sence of the gene 0-5+ has been ascertarne %/genetrc means, 1. b backcrossrng
toa412 recipient. Another possibility 1s thaf the acetyl group Is transferred on t
Irgob ysaccharrdeb an en g/me whoSe specificity is such that on?/theaeuose

narnrn%repeatu It can sérve as acceptor. Th absence ofava abIe sub actor
in grou corresPon Ing to the variahle antigen 5 in grou makes the latfer
ossrbr ty more attractive, Other possibilities"are not excluded, e.q. a repression
o the activity of the gene 0-5+ by the (short) Erece ofSaImoneIIa en errtrdrs enetic
material rncorporate In these recombrnants ut are perhaps less likely. Experi-
ments are under way tq test these alternatjves.

resent resu s indicate a linkage befween 0-4/9 and his of the order of

060 This is a real linkage in this sort of cross and indicates quite close, proxi-
mit of the loct. The crosses were made between different sero grous Jifferent
species according to many classrfrcatrons) and_pertain to a chromosomal, region
with a high degree of known non- omo od Both these facts tend 1o drmrnrsh
linkage; €. tr aproxrma locus about 174 of the map length removed from his
and expected 0 e 50% linked to it (Hayes, 1964; Smith & Stocker, 1962) shows
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only 3% linkage. Another factor tending to diminish linkage beween the 0 loci
and_ his in these crosses is the fact that the 0 loci are probably further from the
‘point of origin’ of the donors than the selected locus his. 0-5 show's even less
linkage to his. The extent of this linkage cannot, however, be accurately estimated
because it is not possible to test for the presence of 0-5+ in all recombinant classes.
In cross 1 this Im_ka%e 15 14% or shght(l)y more. Again, 0-5 is probably further from
the point of origin than both his and 0-4/9 gsee below). o
From the data presented it is not possible to determine on which side ofhisthe O
loci lie, indeed not e"en whether 0-4/9 and 0-5 are on the same side or not. From
other crosses, between grou C@nﬂgens 6, 7 and 6, 8) and group B Salmonella
Makela, unpublished), Tt has becomé apparent that 0-4, which seems_allelic to
0-7 and 0-8 as well & to 0-9, s between his and sir and not between his and try,
L.e. the order is try—H |—his—0-4/7/8/9—(0-5—ath—H2—sir (see F|?. 2). This IS
map order used. in the tables above and fits all the data. 1t also fits the map
position of Q-5 inferred by Smith & Stocker (1962). » ,
It is possible that many of the rou-B mutants linked to his in Salmonella t)(ph|-
murium (Subbaiah & Stocker, 19612 have occurred with in the compound Q locus
nowr_described. Evidence to this effect has been obtained from crosses of some
rou-B mutants of S. typhimurium with ?roup C (6,7?_ smooth bacteria (Makela,
unpublished). If the correct repeat unit of the 0-specific side-chain Is not formed,
the result wiould be a rough bacterium with the core of the lipopolysaccharide onI){
as observed. Whether thé partial antigen 12 is determined at the same locus could
not yet he ascertained. Even so, this locus” would be a quite large region, con-
taining information for the synthesis of Rerh_aps all the smooth-specific sugars (those
presenit only in the O-srk)euﬁc part of the lipopolysaccharide), and for the transfer
of these and other monosaccharides (or perhaps ohgosacchande units) on to the
lipopolysaccharide being synthesized. The 0-5+ gene determining the acetylation of
%alactose units in the side-chain of 4,5,12 bactefia in the Present study was only
59% linked to 0-4 in a cross where 0-5 was distal to.0-4. [t might perfiaps still be
a part of the general O-locus if there were exceptionally much breakage of the
chromosome in"this cross. Other, unrelated genes present between 0-5"and 0-
are not known. One ought to test for this passibility, e.q. In resoect of the metG
Emethlonme requirement) and tre (trenalose erm_entanonl oci reported to be very
lose to his (Sanderson & Demerec, 1965; Subbaiah, 1964)
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INTRODUCTION

Conidia of Glomerella cmgulata %Stoneman) Spaulding and Schrenk have, been
used extensively for bloassag/ ungicide studies. Thé results of germination of
conidia of this fungus reportéd from t|me to time have shown many incansistencies.
Hawkins (1913) found no_difficylty in %ermlnatm? the conidia in_distilled water,
whereas Goldsworthy & Green (1938) found that the leached conidia required an
exogenous supply of ‘accessory’ substances for germination. Germination of
cleaned conidia of G. cingulata was obtained by Lin (1945) only after addition of
suitable sources ofcarbon, mtrogen phosphorous magnesiumand Sulphur Richardson

Thorn (1962) and ngapp mgapg (1964] reported that washed conidia
of G. cingulata germinated In distilled wat rW|thout the add|t|on of nutrients, and
that the germination of conidia was inversely rE)ro#)ortmna to the concentration of
conidia. This inhibitory effect ofconcentrano con|d|a on germination may be
called self-inhibition of germination. Washed conidia of G. cmgulata germinated
readly in distilled water When their number was less than 100/mm.2 On the other
hand, we had repeatedly observed that the germination of conidia was inhibited
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when dispersed in concentrations above 3000/mm.2in h|gh|}/ nutritive laboratqry
media_such as full strenqth potatq glucose aﬁar._ Experinients devised to examing
these inconsistencies in the germination beRaviour of conidia of G. eingulata are
reported in this paper.

METHODS

A culture of Glomerella eingulata was derived from Dr C. Leben's isolate no. 22
which Dr Leben had found in 1954 to be pathogenic to Jonathan apples. It was
ongmally isolated from apples by Dr J. 0. Andes as isolate 4. (personal communi-
cation ffom Dr C. Leben, Onjo Agirlculture_ Experiment Station, Wooster, Ohio).
A smgle-spore isolate from this_culture which sporulated better in our laboratory
conditions was selected and designated G 21. Potato glucase agar (PDA: Johnsori
Curl, Bond &Fnbour/q, 1960) or"potato sucrose agar which contained 8:5%_(¥v/vl
sucrose in place of 2% (w/v) glucose in PDA or thé respective liquid media withou
agar were Used to grow, this fungus. Liquid cultures were shaken on a rotary shaker
al 150 rev/min. at 25° in a temperature-controlled, chamber Both liquid and solid
cultures yielded abyndant conidia. _ » _ o

Germination studies were done under aseptic conditions to avaid contamination.
Conjdia were dislodged into water from slapes of cultyre bg using an inoculation
needle, and quickly"washed twice in redistilled water by centrifugation, Cleaned
conidia were resuspended in water to read 1unit at 400, mji. in a spéctrophotometer
(Bausch & Lomb,_Spectronic 20). This stock suspension was serially dilyted 1:1
through 10 steps. The stock and the first two dilutions, were discarded and 1-5 ml,
of the"dilutions 3 to 10 were pipetted info separate d|sPosabIe 35 10 mm. Petri
dishes (Falcone Plastics, Los Angeles, California) In duplicate. The contents of the
Petri (lishes. were flnaIIY made_uP to 2ml. bE/ addln% supPI_em_ents and/or water,
Conidia o dispersed setled raP|d y to the bottom of the Petri dish as a sw&gyl}e Ia1yer
covered by a 2 mm. layer of water. These were incubated at 25° for &hr. The
conidia were killed and ‘stained by adding O-L ml. rose bengal/dish. The stammg
solution was prepared by dissolving L g. rose bengal in 100 ml. of 5% (wiv) aqueou
solution of phenol containing 0-0L g.” CaCI2 (Waksman, 1932). This solution was
filtered and diluted 1/3 with dqueous phenol. From each treatment the 8erm|nated
conidia in eight separate fields or of 500 or more conidia were counted randomly. A
conidia in the microscope fields (0-L02 mm.2area) were counted, and the number of
conidia/mm.2 versus % germination calculated. "The dosage amount of nutrients
or number of conidia) was plotted on log scale and the respons g% germination) on
probit scale. In this work conidia were Considered to be germinated when they pro-
duced discernible germ tubes Io_n(ier_than the minr diameter of the conidiun,

For nutritional”work hacteriological grade substances, Bacto-Peptone (Difcg
Laboratories, Detroit, M|ch|(rﬁ1n and re % nt rﬁde chemicals were used. Redistilled
water from a Pyrex glass still was used throughout, _

Czapek-Dox mineral solution contained m NaN03 3; KaHPCHi, 1>MgS04. THA),
0-5; KCL, 0-5; FeS04./HA), 001, in 1L distflled water: iJohnson etal. 1960)7.

Mod|f|edHoa%land’ssolutmn contained .:_Ca(NO?Z HA) ,118: MgS04.7THA),
0-493 KNO3 0-506; KHP04_0-136; Terric tartrate, 001 HBOI 0-00286;
MnCI24HD, " 000362, ZnSO04.7HD, 0-00022; MoOg 0-00014; CuS045HD),
0-00008; in 11. distilled water (Thimann & Edmondson, 1949).
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RESULTS

_Eight dilutions of washed, conidia were uniformly distributed in duplicate Petri
dishes to give avera%e conidial concentrations from"30 to 3000 conidia/mm.2in dis-
tilled water, The ddta obtained from these experiments clearly indicated that the
washed conidia gave 90% or better qermlnatlon when presentat concentratjons of
30/mm.2 whereas the conidia from the same lot gave less than 3% germination
when the concentration was 3000 conidia/mm.2in Water (Fig. %) Different batches
of conidia from cultures grown under different condjtions 9ave 0% or less r(];ermma-
tion In water. Examinafion of water controls in Fig. 2, 3 and 5 showed, however,
that 50% conjdia germinate| in water at concentrations of about 100/mm.2 The
germination of confdia was dlreqtlg fp_ro ortional to the concentration of conidia
in water (Fig. 1): an instance of “self-inhibition’.

Germination (%)
U
o

5k E 5 .
31 I I L1 L 1©) 5 ! 1 T
100 10600 10,00 10 50100 5001000 5000 100 1000 10,000
Concentration of conidia (no./mm.?)
Pig. 1 Pig. 2 Fig. y

Fig. L. Germination of conidia (probit scale) of Glomerella cingulata, in different densities
(Iog scale), in 1-25 mg.finl. peptone solution (O—0) and in water (+—¢).

Fig. 2 Germination of conidia (propit scalg ofglomere,lla cingulata, in different densities
(log scale), in 30 mg./ml. sucrose solution (O—0) and in water ?-—- .

Fig. 3. Germination of conidia (probit scale) of Glomerella cingulata, in different densities
(log scale) in 12-5 mg./ml. i.-phenylalanine o—oﬁ and in water ko—

The d?Pendence_ of germination on the concentration of conidia might be due to
decreased availability”of ox ?en or. of putrients to individual conidia, or to de-
creased ability of the' conidid o utilize these In presence of toxic metabolites in or
from the conidia. Decreased availability of oxygen did not appear to be responsihle
for this effect. Suspensions of conidia of different concentrations were shaken, with
or without peptone, qn a rotary shaker at 50, 100 and 200 rev./min. They did not
show Increased germmanon over the static controls. Germination was increased
markedly by adding peptone (Fig. 4).

Influence of various nutrients

More conidia germinated in_potato extracts or in peptone solutions than in water.
Therefore components of various laboratory media were separatelg added to sus-
pensions of crowded conidia. About 3000 conidia/mm,2 were nough to ?_lve
neglrlglble ermination In water and com?lete germination. In peptorie solution
(30'mig./ml), but were not too concentrated to” count. This concentration  was
obtairied by serial dilution no. 3andl will be referred to as crowded copidia. Addition
of d-glucose, sucrose or D-mannitol 30 mg./ml. showed no significant effect on
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germination_ (Fig. 2 _52. Fiqure 1 shows that high % germination was readily
obtained without addition oF nufrients when the Conidia were less crowded. On
the other hand % germination of crowded conidia was dlrectlg proportional to the
amount of peptone-added (Fig. 4), and that even In presence of peptone increasin

the concentration of conidia’ resulted in progressively less germination (Fig. 1?.
The amount of peptone required to annul infibition By crowding and to promote
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Fig. 4 Fig. 5

Fig. 4. Germination of conidia (probit scale) of Glomerella cingulata, In ingreasin
amounts (log scale]_,lof peptone (I-—-), L-phenylalanine (V—V)> -asparagme_é/,—\— %
?I’DOLdS}anmez( —*), Hoagland's salts (0—0), and"Czapek-Dox salts (A—A); coni

mm.

Fig. 5. Germination of conidia (probit scale) of Glomerella cingulata. in different concen-
trations (Io%scale), In Czapek-Dox sojution (0—0©), in 30'mg,/ml. glucose solution
(+—¢), In Czapek-Dox with 30 mg./ml. glucose (x—X)and In waterg(/ —A)-

la were

Table 1. Effect of concentration ofpe|oton_e on croiccled ;onidia
(30001mm.2) of Glomerella cingulata

" B Gem i
(oven dry wt) ( (g

0-428 0-9
0- 855 40
1- 710 15-3
3-422 31-8
0-844 26-5
13-687 [1-
21-374 94-7
547147 99-0

the emergence of %erm tubes was nearly 30 to 50 times the weight of the conidia
(Table 1. These results su_g%este_d that only a very minor comPon nt of peptone was
Involved in annulling the inhibition or that some Component ofthe peRtonemlght be
servmg_ a nop-nutritional role such as binding toxic metabolites of the conidia,
Casin hydrolysate (vitamin free) was ineffective from 1to 20mg./ml. Richardson
Tharn (1962) found, of 19 amino, acids tested that onlly arginine, asparagine
asparfic acid, glutamic acid, glutathione, leucine, phenylafaning, tryptophan”and
tyrosine were effective In bringing about germination”of crowded”cenidia. The
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concentration of conidia, duration and manner of incubatign and_criterion of
beneficial effect on germination used by these workers were different. Therefore we
tested those amino-acids and found that L-glutamic acid and glutathione gave a
maximum of 10% %_ermlnatlon between 0-01"and. 1 mg./ml., and less germination
at hlgher concentrations (L6 mg./ml.)._L-asparagine gave 20-35% germination in
concéntrations from 0T to 1-6 mg./ml. The effect of asparagine aove (-5 mg./ml, is
snown in Fig. 4: hlgher concentrations were toxic. L-phenylalanine and DL-alanine
showed a bimodal response, inducing h|gi_h germination at 0-5 mg./ml. and again at
16 ma.ml. (Fig. 4). Phenylalanine was Tiké peptone n its effect on mc_reas,mg con-
centrations of conidia (Fig. 3). Although phenylalanine induced germination, like
peptone, the germ tubes formed ended in appressoria and did not grow any further,
In"peptone thie germ tubes were robust, branched and grew profusely.

Table 2. Effect of various substances on germination of croivded
conidia {30001mm.2) of Glomerélla cingulata

2 hrof  2nd incubation

incubation.  8hr with

germination  peptone,
Substances (%) germination

Silica gel (E. Merck A.G. Darmstadt, Germany)
Cﬁllulosen;])owd r (Macherey, Nagel & Co. Diren, Germany)
Aluminum oxide (Merck _ o
Cation_exchange resin (Rexvn 101 (Na). (Fisher Scientific Co,
New York, N'Y.) _ o

Anion exchan?e_resm_(Rex n CG (Clh %Flsher Scientific Co.)
Charcoal, Bacteriological (Oxo Ltd’, Lohdon)

Thiourea (Baker & Adams, Allied Chemicals, New York, N.Y.)
Adenosine (Nutritional Bigchemicals Corp. Cleveland, Ohio)
I,-cysteine HCL (Nut. Bioenem Corp.)

r.-cystine (Nut. Bioehem. Corp.) .

Menadione (K & K Labs. Plainview, N.Y.)

Coumarin (Aldrich Chem. Co., Milwaukee, Wise.)

t Biotin (Nut. Bigehem. Corp.)

T Thiaming HC1 (Eastman)

T Riboflavin (Merck)

Water control _

3% (w/v) Peptone (Difco) 98

* Nearly all spores g,ermina,ted = +, 10 spores germinated = Q, results nft available =
f Germination was Similar in all concentrations, viz. 0005, 005, 02/tg./ml.

Qther agents tested inclyded various adsorbents, vitamins and chemicals used t%/
various investigators for the activation of dormant b|olog[|)cal forms. Adsorpents
were added 1 _g./ml. to copidial suspension and other stbstances were in 10~4m
final concentration ynless otherwise mentioned. These preparations were incubated
for 24 hr, instead of the usual 8 hr, and the conidia Counted without killing and
staining. PePtone was then added to,the Petri dishes and incubation continugd for
8 hr. The data shown jn Table 2 indicated that the adsorbents, various activating-
chemijcals, and_ vitamins tested were non-toxic but ineffective In inducing the
germination of crowded conidia. Re-incubation with peptone indjcated” that
menadione and 2,4-dinitrophenol were toxic at the concentrations used.

+ 4+ +

PNNNNO NOY,O 0000
otot*+++

+
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Effect of mineral salts

Conidia were dislodged from slopes of culture as before and the suspensions
quickly centrifuged. The deg_osned conidia were resusP_ended In sterile “distilled
water and a sample suitably diluted and_Put for germination. The remaining spores
were repeatedly washed with glass redistilled water takm%sam_ples for germination
after 5, 10 and 20 washings. The results shown in Table 3 indicate great improve-
ment in the germination ot conidia when washed 5 times or more, as tompared with
unwashed conidia. When Czapek-Dox mineral solution was used for washing
primarily to prevent osmotic damage to spores, a high % germjnation was obtained
without any addifion of carbon sofirce. Correspon m(IJ Saries in peptone 5mg./ml.
solutigns gave uniformly 90% or higher germination at all spore densities, irréspec-
tive of thé medium or Aumber of washinigs.

Table 3. Effect ofwashinrq mi germination of crowded conidia
(30001mm.2) of Glomerélla cingulata in water Washed 10xn

Czapek-Dox
Unwashed Washed 5x Washed 10 x Washed 20 x solution

Conidia/ Germ.  Conidia/ Germ. Conidia/ Germ. ~ Conidia/ Germ. Conidia/ Germ,
mm.3 (%) mm2 (%) mm2 (%) mm2 <%) mm2 (%)
800 5 150 4 1O ¥ umw B UN P
80 % m & W % A 1y
¥ s 94 W & B L BB
These experiments indicated that either a soluble inhibitor was Ieae.ied awa)( by
repeated _vvashm? of the conidia or that these were accumulating stimulator
trace” minerals from the ‘djstilled’ water. The later sy gesﬂon aRpeared ossiple
because washing with Czapek-Dox (C-D) mineral solui ?ave a.nigh stimulation
of germination."This was examined by adding C-D mineral solutior info_crowded
conidial suspensions. The results showed (FI%. 4) that the amount of C-D salts
added did not make much difference, about 10% of crowded conidia germinated
throuI%hout the range of 0-25 mg. to 20-04 mg. salts/m|. water (normal strength was
501 mg. salts/ml. water). It was also evidgnt that the pattern of (T;ermmajon at
differeqt concentrations of conidia were unaffected by the addition of C-D minerals
Fq. 5). The addition of C-D mineral salts did not show an effect on lower con-
entrations of cqnidia ,Smg(lly or In admixture these minerals, with or without
|ucose, were Ineffective in | ucmg?ermmanon of conidia (Lin, 1945). But nearly
% conidia germinated in concentration from 1000 to 3000 eonidia/mm.2 when
glucose C-D salts were added (Fig. 5). To examine whether gther mingrals might
Increase %ermlnatlon, Hoagland’s mineral solution as mod|f|ed_bcv Thimann™ &
Edmonds n_g1945? Wag Hsed; |tc?nta|ne? iron, manganese, boron, zinc, molybdenum
and copper in traces. This Hoagland solution'gave consistently higher ?e mination
than the corressnondmg C-D solution (Fig. 4), At concentrations of 1000-3000
conidia/mm.2 15-20% Conidia germinated I diluted Hoagland’s solution (0-6 mg.
salt/ml.). Normal strength Hdagland’s solution (2-332 mg./ml.) promoted about
23% germination of crowded conidia (Fig. 4); higher concentrations were toxic.
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Trace element components of Hoagland solution were separately added in various
coneentrations to crowed conidial syspensions, But they did not show an
stimulation of germination; concentrations qreater than (/;g./ml.) 0-004, CuS04.
5HD: 007 MoOs: 0IL ZnS04 1HD): 143 HBo, 18 MiCILAHD; 984
MgS02.7H2D were foxic. Only Mo and Mn sllghtly stimulated germination (10%)
at"concentratjons 1/10 of the preceding sentefice.” Ferric tartrate gave mcr_ea_smg
germination (18%) p fo 8/(g./ml.; the corresponding germination in distille
water (control) was 1%,

DISCUSSION

Decreased germination due to crowdmg of spores had been called self-inhibition
or guto-Inhifition: this (Phenomenon Is known for many fungi_(Cochrane, 1958).
Various studies have shown that germination of uredospores Of fust fung[; IS pre-
vented b_)ﬁthe concentration of uredospores and this has heen ascribed to substances
which ditfuse from the spores (Allen, 1957). Trimethylethylene (Forsyth, 1955),
Q/henohc compounds, coumarins and glycosides (van Sumere, van Sumere-De Preter,

ining & Ledingham, 195/), and glutamic angd aspartic acids (Wilson, 1958) from
the ufedospores have been considgred as possible self-inhibitors. The results of Bell
(1960) ,sug%ested the existence of unidentified inhibitory substances other than
glutamic and aspartic acids in the uredospores. o o
~ Conidia of Glomerella cingulata also exhipit strong self-inhibition of germination
in water (Fig. 1). Washed conidia were capable of ?ermlnatlon In increasing numbers
with decreasing concentration In redistilled water; when conidia, were’less than
100/mm.2a large P}ercentage of them germinated readily in water | FI?. 1), Therefore
It is most likely that self-inhibition of q_ermmatlon_o_f conidia might not be due to
lack of nutrienits, Increased cgncentration of conidia in water might lead to de-
Creased _supPI of oxygen and of trace elements that may still be coritaminating the
twice distilled water,”or m|?ht lead to increased concentration of self-inhibitory
emanations from conidia. mproved germination of repeatedly washed conidia
m|%?t be due o leaching of toxic metabolites of conidia or to accimulation of trace
elements by the conidid from successive batches of water.

n as much as oxygen was ryled out as 4 factor in limiting germination of crowded
conidia there were two questions to be investigated, viz. whether the spores de-
Ben_ded Upon an exogenous suRpIy of some nufrients or whether self-inhibitory meta-

olites were respongible for the Inhibitory effect of crowding. Inh|b_|torYe ect of
crowded conidia was not overcome by addition. of various growth stimulating and
dormancy-breaking chemicals (Table’2), The_}/ included menadione, coumarin ang
2 A-dinit %Jhenol which remove self-inhibition of uredospores (cf. Farkas &
Ledingham, 1959). These results might indicate that the mechanisms Involveq in the
selt-inpibition of ‘germination of conidia of Glomerella cingulata might be different
from those of the Uredospores, N _ .

Inhibition of germination of crowded conidia (3000/mm,2) was effectively nyllified

peptone (Fig. 4). Peptone required was as much as 30 to 50 times the"weight of
conidia to bring about germination (Table _13. The ascogpores of Neurospora Tetra-
sperma utilize only endogenous reserves duri g 9erm|nat|on (ngaﬁpa Sussman.
195_93 and the amount utilized was less than 10% of the sgo_re welght and this gives

an idea as to the amounts of substrates that may be required for germination of
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spores. It is inconceivable that peptone m|gf tbe required in such large quantities
as a nutrient source to effect %ermlnatlon of conidia. Therefore, it appeared to uS
that peptone might be antagonizing or inactivating some toxic spore, metabolites.
The beneficial effects of phenylalanine decreased an ,a_%aln Increased with mcreasmg
concentration (Fig. 4) and its effect on different densities of conidia was like pepton
(Fig. 3). Nearly™80% of crowded conidia germinated in both peptone and in
Ph_en |alanine solutions of 1-25% concentrations. |n phenylalanine the germ tubes
ailed to grow and ended in appressoria. Germination was good in alanine F45%at
(-5 mg./ml.) and growth of germ tubes was normal but thé germination of conidia
decredsed to 14% with 4 mg. alanine/ml. These effects of ammo acids indicate that
the beneficial effects of peptone might be most likely due to mixtures of aming acids
and ge tides rather than to.some trace or minor corstituents of peptone funchonmg
as germination stimulator. The requirement of large amounts, of peptone as well &
the ﬁure amino acid phenylalanine further indicatéd the possible_non-nutritive role
of t Ieste substances in inducing germination of crowded conidia of Glomerdla
cingulata.
8Iucose and C-D salts appeared to establish a state of equilibrium between
germmatlon and %ermmatl Inhibifion qver a wide range of spore densities.
eptone, on the other hand, gave a bimodal response curve; the slope of the curve
between 100 and 1000 conidia/mm.2was different from those of lower as well as
higher densities (Fig. 1). Accordln%to Dr J. G. Horsfall (private communication
permeation of alanine moiety might be necessary for germination. The pheny
group In phenylalanine would almost surelg Increasé perméation ofthe alanine groug
nd Increase “germination. The second approximation is—[a) that alaniné an
Phenylalanme are toxic in the concentrations used, and (b) that they also prevent
he dction of the inhibitor (after they permeate). The deleterious and beneficial
effects could generate the polvmodal clirve. Dosage response curye of the funglmde
tetrameth¥lth|uram_d|sulph|de (TMTD) on Macrasporium sarciniforme showed that
toxicity of TMTD increased with ncreasing concentration of the fungicide hut
higher concentrations were less toxic and at'much higher concentrations toxicit
re,ar}%peared again gD|mond Horsfall, Heuherger & Stoddard, 1941%. Horsfall
Dimond (1963) considered that such bimodal response curves were generated by the
action of two'factors acting at different rates or in opposite direCtions. Petérsen
(1959) encountered such a on-linear bimodal response of infection of wheat plants to
Ingcufum density of wheat rust uredospores, The observation of Petersen was espec-
lally mterestmg ecause of the role of a self-inhibitor in germination of yredospores,
An‘unusual_phienomenon was qbserved by Albert and” co-workers (cf. Hewitt &
Nicholas, 1963) in connexion with the toxicity of oxine to Staphylococeus aureus;
toxicity of oxine decreased with Increase In_concentratjon so much so that a
saturated oxing was non-toxic. The ‘concentration quenching’ was due to oxine or
to formation of non-toxic 3:1 oxine:iron complexes which result when oxing was In
excess whereas unsaturated ;1 and 2:1 oxine:iron complexes were toxic.. Bimodal
esponse Was cIearIY evident in the alleviation of self-inhibition of germination of
conidia qf Glomerella cingulata by nutrients éFlg. 1,3 4 5). Thé inhibition of
germination of conidia m|ﬁ;ht not e primarily due'to nutritional deficiencies but to
Inhibitory substances in thie conjdia Which may be functioning as anUmetabohte(_sQ.
The self-inhibitory antimetabolite(s) may be”excluded, comolcxcd, or otherwise
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inactivated ,9?’ large amounts of added nutrients. Failure of adged frace elements to
Improve gernfination ofcrowded conidia further lent support to the viewthat the bene-
ficial effect of repeated washing of conidia was due to leaching away of self-inhibitory
substance(s) from the conidia'and not to the exogenous supply of trace elements.

. Financial support provided by U.S. National Science Foundation Grant GB-645
is gratefully acknowledged. We are indebted to Dr J. G. Horsfall and to Dr K. V.
Thimann for valuable criticism and advice.
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SUMMARY
PormeM Iasma stra eV| usl ‘swine enzo tlc neu
masram ean enic ate opla ma
cme co masrams ch are cultura emca
rnInis are more neterogeneous,and fall | Ur Serg-
S)(es granu arum however, 1S antrgenically unrelate 0 these

INTRODUCTION

Different tlypes of Mﬁ/coplasma have heen isolated from 6|%|gs with enzoot|c
pneumonia o atrophlcr |n|t|s In Sweden Bakos&Dlnter 1963). The majority of
|solates Wwere sh own 0 e cu turalli/ cosey related 10 a cyto athogemc agent
cultivated by Wesslen & Lannek 2 rom %s with a disease Called swine
enzootic pnetimonia (SEP). These |solate e labelled sep strains, although
o evidence was presented that such strains cause a transmissible pneumonia inp |%s
(Goodwin & Whittlestone, 1964). A minor group of isolates, designated o strain
were culturally distinct from the sep strams

In this study the e and p strains have been cQm ared W|th each other and with
reference strains of ycoRIasma hyorhinis (Switzer, 1955) and M. granularum
Switzer, 1964%—the ho nitherto escnbed Species o ycoplasma occurnng in
1gs. The results show that porcine Mycoplasma straing are’a heterogeneous group.

were hen

METHODS

Mycoplasma strains. Two straing of MycoBIasma hyorh|n|s kmdly supphedb
Professor A. Freundt, University of Aarhus, Denmark, and Dr W. P. SWI zer, lowa
StateUmversny of Science and echnolo% Ames, lowa, USA and one strain of
M. granularum; kindly supplied by the [atter, were investigated. The M. hyorhinis
strains were labelled £ and 57 resp ect|ve d Other strams used inthis study belonged
to our collection of isolates from PIgS The sep strains labelled sep/200, $EPisk dnd
sf.plg.aS Well 85 SiX b, strains Iabe ed bltO b 6 Were Used. The strains sep/g and o 6
were isolated from pig material sent. )&DrH -J. Neymann, Kiel, Germany. Stock
cultures of the strams Were prepared n PLO broth, distributed in tubes inamounts
of 5 ml._per Aube and stored at —60° before use.

LO'medja. PPLO broth medium consisted of beef heart infusion with addition
0f 0-5% (W g [v) yeast extract D|1Eco()j 0T M/ IV) glucose, 20% (v/v) unheated horse
serum, penicilfin (200 1.u,/m 1% (s y) 0f'a 5% (wiv) Solution of thallium
acetate. PPLO agar medium was composed ‘of the same ingredients with addition
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of [-2°0(w v) SPec_iaI Agar-Noble (Uifco), Penicillin and thallium acetate were
omitted when satellite growth was _re(%_uwed. ,

. Viable cell count. Serfal tenfold dilutions of a Mycoplasma suspension were made
in PPLO broth and inoculated in amounts of 0-U'ml. on_plates with PPLO agar.
_Tni})ecpllgtt_egnwere Incubated at ;37 and the number of colonies counted on day Gafter
inoculation.

Satellite growth. The surface of PPLO a?ar was first inoculated, with Mycoplasma
and then, Ion% the diameter of the plates, with staphylococci according to the
method of Morton, Smith & Leberman F§1949). The staphylococcus straifl rcdit
kindly supplied by Dr J. 1. Tcrpstra, Rotterdam, Holland, was used for this

updse. . : .
p E[;gg Inoculation. Sussnensmns of Mycoplasma were inoculated into the yolk sac
of chick embryos aged 5-7 days as Pr_ewou_sl described (Dinter, Wesslen &Lannek,

1957).” Paols of amiotic and allantoic fluids were used for further assa?es In egos.
Cel cultures, Primary cultures of calf cells were_prepared from trypsinized
kidneys of newbon calvés and grown at 37° in tubes, Growth mediym was Hanks's
salt solution with 0-5% (wiv)_ lactalumin hydrolysate (H+ l.ah) enriched with
10% (v/v) newhborn calfserum. The maintenance medium consisted of 11 + Lah + 5%
(v/v) Unheated horse serum. Penicillin (100 |_.u./rn|.f) was added to both media.
Titration of injectivity in cell cultures.” Serial tenfold dilutiops of a Mycorglasma
suspension were made in maintenance medium and inoculated in Q1 mk: amounts
in each of 4 cell culture tubes. Four additional, non-inoculated cultures served as
controls of the specificity of cell degeneration induced by Mycoplasma. All cultures
were Incubated at 37° in upright position and in a volume 0f maintenance medium
sufficient to cover the entire Cell ‘sheet. The results were read on day Gor 7 after
Inoculation. The titres were calculated according to Kiirber and are’ expressed as

°gio units of TCDS00-L .~ . .
gPrepara,ltloon ofant?gzensrf%r %el diffusion. The strains were transferred into PPLO
broth by inoculating 200 ml. of this medium with 10 ml. of stock culture. A dense
outgrowith was obtained after incubation for 2 or 3 days at 37°, The organisms were
concentrated by sedimentation for 30 min. at 35,0009 and 4° and then washed 3
times in isotonic saline, The washed sediments were resuspended in 1 ml. of distilled
water per. 100 ml, of the original volume and the_ suspensions frozen and thawed
5 times before their use as antigens, A similar technigue has grewously been applied
b}/ Taylor-Robinson, Somerson, Turner & Chanock §196) for the greparatlon
of antigens from human Mycoplasma strains. The antigen’ stocks were kept at

- 20-.

Preparation of antisera. Antisera were prepared in rapbits with PPLO broth
cultures as antigens. The Mycoplasma strains were sedimented and washed_as
described above, The washed Sediments were resuspended in 5ml. of isotonic saline
per 100 ml. of the orlgmal volume. The suspensions were then mixed thoroughly
with an equal amount of Freund’s complete _ad;uvant (|D|fcc). Each rabbit Wwas
%lven 2 ml. of the anhgen-adIJuva_nt mixture intramyscularly into each Ieg. After

or 6 weeks the rabbits were injected intravenously with "1 ml. of a suSpension
without adjuvant_p_regared as described above, Serum samples were taken 1 week
amga%gg second injection of antigen and were stored at —20°. They were used
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Absorption of antisera. Antisera used for gel diffusion were absorbed with the
O Droth medium in order to remove ntibodies to the ingredients of this
medium. PPLQ broth was concentrated 10 times by pressure dialysis in a collodion
barrr (Membranfilter AG, Gottingen, German Egual amounts of concentrate and
antiserum were mixed and the mixture kep or 16 hr at 4°. The mixture was then
centrrfuged for 30 min. at 4500rq and 4° and the supernatant concentrated to the
orrgrnal volume _br% pressure dia ysrs as mentioned above.
el dif usron e Micro mo |f|cat|on of the Ouchterlony method FWadsworth
1957) was useg. Tests were er ormed on Rass |plates with & 0-4 mm. thick layer of
glar 0el consrstrn o 1% w|v) Special Agar-Noble gDrfco) In phosphate-buffered
2. The Wells were 3 mnt. in diameter and made in 3 mm. thick
pIexrgIass templates The apertures connectrn% the wells with the gel were 2 mm.
Wide” Templates with 3, 5 or 7 wells at a djstance of 5 or 6 mm. betiveen the edges
were used. When the agar had congealed the wells were filled once wrth reactan
The plates were kept | a humidifigd atmosphere at room temperature f or ays
The templates were then removed and the precipitation patferns recorded.
glates were washed for a few days |n PBS and then dried and stained with amido
lack as recommended by Wadsworth
Growth mhrbrtron The technrgue Was that of Clyde 1964? as applred by Taylor-
o mson Canchola, Fox hanock (1964) for the differentiation Of human
7pco plasma strarns ‘The strains Were cu trvated In PPLO brath for 2 or 3 days at
37 and the cultures then spread on PPLO agar in amounts of 0T ml. containing 105
to 0®colony-forming or?anrsms The PPLQ agar was dried for Lhy at 37° prror t0
moculation.” Fifter-paper discs were soaked with 0-025 ml. of undiluted antiserum
by means of wire loops invented by Takatsy (1955) and manufactured by Cooke
Engineering Co., Alexandria, Virginia. US.A’ The drscs were then placed at appro-
priate distances from one anothér o the surf aceo LO agar he results were
read after incubation for 3 days at 37°. Zones 0 growt Inhibition were measured
as the distance hetween the margrn of the disc and the margin of inhibition,

RESULTS
Cultural characteristics of sep strains and Mycoplasma hyorhinis

The occurrence of drfferent M coplasma strains in pigs was evident at the time of
isolation (Bakos & Dinter, 1 3 he sep Strains Were easier to isolate in tissue
cultures (Wesslen & Lannek, 1954) or i the_yolk sac of chick embryos (Dinter
et al, 195M than on PPLO growth media. Similar results were obtdined when
|soIat|ng rycoplasma hyorhinis ([L Ecuyer, Switzer & Roberts, 1961),

g ty common 10 sep Strains was that their growth on PPLO agar was
promoted by the simultaneous cultivation of staphylococcl. This phenomernon was
most pronounced wrth sep strarns not adapted to cell-free media—the number and
size of the colonies formed byse strains Increased closer to the streak ofstaphﬁ
|ocacci Bakos & Dinter, 1963 fghe strarns however were easily adapted to ce
free me Aa aftgrafew Pass V&;e(s

H strains’ showe an extensrve rowth on PPLO agar The colonjes
were embe ded In the agar and had aqranular appearance with the larger colonies
showing dark centres. Smears from colonies stained with Giemsa stain"(Kebo AB,
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Stockholm) showed particles with an approximate size of 0-2/t. A similar colonial
structure was observed after cultivation of reference strains of Mycoplasma hyo-
rhinis. When the method of satellite growth was applied, the colonies were enlarged
adjacent to the staphylocaccl, _ _ _

hree-day-old cultdres in PPLO broth were titrated in cultures of calf kidne
cells. The sep strains and Mycoplasma hyorhinis produced cytopathic changes of
the same type as described for the strains of the cytopathogenic aglent isolated b
Wesslen & Lannek (1954). The titres of infectivity varied hetween 1065and 10
TCD50/0-1 ml. The'sep_strains and M. hyorhiriis proved to be_lethal for chick
embryos but the mortality rates were wregular as described by Dinter et al. (1957)
for thie cytopathogenic agent of Wesslen & Lannek (1954).

Table 1. Differentiation of porcine M¥coplasma strains
by some cultural properties

Promoted by Cyto atho?enic
satellite or calf Lethal for

Organism and strain growth kidney cells  chick embryos
M. hyorhinis ¢ + + % +)t
M. hyorhinis s7 + +
sep/200 + + +
SEp/sk + + +
i/lep/g | + + +

. granularum - +)t -
B1 ’ — + —
b2 +
b3 +
b 4 — + -
b5 - +
b6 +

* Degeneration and cell death,
f Irrégular rates of mortaljty, ,
t Various degrees of cytoplasmic granulation.
§ Regular rates of mortality.

. Cultural characteristics of p strains and Mycoplasma granularum. Five out of
SIX b strains were isolated dlrectIY_on PPLOagar. Onestrain, b6, had to be en-
riched in PPLO broth prior to cuftivation on PPLO agar. The growth of v Strains
and Mycoplasma granularum was not stimulated by satellite cultivation but was
dePen ?n uRon e presence of sergm. The viable cell count gave 2 to 7x 107
colony-form n(ﬂJ units per OT ml. ot 2-day-old PPLO broth cUltures. The col-
opies ‘were enibedded In the ag_ar. Most_colonies were of the “fried egg’ type,
although the colonies of one strain, » 6, differed from those of the other strains by
having'a structyre similar to that described for M. pneumoniae (Channock, Hay-
flick & Barile, 1962). The size of the organisms in the colonies of b strains was
approximately 0-2 . _

ne of the b strains, b3, was shown to be strongly cytopathogenic for cultures of
calf kidney cells and regularlly lethal for_chick”emfryos. ACid production was
observed in cell cultures inocufated with this strain. The other o strains and Myco-
?Iasma q(ranularum have been passaged 3 times in eg%s but groved to be non-lethal
or chic embryo?. Cell cultures thoculated with™These strains showed various
degrees of a cytoplasmic granulation.
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On the basis of some cultural properties indicated in Table 1, the porcine Myco-
plasma strains can he differentiated into two groups, one represented by Myco-
plasma hyorhinis and the other by M. gran_ularum. _ _

Differentiation b% gel diffusion. “In Cg)r liminary experiments, unabsorbed antisera
and antisera absorbéd with the PPLO broth medium were tested with this medium
as antigen. Some unabsorbed sera ﬂave one precipitation line with PPLO broth
but most unabsorbed sera as well as all absorbed sera did not react with this medium,
The, results of cross—testlng eleven absorbed antisera against suspensions of 12
strains are shown in Table 2. According to these results & close relationship exists
between M¥(_:opla_sma hyorhinis and the sep strains. The precipitation lines showed
reactions of identity, sep Strains are thus Identified as strains of M. hyorhinis, No
cross-reactions were found between the ?roup of strains represented by M. hyorhinis
and the b strains including M. granularum.

Table 2. Differentiation of porcine Mycoplasma strains by gel diffusion
Antiserum against

M.

hyorhinis
Organism and Fos7 200 sk gfranularum. 1 2 3 4 6

strain Number o precip:tation lines

M. hyorhinjs f 3 4 3 2 5 0 0 0 0 0 0
M. hyorhmls s7 3 4 3 2 5 0 0 0 0 0 0
SEp/200 3 4 3 2 5 0 0 0 0 0 0
SEP/sk 3 4 3 2 5 0 0 0 0 0 0
seplg 3 4 3 2 5 0 0 0 0 0 0
M. granularum 0 0 0 0 0 4 0 0 0 X 0
Bl 0 0 0 0 0 0 5 5 0 0 1
b2 0 0 0 0 0 0 5 5 0 0 1
b3 0 0 0 0 0 0 0 0 8 0 0
b4 0 0 0 0 0 1 0 0 0 4 0
b5 0 00 0 0 0 5 5 0 0 1
b6 0 0 0 0 0 0 t 1 0 0 4

Within the group compnsmP the b strains and Mycoplasma granularum, a reci-
procal relationship was established. between the strains bl dnd b2 Since the
antigen of the b5 strain was precipitated by antisera to strains b1 and b2, these
threg strains were considered to helong to ‘the same serotype. R_euBrocaI CI0SS-
reactions of low order were noted betwéen M. granularum and strain b4 as well as
between strain b6 and the strains » 1, b2 and v 5, With heterologous antisera one
precipitation line was formed b)é these strains whereas homologous antisera gave
With them four or five Imes_gTa le 2). No cross-reactions were qbserved between
strain b3 and the other strains altholigh b3 produced at least 8 lines when tested
aPamst homologous antiserum. According to these results the strains of the present
sud%rfall Intq Six serotypes (Table 3). N

Ditferentjation by%rq 1 Innibition,” Antisera used in gel diffusion tests were also
examined In growth inhibition tests. The results aré” summarized in Table 4,
Antisera to sep strains and strains of Mycoplasma hyorhinis inhibited the growth of
the strain £ of M. hyorhinis but had ro inhibitory effect on the sé st_rang of M.

6 . Microb. xii
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h?/orlums. All sep strains were inhibited by homologous antisera and two of them
also, by certam_ﬁeterologous antisera. The reciprocal relationship between sep
strains and strains of M- hyorhinis as shown by gel diffusion could thus not be
demonstrated by growth infiibition, Concerningthe v strains and M. granularum,
the specific reactions seen in gel diffusion tests ere also observed in growth inhi-
bition tests (Table 4). A close relationship was established between strains Bl, b2,
and 5. The other three b strains and M. granularum were inhibited only by homo-
Io%ous antisera. - Cross-reactions of low ‘orger seen between some strains in gel
diffusion tests were not observed in growth Inhibition tests.

Table 3. Serotypes of porcine Mycoplasma strains as shown by gel diffusion

Organism and
Serotype strain

1 M. hyorhinis: F, s7;
sep: 200, sk, G

2 M. granularum

3 b3

4 b4

5 BI, b2, b5

6 b6

Table 4. Differentiation of porcine Mycoplasma strains by growth inhibition

Antiserum against

hyo%inis & . B
F s7 200 sk ¢ Qranulaim 1 2 3 4 6
Strain Zone of inhibition in millimeters
M. hyorhinis 5 3 3 45 - - -
M.Wornlnls; 5 15 ; « ~ _ -
- - — 2 - —_ — —_ — —_
SR B - DT
sep/y 2 _ 2 — 2 — — — — — —
M. granularum - - 5 - - -
BI - - - - - 5 3 - — —
b2 - 7 _ - - - 5 3 — _ _
b3 - - - - - - 35 - _
b4 - - - - - - - 4 _
b5 - - - -~ - 5 3 - - _
b6 5
no inhibition.
DISCUSSION

. The parcine Mycoplasma strains isolated in. this coun_tr%/ could be divided at
isolation into twao groups, One?roup comprised jsolates whic ongmallggrewbetter
In cultures of animal cells and the yolk sac of chick embryos than on PPLO media
unless satellite growth was employed. Isolates with such properties were encountered
in more than 60 % of pigs suffering from enzootic. pnelimonia or atrophic rhinitis
(Bakos & Dinter, 1963). These Isolates were provisionally called *sep strains’,
The present study was carried out using sep strains viell-adapted to growth on
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PELO media hut these strains retained the prOé)ernes of being V?Xtopath_ogemc,
irreqularly lethal for chick embryos and promoted by satellite gro h. It isnter-
_estm? thdt they were shown to be closely related to Mycosolasma Cyorh_|n|s, orlgmally
isolated from a{)lgs with atr0fh|c rhinitis (Switzer, 1955) but considered t0 be @
secondary Invader (Switzer, 1964). - _

The strains of the other ?roup Were provisionally called . strains. The g{rowth of
these strains was dependent upon the Presence of serum in the medium but was not
stimulated by animal or bacterial cells as shown for sep strains and_Mycoplasma
h¥orh|n|_s. M. ?ranu_larum showed similar é)ropemes f0, the Bstrains. The existence
ot two different species, M. granularum and M. hyorhinis, was first established when
g%ftlzneer I\ﬁ 88 |asma straing were compared by indirect hagmagglutination (Ross &

In the Pre,sent study_serological differentiation was carried out by gel diffusion
and growth innibition.” These fests were found reliable for differentiation of human
MycOplasma strains Tax/llor-Robmson et al. 1963, 1964). The gel diffusion tests
showed that straing of Mycoplasma hyorhinis and sep strains~are antigenically
identical. The growth inhibition test, on'the other hand, proved to be unsatisfactory
when agglled or identification of M, h¥orh|n|s. Antisera effective against one strain
were [ess effective or ingffective against the other; one strain was ngt inhibited even
ng homologous antiserum, KI|e_neberger-NobeI_(1962% and Huijsmans-Evers &

u%/s (1956) made similar observations when working with other Mycoplasma strains
but ng explanation is available for this phenomenan,

Both tests, the gel diffusion and ?rowth inhibjtign, demonstrated that the .

strains, Including Mycoplasma granufarum, are distinct from strains of M. hyo-
rhinis but show gre_at heterogeneity within the grouA). OnIY three out of SiX .
strains belong to & single serofype whereas the other three . strains and M. granu-
larum each regres_ent separate_serotypes. Although some heterolo%ous Strains
snowed cross-reactions In gel diffusion tests, the homologous reactions were Suffi-
ciently complex to identify"the strains as separate serotypes, Similar observations
were made with other Mycoplasma strains by Lemcke (195),
. Finally, a classificatiori of porcine Mycoplasma strains must consider many more
isolates than the small number studied. here. Of special interest are the results of
Investigations carried out by the Cambridge group in this field. Goodwin & Whitle-
stone (1964) cultivated a visible Rleomorpmc organism, the J agent, from pigs with
enzootic pneumonia, which was shown to induce a transmissible”pneumonia fn pigs.
This agent s probably a Mycoplasma.
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INTRODUCTION

It is well established that the knowledge of the base comEosrtron (expressed as
molar percentage of guanine + cytosing) ofpure DNA will considerably improve and
clarjfy the present bacterial classification.
present naper s a_contribution towards an improved classification of the
rhrzobra alonﬂthese lines. The (Present clafsrfrcatron lEBer By's Manual 1957) of these
acterra 1S st based on the cross-inoculation roposed by Fred, ‘Baldw-n
). Many authors have expresséd dissatisfaction wrth this_system
See Drscussron) and ong can expect that a future classification will look different.
urrng the course of our work it was noticed that there Is a distinct correlation
betwegn the average molar (guanine + cytosine) content (%(G + C)) and the type
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of fIageIIatron The conclusron which emerged from it agrees remarkably well with
the principle of the proposal recentz/ made by Grahdm j 19649 although in the
latter case an entirely different approach was made namely by Adansoniarranalysis.

METHODS

Organisms used. All strarns with a number of two or three symbols were obtarned
through the courtesy of Prof. Ch. Bonnier, CharrofBrochemr ry and Microbiology,
Institut A ronomr ue de ['Etat, Gembloux, Belgium. Ad ether strams were
obtained tiirough the courtesy of Dr L. W. Erdnfan, USDA Beltsville, Md.,
USA. Upon receipt, and later during the experiments proper, all strains were
checked for bacteriological purity.

Growth conditions, Mass cultures were PrePared b¥ growing the organisms_for

-3 days at 25° in Rou flasks wrth 150 ml. of a moditied medium of Ashhy 171907)
containin 8 (in %, wiv) 1 mannitol, 002 NaCl, 005 KHP04 0-02 MgS04.7THA)
001 CaSp4.2HD, 001 CaCO3 OT yeast extract, 25 agar The organisms were
harvested they were washed by repeated suspending in 0-15 M-NaCl, -1 m-EDTA
buffer pH'8 and centrifu mg for 30'min. at 18,000g." Care was taken'to remove as
much s possible of the polysaccharides.

refoaratron and thermal génaturation ofpure DNA. The centnfuged ceII paste was
quickly frozen by Immersion of the container in a bath at —3 lyophilized
overanht It was found that this procedure resulted in an |mproved ceI breakage
and refease of DNA in the fre]paratron proper. DNA was purified according to, t
procedure of Marmur 1961). The molecular weights of the samples were determined
In the Spinco. model anaIytrcaI uItracentnfuge and found to. be In the range
10-18 x 106 Thermal denaturatron was determined by automatic registration as
previgusly described (De y&Van Muylem Tm the mrd ornt of the
absorbarice-temperature curve, was determined and the avera emo ar qFanrne+
cytosine) content was caIcuIated with, the formula 041 %(G +
g armur & J We have prevrous checked trs ormulab pIottrnP

garnstdrrectetrmatr ns of%G+ S ey &Sche 19632 and found it {0 b
qurte saisf actorx All results |n Table 1 were ca culated with this formula. If te
Ca culatrons of_Colwell & Mandel 819642 were followed, the %EG+ Q) would be

-4% Tower. The standard deviation o the composttional distribution around the
verae %(G+C) was caIcuIa ed from the same absorbance-temperature curve
Marmur & Sueoka, 1959).
FIageIIa starnrng The_organisms were ?rown on agar slants with the modified
med |um containing™L ml. of distilled water in the bottom (Rhodes 1958
Ate several days at room'temperature a loopful of the liquid was susPen ded /genty
In water: 35% Tormalin was added to make a final concentration of 5-10¢
organisms were centrifuged for 5min. at 3000 r.p.m. and re eated¥wase by
suSpending in water and centrifuging at the same speed. A ro of the final sus-
pension éa out 10~108 cells per L.} was applied on a per ecta/cean microscope
?(I)rﬁtg %B dried (Leifson, 1960). The starnrng procedure of Rhodes (1958) was

Electron mrcroscogcy The organisms were grown in liquid mediym in Kohl flasks
and Incubated at 20°. Every 28 hr a samplé was taken'in the following way: 200-



Taxonomy of Rhizobium 87

mesh grids covered with a 200 A thick Formvar film were floated on the surface for
30 min. ThlgP, were then deposited for 30-120 sec. on a 2% hosphotuq%snc acid
solution, pH 5-7 (Brenner & Horne, 1959; Valentine & Horne, 1962). They were
washed for 15 sec. in distilled water and dried in the air in Petri dishes, A Philips
EM 200 electron microscope was used. Photographs were taken on Ilford 9B11 and
enlargements made on Gevarto 8.

) ) RESULTS
The results are compiled in Table 1
Table 1 Base _com(}r)osition, expressed as %(G + (3 ‘melting points’ Tm values,

standard deviation 0 of the co i)os_monal distribution about the mean 0(G+C) of
purified DNA, and type offlagellation of several Rhizobium strains

T

m Cross-inoculation
Strain no. Host plant in°C  %(G+0C) o group
Peritrichous
6.2 Lupinus luteus 93-6 59-1 1-18 Lupin
3n0tl9 Pisum arvense 93-85 59-7 0-44 Pea
14.1 Vigna sinensis 93-9 59-9 0-12 Cowpea
5.62 Trifolium repens 94-1 60-4 0-0 Clover
316ml Strophostyles pauciflora 94-15 60-5 0-06 Strophostyles
9.5 Phaseolus vulgaris 94-2 60-6 0-0 Bean
3d1x3 Trifolium dubium 94-2 60-6 0-49 Clover
3E0DS Lotus americanus 94-2 60-6 0-0 Lotus
5.0 Trifolium pratense 94-4 61-1 0-25 Clover
3F6g2 Caragana arborescens 94-5 61-3 0-75 Caragana
316¢10(a) Phaseolus vulgaris 94-55 61-4 0-06 Bean
3c2nl Lupinus densiflorus 94-7 61-8 0-25 Lupin
10.0 Arachis hypogea 94-7 61-8 0-0 Cowpea
11.1 Vicia sativa = 94-8 62-1 0-38 Pea
9.14 Phaseolus vulgaris 94-9 62-3 0-63 Bean
3D0a30 Medicago sativa 94-9 62-3 0-0 Alfalfa
3f3cl Wistaria frutescens 95-0 62-5 0-88 W istaria
1.5 Medicago sativa 95-0 62-5 0-60 Alfalfa
4.1 Pisum sativum. 95-0 62-5 0-12 Pea
3F4b7 Robinia pseudoacacia 95-2 63-1 0-50 Rohinia
Subpolar
3i2bl Erythrina indica 94-6 61-6 0-0 Cowpea
31448 Pueraria thunbergiana 95-1 62-8 0-87 Cowpea
3.9 Soja hispida 95-2 63-1 0-63 Soybean
3c2k4 Lupinus sp. 95-3 63-3 0-36 Lupin
10.1 Arachis hypogea 95-3 63-3 0-5 Cowpea
316nl0 Vigna singnsis 95-3 63-3 0-37 Cowpea
3.15 Soja hispida 95-4 63-5 0-38 Soybean
3c3al XJlex europaeus 95-5 63-8 0-48 Cowpea
3.23 Soja hispida 95-5 63-8 0-12 Soyhean
3.14 S. hispida 95-5 63-8 0-38 Soybean
311B59 S. hispida 95-6 64-0 0-96 Soybean
3.1 S. hispida 95-6 64-0 0-36 Soybean
3f Xl Wistaria speciosa 95-7 64-3 0-62 W istaria
3.2 SOL&_ hispida 95-9 64-8 0-0 Soybean
IB0a2 Albizzia juKbrissin 96-2 65-5 1-0 Cowpea

Flagellation. The strains from the Beltsville collection were selected hecause their
type Of flagellation is known (Leifson & Erdman, 1958). Several of them were
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rechecked and the type of flagellation was confirmed. The strains of the Gembloux
collection were studied both By electron mmroscogy and by ordinary s_tammg. The
latter procedure Yields less reliable results because the flaqel_la_ are gasily detached.
This appears to Happen durln?hthe drying of the drop coritaining the live bacteria.
The use of formalin improves the results. ” Electron microscopy IS preferable.

There are_two types of strains. peritrichously l_ﬁHg. 1) and subﬁol_arg I-(lFlg' )
ﬂagellated. This confirms previous observations(HanSen, 1919; Lohnis & Harisen
1971: Shunk, 1921; Leifson & Erdman, 1958). Several peritrichously flagellated
strains, such as 5.62_ from Trifolium repens (fF:% 3), 5.0 from Trifolium dubium and
11.1 from Vicia saliva, are surrounded by fimbriae. We are not aware that these
structures have previously been observed in rhizobia. _

The peritrichous organisms bear 2-5_fla(_iella, dispersed all over the cell. Quite
often one of these ﬂagella Is subpolarly implanted. There appears to be a difference
between the subpolar’ and the peritrichous flagella of the same cell since the latter
are_verﬁ easily detached. In several strains only careful msgectmn reveals the
peritrichqus jndividuals amongst an excess of anarentIy subpolarly flagellaed
cells, which frequently still have short stumps of broken-off peritrichous flagella.
This phenomenon ma 9|ve rise to_ erroneous conclusions, e.q. such as the o by
Krassilnikov &19_59)1 at all rhizobia have polar flagella. '1t"is also possihle that
peritrichqus strains indeed contain a number of subpolar individuals, a situation
%héﬁh exists, for example, 1n several acetic acid bacteria (Asai, lizuka & Komagata,

BNA hase composition. All strains have a Tmin the narrow range 93-6°-96-2°
and a %(G + C) between 59T and 65-5. The perjtrichous organisms have the lowest
%(G + C), ranging from 59Y to 63-1; nearly all the subgo arly flagellated strains
are In the upper fange from 62-8 to 65-5 Eexcep_t strain 3i2b1, which has 61-6%8.
Both groups_ are not shar I_)(, separated: there is overla%)m N the range 61-6-
63-1%(G+ C). The com? sitional distribution a of the DNA molecules Tor hoth
?rouRs 1S n_ea_rI%/ dentical: these values range from 0 to 1-2 with an average of 0-3
or the peritrichous strains and of 046 for the subpolar ones.

DISCUSSION

The classification within the genus Rhizobjum. In the first generally accepted
system Fred et al. 31932) Fgrogo ed 16 cross-inoculation rougs. Six of them were
elevated to species level: R. meliloti falf_alfa), R. trifolii (Clover), R, leguminosarum
(pea), R. phaseoli (pean), R. IuEnm (lupin), and R. japonicum soybea_n}; the other
groups did not receive sgeuess_atus,. Nis Is the, origin of the species differentiation
in Bergey's Manual (195 Land In Prevot’s Traité (1961). Krassilnikqv (1959) added
anothér “four species to them. Later the number of Cross-inoculation groups was
Increased to 22 (Allen & Allen, 1947). However, innumerable exceptionS show that
a better system of classification Is required (Wilsgn, 1939, 1944: Johnson & Allen,
1952; Borinier, 1958; Lange, 1961; Manil, 1963; Graham, 1964). _

A "new system of classification. Graham,(1964?]_ proposed, after Adansonian
anarla/sm, that there would be only three species of rhizobia : the fast-growing Rhizo-
bium meliloti and R. leguminosardm (ga pool of R. legumingsarum, R."trifolil'and R.
phaseoli from Bergey's"Manual) and the slow-groiving Phylorayxa japonicum (a
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renamed pool of I1. lupini, R. japonicum. and organisms from the cowpea group).
Our results likewise advocate a renewal in the cIassrfrcatron of the rhizopia and they
are in agreement with the basic aspects of Graham’s grog\losa The following facts
are new’ (1 there 15 a distinct correlation between the D Abase com osrtr nand
tet eo flagellation: the Fr])errtrrchous or anrsms haye a low % (G

sub ar fla eIIated ones have a hrgh (23 within each group the

)yran 6 Is Very narqw, Indicating that he "drganisms are genetically
cIoseI related; 32 (3) the % FG+ C) ofhoth groups are close together and evén overlag,
an_arqument in favour of their close genetic relatedness.

Thé basis for the new classification” may be summarrzed as follows:

() The fast-growing, peritrichous, Iow {G roup This roup coincides with
Rhizobium Iegumrnosarum andR merotr ofGra am 196 hrs finer distinction
between specres cannot he etecte tgthe method “of ase composition,
because all strarns ave 0§G+ hich are very close tog et er R. egumrnosarum
has a %(G + C) from 59-1 to 63T, Both strains of R, meIrIotr are in"the vrcrnrtY
0f 62-4%. Org nisms of the Iegumrnosarum tP/pe have been isolated from almost all
host plants and they thus belong to almost al cross -Inoculation groups. Our results
on {he peritrichous fIageIIatron of the alfalfa clover fea and Dean groups are in
gerfecta reementwrt prevrousr 2norts y ansen 9 9), Lohnis &Hansen (1921),

hunk l(% 21), Milller & Leifson & Erd man (1958? Several of thie
other smaller grou S are rkewrse gerrtnchously flagellated " (Leifson. & Erdman,
1958: Lerfson, 1960). Table 1 shows this also to e the Case for bacteria isolated from
the Lotus, Strophostyles, Robinia, Caragana and Wistaria groups,

O(b) The'slow-growing, subpolarly flagelated hrgh (G+C) group. This group coin-
cides with Phytomsyxajaponrcum rom Graham (1964). Their base composition is in
the range 62-8-65-5, except for an aberrant strain 3|2b1 which has 61-6%.
Organisis of this type have been mainly isolated from plants of the lupin, soy-
bean and cowpea groups; a few subpolar strains from Wistaria, Lotus and Robinia
are known.” Both”the results from the present paper and from Graham (1964)
favour the view that only one genetic group is involved. Whether it is a species of
Rhizobium, to be caIIed éa onrcum or a separate genus, to be called Phytomyxa
japonicum, can only be decided unbiasedly after DNA-hybridization experiments.

) Arqumentsfor the close genetic relatedess ofbothgroups g) 1) Their %(G+C) are
very nedr and even overlap. The compositional distfibution a of their DNA mole-
cules is small and of the same order.

1) Similarities in morphology and root-nodule-forming properties.

{ nrI Frequently peritrichous™ strains bear a more firmly attached subpolar
age(lum.

1) The Adansonian similarity is of the order of 80% (Graham, 196n2

2 Balassa (Balassa, 1963) demonstrated exchange of genetic material by
tran formatron between strains of the aIfaIfa |upin and Soybean groups.

Iants of t e u%rn s%ya cowPea and some of th emrnor grou s are a host
to h peritrichqus a dsu EO ar strains, This Is exemplified n'the present paper
bgstrarnsGZ 3c2n|an 3c2kd4 from Lupinus, 10:0.and 10-1 from Arachis,14.1and

from Vigna, 3£3c| and 3£3d from Wistaria, Similar situations have been
encountered bX/l ilson S(1917) Fred & Davenport I£1918) Lohnis & Hansen (1921),
Shunk (1921), Milller & Stapp {1925) and Leifson &Erdman (1958). The penitrichous
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antsms can grow in a wide variety of leguminous plants, whereas the subpolar
nes are much more narrowly specialized and limited to plants of the lupm, soy-
bean cowpea and some of the minor groups (Lotus, Wistaria, Robinia).

One of us FJ D, Ld) is indebted to the Fopds voor Collectief Fundamenteel
Wetenschappelijk_Onderzoek for a research and personnel Prant as well as to his
senjor a35|s ant Dr K. Kersters for assistance with the flagella staining. Both
atuthors are indebted to Prof. Ch. Bonnier and Dr L. W. Erdmian for providing the
strains
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EXPLANATION OF PLATE
Fig. 1, Electron mlcrgraph of a peritrichously flagellated cell of @ Rhizobium, strain 10.0 from
Arachis hypogea (22,20

Fllg 2. Electron mmrograph of a subpolarly flagellated cell of a Rhizobium, strain 3.15 from
Glycine hispida (39,500 ).

Fig. 3. Fimbriated cells from a Rhizobium, strain 5.62 from Trifolium repens. Fragments of
flagella (A) may be seen (30,000 x ).
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SUMMARY
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INTRODUCTION

Since the investigations of van Leeuwenhoek, cytological observations of nuglear
behaviour in yeast have been made by many cytologists, but the details of the
division process and the chromosome nmber have not yet been clarifieq m mitosis
or In meiosis. Drs R. K. Mortimer and D. C. Hawthdrne_have genetic evidence
rndrcatrng that Saccharomyces cerevisiae has a minimum of fifteen linkage groups
OPersonal communication). In the present study an attempt has been”made to

termine the chromosome number of S. cerevisiae by direct cytological methods,
and to study the movement of the chromosome at meiosis in diploid strains.

METHODS

Organisms. The following strains of Saccharomyces cerevisiae were used in the
Rresent Work: n 9, matrng tyR a, histidine requiirer (hi2); n 11, mating type .
istidine and uracl requirer (ni2 mg): n 102 Mating, type’ @ adenine and rypto-
phan requirer (ao$, r); n 104, matrn type a, adefing, arginine and tryptophan
requirer éada ard tr h 203, Matin %pea h 204, matrn type a.

iploid strains were obtained from t followrn crosses h11xh 104; h 203 Xh
204: h 102 Xh 9. These Crosses were mace r%/t emrnrmal pate matrng technique
of Takahashi, Saito & Ikeda (1958) or the mass, mating technique. of Cindegren &
Lrndegren 1943). The genotype ot each diploid strain was confirmed by “tetrad

angl
trfture media. The complete culture medium had the foIIowrn|g composition
o/lg oeptone 10; Difco yeast extract, 10; glucose, 20. Spore-forming cultures
ast were maintained in the sodrum a(ietate meFrum of Fowell (1952) or the
potassium acetate medium of M rW Miller (1959). Complete medium
agar and sodium acetate or potassiu acetate sporulation medium agar contained
Bacto-agar 20./l.
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Cytological procedures

Orr_wrsms were prepared for cytological observatign by the following procedure.
hen grown In |qurd comp ete medium at 25° for 43 hr they weré transferred
to liguid sporulatron medium ; when they Were grown on soIrd complete medium at
28° for 48'hr they were transferred to solid sporulation megium.

2. Organisms ‘ere collected either b centrrfur‘;atron of Ir%nd cultures, or bly
scraping growth from the surface of solid media with a platinum needle; they were
fixed in emmrngsstrong fluid for 24 hr in a cold dar roon. The,fixed materras
were washed fivé times With distilled water by repeated centrifugatjons, and
material which showed a darker appearance was bleached in 3% H2) ZSolution and
washed twice as hefore.

The pext step was treatment with snail drpestrve juice at 28° for 30 min,
Washrnrt; off the residue by three successrve centrr ﬁatrons in distilled water. This
facilitated tesubseguen smearing of the fixed cell materials, The | tgurce Was got
frotrﬂ sntarjlsI v¥hrch had not been fed for 2 days, and it was sterilised Dy antibiotics
without dilution

4. The materials were |%/drolyzed with n-HCI at 60° for 16 min., washed three
times as before, and the final water suspension spread on clean cover glasses and
dried at room temperature

The material which adhered to the cover glass was stained wrth dilyted
Giemsa solution (L vol. Giemsa stock solution diluted with 30 vol. 0 02 M-phosphate
buffer, pH 6-8) at 28° for 7 min. and Washed Wrth the same buffer solution. The
stained material was then mounted and_squashed.

In addition to the Gremsa stain, the FeuI en stain and methyl %reen (1 %g were
also used. The results obfained were the same, 1.¢. the same bodies (chfomatin in
meiosis) were well stained. The Giemsa stain was preferred for further study, since
It gave somewhat better staining.

RESULTS

Nuclear behaviour in meiosis of Saccharomyces cerev'siae
diploid strain» 11 104

The Saccharomyces cerevisiae drplord strain h !1x h 104, was grown in Irtﬂurd
sporulation medidm with aeration at 28° and samples prepared every 24hr as
described jn M%thod% Variol (f 5hapes were observed rn each sample; for con-
venrence tese ave been |vre Into seven stages as shown PI. lfgs A-G, The
puencres of appearance of each stage after different times of incubation are shown
abel Stage A cells and possibly some of the stage E cells will sporulate; B, C
p are interMmediate stages in spofulation.” Stage F shows tetrad formed at com-
pletion of sporulation.
The coagulatron of chromatin observed in this strain_in liquid and solid sporula-
tron culturgs, was also observed in the drplord strain, 203x. 204, Because of this
tﬂn C rfomatrp] c0 pu lation, 1t was not possible to determrne the chromasome
number from these figures.
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Meiosis of Saccharomyces cerevisiag diploid strain h 102 x if 9

As shown In Table 1 after Saccharo myces cereV|3|ae strain h 11 xn 104 had been
kept for 24 hr on sporulation medium, metaphase I was observed frequently, hut o
tetrads. After 48 hr, however, all the sta es ofme|03|s were ohserved. Accordtn?IY
the S. cerevisia diploid strain 102Xh 9 was_incubated on a solid com
medium at 28° for 48 hr, then transplanted 0 soI|d 5ﬁorulat|on medium and IXed
after Incubation for48hr Plate 2 fi f% 5. A-C, shows threg stages of the prophase of
meiosis | in strain n 102x n 9. In'the case of strains n 11 x 104 or h 203 h 204,

Table 1. Freguency of meiotic stages at sporeformation in
Saccharomyces cerevisiae cross h 1L x n

Times after culture on spore forming media (hr)

0 2 48 [/ 96 120
Stage A %)served o6* 36 1 0 0 0
534 10006 193 o0 0 0
Stage B %t)served 0 26 15 2 0 0
0 726 414 074 0 0
Stage C Ogserved 0 43 33 3 0 0
) 0 1201 912 1140 0 0
Stage D %Jserved 0 114 62 80 47 0
0 -84 1713 2041 20- 0
Stage E Observed  132f i 109 33 78 81
% 90713 s 3011 1213 3348 36-99
Stage F - Observed 0 0 3l 29 32 51
% 0 0 856 1066 1373 2602
Stage G Qbserved 33 108 105 97 16 81
0y 1493 3017 2001 3H66 3262 3699
Total ~ Qbserved 221 358 362 212 233 219
0} 100 100 10 10 10 10
Stalt\ﬂesA -G correstpond with those ofPI 1 figs. A-G, respectively.
Itotic figure,  Stage of PI. 1, Fig. H

some of the chromatin showed coagulatlon as weII as heteropycnosis in Iate pro
phase. But in the case of strain n 102 x n 9
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The strains used in this stud){1 seem to be normal diplgids. Polyploidy would be
expected to be detected throug wregular segregation of genetic markers {Roman,
Phillips & Sands 1955, Mortimer, 19 83. The results of tétrad analysis of 32 ascl
showed decreased spore V|ab|I|R/ (Tabl 22,. The decreased viapilit su?gest_s poly-
polyploidy or polysomy, but the segregation ratios are consistent oy with this
strdin being di rI0|d. ore extensive analysis with markers for each linkage group

should be Undertaken to settle this point.

Table 2 Se&regation_ of three markers among ascospores, of Saccharomyces, cerevisiae
cross h 102, 9 diploid strain. Only ascr"containing four spores were dissected

Segregati%al ratio

Ascus ’ AD: ad HI: hi TR:tr
4 viable spores

S 2:2 2:2 2:2
12 2:2 2:2 2:2
26 2:2 2:2 2:2

3 viable spores

3 2:1 1:2 2:1

5 1:2 1:2 2:1
10 2:1 1:2 1.2
14 1:2 2:1 1:2
19 1:2 1:2 1:2

2viable spores

1 2.0 1:1 1:1

9 1:1 1:1 1:1
13 2:0 2:0 1:1
16 1:1 02 2:0
18 1:1 1:1 2:0
21 0:2 1:1 1:1
23 2:0 2:0 1:1
24 1:1 1:1 0:2

1 viable spore

2 1:0 0:1 0:1

4 1:0 1:0 1:0

6 1:0 01 0:1

7 0:1 0:1 0:1
1n 1:0 1:0 0:1
15 0:1 1:0 1:0
17 1:0 01 0:1
20 1.0 01 01
2 0:1 1:0 1:0
25 0:1 1:0 0:1

Oviable spore
21 00 00 00
28 00 00 00
29 0.0 0.0 0.0
30 0.0 0.0 0.0
3l 0.0 0.0 00
32 00 0.0 00
Total 29:24 26:27 25:28

X~ = 0-472 x2= 0-008 x2 = 0-170
0-5<P <075 095 <P <09 075 < P < 09
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DISCUSSION

Many observations have been made by several investigators about the chromo-
some number in yeast, hut the numbers reported hitherto have varied considerabl
and no definite conclusion has been reached. For example, Swellengrabel (1905).
Fuhrmann (1906), Badian (1937), Shinoto & Yuasa (194 % and Del dmater 51952
reported that the diploid chromosome number in a presumably diploid yeast was four.
Levan £19472 reported at least ten chromosomes. In the m%cehal type of a brewery
east cell after camphor treatment. Leitz (1951) found three chromosomes in the
aploid and six in the diploid stages of Zygosaccharomyces priorianus. Subra-
maniam( 1946) presented evidence forwhat he cansidered to’be twa chromosomesina
brewerm/east, utsubsequently, PrahladaRao &Subramaniam (1952) found four, six
ang e|% chromasomes in this organism, and concluded that these variations were dye
to ‘entlopolyploidv!. After examining many diploid, triploid and tetraglmd cells
of a strain ot Saccharomyvees, McClary, Williams, Lindegren & Ogur (1957) came to
the conclusion that the haploid chromosome number is four.

. All'these demonstrations were made by using certain squash methods or prepara-
tions which did pot ¥|e_ld satisfactory mitotic and melotic f|?ur_es. Also some of the
difficulties may be attributed to unusual behaviour of the sfrains used by many of
these myestl(h;ators; 12, some_strains showed very h!%qh incidence of ‘chroniatin
coagulation t [o_ughout the mitotic or meiotic cycles similar to that shown by our
strain S. cercvisiag n 11 xn 104, 1t IS not knowh whether this coagulation résults
from endopolyploidy, as postulated by Subramaniam, or from other. causes. . .

The success of thé present studies IS the result of the use of snail digestive juice,
which facilitated the spread_mﬁ; of cells and chromosomes Into one Plane. For this
reason, the normal orientation of the chromosomes curing the different stages of
melosis was disturbed. A similar attempt was made by Yuasa (1960) with 4 Ik/_tw
enzyme Preparanon from Streptomyces, and which was also ca|oable_of digesting
yeast cell walls. However, the enzyme used by Yuasa was not helpful in d|scern|nq
individual ¢chromosomes. The présent observation is well sugported by recen
?enenc studies of Drs R. K. Mortimer and D, C. Hawthorng (personal communica-
flon). They have obtained evidence for at least fifteen linkage (I;_rou s hased on
Indépendently segregating centromeres and, in addition, have identified three more
groups of genés thiat are not yet associated with any oftrie established linkage groups.

. The supPort of the Research Grant of Doshisha Women’s CoIIe%e for this project
is gratefully acknowledged. The author wishes to thank Drs E. Balbinder and

R. K. Mortimer for valuable help in the preparation of the manuscript.
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EXPLANATION OF PLATES

Plate 1
Figs. A-H. Meiosis in Saccharomyces cerevisiae, cross H11 X h 104. Magnification X 3600

Figs. A-C. These stages are considered to correspond to the prophase cf meiosis.

Fig. A. The resting nucleus (Fig. H) has started to divide.

Fig. B. Middle prophase; note clarified chromosome and chromatin.

Fig. C. Late prophase; some of the chromatin already coagulated and showing heteropvcnosis.

Fig. D. Probably metaphase I, but showing cansiderable coagulation of chromatin; the number
of chromatin masses was not constant from™cell to cell.

Fig. E. Advancedstafqeofmeloswl thechromatmcoagulatlon has become more pronounced and
one or more masses of chromatin are visible.

Flg F. Tetrad.

Fig. G._ Cellswith diffuse nuclei; these cells were observed at almost equal frequencies in materials
fixed after different times fgrowt on sporulatlng media §sefe TabI 1). Accordingly, 1t seems
reasonable to assume that these cells have no relation to spore formation.

Fig. H. Cell with resting nucleus.
Pi.ate 2
Figs. A- L. Meiosis in Saccharomyces cerevisiae cross n 102X h9. All magnifications X 3600
Figs. A-C. Stages of prophase of meiosis .
Fig. C. Represents diakinesis.
Fig. D. Metaphase | with eighteen bivalents.
Fig. E. Anaphase .
Fig. F. Metaphase 1.
Fig. G. Anaphase 1.
Fig. H. Telophase 1.
Fig. 1. Tetrad.
Figs. J, K and L arc diagrammatic representations of photographs C, D and F.
White rings of Fig. L represents unstained granules.
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INTRODUCTION

The trace metal concentrations in culture media may be controlled in either of
two ways. The commoner method 0 ﬁurrf¥ the medium 0 s t0 remove certain
metal |ons and then add known amounts of the_corresponding metal salts. This
method is exacting, laborious and subject to failure by recontamination of the
medium from dust™and the walls of vessels. A newer and as yet little used method
15 to add metal-chelating agents to the medium so as to decréase the concentration
of free metal fons to the desired values. Thrs method has the advantage that the
metal complex acts as a ‘metal buffer w hich reversrblly dissociates so a to replace
free metal tons as they are consume %rowrn 0
a

anism, or to combine with
metal ions added to the system. For wrger

pects 0f the subject the symposrum In
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Federatjon Proceedings (1961) should be consulted. Many metal-complexing agents
are available but thelr physiological effects have been little investigated and eed
to be better known If mefal bufters are to be used more widely. The object of the
present work was to study the effect of some metal_-comPIe_xmg or chelating a%ents
on the growth of Aspergillus niger. The accumulation of, citric acid in the medium
when this mould s grown is a process known to be sensitive to the concentrations
of trace metals. The theory of metal-complexing agents, which is analogous to that
of hr¥dro en-lon huffers, Hias peen treated, for example, by Chaberek, Bersworth &
Martell (1955). The dissociation of a simple metal complex, MX, is represented by

MXZ" = m+*+X~n,

where M+2js the metal ion and X~nis the anion of the chelating agent of valency n.
The ‘stability constant’K is given by ,
_ d[MX*-]
i K .
where the brackets indicate molar concentrations. The stability constant is used as
a measure of the de?ree of chelation. Values of the stability coristants for the metals
and chelating agents used in this work are given in Tablé 1

Table 1 Log K values (stability constants) of metal chelates*
Metak  DHEG NTA EDTA  CDTA+  DTPA

Fedt ? 15-87 251 310 28-6
CuM 815 1268 18-8 213 21-1
ni 5-36 10-45 16-5 1%67 18-3
Fedt 4-31 8-84 14-33 16-5
Mn2+ 315 1-44 14-04 16-78 !
Mga+ 115 700 8-69 10-32 ?
* All values from Bjemim, Sillen & Schwarzenbach (1957), except f from Simons, Swidler &
Belne_dlcto(‘laf%%)wn

The removal of iron and. other biologically important metals from molasses by the
formation of complexes with ferrocyanide ions was sugge_sted by Mezzadroli, 8 938)
In order to make this cheap source of carbohydrate Suitable for citric acid pro-
duction by As ergnlus niger. Since then, potassium ferrocyanide. has been exten-
sively used for the treatnient of molasses to be used as an ingredient in media for
citric acid production. Ferrocyanide ions form highly insoluble precipitates with the
lons of many heavX metals, "The order of incréasing solubility of metallic ferro-
cyanides of Importance in this study is as follows: Fe3+ Cu2f, Zn2, Mngt, Fe.

2+ (American Cyanamid, 1953). Tt has proved useful to Compare the blologlcal
actions of the soluble chelate-metal complexes with those of the insoluble, férro-
cyanides. In this paper the effects on the growth of Aspergillus niger are considered.

METHODS

Strains of orJgamsm. The strain of_AspeanIus niger, Wis 72-4, _kmdl¥ wpé)lled_b
Professor M. J. Johnson (Biochemisiry Departnient, University of Wisconsin),
Wwas used. Some work was done with"the Kew strain imi-3182 gZ) derived fro
Wis 72-4, and supplied by the Mycological Institutue, Ferrviane, Kew, Surrey, UK.
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Media. The compositions_of the media used are given in Table 2. All reagents
were of analytical grade. Glass-distilled water was used for the preparation of
solutigns unléss otherW|se stated, All media, unless otherwise stated, were auto-
claved at 121° for 15min, . Media were divided nto several parts, in graduated
bottles, for sterilization: the Earts were: for medium MI: glg lucose 50%, Wiv;
(2) KH204: (3) NHANO3; (4) FeCl3; (5) MS04+ CuS04-f ZnS04” The salt solutions
Were ten times concentrated, Medium M3 Was sterilized in three loarts (1) ?Iucose
50 %,wv; (2) (NHAZ04tentimes concentrated:; fS) Inorganicsalt solutions containing
C|trate bufer, double strength. Decrease of volume, because, of evaPoratlon in the
autoc| ave was ma e ug |n the graduated bottles, before mmng | the solutions
asePtma P/ rP lue of @ medium was adjusted with sterile x-NaOll or
Cl after mixing all solutions.

Table 2. Composition of media usedfor growth of Aspergillus niger

MI M2 M3 M4*
Constituents ¢l
Glucose 150 150 150 91
Agar 20 0 0 30
N ANO' _ 25 25 0 0-45
(XH430j 0 0 4-7 0
khpod 10 2-5 2-5 0
MgshaTH. 0-5 025 025 006
Na citrate buffer (pH 6-4)f 0 0 Present 0
. m%/l.
Trace metalsi
Fest 20 13 13 0
Cu2+ 0-48 0-06 0-06 0
InX 3-80 0-25 0-25
~>Hvalue
45 35 6-5 4-5
* Also contained beer Engllsh bitter), 60 I/I
t 0054 mu_citrate, OJuste W|th N
| Feas FeCl3; Cua CuS Znas ZnS

Inoculum prregaratmn Stock cultures were maintained as freeze-dried conidial
suspensions. The mould was transferred from the_stock culture to surface cultures.in
med|cal flat bottl es'o ed with cotton-wool. The bottles were of 8 oz. capacny
and contamed 15 ml. agar medium. Medium M| was used for strain 72-4 and
medium M4 for the Kew stram The bottles were incubated at 30° for 57das To
wash off thes ores the ol tures were wetted with 5ml. of 0 05% agueous solution
of ‘Monoxal |oct(¥ ester of sodium sulphosuccinic acid). The agar was
washed twice W|th sterile distilled water and the combineq washings were made to
50 ml, and shaken with glass beads to break up clumps of conidia” The number of
conidia was determined with a Thoma countlng chamber. The final stock conidial
suspension was adjusted to contain 50 million Conidia/ml.; 1 ml. of this suspension
Was used to inoculate 25 ml. medium.
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Shake-flask culture. For shake-flask culture 25 ml. medium Including 1ml.
conidial suspension was held in a 250 ml. conical flask plug%ed with cotton-wool.
The flasks Were shaken on  rotary shaker (throw 25 mm., 180 eye./min.) and in-
cubated at 25°. In the kinetic experiments on growth a series of Shake-flasks were
set up and duplicate flasks removed at intervals for analysis. _

Stirred-fermenter culture. Aspergillus niger, strain /2-4, was also grown in a2 L
fermenter of the type described bly_ Elsworth, Meakin, Pirt & Capéll (1956). The
vortex aeration system (Callow &Pjrt, 1961) was used. The impeller was a vaned
disc of 63 mm. diameter and vane depth 10'mm.; the stirrer speed was 1120 rev./
min. Polyglycol P2000 (R. W. Greefand Co., London) was added at a concentra-
tion of 0-2ml./I. to prevent foaming. _

Metal-comé)l_exm agents. The chelating agents were dissolved and brought to
H7-8 by a d;nﬂ aOH. Potassium ferrocyanige was used as source of ferrocyanide
lons; the“solution was sterilized by membrane filtration. = ,

Mycelial dry weight was determined by fllten_n? off m}/]cellum in a tared sintered
8Ias_s crucible Epor Sty 22, washln% the” mycelial mat thoroughly with water and

rying to constant weight at 100-105°.

RESULTS

Effects of chelating a?ents and ferrocyanide on mycelial growth
rates of Aspergillus niger

To determine the mycelial %rowth rate, mycelial dry weights in shake-flask
cultures were geterminéd at intervals after the conidia had 8erm|nated, that is
about 24 hr after inoculation, On plotting the logarithms of dry weights against
time, a straight line was obtained, An exdmple of such  plot is shown in Fig. 1
This straighf line relation shows that growth of the mycelium followed the expon-
ential law; d|vAdt = fix, where x is the mycelial dr)r_ Weight, tis time and a is a con-
stant called the “specific growth rate’. The douf] mp time of the mycelium (td) is
?lven by the. formula ta'="(\oge2)/fi. The growth rafes of the mycelium under gif-
erent conditions are expressed in terms ofthe sPecmc rowth rate or the doublmg

time. To examine the effects of chelating agents on nycelial growth rates, thes

Table 3. Effects of c_helating agents added after germin_ation on the mycelial
doubling timés of Aspergillus nigér strain 72-4

Chelating agent
Concn. 32

(him) CDTA  DTPA  EDTA XTA
Initial pH 6-5; medium M3, doubling time (hr)

000 0-9 6-9 - -
104 ) -4 9-4 98
313 1% 15 - 1-5
9-40 81 80 1-3 1-2
Initial pH 3-5; medium M2, doubling time (hr)
000 ™ 1 -1 -1
Lo o0 n
940 83 83 80 79
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agents were added to shake-flask cultures after the conidia had germinated, and the
doubling times determined (Table_3). The cogfficients_of variation of the doubling
times were 6% in medium M3 and 7% in medium M2. The pH value decreased from
6-5 t0 3-5 in medium M3 and from pH 3-5 to 1-8 in medium M2 over 48 hr. The
Ie%< gur}gﬂt(;%l growth phase in both media generally came to an end about 55 hr after

The growth rates were only slightly decreased b% i_ncreasing the molarit¥ of the

chelafi ga%ent ut? t0.nine times the”summed mofarity of M3+ Fe + Cu+Zn. The
g%gmgg of the chelating agents did not affect the maximum™mycelial dry weight

Addition of ferrocyanide to the medium gave rise to a blue colour which may be
attributed to formétion of Prussian blue, a ferric ferrocg/anlde comdolex. he
mycelial growth rates obtained when_potassium ferrocyanioé was addeq after the
canidia had %ermlnated are glven In Table 4. The pH Value of the medium had a
marked effect on the action 0f ferrocyanide: at pH 65 the growth rate was hardly
affected by ferroc%amde to 9-4 mM vihereas, at pH 3-5, 84jm ferrocyanide appré-
ciably decreased the growth rate.

Table 4. Effect offerrocyanide on the mycelial doubling time of
Aspergillus niger strain 72-4

Ferroc_Kﬂanide Doubling tin
(nim) (hr?
Initial pH 6-5; medium M3

000 -g%
B0
9-40 1-2
Initial pH 3-5; medium M2
82(/)& 1-1f
100

* Standard deviation 0052 hr.
f Standard deviation 0071 hr.

Effect of chelating agents and ferrocyanide on germination of conidia

Some of the chelating agents tested markedly Inhibited the germination of
conidia. The effects of the age_nts on germination Were determined by adding them
to the medium before inoculation witf conidia.. Inhibition of germination showed as
an increase In the lag before the exponential increase of myCelial weight occurred

Fig. 2). The Ia% Increased progressively with increase in concentratioh of EDTA.

fien EDTA at 94 mu was present before the conidia germinated it had a more
marked inhibitory effect on gcellal growth than when ‘added after germination.
At the lower concentrations, however, the only effect of EDTA was to inhibit ger-
mination and the subseﬂgent n[%:ehal growth rate was unaffected. Table 5 shows
the effects of CDTA, DTPA, EDTA and NTA on the germination gerlod and sub-
se,(iuent growth rate of Aspergillus niger strain 72-4; Similar results were_obtained
with the”Kew strain. The mast powerful inhibitor of germination was CDTA, at
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3-13mm and pH 65 it completely inhibited germination. In contrast, NTA was
without effect on germination up to 9-4 mMat pH 3-5and 65, The effect of decreas-
g the pH value of the medium from 6-5 to 35 was tg alleviate the inhibition
(except wﬂh_NTA%. Since decreasing the E)H value would decrease the degree of
metal chelation the pH effect indicates that the inhibition was due to”metal

chelation.
D
A B C )
2 F 1 @
= < {
%C E‘ /, /// ///
Y I/ // /// ,//
L o 1 1 L 1 4 i i/ A 1 1 1 1 1
0 10 20 30 40 SO 60 70 0 20 40 60 80 100 120 140
Culture age (hr) Culture age (hr)
Fig. 1 Fig. 2
%Iiagsksl' Mycelial growth curve for Aspergillus niger strain 72-4 in medium 3 in shake-
Fig. 2. Increase in the lag (gqermination period) of Aspergillus n%ger strain 72-4brou1ght
about by EDTA in medium M3 in shake-flask cultures.” A/ NoEDTA; R, 104 rrM-EDTA,;
C, 3-131iim-EDTA; D, 9-4 mM-EDTA.

Table 5. Effect of chelating agents on Serminatio_n geriod angd subsequent mycelial

doubling’time of Aspergillus niger strain 72-4
CDTA DTPA EDTA NTA
Increase Incgease Increase Increase

n n In n
Chelating germin- _germin- ) ermin- in-
G G ot oyt e ot S ol
, | e erl Ime
(O 1 1 O 1 e 1
Initial pH 6-5; medium M3

000 0 6-9 0 69 0 -
104 35 85 18 15 18 ?g 8 98
3130} No . f~ 21 12 2( 12 0 12
9-40) germination  1- 40 93 38 114 0 75
Initial pH 3-5; medium M2

000 0 | 0 11 0 11 -
g od oy 2o ko o8B
- - - 0

9-40 — 23 87 330 16-2 0 8851)

No .
germination
Standard deviations of doubling time in control media M3 and M2 were 0052 and 0071 hr.
respectively.
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Ferrocyanide up to 94 mm was without effect on germination in medium M3 at
H 6-5; but in medium M2 at pH 3-5 it was a powérful inhibitor of germination;
concentrations above 28 /rsx prevented germination.

Effect of increasing EDTA and metal concentrations in parallel

An experiment was done to see_whether inhibition of 8ermlnauon and of the
,subse%uent mycelial growth by EDTA could be anta%omze by adding more metal
lons. The EDTA conCentration was increased up to 9-4mm and extra amounts of
the Mg, Fe, Cu and Zn sources were added to keep the EDTA:metal ratio con-
stant, The fag.perjod brought about by inhibition. of germination, and the mycelial

rowth rates’in the medium after inoculation with Conidia are given in Table 6.

hese results show that the inhibition of germination and of m¥c_e ial %rowth Wwas not
antag_onlzed by adding extra Mg, Fe, CU and Zn salts. The failure To prevent the
Inhibition may be attributed to chelation of some trace metal other than one ofthose
addtetlj,,or to some effect of the chelating agent other than to deprive the organism of
metal ions.

Table 6. Effect of increasinlg; concentrations of EDTA and of metal ions %8+Fe+

Cu+Zn) on the lag (germination) period and growth rate of strains of Aspergillus
niger :
J Metal Strain 72-4 Kew strain
concentration
relative to  Increase , Increase _
EDTA  concentration in lag Doubling In Ia% Doubling
concn. In megium period time perio time
(mM) M3 (hr (hr) (hr) (hr)
000 1 0 6-9 0 6-3
104 1 19 1-3 210 82
313 3 26 80 240 86
9-40 9 3 121 390 17-3

Effects on mould morphology. Ferrocyanide and EDTA, CDTA and DTPA
affected the morphology of the” mould girowth In shaice-flask cultures. In medjum
M2 without complexing agents the mould grew as a viscous conPIomerate of E)el_lets

average gliameter 2mm3 with a filamentous perl(g)herg/. The filamentous exteriors
f the pellets Interlocked to form a gelatinous conglomerate. In the presence of
04 tim-EDTA, CDTA, DTPA or 84/; M-ferrocyanide, the mould formed smaller
pellets (average diameter, 1-3mm. \/_v|t?1 EDTA; (-7 mm. with ferrocyanide) with
smooth exteriors. Such pellets remained dispersed in the medium as granules. In
conHast, addition of NTA did not affect the_moTId morﬁ)holo%y. L

The hlghla/ viscous conglomerate was obviously much less Teadily agitated and
aerated than the smooth pellet suspension. Considerable significancé is attached to
this morg_hologma_l alteration in the citric acid fermentation, the smaller smooth
pellets being considered, desirable (Clark, 1962). It was also observed that citrate
added as a pH buffer in medium M3 caused the formation of smooth seFarate
'oellets, like those obtained with EDTA, except that the citrate pellets were slightly
arger. Addition of EDTA, CDTA, DTPA or ferrocyanide.to medium M3 decreased
the Rellet size to that usuall¥ obtained with the comRIexm a}qent. o
The effect of EDTA, CDTA and DTPA on morpnology was modified when a
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conidial rather than a mycelial inoculum was used. When a conidial inoculum was
used, smooth pellets werg obtained only when the concentration of chelating agent
was 104 mM, not at 3-13 or 9-40 mil, _ _ _ ,

Stirred fermenter culture. The mould was grown in medium M2 in the stirred
fermenter with excess of available oxygen and with growth limited by the oxygen
s_upplg. Under both these conditions thg or_%amsm grew in the form of a uniformly
f|hlalr(n HtOLlJ(s and highly viscous mass; it did not form pellets, as was the case in
shake-flasks.

The n?rowth rate was decreased in the stirred fermenter, the doubling time in
mediunt M2 being 13 hr as compared with /-7 hr in shake-flasks with the same
medium. Addition of ferrocyanige 926 Jim & sllghtllx decreased the growth rate but
did not affect the morphology of the mould growth. It is concluded that vigorous
stirring can counteract the téndency of the organism to grow in the pellet form.

DISCUSSION

Exponential growth of filamentoys moulds in mass culture is now hecoming
generall_y recoFgmzed' It has been previously re ortedforNeurosPoragZankar, 1959);
enicillium (Pirt & Callow, 1960) and’ Gibberella (Borrow et al. 1964). Aspergillts
nlgier IS now shown to be anather mould which will q[ow ex onent|all¥ unger mass-
culture conditions. The achievement of exponenitial gr wih greatly facilitates
%rowth studies in that the mycelium doubling time can b& used for the quantitative
omparison of growth rates. _ o
The effects of the metal-_comrplexmg agents on growth of two Asgerglllus nlﬁer
straing have been analysed in terms ofgrowth rate, germingtion period and morpfo-
logical changes. The nature of the effects on grow h_Peruced brx the comglexmg
agents were qualitatively similar but differed” quantitatively, and were alSo con-
siderably dependent on the P’H value of the medium. EDTA, CDTA and DTPA at
concentrations up to nine times the summed molarity of the complexed metals
(Mﬁ’ Fe, Cu, Zn) had ittle effect on growth rate when added afte germmatlon,
either at pH 6-5 or pH 35. Ferrocyanitle up to, 94 mMhad no effect ofi the growth
rate at pH 6-5, but'at pH 3-5 it st_ronqu inhibited growth. The conidia werg much
more sensitive than was the mycelium 1o the compleXing agents. EDTA, CDTA and
DTPA at low concentrations mhibited germination at pH &5 and 3-5; ferrocyanide
at comparable concentrations did not affect the germination rate at pH 6-5, but,
at pH 35, stronrglg/_ inhibited germination at a coricentration about equal to that of
the Fe ions, Infifition of the ger_mmatwn ofcomdmﬁy A_sperglllus Iger by ferro-
cyanide at low RH has heen [pewo,usl observed by Martin (1955). N
The form of the mass of growth in Shake-flask cultures was als hlgh_l sensitive
to the metal-complexing agents: EDTA, CDTA, DTPA and ferrocyanide induced
the formation of ‘small smogth granular easily dispersed pellets of mycelium, in
contrast to the viscous conglomérate of larger pellets with filamentous peripheries
formed in the absence of metal-complexing™agents. On a molecular concentratign
bagis, ferrocyanide was most effective in pro ucm% this change of form of growth.
The effects of the agents may be attributed to theiy metal-Chelating powgr, Thig
COﬂCIUfIOI] 'ﬁ s_w orted by hhe foIIowmg evidence. (1) The only known action of
physiological Importance ‘wnich the agénts have in"common I$ to complex wit
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metal ions. (2) The antagonism of the effect of EDTA, CDTA or DTPA on conidial
%ermlnatlon caused by decreasin thegH value of the medium can be accounted for
%/ the decreased de(gree of metal chelation at the lower pH values. The lack of
] 3|olo?|cal action by NTA may be attributed to two possible mechanisms. One
15 that it has the lowes complexing power of the agents tested. The other is that
It is trivalent and therefore will form'a neutral complex with the Fe3+ion. Sucha
neutral complex would be expected to be I|P|d soluble and therefore able to diffuse
through the plasma membrane into the cell and thus make the iron available. This
gomt su&;%_s s that the iron concentr(?non mafy be largely responsible for the effects
hserveq with the agents._Other evicence In favour of the Iron concentration bem%
critical Is that the Chelating agents and ferrocyanide complex iron before Cu, Z
or Mg, and that the effective concentration of ferrocyanide was about the same as the
concentration of added Fe (23-3im). . _ _
The anomalous results in vigorously stirred cultures remain unexplained, Here
the h|gfh shearing effect, and the presence of stainless steel parts in the vessel which
ossibly contributed traces of metal, especially at the low pH value, are new factors
be taken Into account.
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INTRODUCTION

Prevrous studies of a strain of Rhizobium trifolii g(Vrneent & Colburn, 1961
f reX & Vrncent 1962) showed that calcium deficiency produced morPho
Iogrc brormality, and that the swollen spherical shape of the’ Ca-deficient bacteria
cquld be attriputed to shortage of Ca in the cell walls, with consequent weakenrng
of structure, There aPpeared owever, o be no other readily detected change in th
gross chemical structure of the cell walls. It seemed worth while, therefore f0 use
erological analysis to examine whether there are detectable differences rn th e
organrzatron of Cell wall components. The work to be described was hased_pa 1p rtX
th gglutrnatron of whole b cterra but also used el-diffusion methods he latter
have Tecently been applied to Rhizobium by Dudman (1964} Dr Dudman gene-
rously supplied us with details of his experiénce in advance of publication.
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methods

Organism and cuIturaI conditions. Rhizobjum trifolii strain su 297/31 was grown
ina erned | ur medrum Vincent, 1962) having mil total divalent catron made
r(r:oo either 0 5 VM2 (Ca-adequate) o mji-Mgl+ (Ca-Geficient).

uItures were shaken and mcubated at25° and harvested after 72 hr (early stationary

Pr nP aration of antisera. Antisera were prepared bg a method srmrlar to that of
an (tl 64) except that whole pacteria in a 72 hr liguid culture were used

throu hout. The rabbits were injected first inframuscularly with 2 ml. of an emulsion
contarnrn equal volumes of Freund s complete adjuvan (Difco) and the bacterral
cultyre. This' cultyre thus |ncu ded a consrdera le amount of extrace ular g %/
saccharide (Hump hre mcent 50) as well as any other soluble substancés
arising from meta orsm or auto sis. One month. later, 2 ml. of the same qulture,
which'had been stored deep froz n, were njected intravenously without adjuvant.
The animals were bled after one more week: by which time the agglutrnatron trtre
against the dialysis residue organisms of wholg culture, was greater than 1600, T
animals ere used for each form of culture, Ca- adequate and Ca-deficient.

gglutmatron and absor tron intact or anisms. Intact-grganism suspensions,
eithdl”in saline 80 -85%, wiv after ce trrfu Ing down from whole culture, or
the_dialysis residue or anrsms ro whole cu tures were used for somatic aggluti-
nation and antibody absorption by the usual methods (eo Vincent, 1942 ree
Successive absorptronc Cleswere required to remove all agglutinins (negative af 1

Cel drffusron The Petri glate method of double drfftsion (Dudman, 1964) was
used Oxord onaqar no. 2 (0-75%, wiv, in O85AJNaCI+ 25% sodium azide

d when the plates were poured) was used to gjve a 4 mm. depth of layer

Pastrc Petri drshswere referred since they had a atter and more unrform 856
than had glass ones. We cut In the agar were 4 mm. in diameter and were usually
spaced 8 mm. apart. Antisera were used undiluted. Bacterra centrifuged down
from whole cultures at 27,000g were resuspended in 085 % NaCl at a conCentration
eﬂurv 150m g dry wt. or%anrsm/ml Maximuym develoo]ment of the precipitation
lines was seen aftér incubation at 25° in a moist atmosphere for 3-6 days.

Direct absorption of antibody or antigen cquld be demonstrated by mrxrng both
reactantsrnawell Inthe agar. A suspension ofbacterracontarnrng ourv 10-20 m

th bacteria/ml. saling'was able o absorb grecr Itin from anfiserum atallby
vo ratro of reactants. . Non-absorption, cr excess of antihod uor ant\%en was then
shown X formation of Aorecr |tat|on lines between the absorption well and a wel
contarnr %antrgen or antib as appropriate.

These were prepare 8 prevrousy%Hu é)hre & Vincent, 1962 but
wrth omrssron of | ophrlrzatron of the bacteria efor extracting the -h yroxy
ut%rate no bymerwrt chloroform. The sequence used inthe Eresent work, startrnﬁ
with the debris_ obtained b}/ breakrn% the bacteria in a Mickle drsrnte rator, wit
ball otrnr Was; ? 1) to extract b ing on a wrist-action shaker for 2r with an
equaI volume 0 chIoroform and then to remove the chIoroform by centrifu md it to
a Clear bottom layer; Ezto |%estt he wall material with trypsin; gg
w%?h thev‘/alls wrt Cl'and then water, and to separate any whole Dacteri b
ditferential centri ugatron
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Ultraviolet (u.v.) absorption spectra. These were made on a Unicam SP. 700 auto-
matic recording ® spectrophotometer Cambndge Instrument  Co.,  Cambridge
England). The extinction at 260 mfi EI? ) was taken as an Index of the leakage™of
cytoplasmic components from the hacteria.

RESULTS
Agglutination reactions with intact Rhizobium trifolii organisms
There was no distinction petween Ca-adequate and Ca-deficient Rhizobium
trifolij, either by somatic agglutination or by cross-absorption. It was concluded
therefore that both kinds of Organism had the same a glutlnogens, namely, antigens
!ttotg raear the surface which involved the whole org nisms In thelr redction with
Intibody.

Gel-diffusion precipitin tests with whole Rhizobium trifolii organism

Homologous reactions, These are shown as the upper patterns of Fi?. L Ca
agequate Rhizobium trifolij (gosmons | and 1v) slowly formed a band of two preci-
pitation lines near the antigen well when tested agdinst the homologous antisera.
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qu, 1. Schematic representation of Pel-dlffuswn patterns with Ca-adequate and Ca-

de |C|entorgtan|sms or. Rhizobium tritofii. Centre row of wells with susp?n(?lons of whole

organisms of R. trifolii (Ca-adequate, + ; Ca-deficient, —). Top row of duplicate anti-

3%rtag%rnrsanged2to give homologous patterns; bottom row, heterologous and test of unique
Igens, "X 2.

These lines, lying close together and slightly curved with the concave side towards
the antigen el will be referred to as the "a’ band. Ca-deficient organisms (posi-
tions i1 ‘and. i) reacted differently with their homologous antiserain that they
developed, in addition tg the ‘a” band, at least two fast-moving and quickly
dev_elopmg hands nearer the antiserum well, and concave towards It These will be
designated '’ and ‘c’ (see Fig.. 1). The ‘b’ band was made ur? of.one (*bj’, position
lll) Or two g |, b2, position. ii) thin sharg lines, and wag the first to appear. The
diagonal bétween the™ Ca-deficient organisms (position 1ii) against antiserum to
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Ca-Geficient organtsms( osition ii) resulted from the additional b’ ImeSbZ antj-

ody in the latter. The C" band constituted a weaker line nearest the antiserum well
and"was not further resolved. Both *b”and ‘c’ bands disappeared when the anti-
aelrutm was diluted more than twofold, but the ‘a”band was still seen at a 32-fold
llution.

Heterologous and cross reacttons for untque anttgf ns. Antisera to Ca- adequate
organisms, produced only the “a’ band with Ca-deficient organisms (Fig. 1 lower
Bosmons i, Jif), but the Teciprocal, heterologous reaction sometlmes showed the ‘c’
and as well (e.g. Tower patterns i, 1v). The crossing lines formed between antisera
to Ca-deficient organisms and the didgonally opposite Ca-deficient organisms (il
IVIiii) showed the”h " hand_ unique tothis Situation. In agreement With the dif-
fererice in the two ‘Ca-Geficient” antisera as revealed W|th the homologous reaction,
Iii_gave two lines (*bf, Ibtg whereas iv/iil gave onIy

e defailed difference hetween the two antisera to' Ca-deficient organisms in
respect of the ‘h "hand antibodies is of the kind likely to be encountered between
different animals receiving the same course of injections (Crowle, 19602

The occurrence of a weak ‘c”band inthe reaction between ahout half the batches
of Ca-adequate organisms and antisera to Ca-deficient hacteria needs to be _con-
sidered in the li qh of further observations ‘below) that the * c antl en diffused
slowly from isolated cell walls. It seemed that semé batches of aa e uate or a-
nism I|berated more of this near-surface antigen than others. Th eab sence of
correspon m& antibody in the antisera to Ca adee‘uate organisms indicates th at
either the particular i muntzmgsuspensmnswere relatively intact, or that the sub-
stance reIeased from some of thé Ca-a equate or anisms was an incomplete anttgen
complex hapten). The absence of any b’ band Detween Ca-adequate bacteria and
he antisera to Ca-defieient cells showed that autolysis as such was not involved,
Rhizobium trifolii grown on an_ entirely different medium (yeast-extract mannitol
gar) exhibited thé same %el -diffusion”pattern against thesé antisera as did those
organisms grown on.a defined Ca-adequate medium. Orgamsms Prown with stron-
tium mstead of caIC|um and WhICh therefore showed normal morphology (Vincent
&Hum [ey, gave a ° aadequate diffusion pattern.

Ab sorpuon dleC[%/ In the well showed the identity of the antigens responsible
for the “a’ hands 0 ot Caa equate and Ca-deficient orqamsms Ca-Ueficient
bacterla (with ‘2’ ¢’) were able to absorh completely the antisera to Ca-
adequate 0 Ggantsms nt| 1a2 On the other hand Ca-adequate organisms absorbed
anti-1a"and"anti-‘c’, but not anti-"o’, from “Ca-deficient’ antisera.

Fragility of Ca-Ceficient Rhizobimn trifolii

Ca-geficient Rhizopium trifolii organtsms appeared fo be more fragile than the
normal bacteria in that about 50% more 278+absorbing compounds accumulated
In the culture fluid and twice as much was released when the harvested bacteria were
suspended overnight in distilled water or saline, or were frozen and thawed In dis-
tilled water. This"was confirmed by the ?reater mass of debris seen In electron
micrographs ?f sust()jensmn of Ca-deficient’ organisms as compared with that in
suspensions of Ca-adequate bacteria.



Diffusible antigens in Rhizobium trifola 113

Extracellular antigens

A crude polysaccharide-containing fraction was prepared from culture fluids
(hacteria removed at 270004, by evaporation to small bulk in a rotary vacuum
distillation apparatus at 40°, d|aI%/3|s to remove salts and mannitol and the dialysis
residue evaporated to dryness at 40°or freeze-ried. The end-product, dissofved
in saline, was used for g8l diffusion. This method is similar to that described b
Dudman (1964) to prepare his extracellular antigens. Such a fraction from Cé-
adequate Cultures showed the “a’hband only, whéreas the ‘a’, 0" and ‘c’ bands
appeared in the extracellular antigens from Ca-deficient cultures, Like Dudman,
we found that all precipitation lines in the extracellular preparations were readily
gng\é\tlgnvcvgmuspensmns of washed whole bacteria containing the same weight of dry

More highly purified polysaccharige fractions were, ﬁrepared by precipitation
from the superatant fluids of centrlfu?ed cultures, either by adding cetyltrime-
thylammanium bromide or ethanol, folfowed by reprecipitation with”ethanol and
deProte|n|zat|on bg the Sevag method (Sevag, Lackman & Smollens, 1935). The
polysaccharide fraction prepared in any of these ways from Ca-adequate cultures
gave no gel-diffusion lings, On the other hand, golaysacchande_ from Ca-deficient
Cultures, Bven when precipitated twice from ethanol dnd deproteinized, showed the
a’ band and occasm_nall;/ faint “b and ‘c”bands. The possibility that Ca, honded
with the pol¥sacc_har_|de raction of Ca-adequate bacteria, might thereby restrict the
diffusion or functioning of constituent antjgens was not supported by the fact that
the addition of EDTA'to the polysaccharice solution did not produce any precipi-
tation bands. Moreover, polysaccharide prepared from a mechanically disintegrated
whole culture of Ca-adequaté bacteria showed a definite “a’band even after repeated
premPltatmn and deproteinization. L .

If he_gol saccharide were to represent a partial antigen unable to precipitate
with antibo ?/a_fte[ separation from a larger or cell-bound component, it might still
be e_xgected 0.Inhibit reactions involving the whole an_t|%en, 0 test this, dntisera
against Ca-deficient and Ca-adequate bacteria were mixed in the agar wells with
an egual volume of concentrated polysaccharide solution, and tested against
Ca-adequate and Ca-deficient bacteria, “In no casg did the Bol saccharide from Ca-
ade(iuate bacteria inhibit the reaction between antisera and bacteria, suggesting that
the lack of precipitation bands from this preparation did indeed indicate ldck of
antigenic activity. As expected, the polysaccharide fraction from Ca-deficient
bacteria known to contain the ‘a’ anhﬁen‘a sorbed the corresponding ‘a ant;b_od}/,
from both antisera, whilst Ieavm([; the ‘b’ and ‘c’ antibodies of ™Ca-deficien
antisera free to react, These results lend no support to any suggestion that the
extracellular polysaccharide itself is even haptenic.

Gel diffusion with disintegrated Rhizobium trifolii organisms

. Ca-adequate Rnizobium trifolii Organisms which had been shaken with ballotini

in a Mickle disintegrator were practically all broken in Smin., as indicated by the

stained apBearance, viable counts, and the u.v.-absqrption of the supernatant

fluid. This broken unfractionated material showed all of the eI-premgltatl_on bands

of unbroken Ca-deficient organisms. When broken organisms were centrifuged at
8 G. Microb. x1i
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27.000g, the debris, consisting of cell walls, /?- hydroxybutk/rate ponmer Humphrey
& Vincent, 1962& and a few Unbroken bacterja, showed the a” and c lines. The
suPernatant fluid (cell contents and finest debris), When concentratedb Ilyog
zation and resuspended in saline, produced a strong b line, 1n addition to fines ‘a
and ‘c”. Continuation of disintegration for 120 mifl. did not further change th ege
drﬁusron pattern. |t was also found that Ca-adequate organisms Irberated Somé o
the ‘0" and ‘c antrgens when frozen, and particularly whén freeze-dried, Curioysl rtl
thelse antigens weré the first to disappear from very old (22-40 day) Ca-deficie
cultures,

Heat stability of precrprtrno ns A suspensron of disintegrated bacteria con-
taining antigens of all three bands was fieated in sealed ampoules at 9°. The
antigens of the ‘a’and ‘c’ bands were stable for the full period of 2hr; ‘b’ drsap
peared within 30 min,

Chloroform-extracted residye. The residue of the debris from breaking with the
Mickle disintegrator showed mainly the “a” band after chloroform extraction. The
extract itself after evaporation to dryness yielded a thin plastic film which, when
taken up with salin, ‘gave faint ‘a”, ‘b’ and * c bands probably due to some
hacteria and cell walls cau?ht up in the sticky ma

Chloroform extractron o whoIe bacteria, under condrtrons srmrIar to those used
for extractrnP the d errs did not decrease their an |utinability. Gel diffusion with
the same extracted hacteria now showed the pattern typical of ‘Ca-deficient” and
mechanically drsrupted bacteria.

Trypsin drgestron T e residue after drsrntegratron and extraction with chloro-
form was treate with t%/nsrn to remove ad errnP cytoplasm, and centrrfu%ed at

00 g. The supernata fluid, dialysed, Iyophifized and resuspended in Saline
showed the “a” band. Concentrated Washings frcm the depris, first with M-NaCl
and btheélr repeatedly with water, showed traces of all three bands, partrcularly the
‘a’ han

Antigenic propertres of cell walls, The bacterral resrdues retarned therragdlutrnabr

lity through all sta%es ug to.and incly rngbt e cell-wall preparatron itself. In all
cases the titre refaine hrrqh > 800), "but the nature of the agglutination
chand romte fine fqranu ar eposrt characterrstrc of the whale bacteria and
unex racted broken bac erra toan ahundant loose flocculent precipitate in the cases
o th etr%/gsrn -digested residue and the final cell-wall preparation.” In gel diffusion,
the ‘a’ band anfigens were assocrated with the residle Up to the stade of trypsin
drgestron the weret en readily shown In the suRerna ant fluid but not in' the
redldue and ra cel waII re aration, both of which were still agglutrnable Long
diffusion with most cell-wall preparations, shown under the electrin microscope t
be reIatrver cean still gave'a faint 1c” Ting, and occasionally a close almost non-
di usrno area o (Precrprtatron around the ani 8en well, When'the cell walls of such
preparations an cell walls which showed nd diffusion pattern at all were sus-
pended In saline and treated in the Mrckle disinte rator for 1hr, the drffusron
pattern then showed definite ‘a’ and ‘c’ lines. With the apgrogrrate parallel
arrangement of wells, it was found that the ‘a’ hand whrch develope fromdrsrnte
?rate cell walls curved in to join up with the closer ‘nop-diffusing”area of precipi-
ation seen around the wells which contained Intact cell walls.

Rhizobium trifolii Was grown in a medium relatively deficient in mannitol (0-2 %
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wiv, as compared with 1%, wiv) so as to accumulate less polymer _%10-12% of drP/
wt. bacteria as compared with 40-50 %) and permit the preparation of cell walls
without chloroform extraction, since this might destroy a lipopolysaccharie layer
in the walls. However, no difference was dtected in agglutmabnn% or diffusion
Pattern between cell walls prepared in this way and thosg which had had the usual
reatment with chloroform.

Other methods of hreakdown and extraction

Lysozyme. Lysozyme even without EDTA, liberated the ‘b’ and ‘¢’ antigens
from Ca-adequate bacteria. This might mean that the small d%glsee of lysis found
under these conditions (17% as compared with 61% with EDTA; Vincent &
I;Int%imgﬁrey, 1963) was enough to liberate a reacting concentration of intracellular

Fgr_m_amide extractions. 1Ne conditions were those of Bjorklund _81953), with
Ig/opmhzed Ca-adequate whole bacteria in 25 parts by wt, formamide at'5° for

0'min. shaken in a Mickle disintegrator without baflotini. The extract gave a
heavy flocculent precipitate on adding 2 vol. acetone; on resolution and diffusion
this materjal _Pro uced a heavy. double “a” band. The extracted bacteria showed a
new complexity of diffusible aritigens. In particular, the ‘a"antigens diffusing from
extracted bacteria gave a pattern of threg lines.

Intra- and interspecific cross-reactions

Cross-reactiqns between rhizobium trifolii Sjrain s¢ 297/3L and Rr. trifolii Strain
tal Were studied %y_ag |utination and gel diffusion. Somatic cross-agglutination
was negative at 150 dilution cf antiserunthut some cross-prempltatmn WAS observed
with mechanically broken organisms. Anﬂgens‘ responsible for “b” and ‘c” lings
appeared to be common to both strains, but the “a’ band was found only with each
homologous antiserum. When disintegrated hacteria of two strains of R meliloti
Ssu 47, U 45) were tested by gel diffusion a%amst the antisera against both straing
fR. trifo |||n, afaint hut definite line was obServed in the “c”position near the anti-
serum well.

DISCUSSION

Whereas the agglutination reaction, as ordinarily observed, depends on a firm
structural refationship between an exposed ant|(T1en (agglutinogen) and the hac-
terium, precipitation reactions are able to reveal only Soluble antigen (precipiti-
nogen). Gel diffusion is likely not to_ detect agglutinogens (except S0 far as these
mqht hecome detached, protiably as incomplete anhgensg, and 15 less readily intey-
preted |n spatial terms In that 1t nee? not be restrictéd to surface antlgens. In this
connexion, the structural mtegirlt of the bacterja used for the preparation of ani-
sera and In testing is obviously of cPar_amount importance. Various means of dis-
Integration can be'used to revéal additional diffusible antigeps (mechanical, sonic,
chernical, enzymic) and the results can be interpreted accordnw. However, care
must be used to avoid uncontrolled gutolysis O(Lennox, 1960). The age of a culture,
Its aeration and the nature of the culture’ medium are factors which must be con-
trolled and their effects %xammed. _

In the present work, the Ca-adequate Rhizobium trifolii Organisms, well aerated
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and harvested early in the stationary phase appeared to_ce relatively unautolysed.
The “a”hand, shown in the el-diffdsion test, can therefore be regarded as due to
soluble precipitinogen(s) located at or near the surface. The condistent difference
between antisera a?amst the C_a-ade_guate and Ca-deficient hacteria is_reassuring,
In that it shows that there was little, ifany, liberation of deep-seated antigens in the
aeraI‘e;naql munizeg. : . :
_The "0’ dnd “c” antigens reqularly revealed in Ca-deficient bacteria, and also
liberated from mechaniCally_broken ‘Ca-adequate bacteria, do not represent new
antqens In the strict sense, "Rather they are an expression of leakage from the more
fra(fle Ca-geficient hacteria of internally located antigenically competent macro-
molecules. The work of Niwa, Yamadeyd & Kuwajima (1964), with Bordetella &also
Gram-negative), is significant in this connexion, These workers found that leakage
0f RNA Was nCreaseg bY avariety of a%_ents which might be expected to remove
from the cell walls (including oxalic atid, EDTA, phosphoric and arsenic acids).
on the other hand Ca, but nQt Ba, decreased the Ieakaﬁ;_e. No details were given,
however, concermnghth_e Initial Ca status of the orgaisms. Although the™ lipo-
protein-fipopolysaccharide outer layer of the wall of Gram-negative’ bacteria is
consicered to e the dominant ant|%e_n|c surface,. mo_st,Parts of the cell have been
found; In various grganisms, to be antigenic. Anigenicity has been observed in the
cytoplasmic membrane of Bacillus megateriwm (Vennes & Gerhardt, 1956), which
contains Illpo[ﬁrotel_n and some RNA: in a protein and nucleic acid-polysaccharide
complex from Rhizobiym (Lorkiewicz, Kwas & Szwed-Nabialek, '1963); and in
intracellular enzymes of Nedrospora (Roberts & Pateman, 1964). That deeB-seated
antigens should”be, shared between varieties of Rhizobium trifolii and Detween
Rhizobium species is not perhaps unexpected: compare, for example, intracellular
%roup_-speuﬁc lycerol teichoic gcids of Lactobacillus species (Sharpe, Davison &
addiley, 1964), and the intracellular protein that constitutes the group D specific
anhgen of Streptocogeus (Jones & Shattock, 1960). .

The qualitative identity of the Ca-adequate and Ca-deficient Rhizobjym trifolii
organisms in the cross-absorption _agglutm tion test shows that the additional pre-
cipitinogens shown with Ca-ceficient organisms were unrelated to agqlutmogens.
Reugrocally this was confirmed by the Tact that ‘b’ and ‘c’-band aritigens were
shared betvieen the two strains of . triolii and the ‘c’ band with R meliloti, In
both cases without cross-agglutination, There might, however, be some relation-
ship in the case of the *a’band premgltmo ens n that; (r?' they were common to the
crosszf%%_lutmatm Ca-adequate and. Ca-deficient organism ;__(u)_the?/ were not
shared With the non-Cross- gplutmatm strain and species; (i) like the somatic
anIutmo%ens, they were heat stable: (Iv) theg occurred at the surface and were
coselg/ associated with the cell wall. 1t"seems Sound to conclule that the “a™band
antigens are part of the cell-wall structure which may, when thus anchored on the
organisms, he responsible for agglutmau_on. The fact that the *a band disappeared
from the gel-diffusion pattern OF the resicue after trypsin digestion but appeared in
the suP_ernatant fluid, indicates the release of an antlgenjc,complex by the hreakage
of peptide links. The fact that formamide extracted the *a” antigen from Rhizobium
organisms may further indicate its lipopolysaccharide nature. The ‘a’anUgen may
be"a complex of related or unrelated Chemical entities; ingdeed the band we Observed
was made of at least two closely associated lings. The fact that relatively violent
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rea%ents e.0. phenal, Davies, 1958; formamide, Krause & McCarty, 19612 have been
used to isolate specific antig entcsubstances from bacterial walls makes 1t likely that
the walls would retajn non diffusib eant|%ens|nsp|te of the rigours of cell- Walpre
paratton and that these might be available for a? |utination out not Immediately
or diffusion.  In our case, mechamca |smte?ra 10n released a iffusible fraction
which reacted in the “a’ band, Thepreater diffusibility ofthesedtslntegrated walls
seems likel % to reflect the reIease 0 ant| enic components |n a sma |lér and more
m0|e for eanttgeno the ‘c’ band, although. evi entyfoaytng no roem
agq uttnatton a(ppeare to be reIattversu erficial, as 1Jud ed by the ease with which
It Was liberated from Ca-adequate orgarlisms and froni isp ated walls. Its_heat
Statﬁlllty as compared with h%at -labile b -band antigens might reflect association
with the wall rather than with cytoplasm.

Our present work, like earlier Tesults (Kleczkowski & Kleczkqwski, 1952; Hum-
phrey & Vincent, 1959) indicates that extracellular polysaccharide of Ca-adequate
Rhizobium trifolii IS NEfther antigenic nor haptenic (except so far as it may react
with antibody already developed-against polysaccharice of type I11 Pneumococcus
Schluchterer’& Stacey, 1945). The persistent diffusible antigens of ‘purified’
saccharide of Ca-deficient Rhizopiumi trifolii OQANISMS S6EM, 10 represent
preC|p|tat|ng fragment released from the fragile organtsm This conclusion s sup
ported by the fact that a 3|m||ar persistent arftigen occurred in polysaccharide from
mechantcallg disrupted Ca-adequate organisins, Our experience, like that of

Dudman (1964) with r. metiloti, In which diffusing antigens were better demon-
strated in washed whole organisms than in concentrated exiracellular preparations,
supports the dea that such reactions as have been observed with the water-soluple
ponsacc arides of rhizobia were due to contaminating cellular components. The
extrace uIar golysacchartde aprpears to be a diffuse éxudate wjthout a morpho

qtca role. . Glucuronic acid, known to b eamalor component of the extracellular
alysaceh ar| ecoud not be detected n the cell walls of r. trifolii (Humphrey

Incent, 1 np pagianis, Putman & Kobayashi gl%lg attributed to somatic
contamtnatton some antigens which occur in” polysaccharide. preparations from
culture filtrates of coccidipides immitis, The same’ considerations would contra-
indicate the preparation of p olysaccharides by cetyltrimethylammonium bromide
pre<:|)p|tat|on from whole culturés in view of this agént’s known lytic action (Salton,

Our thanks are due to Dr D. G. Drummond and MrR. G. Wrtght of the Electron
Microscope Unit, Sydney Un|vers|t?/ %dto Dr G, F. Hump rey of the C.S.LR.0.
D|V|s|on ot Fisheri¢s and Oceano a ytor the uItraV|oIe spectra. The work re-
E)orte In this pa}plrwassupporte ythe eserve Bank of Australia ﬁRuraI Credits
Ivision), the Wheat Industry Research Funds and the Research Committeg,

University of Sydney.
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INTRODUCTION

Mar(t]y btoohemtcal effects of ionizing radiation are dtfftcult to observe unless very
argi 0ses are used, as compared with those used to study loss of reproductive
bility. Tt has been found, however that the ability of bacteria fo synthesize
induced enzymes may be inhibited b oseso X-1a scomParabIewnht 0Se Used
to establish survival curves {Btllen Lichstein, 1952; Pauly, 1959, 1963; Dewey,
1962: Pollard & Vogler, 1963). There is evidence that |on|2|n(T; radiations interfere
with many synthetic pathwa}/s In bacteria: the synthesis protetns as Well as
nucleic acids has been shown to_be affected gGros 960; Pauly, 1963). Swenson &
Setlow (1964) found that ultraviofet inactivation of /i-n-gala t03|dase m-RNA was
more sensitive than general protein synthesis. Kameyania & oveII|(9622 found
that if the bacteria were ultraviolet- nraohated beforé |nduct|cf) [>-D galac 0sidase
snthe3|s Wwas more sensitive than general protein.synthesis, If 1t be accepted that
e synthe5|s of each protetn depends ona sReothc e ;Jressmn of the genetic oode
then the stug % of X- raye ffects on the synthesis of 4 particular enzxme ma)é
expected to throw |%ton the athwasleadtng to thats nthesis
mveshoatedtetnh ition by X-rays of tesynt e3|s of | %sme decarhox %ase |n
‘Bacterium cadaveris’. The exclusion of oxy ?en from the Jrradiated material
decreased the effects of the X-rays by a factor of four. Dewey (19623 reported that
the ability of a strain of Pseudomonas to synthesize histidine-oxidizing enzymes
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Was partlg| rotected agarnst radiation b 8 rt/cerol Pollard &VoglerEl%lgobserved
that the Qloses required to inhibit rnducr n alactosidase in Escherjchia coll
were similar to those reported b¥ for inhibition of lysine decarboxylase
Induction in ‘B. cadaveris’, The lethal effects ofronrzrng radiafion on hacteria may
be modified by a variety of treatments, and in particuly E. coli strain p and some
of Ity mutants are verY suscegtrble to the Influence of cultural conditions, after
irradiation (AJper & Gillies, 19584, 19606; Gillies &Alper, 19592 The inhihition of
enzyme synthesis presented an end-point other than lethality for testing the
modifying effects of some of these conditions, and also for comparing the response
of E. ool’s with that of mutants which differed greatly from'it in”sensitivity to
radiation in respect of survival,

METHODS
Organisms

The strains of bacteria used were Escherichia coli b, B/r, bs and b/n. E. coli b/n
is a resistant mutant of E. coli » isolated in this laboratory. Cultures were ?rown in
Oxoid Nutrient Broth and aerated by gentle shaking in an incubator at 37° for
3| hrand then harvested while | m logari mrc rowth.” Suspensions were prepared
for rrradratron centrifugin own an washing the organisms three times in
0-066 M-phosphate buffer (p Suspensions contdning 109 bacteria/ml.
were used for measuring rnhrbrtron of enzyme induction and about 5 x 105bacterial
ml. for measuring survival.

Enzymes

For rnductron of Ji- 1g1alactosrdase sml. of double-strength nutrient medium
were placed in a conical ask with 3ml. sterile distilled watér; Lml. of irradiated
bactenal suspension was added, the flask placed in a water bath and gently shaken
at 37°. Two minutes later Iml. of 1% (wiv) lactose solution was ‘added to the
flask and a sample immediately removed. “Further samples were taken at intervals
of 15min. over the next 75 min. The samples were placed in test tubes contarnrnq
chloramphenicol to give a final concentration rn excess of 100/ 9m to arres
induction of enzymé, Two drops of toluene and two dr-ops of % %9 (wily) sodiym
deox cholate were added to th samgles which were shaken vr1qorously for 1mrn
Pace in & Incubator at 37° for a further 15 min. This last procedyre
ru tured he ceII wall and membrane so that the enzyme was released into the
surroun ing medjym,
The amount of >D-galactosidase was estrmated by a modification of the method
of Lederber 1950); wrthonrtro henyl /- galactosrde (ONPG)‘ as substrate the
onrtrop eno ON rss lit off, being measurdrna [E]ECUO ometer {Unicam)
at 42 Samples of enzyme were placed in Unicam glass cuvettes with buffer
gp = 70) and the substrate ONPG_ at a final concentration of 0-0028 m. The
uvettes were placed in a cell carrier fitted with a thermostatic device to keep the
contents at 28°. (The cuvette carrier was desrgnedb A. Lowe and modified b
Siddigr and J."Woo Sam in this Unit so that four T cm. cuvettes can be kept at
controlled” temperatures). Measurements of ONP were taken every few minltes
until the incregse In concentration, was_|inear with time.

En fyme activity was measured in millimoles-o-nitrophenol liberated/min./ml. of
initial culture.
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. Survival curves were determined by sunably(] diluting samples removed from the
irradiation vessel, plating on Nutrierit Agar, the plates being incubated overnight
at 37°. The nutrient media used were Ox0id Nutnent_Aqar( 55), Oxoid Nutriént
Broth_ (CM 67), Difco Nutrient Agar and Difco Nutrient Broth % Ifco Laboratorg

Detroit, U. I] ). These were prepared from commercial preparations o_fdehg/drate
%gpotélees. N some experiments these media were supplemented with 1% (wiv)

Irradiation and dosimetry

Badiation was from an X-ray unit operating without added filtration at either
250KV, 12mA. or 250kV., 15mA, Dose rates were 1000 rad. or 2000 rad./min. as
determined by ferrous dosimetry. The irradiation vessel used was designed by
Alper (1955) to enable irradiatiori to he carried out under controlled gas conditions,
and to allow removal of samples without altering the dose rate. Nitrogen con-
ta%|g|ncg Cl(e)%sd,tthgrqslo p.p.m. oxygen was bubbled through the suspensions o obtain

XIC conditions,

RESULTS

A typical curve for the induction of /|-D-agalact05|dase after adding lactose to a
culture of Escherichia coli strain . showed a Iagl_of 15 min. before measuraple
amounts of enzyme were detected, followed by alinear increase in concentration
until 60 min. after adding the inducer, when the concentration per bacterium
became constant, It was assumed that by this time all the bacteria were fully
Induced and any further increase in enzymé concentration is due to growth with an
Increase In the number of bacteria presént. When indugtion of /J-D-Jalactosicase in
Irradiated orgamsms Is compared with that in unirradiated organisms the sloge_ of
the linear portion of the induction curve is used to establish thie surviving fraction
for enzyme induction after a given dose of X-rays, Besults of Pauly (1963) indicate
8 somewhat greater effect 0 )_(-,ra%s on the synthesis of a specific enzyme (lysing
decarboxylast in ‘B. cadaveris’) than on total protein synthesis. In the experi-
ment_here with /J-n-ﬁalactomdase the (lecreasing rate 0 enzg/me_ synthesis may
therefore be due parfly to a lessening in total Synthesis sincé this must also be
affected by X-rays. Durm% induction in these experiments a certain amount of cell
lysis occurs and this makes it difficult to correct changes In enzyme concentration
for changes In turbidity that occur during induction”of /i-D-galactosidase. *Sur-
viving ac_tlv%y’ IS defined by the ratjo of'the slopes Rertaml,ng to irradiated and
non-irradiated bacteria. By plotting the logarithm of the surviving activity against
d?stet adcurve Is derived which is comparabl& with survival curves & conventionally

otted.
p_FI ure 1 shows survival curves after plating Escherichia coli. on media with and
without added lactose. Qf the strains Used, this Is the most readﬂy affected in Its
radiation response bg/ slignt alterations in post-irradiation conditions of growth
(Alger&Glllles, 19583, 19005), The results obtained with the four strains ofE. coli
used are shown in Table L and from this the following points can be made: () There
was no dlifference in the effect of aerobic or anoxic irradiation on synthesis of ...
?ala tosidase whether Difco or Oxaid NY_tnent Broth was used for mducU?n after
rragiation. As shown by Alper & Gillies (19584, bt))’ however, colony  forming
ability was markedly influenced by plating on"comparable solid media, thé influencg
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bemg muchgreaterafter anoxm|rrad|at|on g(Flg 2). (b) Yith every stra|n of E. coli
teo en en hancement ratig Was | her fof amaeto enzyme induction than
amae 0 colony forming ability, (c) When Oxoid Nutrient Broth was used after
|rrad|at|on the |nh|b|t|on of enzyme |nduct|on was nearly as great in E. coli » as in
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F|? 1. The effect of X-irradiation on survival of colony forming ability in Escherichia
coli strain b after exposure in buffer solution to X -rays under oxygenation or anoxia, and
subsequently incubated on Oxoid Nutrient Agar with or without added lactose. B, Irra-
diated aerobicially and incubated without lactose; «, irradiated anaerobwally and
incubated without lactose; x, irradiated aerobically and incubated with lactose;
A, irradiated anaerobically and incubated with lactose.

Fig. 2. Inhibition by X- ra>{s of induction of /j-D-galaetosidase and survival of colony
formation in Escherichia coli strain b after exposure in buffer solution to X-rays in the
absence of oxygen. Lactose was used as inducer for /?-D-galactosidase. 9. Induction
of /?-D-galactosidase in Difco Nutrient Broth;, x, induction of /S-D- galaet05|dase in
Oxoid Nutrient Broth; A, survival of colony formmg ability on Difco Nutrient Agar;
B, survival of colony formmg ability on Oxoid Nutrient Agar.

E. coli 8/r, the ratio, of doses to give the same elfect being only 1-3 both for agrobic
and anaerobic |rrad|at|?ns This'may be contrasted with their relative sensitivitjes
to radiation-induced killing when tris medium was used, the ratio of, doses to give
the same effect then being 7 for aerobic irradiation and 9 for anagrobic irradiation.
The results for anagrobic trradiation arg showll in Fig. 3. () Inhibition of enzyme
induction In E. coli bs was more sensitive than |nt e other three strains so that
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only abgut one-third of the dose was re(T]uned to diminish eanme induction to a
3| |Iarde|%ree Surwval and inhibition of enzyme induction for E. coli bs are shown

grapnically in Fig. 4
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Fig. 3. Inhibition by X-rays of the induction of /?-D-galactosidase and survival of colony
forming ability in Eschertc%ta coli strain b and E. coli'strain B/r; exposure to X-rays was
carried out in buffer solution and in the absence of oxygen. Oxoid Nutrient Agar was
used for determining survival of colony formation and Oxoid Nutrient Broth for the
survival of the induction of /I-D-gulactosidase. Inducer was lactose, x, Induction of
[?-D-galactosidase in E. coli 3/r; ®, induction of /2-D-g&lactosidase in E. coli. b: A,
survival of colony formation in E. coli s/r; E, survival of colony formation in E. coli b.
Fig. 4. Inhibition of the induction of /i-D-galactosidase and survival of colony forma-
tion in Escherichia coli strain bs. A bacterial suspension in buffer solution was irradiated
in the absence and presence of oxygen. Induction of fi- i-galaotosidase by lactose and
survival of colony-forming ability was carried out with Oxoid Nutrient Broth and
Oxoid Nutrient Agar respectively. <, Induction of /?-D-galactosidase after anaerobic
irradiation, x, induction of /7-n-galactosidase after aerobic irradiation; A, survival

of colony formation after anaerobic irradiation; 1, survival of colony formation after
aerobic irradiation.

DISCUSSION

These results show that the. two t)(PGS of radiation damage studled were dn‘fer
entIy affected by post |rrad|at|onc ultural conditions, ?/straln drfferences and ¥
th e presence of ox¥? gen en ancement ratios for kill ing,varied between

and 4—OWIth thed erent st atns used: with E. coli o variations from 1-8 to 3-5 have
belergro%%ri/e Sd per & Gilljes, 19583 G|II|es &Al per, 1959; Alper & Gillies, 1960a;

kins & Alper, 1963). The oxygen enhancement ratio for inipition
of |nduct|on was always higher than for killing"and never less than 3-5.” Inhibition
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of enzyme induction showed many similarities for the four strains used, which
suqgests that this is a more s&ecn‘lc type of dama(l;e than cell survival. The results
of Pauly (1963) indicate a somewhat greater effect of X-rays on the synthesis of a
specific_enzyme (lysine decarboxylaseé’ in ‘Bacterium caddveris’) thap on protein
synthesis_a$ a whole. Since the” total synthesis must encompass that of many
enzymes it seems likely that there is varidtion in the effects of radiation on specific
enzyme systems. _In_previous work of my own, for examﬁle (Moore unpublished)
| fgund that the inhibition of the synthesis of malic decarboxylase in Lactobacillus
arabinosus to 37 % required ten timés as much ionizing radiation as did /j-D-galacto-
sidase In E. coli my 30). Thus the relationship between dose of ionizing radiation and
effect on the synthesis of a specific enzklme should provide information about the
radiation sensitjvity of the sum of all the steps leading to the formation of that
enzyme, It is clear'that the induction of certain enzynies is particularly sensitive
to fonizing radiations.

Table 1. The effect of aerobic and anaerobic X-irradiation on the inhibitign of the
g ?éhgghs 0fR-D-galactosidase and survival of colonyformation infour strains ofEscheri-

[nactivation dose*
Oxygen enha&cement ratio

Strains For ssurvival For inid%\ction S
of For For
E. coli Acerobic Anoxic Aerobic Anoxic survival — induction
B 21 360 26 40
ot % 70 1% 470 25 5-0
BIr 19-5 12-5 - - 3-9
BS ﬂ 3-8 3-2 Aﬂ% if 3-7
blii 4-5 180 90 38-5 40 4-3

Inhibition of enzyme induction and survival of viability was established with Oxoid Nutrient
Media for all four strains of E. coli.

* The inactivation doses are those required to reduce the surviving fraction of enzyme induc-
tion and viability to a value of 0.37.

t For E. coli strain B inhibition of enzyme induction and survival of viability was established
with Difco Nutrient Media.

Dewey (1962) reported that induction of histiding oxidizing enzymes in a strain
of Pseudomonas was half as radiosensitive as survival. Induction of /i-U-galacto-
sidase In E. coll strains bs, B/r, b/n Was one-half to one-third as radiosensitive as
syrvival, but in E, coli strain o induction was one-tenth as radiosensitive as survival
when Oxoid mediym was used. The oxygen enhancement ratios for inhihition of
/g-D-gaIactosmase In all strains of E. coli Used in this present work varied between

-7.and 4-3 and hoth Pauly _(19,63_{_and Dewe (19623_ regorted 0Xygen enhancement
ratios of value about 4 for inhibition of othér Inducible systems. ™ . ,

Jacoh & Monod (1961) suggest that_induction of /.-D-I%alactoadase requires
specific pieces of DNA for its expression. The importance of DNA has been endorsed
bﬁ’ the work of Novelli, Kamevama & Eisenstadt (1961). These authors reported
that the induction of />-D-galactosidase in a bacterial extract obtained from irra-
diated Escherichia coli was absent until the addition of DNA from unirradiated
Iﬂdl#]CGd bacteria. This work of Novellj et al. (1961) might su%;est that the mtegnt
of the enzyme synthesizing system depends only on'the présence of undamage



An induced enzyme in irradiated E. coli 125

DNA. However, the present work, and that of others ( Deweg 1962; Pauly, 1963)
throws some douft on the concept that radiation damage to DNA is solel res on
sible for the |nh|b|t|on of enzyme synthesis. This doubt arises in part from the
magnitud eo th eo>[%/gen enh ancemen ratios. From work which ismore s ecrfrcraIIK
concerned with d 8e to DNA the oxygen enhancement ratios have heen muc
smaIIer Anderson (1951) re orted that’d radiation-induced back mutation had a
smaller o%%en enhancement ratio than killing. More recently Brrd%es (1963).and
Deerrn? have reported similar observations, Howard-Flanders, Levin &
Therial ( 963) rePorted an 0Xygen enhancement ratio of 18 for mactivation of T2
bacterrophage after 1t had been injected into the host. In these model systems
oxygen enhancement ratros are consrderabl lower than those reparted for lethal
effe tsE1 Cper 1963), so the high %/ene ancement ratios seen n experiments
with Inducible sy stems may |nd|cat hat damage to some part of the Induction
system other than DNA is responsible,

It |s possrble to estrmate target size for a given end-point from the dose required
ve an avera e of one amagrng event per cell (Lea, 1946)f The D value
6krad. for inhibition of /- ?alactosr ase In three strains of Escherichia coli

|ssrm|Iar to tha rep orted by PauIy( %) for Iysrne decarbox lase. D37va|ues after
anaerobic |rrad|at|ons have been used to calculate the approxrmate molecul ar
weight of inactivated enzymes (Pollard el al, 1955; Pollard & Barrett, 1959).
the doses of radiation to requce the surviving fractjon to 37 % for enzyme mductron
are used in conlrunctron with Pollard's formula, the site responsrble for induction
has a molecular weight of 25 million, similar to that deduced by Pauly (1959) for
induction ofIysrne decarboxylase. Electron microscope studies have suggiested hat
the messenger RNA involved in the synthesis of /*0-galactosidase 1S 5mr| on
(Kioh & Rich, 1964). Therefore the molecular weight determination based on. in-
nibition of enzyme Induction under anoxic conditions yields a molecular wei ht
that Is too large to be appropriate for the correspondrn% Prece of DNA code.

may be further evidence suggesting that not only damage to DNA is bernlg observed
and that it is some other form of damage whrch 15 respansible for the high values of
0Xygen enhancement ratio.

The author wishes to thank Miss T. Alper for advice given during this work and
during the preparation of the manuscrip
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INTRODUCTION

Many fungi are now known which have the ability to synthesize intracellular fat
from carbonydrates supplied in the culture medium_(Woodbine, 1959). Several
detaileq nvestigations have been carried out with species of the genera Penjcillium,
Asger?rllus and™Fusarium and these have shown that the synthesis of fats by fung
I controlled by a number of nutritional factors,

Although species of Mortierella are common jsolates from sorls there have been
relatively”few studies on the Rh siology of this ?rou rlr The proteol trc
activity of @ number of species has beendemonstrated (Wetter, 952 Turer, 1% 3
and fa synthesrs In MortrereIIaaI ina has been nvestigated by Galloway (1949) an

Wood rne Greg 09/ Walker (1951). A closer study ‘of fat synthesis by species of

Mortiere Iaseeme worthy of attention, and it was thought interesting therefore,
to extend the stud cY on growth and fat synthesis with one of thesg fungi. M.
vinacea was selected after prelrmrnary Investigations using seven species.

METHODS

The or anrsm The strain of Mortierella vrnacea Dixon-Stewart used was kindly
supplied by Mrs M. Turner of the Botany Department, University of Nottinghar

n. Nott. no-133 obtained from C.B.S). Cultures were maintained on slopes of
otato glucose atiar and were subcultured every 4 weeks. Cultures for th
paration of inocyla were grown on malt extract agar in 8 oz. medical flat bottles

Com osrtron of media, inoculation and incybation. The hasal mrneral salts medrum
used rn all e>Bnerrments contained the following (g/100 mlg
MgS04.7HA, 0-005; FeCI3 0001 To this solution carbon and nitroge B S0UIces
were added as required, and in other experiments glucose and (NHA4HP041n a
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range of concentrations. The medium was adjusted to pH 65 before autoclaving.
The solutions of KHZ 04and FeClswere autoclaved separately and afterwards were
mixed with the bulk of the medium contained in cotton-wool-plugAqed 250 ml.
conical flasks. The final volume of the mixed solutions was 100 ml. “All solutions
were autoclaved at 108° for 3) min. _ _ .

On_cooling, the tlasks were Inoculated with a spore suspension containing about
1x 106sporés/ml,  Spore suspensions were prepared in sterile distilled water from
a [-gay culture of th fun%u_s %rowmq on malt extract agar_. H)i hal fra?ments were
removed from the suspension by filtration through sterile lass wool. The sPore
content of a suspension was détermined with a countmp chambey; and co ong
counts, were made on potato glucose agar. One ml. of Spofe suspension was adde
to each of the culture flaskS which Were then placed on a shaker in a constant
temperature room at 20°. _

In some exRenments the cultures were harvested afrer 9 days; in others the

cultures were harvested at intervals over an incubation period of 15 or more days.
A set of three or five flasks was withdrawn at each samplmq time. The myceliim
developed as numeroys small discrete pellets which were filtered off on we|ghed
pa%ersF drledl, re-weighed and, together with samples of culture filtrates, weré set
aside for analysis,
Estimation yoffat. The extraction of fat from dried mycelium was done in a
multiple Soxhlet apparatus. Light petroleum (b.p. 40-60J2_ Was used as solvent and
the extraction was clone for 24 ht. The solvent was then distilled off, and the residual
fat weighed after drying at 60°, o _ _

Analyses of culturefiltrates. Glucose concentration in culture fluids was estimated
by the anthrone method (Yemm & Willis, 19549. Spectrophotometnc readings were
made ona H|Iger Spectrophotometer with I1ford orange filter no. 607 and 5 mm. cells,

Nitrogen estimations were made by a modified micro-Kjeldanhl method (E. C.
Cocking; personal commumcatmnl). \ sample (usual}y 1ml) of diluted culture
filtrate"was boiled for several hours with 0-2 ml. of 1% (tW/V) solution of selenium
dioxide in 50% (v/v) sulphuric acid. The contents of the "tube (about (-1 ml.)
were diluted to 3ml. with distilled water; 1ml. of this solution was mixed with
8 ml. distilled water and 1ml. Nessler's solution. The extinction of the solutions
\é\ﬁaé ane?nsuggﬁson the spectrophotometer, with Ilford spectrum violet filter no. 601

~ RESULTS
Fat synthesisfrom different carbon sources

Several iﬂfferfnt carbon souyces were incorporated with (NH@Z-I P04in the basal
mineral salts solution. The cultures were harvested after 9 days. _

.Of the five carbon sources used, malfose gave the best yield of mycelium and a
hl%h de%ree of fat accumulation. Mycelium production on ([Jlucose WS not so goad,
although this carbohydrate was as ?ood as maltose for fa sr¥nthe5|s. Whilst"sup-
porting good mycelium formation, Tactose was not a carbon source readily con-
verteg'to fat. In contrast both starch and sodium acetate supPorted poor growth,
but the mycelium contained a large #)ropo_rtmn of fat. It would appear thérefore
that carhon sources supPortln the productmn of large amounts of mycelium do not
necessarily stimulate fat syntiesis. These results aré summarized in“Table 1
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Fat synthesis with different nitrogenous substrates

The yields of mycelium and fat obtained after 9 days are shown in Table 2.
_Like“other members of the %roup, Mortierella vinacea utilized various organic
nitrogen sources; growth on these substrates was better than with ammonium

Table 1. Formation qffat by Mortierella vinacea grown on
various carbon sources

Concentration of carbon source 1¢/I00 ml. and (NHd"HPOj0 05 g./IOO ml. Cul-

tures harvested after 9 days. Values given are the means from five flaskS with standard
deviations.

Myceliym Fat
mez\wtdry g./é(g?(,) g.
Carbon source J100 ml. Fat (q. mycelium
Glucose (0 0-2643) 0-1%’0% y38-02
(£ 0-0248) (£0-0092) (14-012)

Lactose 0-1959 0-0298 152
(+0-0201) (£0-0025) (11-47)

Maltose 0-3395 0-1169 34-44
(0-0316) (£0-0104) (£3-28)

Starch 0-0834 0-0209 25-05
_ (£0-0076) (£ 0-0022) (£2-62)
Sodium acetate 0-0653 0-0184 28-18
(£0-0058) (£0-0020) (£ 2-90)

Table 2. Formation offat by Mortierella vinacea grown
on various sources of nitrogen
Medium was made up_of basal mineral salts medium+1 % (w/v) glucose + nitrogen

source added to give a final concentration of 1 mg. n/100 m1. medium. Cultures Har-
vested after 9 days. Values are means from five flasks with standard deviations.

Mycelium Fat _
, mean g/lC0Og.  Nitrogen Glucose
Nitrogen dry wt. drr utilized utilized
source (9./200 ml.) Fat (0.) mycelium — (g./100 ml.) (g./100 ml.)
Ammonium phosphate  0-2295 0-1016 34-00 0-0050 0-%
o (£0-0115) (i0-00558 (12-052)
Aspartic acid 0-3171 0-091 29-1 0-0039 0-96
. (£0-0045) (£ 0-0042) (11-066)
Arginine 0-3523 0-0514 14-4 0-0073 0-70
_ (£0-0082) (i0-00883) (12-1%)
Lysine 0-3254 0-051 159 0-0080 0-97
_ (£0-0104) (0-0175) (1 &8?)
Asparagine (+00§62%'5 (+00601623£) (+12 5 0-0076 0-89
Urea 0-3518 0-0440 12-53) 0-0075 0-81
Contol (iodoolo}sls (+0-0013) (£0-78) 037
ontro - -
(+0-0009

phosphate, and nitrate did not s_uh)port growth. In contrast fat synthesis was in
most cases poor on the media which contdined the amino acids and Urea; an excep-
tion was aspartic acid which %ave results similar to the ammonium salt, There was a
correlation between the amount of fat synthesized and the amount of nitrogen
utilized. Uptake of nitrogen was greatest from the amino acid and urea media

9 G. Microb. xti
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which supported only limited fat production, put was low from the media containin%
aspahrnc SCId and ammonium phosphate. Glucose utilization was about the sam
in all media.

Comparative rates of growth andfat synthesis

The fungus was %rown on basal salts medium +1% (wiv) glucose+ 0-05 % (wiy)
(NH4Poa. Threg flasks were removed after various perfods of Incubation. AS
seen in Table 3, rapid formation of mycelium occurred anc. the maximum yield was

Table 3. Rate offat synthesis in Mortierella vinacea

Cultures were grown on basal salts medium+ 1% (w/v) glucose + 0-05 % (w/v)
(NH92HPo;. Mean values from three replicate cultures with standard deviations are
given. Glucose estimations were made on combined filtrates.

Mycelium Fat
mean g/100 g. Glucose
dry wt drY_ utilized
Days (9) Fat (g, mycelium g./100 ml.
2 00694 0-0022 317 0-28
(£00055 (+0-0002) (£0-25)
4 0-253 0-0701 27-68 0-60
(£0-0264) (+0-0062) (¢1-51)
6 0-2970 0-1370 39-13 0-92
(£0-0288) (10-01108 (i2-67E)
8 0-2897 0-111 385 0-94
(10-024%) (i0-00977) (13-1%?
il 0-280 0-132 47-3 09
(£0-0142) (£0-1063) (£ 50C)
13 0-2882 0-1477 51-40 0-96
(£0-0210) (J_r0-009%) (i3-ll‘?)
15 0-2/89 0-134 48-2 100
(£0-0246) (i0-01252) (4-55)
18 0-2887 0-134 47-32 1-00
(£0-0258) (£0-0154) (£5-24)
2 0-2742 0-1338 46-16 1-00
(£0-0221) (+0-0061) (11-89)

jab)

0
obtained at 6 days, the amount of mycelium remaining fairly constant for the
following 14 days. "Utilization of %Iucose followed a linear pattern, 30%(w/w)
utilization after"2 daYs, 60% after 4 days and 90% after 6 days; average uptake
0-15 g. glucose/100 mi. medium/day. , _ T

The accumulation of fat reached a maximum after 13 days. During the initjal
stages of growth, fat synthesis proceeded rapidly and this” condition” was main-
taified for’6 days, after which the rate of synthesis decreased. At this stage the
amount of fat In the mycelium was mcreasmq, but there was no simultaneous
Increase in weight of mycelium, 1t is likely that much of the fat formed after the
%)Dcte(i|hhrﬁ 13thday, must have been derived from some other non-fat reserve in the

The effect of the C:N ratio of the culture medium
_ N on growth and fat synthesis o
_Media contammgn(tglucose and (NHAHPO4were prepared_in which carbon and

nitro ﬁ” were presént in ratios of 10:1, 25:1, 50:1 and 80:1. The results are shown
In Tanle 4

On medium 1 (C:N = 10:1) and medium 2 (C:N = 25:1) maximum production



131

standard deviations are given.
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of mycelium occurred after 3 days followed bus autolxus The. maximum yield of

m cehum on these media was 030% wiw) of that obtained on medium 3
= 50:1) and medium 4 (C:N = 80:1
07 |-
06 — 60 -
= g
=€ os}- o SO
g= Mr Z5
; 01 & 10 -
! 1 1 1 J 1 1 1 )
3 6 9 12 15 3 6 9 12 15
Time of incubation (days) Time of incubation (days)
Fig. 1 Fig. 2

Fig. L. Growth of Mortierella vinacea on media containi
%ucose and ammonium phosphate but malntalnl
e medium —O— me |um /gucos (%/Hl

n arious concentrations of
constant C:N ratio of 40:1 In
ZENHA)Z—IPO 005g/IOOmI,
Oil 0 ml.; =A—A

L,
—o—o — medium lucose 2 PY /100 ml.; =A—A—
medium 7, glucose 5 00 ml. 040-259./100 ml.; = —A—, medium 8.
glucose 10'g.7100 ml., (NH4H PO 40- 50g 100 ml,

Fig. 2. Fat accumulatlon in the mycelium of Mortierella vinaxa grown on media con-

taining various concentrations of glucose and ammomum phosphae hut malntamlng a

const nt C:N ratlo 0f 40:1 in the medium. —_ — l |u§n Iucose /100 ml.,
ucose

6 4) P04005 g./100 ml.; — —s —, medium (g /100 ml., g )0 P04
-10¢. 100m| —A—A—, medjum 7, Iucose5 ml, (SNH4)Z-IPO402 100 ml,;
—1 = —, medium 8, glucose 10g/10 ml., 2—|P04D 09./100 ml

Table 5. The influence of the C:N ratio in the growth medium on the efficiency of
conversion ofglucose tofat by Mortierella vinacea

Details of media are given in Table 4.

Fat
coefficient*
Medium 1 4-74
Medium 2 2-64
Medium 3 14-34
Medium 4 17-14

* The fat coefficient is defined as the amount of fat produced by the organism per 100 g. carbon
source utilized. The coefflmentsglv?n here are calculated from data obtained at the time of maxi-
mum fat accumulation in the mycelium.

An increase in fat accumulation resulted from supplymg the fungus with in-
creased carhgh %drate As shown | |n Table 4 the culture grrowmg on médium 4 pro-
duced mycelium which contained over 60% ww% fat. This yield is h|gh in com-
parison W|th reports for other fungi. The results obtained suggest that the balance
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between fat synthesrs ang (protern synthesis was affected by the amounts of carbon
and nitrogen available. Consjderation of the fat coefficients for each culture at the
time of maximum fat synthesis (Table 5) su?gests that protein formation may have
been occurring to a gréater extent in culturés growing on low carbon media

The influence cf concentration of carboni and nitrogen
at a constant C:N ratio

Media contarnrngca range of concentratrons of?Iucose and (NHAHPO4but main-
taining a constant tio of 40:1 were prepa ed. Cultures wefe harvested after
varrous neriods of incubation and the results are given in Frps Lland 2. A tenfold
Increase in glucose concentration in medrum8(1 %, WiV, glucose) over medium 5
1% glucosg) gave an increased yield of myceliym. T his Increase was over 100%.
e growth produced on medium 6 g% %Iucoser) and medium 7 (5% glucose) Was
thes me. T ehrghest grelds on these media were almost twice that off medium 5
There were noticgable differences in the times at which maximum growth occurred
on the different media. Onmedjum 5 maximum growth was produced aftey 6 days,
on medja 6 and 7 at 9 days, and on medrum 8m¥celrum formation was still taking
place after 15 days.. These results are shown in
The correspon mg rates of fat s nthesrs and ¥|elds of fat are shown in Fig. 2
Fat synthesrs procesded more rapidly and more Tat was formed (per . mycelium)
tecu tures rowrn on medium (1% glucase). There were drfferent rates of
ts nthesis rn e our cultures during the first 3 days, the cultures growrng on
me |um5 producing most fat, After this initial period’the rates of synthesis In’the
four cuItures were dbout equal.

DISCUSSION

The nature of the carbon and nrtro?en SOUrCes, to%etherwrth the refative propor-
tions of gach, have a marked effect on growth and fat synthesis in Mortierella
vinacea, The results Prven here show also that the formatiorf of fat is an important
aspect of the general metabolism of this fungus.

Nutrients which support good growth do not necessarily sup ort the synthesrs of
large amounts of reserve food products Some nutrients are used solely for the pro-
duction of new protoplasm whrc contarns little reserves, others support the forma
tion of abundant reserveso a particular type as well as new protoplasm.

A wide ran eo car on sou ces are ytilized by fungi; glucose and maltose give
rrse to the | hest yields of mycelium for most, eg enrcrIIrum lilacinum (Philip

Walker, 198 ), Aspergillus ritdulans (Naguib, 1959), These fungi produce more
fat from ?ucose than maItose and 1t was suggested that maItose favoured the
accumulation of p gsacc harides. In contrast, Mmaltose was better th an%utcose for
growth of Mortierella vinacea but the amount of fat synthesized was simifar for hoth

Su

%ynthesrs of fat on media contarnrno inarganic forms ofnrtrooen oceurs to varying
extént, There are several reports that this form ofnrtrogen stimulates the forma-
tion of more fat than organrc nitrogen sources, although mycelium production, Is
better on the Iattertype f medium.“This has been shown by Turpenein (11936 wit
(>eotrichoides and d & E|-Nockrash 51960) With Asp rgillus fumigatus.
Naguib & Saddik 1 60 found that A. nidulans tiehaved differently, producing

9-2
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Iargetr yields of fat on rlntedlum containing asparagine than on media containing
nitfate or ammonium salts. . .

tr%e fime at which ?at ?ormau_on oceurs, also varies. Naguib (1959?7 found that
Asper%nlu_s nidulans synthesized its fat during the later stagés of growtn. He found
that af his stage increases_in the weight of mycelial felts viere due mainly to accre-
tion of fat. With the organism used i this study, however, the processes of forma-
tion of new p_rotoglasm and fat occurred simuftaneously and some of the fat pro-
duced was Utilized later In some cultures. This observation _supﬁorts the view of
Gyllenberg & Raitio (1952) who found that fat synthesized in the mycelium of a
Pénicillium species was later used when the fungus was starved of nutrients.

. The_effects of concentration of carbon and pitrogen in the medium have been
investigated with a number of organlsms. All behave in a similar manner, pro-
ducing more fat when the amount 0f carbon in the medium is increased. The effects
of Increasing the concentrations of these two nutrients but maintaining a constant
C:N ratio fiave not been studied previously. It is significant to note”that whilst
an increase in the amount of carbon and nitrogen In'the mediym was correlated
with increased yield of mycelium, this was not $o for fat synthesis. The concentra-
tion of nutrients in a medium is obviously of as much importance as their relative
proportions in the control of metabolic processes in fungi.

We wish to thank Mrs M. Turner for helpful discussion and comments. This work
\(’J\ﬁles ggrr;e& ‘%“f: (;urmg the tenure of a D.S.I.R. Research Studentship awarded to
us (J.F.P.).
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INTRODUCTION

Within each of the seven principal Pes of foot-and-mauth disease virus certain
strains have been isolated which differ from one another in their host-specificity,
virulence and Invasiveness, In addition to differences of this nature, dissimilarity
n anhgenlc constitution Is frequently detectable by complement-fixation tests
and other methods. The accumulated evidence for fire existence of figld strains
Eossessmg ant|%en|c differences sufficiently great to justify their classification as
ubtyPes Wwas reviewed n a previous report {Hyslop, Davie & Carter, 1963); that
repor also described the practical effect 0 subtyRe variants on the apparent
efficacy of vaccination ca é)algns The Influences which lead to the emergence of
subtype variants In the field remain obscure but the interplay of mfectlon and
Immiunity n the host population is_probably an important factor. The present
regort récords the isolation of variants from three strains of fopt-and-mouth
disease virus, which were each pas? %ed serial a/ In secondargf monolazer cultures
oqu |dneY cells in the Presenceo adually increasing concentrations of antisera
specific for the original strains

METHODS

Foot-and-mouth disease éFMD) virus. All strains were of type SAT 1 Strain
RV. 11/37 Was |solated In Southern Rhode3|a In 1937, strain SA. 13/61 was isolated
|n the Transvaal In 1961 and strain Tur. 323/62 was |solated in western Turke
urm% the epizootic of 1962, Before assage In q |ne¥ tISSHe culture, the
straing were eac propagated on the tongues of catfle at Pirbright and then were
typed by com Ien]erﬁ f|xTat|8 ests

Titration. Serial threefold dilutions of virus were inoculated mtra?entoneall
into randomized groups of 4- to 6-day-old albino mice of the Pirbright ‘P strai

93



136 N. St G. Hyslop

Usually 8 mice were inoculated with each dilution and the 50 % fatality end-points
were estimated by the method of Karber (193)). .

Hyperimmune quinea pig sera. Virus strains were usuall passa?ed_twme_ in
gumea pigs before’being used to produce hyperimmune sera. Groups of guinea p|gs,
of about SOO%Nbody wejght, from the” colony at this Institute, were hypér-
immunized by two dases of Virus suspension. The first intradermal inoculation into
the tarsal pads contained 0-05% %w/v

_ ?]sa onin; this was followed after 21 days
% an |r|1tEamuscuIar Inoculation (without saponin). The animals were bled out
ays [ater.

. Hyperimmune cattle serum. Virus of strain Tur. 323/62 passaged in cattle was
inoculated into the dermal mucosa of a fully susceptible steer,”which developed
clinical foot-and-mauth disease. . A second jnoculation of virus of the same strain
Was rlne%de 76 days later. The animal was bled for serum 2 weeks after the second
inaculation, L _ L

Propagation of virus in p|g-k|dne tissye culture. . Pig kidney cells, grown as
Prlmarym_onola ers for 6-7 days In Roux flasks containing Earle’s saline with 0-5%
actalbimin h%/ rolysate and (F01 % yeast extract (EYL medjum) plus 10% bovine
serum, were harvested by means of 0-02% EDTA +trypsin solution and, after
washing, were seeded into 4 oz flat bottles containing the Same medjum. After about
2 dlays Of incubation at 37° the secondary monolayers were washed and warm fresh
medium, usually conta|n|n1q the required concentration. of either inhibitory or
normal serum, Was added. The culture was inoculated with virys ang incubdtion
continued until either cytopathic effect was observed or the medium became acid.
. Complement-fixation tésts. Guinea pig hyperimmune sera were prepared by using
virus isolated at. several passa%e sta%;es during proPagatmn In pig-kidney  tissu
cultures containing antisera; Similar sera wére prepared at the” corres ondmg
passage stages in which identical amounts of normal serum had been incorporate
In the" medium. The sera were used in comPIement-ﬂxanqn tests (Brookshy, 1952;
Bradish & Brogksy, 1960) to determine the cross-fixation ratios of the various
virus isolates with dne another. The cross fixation ratio Is;

Amount of complement fixed in the heterologous serum-vjrus system
Amount of complement fixed in the homologous serum-virus system

Calculation of the product of these ratios excludes differences attribufable to the
relative concentrations of individual reagents_. Some degree of antigenic variation
was Indicated when the product of these ratjos was mgmflcantly |&ss than un|t¥);
and when the product was less than 0-5 strains were consideredto be distinct sub-
types (Bradish & Brogksoy, 1960). . L

Serum-virus neutralization tests. Cross-neutralization tests jn mice, using homo-
I((i%%%)s and heterologous substrain-specific sera, were done by the method of Skinner

RESULTS
Strain 11V, 11137 ;
Cattle-passaged FMD virus of strain RV. 11/37 was passaged once in mice and a
e i O L

Seitz £ ctwﬂg titre 1054 mouse LD 50/ml) was prepared from
triturated mouse carcasses. Equal volumes of the filtrate and of a 10" 50 dilution
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of gguinea pig hyperimmune serum (homologous strain) were mixed and incubated
for'30 min. &t 20°. Two ml. of the mixture Were inoculated mtoaplg-kldney tissue
culture monolayer; the same volume of virus mixed with (-4 M-phosphaté buffer
%pH {-6). was Inoculated into a further pig-Kidney tissue culture monolayer. After

0 min. incubation, the monolayers were washed and 20 ml. EYL mediim added.
Cytopathic effect was evident iri both cultures after incubation for 24 hr at 3/° and
the culture fluids were used to inoculate the next cultures of the series. The pro-
gggHrsetawgs repeated 4 times, the serum concentration being increased tenfold at
_ After%he 5th passage, virus and serum were not mixed before the cultres were
inoculated, but the serum was added directly to the culture medium and then 1 ml.
of virus suspension was added to 19 ml. of the serum + medium mixture. A further
41 passages of strain RV, 11/37A were made in medium containing guinea pig
hyperimmune serum at a dilution of 10-20, followed by four passages in“which thé
dilution was decreased to 10 17. Atthe 1st 5th, 31st and 46th passages the amounts
of virus inoculated were 1057 1065, 1064 and 1053 mouse LD 50° Concurrently,
sybstrain RV. 11/37B was pagsaged in medium containing corresponding dilutions
of normal serum for a total of 50 passages.

Table 1. Decrease of the neutralizing gower of HI0,00 antiserum for foot-and-mouth
digease virus strain RV, 11/37 propdgated seriafly in pig-kidney tissue culture con-
taining homologous antiserum

Loq; depression of virus , Log.
- Titre after 30 min. difference
incubation w&h antiserum hetween
Passage , B\ Virus
no. Substrain A Substrain B substrains
| 2-2 1-8 $:00
4 18 2- 0-8
10 18 2- 0-5
30 15 2-3 0-8
45 0-6 2-6 20

Substrain A, passaged in the presence of immune serum; substrain B, passaged in the presence
of normal serum.

Sensitivity to incubation with antiserum. The sensitivities of the two substrains to
the neutralizing effect of RV, 11/37 quinga pig h;{perl_mmune serum were compared
at intervals durlng the experiment, the first and 1ast isolates being passaged once In
serum-free cultur€s before being used for neutralization tests. Virus susRensmns
were mixed_with equal volymes of a 1/500 dilytion of serum in 0-4 M-phosphate
buffer IpH 1-6) and, after incubation for 30 min, at 37°, the two mixtures and
serum-free controls were titrated jn mice. Little change occurred in the sensitivit
of substrain_RV. 11/37A hefore the 30th nﬁ)assage but the substrain became muc
less susceptible to inactivafcon by serum betieen the 30th and 45th passages

Tapled). : :

( %omp ement-fixation tests, Because the virus suspensions harvested from the
50th pig-kidney tissue culture were consistently anticomplementary, both substrains
were passaged once on the tarsal pads of guinéa pigs to produce aritigen suitable for
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com&lement fixation tests. The cross-fixation product of substraing RV. 1L/37A
11/37B was 0-03, indicating that the substrains were antigenically distinct
after the 50th passage.
Strain SA. 13\61

A 1/10 suspension of bovine tongue efnthehum infected with FMD virus of strain
SA. 13/61 was filtered and 2ml. Samples used to inoculate two p|? kidney tissue
culture monolaé/ers maintained in 18 ml. EYL medium. To these cu

tures had been
added either (

%ooled serum from cattle recovered from clinical infection with virus
of strain SA. 13/61, or (B) normal cattle serum, in volumes syfficient to produce a
fmal dilution of serum-of 10-60. Only limited cytopathic effect was noted after
incubation for 24 hr but virus from each of the cultures was passaged serially in
gradually increasing, concentrations of the appropriate sera. At the start of the
experiment the strdin did not multiply in the presence of immune serum at a
dilutjon of 10-40. Serial assage of the stibstyains continued until strain SA. 13/61A

ad_been passageq twice In the presence of qonvalescent serum concentrations of
10 5°, once at each of the concentrations 10 4° 10 3°, 10-20 and 10-17and finally
1 fimes at a serum concentration of 10~15" Substrain SA 13/618 Was, passaged
similarly in the, presence of normal serum. AIthough the presence of i mcreasmg
amounts of antiserum during serial passage appearéd to exert progressively les
nhibitory effect on the virus, ten p assa%es were Insufficient to cause significant
change €ither In the sensitivity to' incubation with 1/1000 antiserum o in the
antigenic structure of the substrain A.

Strain Tur. 323)62

The general procedure followed that of the previous experiment but hyper-
immuné” cattle serum was employed instead of convalescent serum. The initial
Inoculum was a filtrate from a suspensmn of triturated bovine tongue epithelium
infected with strain Tur. 323/62; the |nfect|V|t>&t|tre was 10% mouseL 50/ml,

Substrain Tur. 323/62Awas assae n p|tg |ney tissue culture 3 times In the
gresence of a serum dilution ofl twice at'a dlilution of 10~30 5 times af 10-2

times_at 10~23 3 times at 10-17and then twice at a serum dilution of 10-15.
Substrain Tur. 323/62B was passaged concurrent] |n the presence of corresponding
dilutions of pooled serum from normal caitle. Well marked cytopathic effect was
observed with both substrains. After the 20th passage the substrains were stored
at —0° pending completion of th ecom Iement f|xaLon tests. The st red material
Was revived by"a single passage In ser m-free p| idne tlssue cu ture then a
further five pa sages were made'in a serum concent atlon o 10-15and at each stage
an attemRt Was made to grop%ate yirus of substrajn Tyr. 323/62A in alserum cop-
centration of 10-13(Table 2 eeffect js not attributable to a gradual increase In
the Infectivity titre of the I mocu um urm({/o ass 1‘g

Sensitivity 1o incubation ivith antiserum r rom the 1st, 10th, 15th and 20th
passage levels of substrains Tur. 323/62A and Tur. 323/628 were each passaged
once in serum-free pig-kidne tlssue culture and then used in cross-neutralization
tests aqamst homolo 0us an heterologous quinea p| sera. Modification ocgurred
In substrain Tur. 323162 A between the 15th dnd 20th passages and this was sufficient
}o cause a d|fference greater than tenfold |n the n?utr lization indices of the homo-
ogous and heterologous serum+ virus pairs (Table 3).
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Complement-fixation fests. Virus suspensions collected at several passage levels
were used as antigens for complement-fixation tests with homologous. and hetero-
logous antisera; a ignificant difference in the amount of complement fixed was not
olserved, |rr_esPect|ve of whether supernatant or whcle-Culture, material was
employed,_Little change jn antigenic structure was detectable durmP the first 15
passages (Table 4),_though somé modification may have occurred already in the
abﬂmofsubstramTur. 3/62 A to multiply in the’presence ofh%perlmmune cattle
serunt (Table 2). By the 15th passage, however, antigenic differences were fJust
becoming apparent. “After the 20th passage the mean cross-fixation product of the
substrains had decreased to 0-4 and they ma6y be regarded as distinct strains. The
1st and 20th passages of substrain Tur."323/62B were antigenically similar.

Table 3. Cross-neutralization indices ([I_og.) of substrains of foot-and-mouth disease
virys strain Tur. 323j62 in neutralization’ tests with homologous and heterologous

antisera Virus

substrain _
and Serum, substrain and passage no.

passage
no. BI Al B20 A2
Bl 32 33 34 1%
Al 35 33 4-2 15
A10 35 35 3S 1-6
Alh 32 32 34 2-4
A20 2-2 21 24 35
B20 -5 33 37 19

Substr?in A,mpassaged in the presence of immune serum; substrain B, passaged in the presence
of normal serum.

Table 4. Complement-fixation products of substrains A and B of foot-and-mouth
disease virus strain Tur. 323(6 durm% pig-kidney tissue culture passage in hyper-
Immune serum and in normal serum, respectively

Substrain

and Substrain and passage no.

passage -V
no. BI Al BS A5 B10 A0 B A5 B20 A20
B| 100 1Y0 Y03 06 12 * 1 ¥
I R A
Ab 0-9% r0 00

BIO 1*02 %00 096

A10 0*6 100

B15 0*90 100 0*Q0

é%g 100 e 100 0*40
A20 %31 040  1*00

SPbstrair' A, Hassaged in the presence of immune serum; substrair B, passaged in the presence
of normal sertm.

DISCUSSION

The availability of a strain-specific antiserum of hi% titre prompted the use of
guinea pig serun for the early experiments with foot-and-mouth disease (FMD)
virus strain BY. 11/37 but, in an-attempt to relate experiments in vitro more
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closely to the conditions which might occur in vivo, strains SA. 13/61 and Tur.
323162 were passaged with hovine Sera. Because of this and other differences in
technique, comparison between strains js rendered difficult. Irrespective of the
source of antiserum, . however, propagation of FMD virus of type SAT 1 in the
presence of sub|nh|b|_tor3/ concentratigns of homologous antlbodg Was associated
with 8radua| change in one or more of the characteristics of the Strains. Thus, by
the 50th passage ir'the presence of guinea, pig hyperimmune serum, a very profound
change in both serum sensitivity and antigenic structure had occurred in substrain
A of'strain RV. 11/37. Similar'modification occurred during 20 passages of strain
Tur. 323/62 in plg-kldneﬁ/ tissue cultures containing cattle”hyperimmune serum.
With strain SA. 13/61 the changes were limited to" an ag arent increase in the
ability of the strain to multiply in greater concentrations Of antiserum,

By the 5th passage, the substrain Tur. 323/62A was able to muIUpIY in a con-
centration of hyperimmune serum at least 12-fold greater than, at the Ist passage
(Tahle 2). Complement-fixation tests did not reveal _anr%/ antigenic modification
unti| the”10th passage, when the ditference in cross-flxatio groduct was of doubtful
5|Tgn|f|cance. lthough 20 passages apparently modified the antigenic, constitytion
of the strain sufficiently for it t0 be Considered distinct from the _ongmal strain, it
cannot be concludeg that aﬁ_many as Zﬁ passages w%uld NECes aﬂl% e rfecw)red to

roduce such an effect on this or'on other strains. The rate of change of substrain
ur. 32362 A was greatest between the, 16th and 20th passages, when'the antiserum
dilution was 10-170r less é_Tab_Ies 2and 3); it m|ght well have heen possible to pro-
ﬁagate the virus in lower dilutions of serum at a Somewnhat earlier stage and thus to
ave, accelerated the rate of antigenic variation. However, becauSe the animal
P_rowdmg the antiserum had been noculated twice with virulent virus, the neutra-
izing titfe of its serum was > 1/4096 and this precluded the use of low dilutjons of
serum n the early passages. There was no evidence that passage in pig-kidney
tissue culture contammg normal serum decreased the sensitivity™of the Strain to
Immune serum or caused modification of antigenic structure. _

The data from these experiments do not Teveal the mechanism by which the
variants arose. Because field strains of virus were used to initiate éach passage
series, the pew substrains may have been isolated ejther as a result of mutation or by
selection from an originally” heterogeneous Fr])opulatlon._The alternatives are not
mutually exclusive but, partl}/ because of the Pror%ressw_e nature of the changes
observed, 1t appears less likely that selection from a mixed population was the
Predommant actor in the isofation of variants. In this context'it is noteworthy

hat strain Tur. 323/62 and other strains isolated at about the same time, during
the epizootic in the Middle East, have all shown evidence of remarkable stability
and antigenic similarity; and strain RV, 11/37 has been maintained for more than
25 years af Pirbright” without exh|b|t_|n% any. obvious ‘dyift” in its properties.
Stability of the deqree exhlblted_b}/_ diese strains appears, inconsistent with ver

heterogeneous populations and it is fikely that mutants begin to form an impartant
fraction of the population only when adverse factors tend"to suppress the original

strain. . .
gelecnon ma[?/ greatly alter the frealuency of one-step mutants during relatively
few passages arjd 1t is relevant to recall that the mutation rate for marker systems
such as thermal inactivation may be as high as 10~38to 10-56for some strains of
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foot-and-mouth disease virus gPringIe, 1964). Furthermore, Pringle %965%1 has
Indicated that the differences betweén strains which are revealed by complement-

fixation tests are a manifestation of a complex generic charactéristic. Conse-
quently, it is probable that the variation in subtype characters observed in the
present experiments occurred prlncHJaI_IX as g result of cumulative selection of a
number of independent mutations during serial passage. in the strongly selective
sYStem employed. Moreover, recent experiments of a similar nature (to'fje reported
elsewhere) indicate that virus of plaque-purified strains may also develop, during
relatively few passages, amarked increase in apility to grow in the presence of anti-
serum prepared against virus from the same clone;” Changes in antigenic structure
resemblln]g those reported above, were detected subsequéntly during experimental
?88%3’96 offoot-and-mouth disease virus in partly immunized Cattle (Hyslop &Fagg,

The author wishes to thank MrR. H, Fa%%;, who supervised most of the comple-
ment-fixation tests, and to acknowledge the technical assistance of Mr R. L. G.
King and Mr K. C. Cranston.
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Effect of Dilution Rate and Growth-Limiting Substrate
on the Metabolic Activity of Torula utilis Cultures

By D. W. TEMPEST anp D. HERBERT
Microbiological Research Establishment, Porton Down, Wiltshire

(Received 27 May 1965)

SUMMARY
qurul tilis was 3th achemost t at sev al dilution ates IH

a|n|n Itin at| o Iuco 0S€ an

L e P%”me by htfthappa
heda sen3|n Sefal e.CU

a h erm| eac d||u tion rate

incu
fp# s N OXI |on ra es | an|at|ve chan s In
con ve en yme cone ofor |sms w vaned accB ng to e
9row rate or the naure o t} g[tob -[imitin e
ngm Icance o Rese changes In terms ot metabolic requlation an economy
0renzyme Syntnesis 1s drscussed

INTRODUCTION

With the introduction ang development of techniques. for the continuous culti-
vat|on o m|cro 0 g%amsms Monod, 1950: Novick & Szilard, 1950; Herbert, Els-
worth & emg b), It IS possible to study the nfluence of specific environmental
changes on_ th cem|ca comp osmon and metabohc activity of micro-organisms
undercond|t|onsw ere the ph 3|ca and chemical environmerit is rigidly controlled.
Much data have accumulated on the variations In chem|cal composition and in
macromolecular orgamzatlon of grganisms which occur when specific chan es In
environment are made; for example mmtraceluargpolysacchan e content (Holme,
957),.In RNA content (Neidhardt & Magasanik Dean, 1962; Rosset, Monier
& Julien, 1964), ibosomal composition and content cker&Schaechter 1963;
Sykes & Tempest, 1965; Tempest, Hunter & H Tempest & Hunter, 1965
and in cell waII composition and content (Collins, 1964 Sud & Schaechter, 1964).
The present paper reports results of expenments designed to determine whether
quant|tat|ve c anges In some ‘constitutive " enzyme Systems can gceur,

In C-limited cuftures the carbon-containing substrate Is present in the environ-
ment at a concentration which js insufficientto saturate the oxidative enzymes of
the orgamsms (see Herbert et al. 1956). It foIIows therefore, that the ch nﬁes in
substr te omdahon rate which accom any ch anges n stead¥ state’ growth rate
need not necessai Iyrequne similar chandes 1 cellular oxidatjve enzyme concen-
tration but could result solely from changes in the degree of subsaturation of a
constant amount of enzymic material. A measure of cellUlar oxidative enzyme con-
centration can be obtairied from the rates of oxidation of excess substrate byvashed
suspensions of oroamsms lore pared from chemostat- grown Cultures. We report here
the rates of oxidation of glucose, xylose and ethanol By Torula utilis organisms grown
atvarious dilution rates in glucose-, xylose-, ethanol- and NHA+-limited environments.
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METHODS
Organism. Torula utilis/ \8@6% 321) maintained by fortnightlg subculture on a

medilim contamm% (% w yeast extract, (-5 peptone, 1 glucose, -2 potas-
sium djhydrogeng osphate, 2 agdr; pH 55
Media. The ¢

e carbon-limited media contained: XH.?2SO4 0-15m; KHP04
5% 10-2 m; citric acid, 4 10-3M biotin, 1x 10~7m: tg;CZ 125 x 10-3m: traces of
Ga, Fedt, Zn2+, M Cu+ Co+ Mo02~; the carbion ‘source, was added to a
final concentration of (% (w/v), To obtain NH4+-limyited_conditions (NH4)2504
was reduced to (1-8 x 10~2m) and glucose was increased to 5% (wiv).

Apparatus, A chemostat of 0-5°L working volume, with automatic pH control,
which permitted the ?rowth of organisms to a h|gh concentration, was used. Tem-
perature was automatically controlled at 30°, and the pH value at 55,

Dry weights, Duplicate"samples of culture (5 ml.) were centrifuged (3000g for
10 mmg Imweighed 100 mm. x'12 mm. Pyrex tubes; the organisms Wwere washed In
distilled water Y centrifugation and dried at 105° for 16hf. Results for duplicate
samples were within 5%, and gienerall within 2%, of each other. ,

Protein. The method of Stickland (1 518 was used: a standard was provided by a
solution of bovine plasma albumin (Armour Laboratories Ltd.).

Determination of culture Qlovalues. These are reported as /. oxxgen uptake/m%.
protein/hr and were calculated from the rates of air flow through™the chemostat
0X rqen content of the effluent air gdetermlned with a Beekman Model E-2 oxygen
analyser), culture dry weight of rtgamsms and their protein contents. It”Was
necessary to hase ongen uptake rafes on culture protein content because of the
gross variations In polysaccharide content and hence of the dry weight of organisms
grown in the NH&-limited medium, _ _

Determination of Qvalues of washed suspensions. These were determined by the
conventional manometric technique. Each manometer vessel contained substrate
-1 ml. Im; in the side-arm) and a prommatel?iI 2mg. dr?/ weight organlsms, Sus-

ended in 1-9ml. 0-06 M-phosphate buffer Fp 55) in the main compartment;
-2 ml. 3x-NaOH, and a pleated square of filter paper, was placed in the centre
well. Temperature was adgusted to 30° and the ox%ge_n uptake followed for 60 min,
after mixing the contents of the side-bulb and main_compartment. The oxygen
uptake rates were linear over the period of observation; endogenous respiration
Fg%gg (simultaneously measured) were subtracted from the substrate oxidation

Ex?erimental procedure. Organisms from an overnight culture ﬁro_vvn on the
maintenance medium were ingculated into the selected”medium contained in the
chemostat. After growth had, ceased, a requlated flow of fresh mediym to the
culture was started. The medium flow rate was, initially adjusted o 0-1 vol./hr
and the culture left to equilibrate for 2-3 days before the'start of each experiment.
After this period a sample (50 ml.) of cultire was removed from the chemostat,
cooled to 4° and used for dry-weight determination (2 x 5ml.) for metabolic studies
10 ml.) and for chemical arialysis; of organisms (30 ml. washed in distilled water and
vophilized). The flow rate of medium Was then changed to a new value, the culture
left to equilibrate for 2 da¥_s, and the above _E)ro_cedure repeated. The flow jate was
progressively increased until the “critical " dilution rate was reached:; the flow rate
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was then 0orosgressively decreased in similar increments to a suitable minimum value
gusuall 05vol./hr).” Each exgenment took 3-4 weeks to complete, and succes-
Ively émployed glucose-, xylose-, ethanol-, and NH4 -limited conditions.

RESULTS N
Effect of growth rate on respiration rate of Torula utilis cultures

\When growth is limited by the su Rly of carbon source the rate of oxygen uptake
will depend on the dilution_rate. The relationship between respiratjon, rate and
growth rate In cultures of Torula utilis rowmg In either a xylose-limited or an
thanol-limited medium was linear (FI%. 1) At z8ro growth rate neither plot passes
through the orlgm but extrapolates back to a finite Q0 valye which grobabl
represents the e dogenous respiration rate (see similar résult with Aerobacter aerc-
genes culture; Herbert, 1958). Under. mtrog_en-hmlted conditions with excess
carbon source, a similar result was obtained ( |g1. 2) but here the extrapolated
value was much higher since it included not orlly the endogenous respiration hut
also the oxidation ‘0f glucose in the absence of ‘utilizable Nitrogen. The rates of
endogenous metabolisni were detpendent on growth rate with both C- and N-limited
orqamsms (Fig. 3) though in different ways. The increase in endogenous metabolism
at'low 9rowth rates in N-limited organisms correlated with a gross increase in intra-
cellular glycogen-like material (Herbert, 1961).

Effect of growth rate on the metabolic activity of Torula utilis organisms

To grow at any specific rate the organisms must oxidize the carbon source af a
corresponding minimum rate: in C-linfited cultures however the capacity to oxidize
the substrate may be much greater than the rate required to.sustain growth. This
Was apCPare_nt with the glucose oxidizing system of Torula utilis grganisms ?rown at
a low ailution rate in a'glycose-limited medium (compare Figs. 2 and 4). In qu. 4
It Is apparent that the Oxidative ability of (I;Iucose-llmLted_orgamsm_s varied |ittle
with growth rate and that differences in‘substrate dissimilationates, in the culture,
resulted from chanqes in the degree of saturation of enzymes on changing the sub-
strate Input rate. ‘In contrast, the xylose oxidizing system of xylose-limited or-
ganisms Varied markedly with growth Tate (Fig. 5) in"a manner which paralleled the
Changes in culture respiration rate (Fig. 1). The enzP/me system oxidizing.ethanol in
ethariol-limited organisms. responded;’in a different manfer to changesin dilution
rate (Flg. b). in that it varied only slightly between dilution rates of 0-05 and 0-35
vol./hr but then markedly at hlg er q_rowth_ rates. =

In chemostat cultures 4 simpl® reld |onsh|R between specific growth rate and the
concentration of ro_wth-llmmn? substrate nas been demonstrated (Monod, 1942,
Herbf,rt et 3I. 1956); it seems like ?/_ther_efore, that change_s In th? oxidative caPamt ,
of C-limited organisms are due primarily to changes Int intracellular substrate con-
centration which influence mechanisms Controlling enzyme synthesis. In N-limited
cultures, where the carogn-containing substrate ‘concentration Is Independent of
growth rate, a direct relationship between substrate oxidizing capacity and dilution
rate would not be expected. However it is apparent F|g. that the glucqse OXI-
dizing apility of N-limited Torula utilis organisms gcar 01 solirce, %Iuco e) did vary
markedly with growth rate, and to a gréater extent than that of glucose-limited
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organisms (Fig. 4). Changes inthe abrlrty of glucose- grown organisms to dissimilate
?elucoseanaero rcaIIyaccompanre ca es intheir oxidative capacity. Here (Fig. /)

rmentative capacity correlated with econcentratron of glucose’in the cultre,
indicating an rnductrve synthesis of the enzyme(s).

Changes in the ability of Torula utilis organisms to oxidize
compounds Other than the growthsubstrate

The rate at which washed suspensions of organrsms oxidizeg a substrate varied
not onI}/ when organisms were grown at differe
substrate, but alSo when they ‘were grown in media containing other compounds.
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Comparison of the rates of xrélose oxidation by xylose-, glucose and ethanol-
limited or anrsmss howed (Fig. 8) that at eachdrlutron rate Xylose-grown organisms
had a gred erxyose oxrdrzrn%capacrt¥t an glucose grown organisms, and at the
latter were able to oxidize this substrate njore reg Xt N were et anol -(rown
organisms. In contrast to thrs observation It was fou rFrg 9) that glucose was
oxidized more rapid ?/ P/xy 0Se-grown organisms than Iyrlr 0SE-grown organisms,
though again ethanol-grown organisms had a much lower gfucose oXidizing capacity.

DISCUSSION

AIthourtlh oxidation ofa substrate is a multi-enzyme ﬁrocess the overall rate must
be a function ofasrngfe rate-limiting reaction in the chain of reactions which starts
with the permeation of substrate intd the organism and terminates with its oxidation
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and assimilation. 1t seems reasonable to assume that In qur experiments such a
rate-limiting steP was not located on that part of the oxidation pathwaY which was
common to"all three substrates (e.g. the tricarboxylic acid cycle or the electron
transport s%/stem) otherwise a comnion pattern of change In oxidative capacity with
dilution rate wotld have resulted and this was not observed. Data derived from
studies on isolated enzymes (see Gorini & Maas, 1957). would have provided
definite results, assumm% that the specific rate-limiting reactions were known, but as
a first approach the reSults obtained with washed ‘Suspensions of organisms are
uggestlv_e. Comparing the 90 values of the growm% cultures, which represent
théir “oxidative demands’ (Figs. 1, 2), with corresponding Q0. Values of washed
suspensions of organisms (F|gs. 4-5), Which represent their ‘Oxidative cagamnes,
It 15 evident that Tn most Casés a decrease in growth rate caused a decrease in both
values, indicating an economy In enzyme™ synthesis. This economy was not
apparent in the glucose-limited culture “(Fig. 4) but was observed in"the corre-
sponding N-limited culture gF|g.6,where llicose was present in excess of require-
ment in‘the environment, The Teasons for his difference are not qbvious, but may
reflect the differing metabolic priorities when protein s;fnthesm Is limited by the
energy supéJIP( as opposed to the supp]l_y of a stryctural élement, o
_ The oxidative enzyme systems of Torula utilis mvest;gated here are ‘canstity-
tively” Produced_ and yet thére appeared to have been consicierable variations in thejr
rates of synthesis which su?ﬁest thaf the mechanisms controlling their hiosynthesis
Were (i_uantltatlvely rather than qualitatively different from thoSe which cantrolled
‘adaptive’ enzyme’synthesis. The differing abilities of H!ucose-, xylose- and ethanol-
limited organisms to"oxidize Xylose. (Fig. 8) emphasize the quantifative nature ofthe
mechanisms, which control ‘Constitutive” enzyme synthesis; the%_also reflect the
deﬁrees of similarity between the three omdatl_ve_Pa hways, In this connexion the
enhanced rate of gfucose oxidation by x\flose-llm_l e or_gan|sm§ F|[q. 9) may have
resulted from glucose be_m%( weferenﬂal oxidized via the ‘pentose’ phosphate
cycle’, Blumenthal, Lewis & Weinhouse (1954) showed that this pathway and the
‘dlycolytic’ 1Pathway of glucose catabolism were operative jn T. utilis; growth on
)é é ese auses, presumably, increased synthesis of enzymes of the pentose phosphate
It is, possible that the observed chan?es in oxidatjve capacity of organisms re-
sulted from variations in the rate of supstrate permeation into the orgamsms, though
this seems unlikely, since substrate oxidation, by washed suspensiofs of organisms
occurred without’a lag and was linear for at Teast an hour. Thus it seems that
growth rate and ?rowth-llmltmg substrate affect not only the composition of
Organisms (Herberf, 1961; Neidhardt, 1963) but also their mietabolic activity.
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Mass Culture of Qrganisms in a Fermenter. By R. K. B. Robinson and H. K. King
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g resgeketrve Were 0 tam 7 []acjrs on chE) me contammg
SUCFOSE a5 carbon so rce ave e sof46%| Inthe.dark and of & \/9 ummatron
Chlorella pyrenoidosa ga on glucose-containing. me |um umm |on
Plrgate autotropns were ro n. Thiobacillus thioparus % % , and the bl reen
alg with C02as

mstrument wrt our ve?se
stless Frttr sLtd 0

leld
a Anabaena variabilis (Kutzing) gave approx. OSQy 'sole carbon SO I'ce.

Oxygen Uptake in Shake-flask Penicillin Fermentations. By C.T. Calam (Imperial
hemical Industries Ltd., Pharmaceuticals Division, Alderley Park, Macclesfield,

Cheshire)

Measure ents]of Oa uptake Were made in 5 0mI conical flasks on [a rota ihaker
gﬂ e me |\P conﬂame lactose, carn- stee n . solids, crialk and

ec Eor nd was inoc atedwrtha@em In-producing strajn of Penicillin chrysogemun.
E% L#as swere fls grbr with cotton f g[ ed orgtir hrst to srxtlh Hay ¥ egatmo-
eem |asks ontamed 1819A)0f02a %% ri eus tlt% %
roduce |tte c ange. Respiratjon Was measure y cosrng t e f as ru
ungs and. anal nﬁearr msre asor hon was linear “for ab ut rwe
concentration [len to a rox then continue asowerrte ost
ceasm%?terY rwen the centr? nfe 04% C02 ct nwassrght N
I/

than oxyaen ¢ tion. The rate of 02 uptake under nor con Itions wasapyoxI-
matel PS%P min. orf mu 0 p |ch was insutficlent to decompose rth

Iactose in the medium.
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S S T

turat
Inthha%nggwfron h ?II e(red about the 0 su |n shal e Itures Th view t'las
Eeen expresse t at shaken flas cu tures muﬁi anasro ut r centﬁ Sch

A Mcroblol 1 305 conclu hysico-chemical data atw‘
gratlg nt)a) be||m|td|n ar Ias&s Its gch e(f)uay tein sma er. ones. Th resent
ex erlmentss ett at at t g Oatranse rate IS lower than it is In stirre J

nters an er o aﬁ |qU|d IS poor, t ecultures are by no means starved of
02by poor usion into the flas

The Effect of Increased Z en Partial Pressures on the Growth of Pseudomonas
aeruginosa In a C Aeration Cys em. 3/ R. Owen and E. C. Hirl
(Department ofM|cr0b|0I0gy, University College, Cardiff)

A la orator eale fermentor with a closed aeration and a as circulating s V\)/stem was
evolved. |caIIZ b)vmduch C02was remove? dangr cUlation and 0 2was all a/ved
to entert rP 1g aon él¥ valve to comf)ensate ort S eduction in Pressure cause
is ensured that the partial pressure of 0 2int ehsﬁtem emained co[tstan
ermentor on a glucose-

ov
Bat[H @tureso Pseu%omonas aeruginosa Were grown in

mineral % ts medium wit %eratlon at vaned 2a dNZPa]rtl(a pressures &alr 45775 ang
‘100%8 mixtures). Growth curves eaere ){] eR etermlnatlo 5 Were H1otte
or each 02 artra Ipressure [t was found that whe 9 er02 artial press rei
alrweeuse orae tion, and w en utrlents (?re not |t|n en the logaritn-
mic aseo h was extended aperto on ert en a| V\fa use
Whe 02eve u ease tq be logarith
mic ecame Ing e and hence 1o the

parti a pressure of 0 2used for aeration.

ot Oﬁngr]eage]s growth rates and over-all yields of organisms were obtained at the
qt IS also 0? note that thls closed aeration S}/stem has advant %es for the nltlvatr n of

Pﬁttho?enlc Pr%anlsms for the g vath of organisms on volatile substrates, and for studying
e effect of constant gas partial pressures.

be ame the growth-rate |m|t|n
er aogort na 10 t e quant o 02ava

Simyltaneous Estlmatron of the Uptake of Oygen and Carbon Dioxide (as 14C02?
In Ferrobacillus erro%mdans By M. C. Atlan and J. Meyrath (University o
Strathclyde, Glasgow, C

The av |Iabemethods for estlmatln the s myltaneous uptake of 0 2and Ci a|(_ gl War-
bur’% 4) Biochem. Z. 152, 51; SChatz, A 1952 gen MICfO% ial. 6, 32 Ikova,
% Mlkrob|ologI En trang| ?7, 540; |h 1961), Biochim. Blow
Acta A) were fou nsurta e for Emetlcr vestl atlo ere many readings
have t obet ken, or where exact com arison etween vana desrre
The. method described here is hased on the esfl awono thec a eof grtlal press re
P using MC02as tracer, an eterm# hngt e change I activit e(

smaL Gelger tu ?mserte Lntot e top of tne cylture Tl sk T eam unt of C021ta en up
canpeo a|ne rom a calibration cu ve S|my tane

y with the chan e|n 0Zcontent
t et tal decrease |nv lume IS m asure VO ale rlc 3/ fter su tractjon of t evqume
?0 , taken Hp and ava ma e rect on or maobarometric an es (obt qehe

rexamP ﬂ co tro sstem evo ume o ta en up can &lt te
?Iumetrcmet? een chosen'in preference to the manontetric metho 0r reasons
0 ease and simplicity

14C02assrglllated bx the ba teria is not counted eGelﬁer ub smcet Weak
arerh ¢ to eetratet quous phase; t r |eEt|n
dha from the liquid phase IS Necessary. emajortechnlca d| Icu ty ISthe p eventlo of
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Wwater. vapour condensing on the end window c%unter Thrws overcome by keeping the
fIas maconsta ttem eaftthrew ﬁﬁhWh IS coldler he anhblen te é] aure

e il et
a[FP%ent fromt at? t?rw %nstgntate Erla)ture batﬁ sy & ép %p S Fperetd

The functionin t[re apparatus and t e procedure Is explained by taking Ferrobacillus
ferrooxidans as example

Problems in Obtaining Mycelial Prepayations of Moulds for Resplratorcy Studies.
By A F. McIntosh™and' J. Meyrath {Unlversny of Strathclyde, Glasgow,

Although specific respiration activity in growin cultures can eexamlned more Suitabl
1yre ent ec nlques? ? 3 Rérrcg dC gem 1|1 19: Chain, E &Gualarﬁ
Rend. 1st sup Samt Englis ?] MC &M rah ?
%en Mlcrobrol LPrecedln ab tra(mJ t ec(!asslcal met od OF exam|n| rest |n
ano etrli or vol rqetrrfc Wstemsa s ready Investigat no e repirator meﬁ anrsrﬂ
of whole cells. Details of the pre arator treatment 0 ce srsoten recor ed thou
awar;:resso th elmporgancgo su trea ent as een (Hromatka Ebner

ﬁn Enzymologia t1 & omm §1952 Xp er|ent|a 8 14 Fila-
entqus m?ceju of Asper cut re from ear es Of
rowth 1s sensitive to sever enVIr nme ta actors I| y to De HBratln ﬁlt IS

Eelng prepared for use as restm{g myceliym, W Wlt water or phosphate-urfer to
reg he _|,¥1C6|I m from accompanying su strate toadecrease SpecIfic respir tlo
actlv ecrease IS more pronounced w ent ewas |n rocedure s Intensifie an
IS strL rF Pronounc when at t esame time t nrcg { comeﬁ into contact with
[asor Ing filters. Washing by . centrif Lﬁmg techprca [Tficult wi mdyce Ium, has a
eﬁs ron uncec’ cto respiratjon t tering wit strong adsorbing. filters.
The mec anlca cto res in as on |tt % ce, The mycglium suspe |on can
he store |n Culture subst ate at g rature |m|ted time’without Iosso respira-
tion_ activit toragi In Wate or ﬁ ate hu er eads.to a morﬁ rag ecreae In
secr Ic rate 0 {esep ration. [)actr uencing respiration In such ways are known,
interpretation of results is thereny aided.

g|||us o Vzae ced in

The Role of Metal Com Iexmg Agents in the Productlgn of Citric Acid b
Aspergillus tiger, {/) deer Choudiiary and S.J. Pirt MICI’ObI009¥
Department, Queen EI|zabeth CoIIege London, W. 8 3

Ethylenediamine tetracetic acid (EDTA),. cyclohexanediamine tetracetic ac éCDTA

d|eth enetriamine pentacetic acid DTP nltrllo r|a etic acid (NT F auri

atle? wth, taconcent atio 4 him noe ec F 'specific growt
rgl |nt|a ating age

’\ae % na fh %/tdrlgxr%%h% glycine ( Blléé in |b|te germrna on ort] spores at

65 Iess 3 ‘LVE
Ferrocyanre sanl qubI ?_lméa ith iron and other metal jons. Ferrc éde
?]94mM In me |um0 |n|t|a id.not arfect spec) IC rovvﬁ‘I rate,
Aor ermrnat dpn rate; In me Ium of|n|t|al 35 S er:| th-rate 0 myce |u
F(ﬁn rmore germrn tro rate were all decr ase
orp Insh ae swasmo edtothefo (ffsmallse areﬁesmooth
Bel ets IRTPA and ferroc anl Incontro ﬁlture?an wit [A
I-é te oudw In'the form o avsgu corAqogrerateo a)% entou %
|tr|c cl accumualonwsmcrﬁase Abut not by N
or DIIE Ferrﬁ nide, ad te mocr#atron stim aged chtrlc aciq accymula-
tIOP mor]eth%nt ¢ chelatin Sgaﬂ]ent? and had no effect when a 48 rateranﬁu ation,
unlike the chelating agent errocyanide precipitate is necessary during the citric

s, except
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aud lprod cin Qhase T0 accougt for these flndmgs it |s #ﬁtﬁd that the chelatlng
san the ferric- erroc%am e precrpltate act as met utrers es euau for rom.
ea Sence 0 actlvhg % HEG rgasy Battrl uted to their | atlnH
ogg/e[)grpte? rtlté% ectt t they form neutra lipic-soluble ferric complexes, to which the ce

Melanm S¥nthe5|s in Wild- t%/pe and Mutant Strains of Aspergillus nidulans.
Bun. (Department "of Microbiol o%}/ Queen Elzab&th College, IT.8) and
B M. Faulknfr (Departmento Botany, Bediord College, .V.

Wild- tyr?e strains of Aspergillus nidylans produce lar eamounts ofamelanord prg ent
Aseneso 8aza anine-induce g spontaneous n ear utants. have Peenroated
u ner, B. M. 194 Nature, Bon ?] 506 mw ich me gno eness Is
ocked to a reater or Iessere Certalno f se muta g Har é m%ue in
their accumul tAon of pink and pu[ mentswhlc aveteenl tified as the melanin
mterme ates achrome Indo um ne car 0 |c acl an melanoc [ome
indole-5 ﬂumo fmore ro ma oli gomer o eatter |dulansme anin
5 the first 8 melanin to be ¢ aacterlzed as an ‘indo toe u% ers,
comm.: see al erahedron 1964; 20, 1163& Xros ne, utn tDO A een det cted
ehromatogra phically i mycelial extracts an ytere ore, be the precursor for melanin

synthesi
Pre? |na (Yestl ations have]%een made of the t rouEaseactlw ty in this fungus. The
nz me tg strains exhibits t |calt ro ds ase kinetl %C'[IVI% Creso-
catech %ctrv ties: a c lase ™" indyction perio \(/m can. be shortene
the addltlon o an 0- |hg ric heno tot ereactlon mi ture erentlal inhibition o
the.two a '[IVI'[I r-C exm ents Ot é)a]rtlcu ar Interest.1s the, t r05|
ctrvrt aco ouress sexua utan ere cat olase’ actrvrt is retained
e cesoae entrt s een ermmatep This loss of creso ase’ ac |V|Fy IS not due to
tbelna ||t to %esr an essential co-factor, or, b?] resec n endogenous
(nni |tor Thes ot ero servations are consistent with the hypot esrst at tyrosinase
|sasm rotern mg two |st|n tactrve centres
he so on 0 ot sexua sexual cment mutants indicates melanogenesis
and sexua evelopment are notcoseyassocr ted In this Tungus.

The Kinetics of Potassium Uptake by Staphylococcus pyogenes. By K. A. Wright
and H. V. Wyatt (Department of Biological Sciences, Bradford Instituté of Technology)

uptake of K+ by Staphzéjococcus \?g% enes IS Cre%uced in the ﬁresence of Rb+ (Wyatt

19(533‘1 Ke#)tl CeI Res.” 30 a] amined the upfake o Staa{) ogoccus
s i R “"Q o “gt%he Conu tse‘“ Q N TH
E%?@ﬁ Etothstem E Bad. Re)\// 5% f% cuIturs row I%roth were
Were te”t5t§§§t°t mﬁes Re”rv%s”;n'tewf{”t e ol °J erm V* t’t%ttthaté(";s e
%f( %eveocmeso ek P ?ateg setese Were Eo} Pn ar V\Qch
tlmfhthe Initial velocity Was use (eSmlnlt an converte to p&i K+ uptake/100 mg.

q J_ newea rk ’&I t] Was made, whrch showed t}hat K* u takeb Staphylococ us
cou yse g fe sMﬁntn netjcs. With 1G alone, 10~4m: Rb+
mcreasedt | ittle erfect on Vm aesium aff%cted neither the
Kmnor Vim. T ese resut sulg est that Rb+competes Wlt K+ orugt(a'S ut Cs+does ot
hiS IS in agreement |t Itu les; R +can replace K+, but Cs+ cannot. The va

or K mcompares with that given for yeast m, at a simil ar H Ro% stein Q9r5

\?aar?e (ﬁ , 115). Kmva Bs were r rodumble In d| erent exper ments, but Vm
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The Metabolism of Glucose by ‘Bacteroides’ Strains. Btt)/ D. H. Shrimpton and
B. . Stevens (Lok Temperature Research Station, Cambridge)

Mlcroblal m dtabollsm within the %J |regd caeca of the fowl is essentlaIIY fer entat:y

éﬁg?ayt%rljze ystrt]trelmregre]nce og gatﬁ P uarta&d?&VFAJ ltr|4n?t ton, D. Hlsgsrt
e presen at>1030r

a R Igate Gram-ne aﬁl ean rohes
fres we { ara[es E-M & pl. Bact. 25, 9 Pre
nant amor’t%st

ra arc bacter0| (? stralné W?tlch dl?PGf from reV|o 5|
scrg ortiams 5 With |nte am| acter0| 8 have now e aractenz ty
Go erP I? Barnes, E % ares 1 JBact e carbohyqrate
eta Ismo thes |301ates IS etn% (ﬂ)u rodu t|ono VFA ozenloates
cos brot heen I_examln awu asec romato%rag ete nl%
alwin, H. & Horwitz, 63), J. Ass, 0 C em.
rh ffhae een found to produce formic, aet|c nd proplonlcalds in S|mple ratio
which differ tweensralns
eme%a 0 (ﬁm of washed sus en3| ns. of one of the jsplates &61 42) is belng stu?ted
ollowi g roa ythe experimenta n| ues eveIoPe or stu Xlng ?nae 0bés ?%ted
romt rumen éenments Wer rr|e out In th prese ceo sodium su
Elsde |oc emJ 524 Y%as hydrate (Doetsch,
rown, R If:'n usin

up(estelg

SCI

a ium ¢ orldea%the sourceo |tro en Wth cagstelnehde lorl eans? a(?dltlon
?]ca?gr}um agjcm Eneﬂum( ryant, M gRobtnso gChu ?1959 Dairy

vitamins
Un } e conditions, an averaglit from séparate ex erlmenta 109cells metaholized
Ly &IO ucose to (-4, lactic acig, 0-5fim dcetic acid and 0°5 //m
aC| fmt 0|sm folowe

ropionic
? milar course |n the Cﬁecum th etota amounP Ip

be 0 teore ﬂfo % of the contents bywetgt alges etweenOZan %
ave beenr orte I{S rimpton, D. %

Bad., 26, i; Hill, K. J Annlson
E. F. & Xoakes, D. (1964) Private ¢ mm&nlcatloet

NISMS

Assimilation of Organic Compounds by a Strictly Chemoautotrophic Thiobacillus.
By D. P. Kerty (Microbiology Department, Queen Elizabeth College, London, 14" 8)

ThlobamllusstramC‘KeII%D P. &Syrett, P. J (196 en. Microbiol. 34, 307) cannot

row on organic nutr nt edia or on mlneral m ? containing acetate  but’ lacki
gn Pp ateg Acetate- %6% to cultures row?n galltwg ? In. mineral meoP g
(f? unn'\glsubsez h. Fractio at|on 0

t Boc Bot. .15,

ftyentlal & & Syrett, P. J. ibid.) was incorpo ate {}1 aattetregl att aeclgnnestané

t Cacetate showed ttqe ag ma e>(<PSm utio f5 he Inc rproPrte & osure
tﬂ ractjons to pe: hot-water { ﬁuﬁ %M) etRano so(fub‘ % % nuc |c aC|d+ [;?
antt %‘V an%Broteln 14%)). ‘_esst an 1%was % ‘ﬂ( tractable, su 9ep tlg
roxybut i) aeeF corlngo ; wer

dtte 0 g Iy ﬂccu ulation. - At least
emonstr te c ror% t(i\j agrnca In the water extract (Wilson & Calvin A 0etrh

ﬁ con |tuenti Wwere a substance éunnln att ef5r
so vents f 0ssib x but yrate), q remaining near t eongln

utamate, compounds
an O%I%ompr%%ng fﬁ*o”%'é‘ tateg ?06% ediately stopped logarithmic growth, . but
«
di H rgect 10S [ghate oxidation o?CO ntlxatloy %Pﬁ gﬁ? Wﬁn 't'f)
? ue to bloc trlcar ox audh%/ quo ocltrate 0 med meta
uoroacetate; b & utamate at C c mternhe |Bte51J IS a g Pn
ro uct of acetate'an roacetate mcorporatlon Inhidition mi Iffererit

e]c IS dsemonstratlon of acetate assimilation is believed to be the first report of metabolic
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transform tion of exo enoushy lﬁ) ied orgamc material b a ‘strict cpemoautot[]o h’
and may be comparable wit [)p ependent acetate assimilation by the strict phato
autotroph Chlorobium ( Hoare& (1964). Biochem. J. 91, 54b).

Azurin Production b?/ Bacteria. By I. W. Suthertand (Bacteriology Department,
Edinburgh University)

A blue protein ofr Iat| Iow moIecuI I Wej ht was extracted from ceIIs of Pse
mo as aeru Inosa, a [ (%956 Biochem. (Toky 6v3
ent a5|m| rotethS|so ate 8Eecre[s] Brdetella uther
&WI mso gen. Microbiol. 30 1 ?su stance, owhtc ename
7urin was |ve cnta e onec pe[ atom pe{ olecule. It has now been confirmed
that this ty eo Drotein is tgesent SPECIES 0 Bordetella and Alacah(]nnes and In some
Pseudom(%na was n(i tected In certain qther Pse dor?ona? nor n representagive
strains of other bacterial species tested. Examination of cells of gne strain eac 0 P,
?erugm a B. bronchis Ptlca and A, de[ntrl hcans showed that azurln was aImO?Ita sent
rom cells own |n umc ntatmn ess than 0T Z@ Per nil. However, ce VY
(n such medl| pparentgn Iresgadrato fivitles. The azunnc ntento ce s
mcreased It the coRPerc ntent m lum Up t aconcentratloHo anout rtge
freaseo cogopercd Pta ove thts evel did not lead to OWease In the azurin content of
oe ?1 gper evesused there Was no apprecianle difrerence In the azurin contents
e three ba Cf“a species tested

unn] IS 8 ced unng aerobic and an aerobd rovvtp of Pseudomonas aerugmof
Although growth was poore under anaeronic conditions, the azurin content was Similar
to tt' %els?]rown aerobgcal in the Bresenceo ﬂmt(!ar arpountso COpper. It IS
contc) ed t unction of azUrin 15 not the detoxification of co per
pro ably involved | e ctron transport system. as was suglgeste gl-h) g

jochiem STokv\) % or Pseudomonas azurin. Howev Wi Bter
un er condltons here' almost no azurin 1S produce woudmdtcate ﬁt it |? Pro

nro":ltn%rg)g?sentla cell component. [t may thus form part of an alternative pathway fo eIectroh

The Ianuence of Incubiatlon Temper ture .on the V|ab|I|ty of Escherichia coli
JnN?e Phenol, X-Rays and Radio-Mimetic Agents. By N.D. Harris
Wiiitefield School of Pharmacy, Chelsea” College of Science and

Technology, London, » 3

Various te rt)era res have be nre orted sot al for bacteria d aé;ed by ion zmﬂ
and utravme radiations and emtca nd a tem erature 0

recom ene for ster|I| testln Wld Ith Org. techn. n. Ser., 1960, ZOP. was
thou t use u theref o to co re t e tem erature res onses' of Severa stralps 0
CherIChIaCI am J’ X-ra & Ra om etlcaents were Inc
Eso to see whether t ere NSES of actena ama 8 re similar totose
0Dserve aftrXt ra hatlon since such a similarity ouI In |cateap055| e Identity of
anhae produced. by the two agencres
e strains of E. coli Welr amae treatm ntW|th henﬂl Xraysa dthe radio-

mimetic rusdl ethiy rana rambucl, Te ere t eﬁpg or 24.hr to
tempera ure In the range 7 b? oret eir via TJt naI teste }{tncubatton at
3° the strains sh F simi

STl
esiing i bst by wasarsptttre%r"dr S broangs A0 it Perﬁé%j

anis
treatment. Change tempera ure ad(htteeifect nco&n rom Suspensions tFr)eate
wrt [adto mnn?]t? ncu at|? f X-Irradiated E. corBrog meglia containing u
?fectsg otnmc oram[?henlcol resu teé Elow counts. It s concluded that. the %ene Cl

tion at temperatures below 37° wer eto retardation of protein
r%nt eSS, and da |frf]ere d%tp

that the damage caused by X-rays rom that caused by radio-
Imefic agents.
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A Temperatyre Gradient Incubator for Studiﬁ of the Effect OKA emperature on
Bacterial Growth and Reviva arris and artl (The School
of Pharmacy, Chelsea College ofScrence and Technology, London SW.3

In studres fth effect o‘ emg)eratur on bacterial growth and revival, dam ed ceIIs
mag ernocu ate mtom ten agar an then spend & variable period cooling t nd at
atorg/ ntgterature o lowed Hn unkno nheatr erio nthe moub r before
reac mg utli Record |nlgs ort tempe ature rme [} rn Petrr es In an
Inc owe that the time required to reac e e prlmarr JURgnt enum er
P Ishes stacked toget era[t teposrtronwr testac Ing upon the
oa |n%con |t|onsP tes could Take between 40 an %O min. to reach t] a] roac
eing as mo/otrc Plates pre-warme to 37 ore Inocu éron wrt Reno reate
Eschenchra colrg e much lowe oounstha those mocu lated and placed in an incubator
% ot ere was some corre atro etween the count and the heating rate.
These ttrfr tles haye b% vercome with a te pera ure gradient incupator oonsrstrng
ofanrnsuate umrmum oc eachen which'can ehe ted to an Aesrredtm pera-
ture. T lne rte perature rad le In nutrrené roar contained In_dishes, In a
trou&hmte “{1 % Inor transient fluct atro[t ngnocu atron Preliminar
resu sshowe th(at e optl em er ture orp eno treate Escherichia coli lay In t
ranﬁn a too nts ro agt) %ove As expecte t e ohserve
um was lower t ant at mdr 30 2 conventional 1 cubatron roce Ur(if
%ap aratus Provr S @ means o examrnrngt atron In_response of damageq ¢
with temperature, with greater accuracy and detarlt an techniques previously avarIabIe

TheReparrofCombrnedIomzrA?andUItravroIetRadratron Damat{; einMicrococcus
radiodurans. By B. E. B. Moseley (Molteno Institute, University of Cambndge)

Mrcrococ? s radipdurans. a non-sporin bacterrur]t IS upusual | |n o%mBarrson with the
%mrlt act]ena In that It ca survive ver arI% oses o ot ||on zIng
ra ations. rvrva curves have a shoul er K x onen slope’
etlow & Duggan 2 Biochim. lp Ejhys decta aves ownt acterlum
asavery icient repair system for mae Mo ey & Laser Proo roy.
B, tn the Press) hav esented evidence Wh ch showst at 1t also osse S6S areparr
system or af least wot es of X aej 3
Thetﬂ estion arises of wWhether the UV a nrzrn rad datron damaers re arreg li))(the
same Or Dy separate enzyme systems. In or rto o ate thrsﬁ oint. the viapi
icrococcus r%drod rans after ecervrn mrxe oses 0 |o |zrn radiations has
een measur re |rr diation | ys the dtg f the cells to re alr UV
aeg§ IS re uce%A earr trons exr ts etwente of jonizing adra on and
uctron In the ab 'tX e ce HV mage. @rvrraqa 0Se Of y-rays
w |c IS af%f rhouo to Cause xpo enP eat quent UV radiation aIso auses
ex onential Oeat |s meanst at the final esronw |c ren ers the ce non vr(? e can
i}use either by UV or |0n|z|n]go [a diation. Since UV radiation is_absor c? almost
speor |ca In the uolelc acids It Iowst at the site of fonizing radiation damage In
radiodurans Asaso In tge nuclei¢ acid
From |s an ?t er evidence v(\ihrc |l be presented, d ﬁan be demonstrated that aé
|east.two ()ﬁoes 0
|on|zrng ra
system.

|rrad| tion and that to some extent UV an

esion are produced
mage which can be repaired by the same repair

atlons cause some common
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SYMPOSIUM: ‘THE ROLE OF OXYGEN IN MICROBIAL
GROWTH AND FUNCTION’

Introdug)tion. By S. J. Pirt (Microbiology Department, Queer, Elizabeth College, London.

Eew ifany, |crobes see g)bern rt to free ox X en Itcgntrolsthelrf%of mrcrobes
either b¥ stm atlngv |n itin err functio are rse microoial en g

systems Tor reactron |t ochrome pathways f rtrans orto ectrons or fg

atoms to 02 cytochrome |n e endent a was an ses or Incor, oratr n o q
|n carbon sub rates. In aerohic elect ntran ort oc ﬂeeﬁte IS |nt|mater%/
connect wrt ene%/ Rrowsron ene 0y p os ates, alt the mechanis

|nv0ve IS 0b curege tr \(a eBactenaZ 219 New Vi or AcademrcPress
|| £as a out1 eroI Fogttrrldz tion b% [ytochro e indenendent pat

ways, nota
actic acl actgna and ¢ oe Ipecu ative ?ﬁolrn M 1. Z]h91 ibid.
Rece twor In |cate? at the se/nt esrso egrougso enzymes, suth as those of the

guctlo anq re resmﬂ

sl e e e

CdSe, cnange | 026 an Ca sefa major UP eava In(i1 g PIZ&'[IOH ere seem to be
N0 regorts SO of analogous effects’in organisms C rome-

ct
et f t%eneﬂwgea vl et

conditions, sc as Ir nsu are reported to have a marked effect onthe cytochrg
sste Q %9 ]ppg cten p E]Aca emrf ress% rt/cf ossrgn
therefore on reacti utt 8 uences ave recelved little @ entro ro
nqutron seems espefra reIevant 0 02effects. F rrnstanceh Pasteyrella Ipelgtrs 9ro S
we rom small mocuau eranaero |ccond|t|ons but requires haemin for agrobic growt

Btlt J. Ex

Brne ossrbrllt of usin subst tutes orO?rso greatrnterest 112)2 nitrate and organic
com oun $ such as me ene mag rve as aItF r]atwe eléctron acceptors.” The
exte owhrch these su ances thrl the ro of02|s ttle explored.

The develop mento aeration et ods over the las 15 ears has re t)(assrstedc tntroI
of aero IOSIS Unto tunate ehaﬁademr icr |st] see t e aware 0
quantrbatrve (atso eration; with t resutt at e ave en unwrttrn R
anaero gc conditions thinking the \were aerobic. The erfciency of a rat| n |s %
terms of the oxygen solutjon rate Anot er arameter re urred ode ine t eavara |tg
ofOZJs Qatension or activity In the medium. Th emem aneeectrode seems at last t
metl eaconverfnent means for easurrngt ant|¥

The control 0 anaerob osrs with 1ts usg of redox Ip?e tial of the medtth Is still an
obscure rocess but hou |t be divorced fro cont| erobiosis, ecra rXrnvreg/
tneo s vatrono E( X anaeroBes Ion n to the clostridia (?case 06S
eme%hanrsmo tox|city for anaerones, or aer eem to e est abr

t a(g cto maor |m ortance IS the ecolo |ca roeo 02 I trs res ectf8%
nwst ﬁran with su H; |tous factors as temperature.and vaue
e ects erF may reveal new effects such ?]S accelerated fselectronf af]st vrrulentt [pes In

Sl e Tl i £ . Rl

Microbial Respiration and Oxgglen Tension. By D........ (Microbiological
Research Establishment, Porten, Salisbury, Wilts)

The respiration of resting cell suspensions of several bacteria and yeasts has been shown
to J% on the concentration O?Qﬁsso?ved 02 téne suspent?rng ¥Furd according to the

=
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where s the resﬁrratory coeffrcrent ¢ the concentration of drssolved 02and Kcis a
t]urﬁ lon ¢ nsf t’ equal to the 02concentraqon at wh nao
t ae s-Menten et]uatlono enzym etics 150 VI us butt e t}

resctlerrrztacl) cee% er rthIte)t necessarily ta be |dent| ied with the Mic ae Is constant of any srng
’gar?y gasurements 0[1 resting cells were made be/ manometric me ds but theKc

values of act%rra are so low tha avery elaborate technique IS rquur

Kubowitz, 1929, Biochem. 214 5). "More recent mea remen‘ aveé)en mae

olarographic techni ues % JO atrn%orvrbratrng nobemeabelectro N Longmurr
1954 Brochem J. [rr)] e thrstg pnrque to @ number o ﬁcterraan? easts and
und K ¢ values rangrn g 01 t0 0 correspﬁ1 Ing to maxrma esprrattoH
atOZtenlsrons of 4-5% 4to xlO 6 atmos (‘weres ere.was a s RcorF on wit

cell Slﬁ argero r%anrsms havrn% er K ¢ values suggestlng an influefice of diftusjon.
Hitherto Such easurement?] eengn e on restl rsTE)ens ons. It 1s of even
ee ect on pacteria In In nown concentra-

reater mterestto determine t c 0?
|0nsho Issolved O,. 1t 1s difficult to contr te |ssi/ Zc?ntento a.conv Honal
culture, since this de entﬁ oth on the SUHP Q/ sdug 2yconstant[) and the 02
emand ich |ncre?seswlt cell co cenératron T olve cncentr IOP erefore
?rg'{tcses cr%ntrnuotﬁ eserrlnr}ga 5%\% Ign unless aeration is very efricient, the final stages
g E blem is easler If continuous cuIturf technl sar use srnce é)ne then has
tea g/ fate %Wt gndaconstant cell po%u atlog t eman n tant
r%u ating t suB rowth emaet ace atacontro
cént |ono dlssove Ir |re re uatlono OZsu can with some ou
hh etfected. manyally tt e dp gutrma satist actor servo -control, usrng
t eS| naI from t eanectro et control t e aeration |t constant
ﬁn bacteria are grown In th #Wa at different |ssove OZeveIs Mos rbert,
P |she - the most striking €] ectl on the cytochrome content qf the cells, a artl-
ar the a cytochrome. With Bacrllusnregtbrum rown In hrp issolve %
centr t| , cytoc romes at%dOZare undetecta ean cto rome bl 1S visi
At Tower dissolved 0 ? ﬁ othactoc romes aﬁnear an |nc £ase ﬁoa aximum as
Sncentratron IS Turther re uce he cytﬁ ome %ﬁmarns rgatrve conftant
| the0 concentratron IS reduce st urt er.a three cSyt c romes gecrease |na%
th every? ow levels found in anaerobically grown cells. ar res Its were found With
east ch the cytochrome a/a3 complex Increases ste |sso ét decreases In
e\l/selscase owever, the a cytochromes are never competey repressed even at high 02

Oxygfen Tension and Elucose Metabolism of Klebsiella agrogenes. By D.E. F.
arrison and S. J. Pirt (Microbiology Department, Queen Elizabeth Collegg, London,

w. 8)
Klebsiella aero enes showsawr range of metabolic products dependin on the condi-
tronﬁ H grovvth% r S, J. &Cajrow g %1§S8EJ Qp 8 g% g (nresent
Wor att ptsto re atethese ro tension | a%rowrn cuItu re and to define

ucts t
tecntrcP (?Zhensron Sev a h(?s for rneasurrn% ensron were |Itvest| at
der to Tind the most syita Ie ruse In contlnuous lture. A |shozn ectro

ch mon Surre \gas Irst se nc(? ctrth n with a ‘Lectrona’ 0.Zana Y(? |t|s
m/%e om embe Middlesex).. This system had a ve nt/hl h residual turrent
Wi o sensrtrvrt a low 0 tensrons enue%to eas re Oatensron {H
meanso on currents ho evert) Bish oIp ec ro aét uch o esr
current. lnb theses stem e calibration of the el trode ritted consl
sed contrnua \RGI’IO twas oun at after a out7 fe
ecame cons o er an ectrode could be usg t 38ate [) dence

Issolve Calam, C.T.

ut with re uce ns Ifivity. A ometrrc etermination 0
Imperial Chemrca Indlustries, A%s erley Park, C[ptesﬁlre private communication) was
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investigated which, if was thought, might provide a means of checking electrode calihra-
tion, ?ttt IS metPtod was found to0 mgccu?ate over low Q tensmns ﬁte Ma ?<eret? q %
roe ackeregh ¢96[) J.Scl. InsHum 41 3@ was found %lve a muc
!)q rlfe[greeo sensitivity and stabilit eBﬁhope ctrode, there being no detect-

han t
L e f S

A cont muoug culture a Paratus to
& Capell, G, H. ({19 Pl
tete erature H, an ?rowt rate of he cutture to be ke g on?]tant The 0 ten5|or]
Was va edb ssing different mixtures of air and N2t uItTre t f tota
as f ow ra(s r a|n| consitant EX erlments Wer(i carrie out Wlt ucose-limited
rowt ap in é resence 0 exce?jsfg ucose Itec gr vvth
The cultur strated three differe aes mB elation to the 0 2tensi SJ
02ten5|onsa ove15m ﬂ e02u taean 0|cP ucts Sna cti M
changem[t ion, and 0 ensmnwa pro ort|on ‘othe te atw |c wasi grtue
tot cuture 2) at 0 2tensions between ‘approximate tension
rea mg %ho nde qu tuatlonSW|t ac antrte ofOZsu V\;ély thrwt rates of
04 XCEss of se t esefuctu tions were in t or quite
q ar 0scl atlons& aten5|on % an utuatlons ce
tc nnot e state thls st whet ertqe cty tlons In 5|onota|ned in the
second phase Were a{ eX|on? can es in t esgaw tion ateo eor |sm or were
ro ical con |t|ons

an artifact resultin msmal chanag

At Oatensions above 1 n(ftW|t ?ucose Imjt rovvt mosto e lucose
car onwsaccou ted for in the formo Egansm dr Welg nd C02 When ?ro gwaa
>ﬁ umte and ucos resentln EXCESS, mo nt muwc (amd were formed an
s quanttleso l{tanedlol acetom cohol an vo ten%rﬂt a

uce elow 15mm. | ruvate and_ organism dry-wei ro uction
utanedlo alcohal ndv atleam%groduc lon‘increased. But ne ol production pe J) %an
E)o INCreas f || er0 tension, than Ico roduction. Under anaerobic condit

nedlo alcohol'and volatile acl Rro uctlon ere atama Jnum organism dry- welg
production was at a minimum, and ho pyruvate was produce

Oxygen n] Relation to the Growth and Activities of FUﬂ(iI By A. Borrow and
efferys (Imperial Chemical Industries Limited, A ‘der ey Park, Maccles |eId

Under suitable conglitions, growth an ut eo nutrl nts, procee ate onentla
mcre [s)ln rate ntil Qme estrltﬁlon IS Hng QSe ?]nt esystfe ne such restriction |ste
avajlanil ? Ja, Wpich as We as affe tlpg the rate 0 varlous metaholic activities,
|n|t|atesq Itative ¢ anggs in th enature of subsequent ?row
ee u f r}tuse to date includes the EIL- BIShOE Btrode Imked to the Polarlter
ltn? esgg %torf)( activities are measu &i conven |on m(ar&%me rc
meh s t anal sei t o %gaesareasomae dl eter
rvome meter. 1u s obtained In these tu &> ortt eS|s

ecan xponential growth can, In syrtable ci NCES, eued as a
Elgtoglcal measure o?]the Ft);as transfeqr eWmlency oP suH erget? cutjture systems.

The work rltescrlb d relates to t]heg owth of ?(mbe eIIafu ficaroi in sybmer >%ed cultu

Oxygenases. By S. Dagley (Department of Biochemistry, University of Leeds)

Manx bl?]chﬁmICéﬂ oxi atlorC]s are accomplished b th remqval of hg/dror?l at ms or
electrons which are transterred from ng)t Y SU strtst rou ﬁarrler to oecu ar(
sometlmes 025erves as Irect acceﬁ or butl P% oxidations €T this type% N Cﬁnverted
|no H 2 However, In the case of those enzyme systems to which the name
enase has been |ven ox%gen IS mcorﬁorated Into a substrate mo ecu? A ‘true’
°ox nase mcorporate two'atoms of atmospheric oxygen into one molecule of substrate,



Society for General Microbiology: Proceedings Xi

as in the bacteﬁlaéoxrd tion,of catechol to cis-«s-m c?]mc acid: Whereaﬁa mrxe]d fuBctron
OXygenasg, or ny roxylase, incorporates one atom of the ox gen molecule ipto é e supstrate
and'req |resa lectron donor despite the fact that thes strate IS Xidize tesecond
atom o mol cu ar ox enis r uce to water. . Sinc ses art ate In
Ptetta)t |sm man ounds bacterla tisev ent responsr
|o |ca frxatr was not ormerly reco nrze
8? a attack u on a c emrcal Jy Inert molec Ie Bg often to % mrtra ed by a
mixe ct|0n ox 9 nase t us, M, J. Coon and co s have studied bact r|a enz me
sstemf dat Han ferrous ons or eaero IC conversron 0 are Into
ﬁctano an rt ewo | atrono fatt acr . ns us Hrad and collea ues
ave shown that mixe unctlon ox enases re| wolve |nte egradation of cam
89 or aronlatr% com oun rae ey cerra two grox ?rou re
|ntro uce into the benzene n eus g enasso |st L ation 0 te
course of the reactloncta se heeo enases acte or| In a een di |cu}
ecause they are so labile, dles av eas om ete as those 0
%u f the ma m ans ste[n %t conv R amne mtot rosing and for
WhIC y ) |opter|n as eetn rtn c%etm add|t|0 0 tADPII However, O, {-ia al-
sr ave shqwn tha acterial hydr 10 renic acid to give
3% %vguremc cr? roceeds rou?] 7y8 dQ M dn r Hso that anthra Y
Cld IS OXId to catechol by another cefl-free a}/stem %Si wit terPteJme ate
%rr(neastcrﬁ%eo an epoxr utn to 3,9-cyclohexaaiene-1,2 ese recent findings wil

o A AL TR e
os tion meta yrocatec se recent stalljzed by Nozaki,. Kaga alsh
etvveno rox dec arn 0mog entrsrc 5e). emeta I|c SIg-
nlflcan eof ox ases edlsc 58 wth reference 10, enzymic reactlon
eo t e Cl ate rec |c convertt rogucts of rin -fissj on| to com o
e re c now r -fission catalysed also may al
cutt f taxono IC a a 3|s of t e aero ¢ pseudomontads (Stanier,” R. Y &
erom .J., personal commurfication).

Induction and Repression of Enzg1 es bg Oxygen. By J.W. T. Wimp enn%/
EBa{?an?)mIStry Department, Oxford) and D.E. Hughes M|crob|ology Departmen

Facultative bacteria can grow in a wide ran e of Oz tensions from that at pormal
amospherlc ressure ocom [ete anae[o 10SiS. truestlon to edlscussed IS whether,
9 \1v % (anaero |ca\I a Prca ntatrve op nism suc ﬁsc herichia coli |s
enz Iya structur%llysrmr toano 8ate altae e, Atelrnatl Cy dIS It essentially
eronic’o Gg nism 1n which 02has, either |rect¥ or mdrrecty Induced new enzymes
reﬁre those connected Wf('[h agro IC meta ?] r%
teex erlment Wor P ? 85 een rled out by Dr Wi penrn?/
a/ artmout edical Schqo ra}q 4), Biochem.’J. 90, 2
as mvo Ve ee timation of the enzymic ahd chem c% ons Itution an the ation o
enzym srnce ot Escherichia coli gro natt1 erent tegsmns Itwa oun at under
anaero Ic con |t|0nst ere was a considerable reduction lllt not com ete su tt) ssion of
enzgmes assoclated wit eIectron trangP%rt to 02as final eectr?%a tor. Att esame
New enzymes g a oun nyro enase and re 0X, %(Ee
Bytoc ronée ap earf\ ! Wimpertny, J:W. T., Hughes, D. E.'&Ranlett, M. (19
em. Biophys. Acta,
QIghe Bnaer |QaI qro nfacu?tatlve organism t erefore%ontrasted shar Iywrt oblrgate
Baero es especla {t e co os lon of the memprane was more flke that of an
ate aerone than that of a '[yﬁl ga]tle anaerobe. There was no marked change In
structure or chemical constitution in any cell component measured.



X|| Society for General Microbiology : Proceedings

Itwo |d agrﬁr rthatthe ability of fac tatrv orPanrsms fc ﬂrowanaerobrcallyrnvolhe
roducti nz mes concegned mf reduction of alternate ?ubstrates ﬁ? 02 whi
es me trmet elfy ne- ounq ectron transport system of aerobic cells remains,

at
afthoug Itis quantltatlv €SS Signi icant.

Oxygen and the Photo%/nthetrcAgParatus of Athiorhodaceae, B¥June Lascelles
?Mrcrobrology Unit, Department 0f Biochemistry, Unrversrty of Oxford

hotosynthetic bacterja of the Athigrhodacea ily are fac tatve aer bes
Si c t eg vvyertper anaerobrcaﬂ In the Pq‘ht or a?r% an th gaarli( Yét ebl
t e g 0S nt etic R lgments, bacteriochloroph arotenojds, 1S considera LX
|n uenc g %r onditions; organisms grotn hoto nt etrcal contain apo
0 times re of these p| ments t ant ose 0 n aeronicall fect of the envrron
ment on the ents m IS clear| est |s ed as |re ress |on r¥ 2rat er than as
ductron tsrnc 1) Iintroduction o 21nt tures qrowr 0 érnder contrnuous
) '"g G Bl Rt B
g%dark provided that the Oﬁcoﬁcentratron IS Tow’ (Lasch?Eg J. (1959), Biochem. J. 72,

o e R
e grtt%ott.rttss i S
At |orTw0da eae from to P enteg stat hrch occu [rJnt éa%

|n lgh. concentration In photogyn etcaﬁ1 %rown orﬁanrs s. It can therefore be con-
hesr gest at02re resses the synthesis of other tomponenits of the photosynthetic apparatus
thatcan be achi db vary |n gr conditions 1S re in the conce ratrono
enzymes concern In hesnt esrs t
i %e and
fase are five to te r in pigmented cel err synt
re ressed ‘hou not comg t
te’ magnesium é wn elthreirrt r% nome Iyl f er)t?ss %ne ICoan Jt oosf (h
%ano%anrsmsp{ E th erger, Tar# ? 1963§ Brog gg;v
IS SU tbstst aﬁOan Ses c? or Ina re ression of all t
Steggnlt]rcttl f bacteriochlorophyll synthesis IS not achieved solely by repression of
t; PPt SymAnests 0 7 i could
Inhi %actr ? enzymes ¢ ncerne(? Int ernrtra sa es of'th edaat way. Anothe
ossrér It és { avoP S. OXI atron 0] F mate vrﬁt e tricar
educing the availability o Ive
e fupction. of ribulosedjphosphate carboxylase in the Athiorhodaceae cannot be to
ender (%]Savar a[)eas asb IE r%nso rce srhze thelseo aanms use organrcs %strates

the non at) %m te
under low aeration.is accompan %rncreases In"the various componenhst tare oun
e
e 100-fold clifference in bacte |ochIor ophyll (ﬁontent of Rh i (ﬁegpseudomonas S herorde%
IS pigment Trom sucernP/ CoA and [Yc]r
enz mgg reiponsr le for the first ste srnt i)at Wag d-amino ae urn te synt !
oneee t Bﬂ aems thclh
Fa resent in ceI e ahility t
n esot at Wa
hacter] 0[)08 9/ thoug contirmation orthis reqwres urtper?( g rriedge P’[?tg Indivi ua
l0synthesis
te |os nthetic enz me eimmediate ef mentsnt cou occur
Q"C acrd c¥ T
er ¥ suceinyl CoA for diversion towards cetrapyrrole
Frt IS purpose. The primar unctrono he carhoxylase e to convert G
Srate, vihich, und yh L oo r

(ﬁ? c which, ‘Un erga otosynthetic conditions, cou?% act as a ‘sink’ for e% ehss
c Wer nerated ?xr ation oé the o anic su strate re S|0n
ternatrve tlet for reoxi atrono ADH, nh thg eanao ous

ere ressron of nitrate re uctase by 02in organisms cap e of dissimi atory nitrate

The development of th osynthetic, apparatus in Athjorhqdaceae involves the
co- ordrnate(J grntehesrs ort eprhn |vsr)éuaq unrtsph)v?nch SmcIude the p(fgments components
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oftge electron t‘ans ort chain and anci Iar‘xenz mes. Electron rnrcroscoRg has shownthat
modifications alsp occur in hectoR ic membrane resutln Int garance 0
str Ct%t ﬁ s termeq chromatopnores. T repressron %020 the photosynthe ca&)ara Us
eassocrate structures may be cp é)ared ith the repressio by?uco
res natorzvapparatus In yeast and other micro-organisms. The mechanism’o 02repressron
ot known

InhlAt\)tl)tory E)ffects of Oxygen. By P. N. Hobson (Roiveit Research Institute. Bucksburn.
erdeen

Bacteria have for lon been rou ed in oaerobes facultative anaerobes, and anaer hes,
but there are 9 Eon in he road cate% rrg he Initiation 0 rovvh rom
sm mticuao ne |c acterla an rt)roéozoa IS |te oxy?en an a Eh
Inthe culture megium. but |ﬁ IS not eafs eermrneexac%g at aetge con |t|on Ina
me |um es ecra atthecel su face, Trom meas rement]so Xidatl nre uction otenHaIs
cont e aseous phase of the medium. The measura eﬁon ||t|on such as
Eh und erw |c can ernrtratedaf]ovfa with comgosrtrono the cultyre medium.
econ 10ns rcon muatrono rowth, of anaeropes rapid gro hh%started
can be Ifferent romt Se needed 0 |n|t|ate rovirt there 15 8vidence that some
aerobefs can util |ze0 In g rowrng cultur ? |'as In no (Irr wrng suspensro
ects? Oaon growrng nate bic and facultative anaerqbic bacter &a var Yvrth the
Ical state of the ¢ fs me thesevaryrn% etfectswill be discussed and exa g Iven
Ieterrous effects o 020n rowrn and r “nj% acteria under drfferentc[t | ons
ere IS evi encet at 02in ex ess IS oxrc to all ficro- orPanrs i/ent 0se cﬁss
stﬁrct aero ? rhtrs may be clue. toa on-specific oxidaton of thio rougsntt (?fs
The reasons for the reate sensrtrvrt ana ronl bacterra to 02cannot So far be defi
mtefH tated. The aset eory J n|n |t|on of anaerobes cann t be eneraII
ca someo th ere tevr en rt e rejs nce In some a aero eso enz 'ﬂ
tems Whlﬁ ar(e Inactl ate 0 or H the met bo I ctrvrtl 50 é
B es, wil |scus% Thes enzymesst ms ave been foun m |n fh
there exist. many bacteria such as th oto nt etic anael'1 ac ena sulphate-
reducin bacterra and car oh dr fe- fer ent| acterra |d%have more e>t<act|
re(%urre ens for anaerobl cond trons ant eCostrr la. T gresenceo eas|
autoxid zabec toc rome ec rontrans ort systems In these bacteria may be the
cause of their need of hrghly reduce conditions for growth,
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InJ. F. M Hoeniger (1965). J. gen. Microbiol. 40, 29-42

Page 34, Results, Fig. 2:
For  ‘Percentage of bacteria having the indicated lengths of flagella’
Read ‘Percentage of flagella having the indicated lengths'

In C. A Schindler (1965). J. gen. Microbiol. 40, 199-205

Page 200:

Line4d  For Nossil Read Nossal

Line 18  For tent-butanol Read tert-butanol
Line 43 For 540/ Read 540 nift
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