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INTRODUCTION

The, extracellular dextransucrases of Leuconostoc mesenteroides (Hehre, 191 ;
Tsuchiya et al. 1956) and of Streptococcus bovis gDarn Neal & Seeley, 1956; Batley,
1959ﬂ ave been described, A number of report haveaso shownt at some |acto-
bacilli produce extracellular pol sacchandes which )Qe glucose on ydrolysrs
These investigations, someo Ich were reviewed oy Pérquin (1940); did” not
attem tio | entrtg ful Ig/ or com are the olysacchand &) duced by lactobacill
Wrtht edextrans f leugonostoc nd strep ococeus.  In adaition, littlé information
Is available on the condrtrons under which lactobacilly produce extracellular poly-
saccharides except th %tt es%/nt etic capacity rsun?ta le and cultures stored jn the
Iaboratory lose the ability t0 produce the extracellular material after a period of

fim

Pederson &Albur I(11955?J reported that certain non-dextran-formin Ieuconostocs
and certain lactobailli could e ‘trained’ to roduce dextranb se a transf er |n
tomato or orang {urce broths at low pH, - More recently, an sto ouma(b
found that ISolations from srlage which they desrgnate Lactobacrllus revrs
‘variable’, produced extracellular™polysaccharides wher transferred by the method
of Pederson & Alhury ( 195511 Niven & Evans (19572 described L. viridescens from
spoiled meat products which also produced an extracellular polysaccharide from
SUCrose.

A number of addrtronal reports, have dealt with lactobacilli which produce a
eterogeneusrn saccharide material from various sugars. Millis (1951) described
a slime-forming heterofermentative rod from ‘ropy” eer. Shimwell (1949) had
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found an organism earlier which had similar pr ,p/lopertres Barker, Bourne, Salt &
Stacey (19 vtljwr‘ound that the organrsm which Millis had isolated producedaiaoly
saccharide which contained sevéral sugars. Williamson (1959) also found a slime-
prod}ucrn organism in beer which gréw on maltose and produced a heteropoly-
saccharide.

This_paper reports the results of an investigation in which slime- formrnﬁ lacto-
bagilli from several sources were examined for purposes of comparison. The chiemical
compositions ?f the extracellu ar matenals %duced by variou Iactobacrllr Were
studied as well gs the conditions und erwrc they were produced. A previous
report stemmrn% from the study described the re atronshrg between temperature and
dextran production in one of the strains (Dunican & Seeley, 1963).

METHODS

Micro-organisms and media. The lactobacilli used were those which had, at some
time, prodced extracellular polysaccharrde from sucrose. The group contained
elevenstrarnsused Pederson Ibury 1955 )Lactobacrllusvrrrdescens ofNiven &

vans (1957). a rop [y beer lactobacillus ron Carr (1959), five ropy heer strains,
Inc udrn?W Ikerssrarnfromaco Ilection of Dr M. Sh rpe (Shirfieid), six srlag
strains from Dr T. Gibson (Edinburgh), five strarns from Dr Naylor (Coméll
University); nine strains were isolated™by the au

Culture”medium. The medium used was tlat of Man Ror{;osa &SharP 41960g
without peptone. The basal medium contained no carbonydrate andis refefred'to a
‘MRS’ medium. The concentrations of carbohydrates used in various experiments
are |ncluded In the eq(ends of the Fi ures or rnthe text. Stock cultures were marn
tarne ¥reezrn in skim milk 0r|n Yop hilized state. Because of the inhib |tor}/
effects of elevated temperatures of growth ont esYnthesrs of polysaccharides, all
cultures were |ncubate at 30° (Dunican & Seeley, 1963)

Purification of -polysaccharides, The Rolysaccharrdes were precipitated from the
cell-free supernatantculture fluid by the ‘addition of 2 vol. chilled 95% ethanol.
When low yjelds of ﬁlucan were encountered the flasks containing ethanol were
stored overnight in t erefrrHerator to allow precrﬂrtatron of polysaccharide, Two
aadifional reu?rtatrons with ethanol and one with 2 vol. acétone were sufficient

to quve relatively protein-free samples of dex{ran.

e heteroR ysaccharide was Rroduced In very low yields and jts isolation
necessitated the concentration of the cell-free sPen media o, one-third Its onrirnal
volume by distillation under vacuum at, 50 betore the addition of the ethano

Analysrs of polysaccharides, Tepartra punfred oysacchandes wereh dro-
lyzed by the ‘method of Williamson drdlysates were peutrd |zed
y the dddition ofsaturated Ba(OH)2a dt esolrd aS04was removed by centri-
ﬁatron Paper chromato&;rams Were P]repare ly standard technrques wrth the
following solvents; (1) butanol +et anol+ wate i ) descending
gCh Tobias, 1 butanol + acetic acd+water ( 1 4, by vol.)
scending (Lederer &Ledere 195%%) Sugars were detected bg methods uSing (a&
a(nrlrnaen+sdrprl]ten amine %Snrgéth 19 d)man naghthoreseorrrérnol { artridge, 1948grgrnOf
isidl
Bc)r E)rcular vaf 5 becguse ofthe |fferent colours tleverlopeél gvrth the ffergrlt sugars.
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Serological detectron of %ucan The supernatant cell-free spent culture fluid was
adjusted™to p ortion of this culture fluid was layered over type Il
Pneumococcus serum g urrou% Wellcome) in.a vial, The formatign of a fing at
he Interface within 15 min. constituted a positive test. Types | and |11 sera Wwere
used as controls,

Preparation of cell-free extracts. OrrIranrsms Wwere deposrted byrcentrrfu ation and
were washed and suspended in acetate buffer (O-Im 8 he organisms were
broken In a Raytheon sonrc oscillator, Model DF 101 0 Cyc. for 30 min, The
un ro en o (%anrsms and arge particles were removed by cenrifugation £800

30 min. Glucan sucrase and invertase were assayed as described in Dunican
SeeIey (1963); protein was determined by the biuret method (Gornall, Bardawill &
I\Blatwr%j II1(94 b nucleic acids were meastred by the spectrophotometric method of

ltche

Manometrrri studjes. These studies were done by conventional techniques, Organ-
isms In the 8arrt mic ase of growth were washed and suspended In stigar
acetate huffer Eac cug contarnedZm organisms, 10//mole of the
sugar in acetate bu er T tal volum Was% ml._The centre well had 0-3ml.

(/? KOH. The temperature of the bath was 30-2".

RESULTS

Two tyPes of extracellular Eol%/saccharrdes were produced during growth of the
cultyres. Table 1 shows the distribution of the twot pes amoanr some of the strains
studied. Four o anrsms which were ysroogrca simifar to L actobacrllus
pastorranus orme glucan from sucrose,”whereas the majority of the strains
produced a. polysaccharide which contained mannose and qu ose. The latter
polysaccharr was designated as ‘heteropolysaccharide”’

Table 1. Extracellular polysaccharides of various lactobacill

Heter}o-,

_ No. of Glucan polysaccharide
Organism strains producing producing

L. brevis ) None None

L. pastorianus 0 4 None

Unidentified* 26 None 18

* Exhibit similarities to L. buchneri and L. cellobiosus (Rogosa et al. 1953).

Substrates for polysaccharide production

The ([rlucan roducing strains rwm-13, rwm-1, rw-119 USed sucrose as the sole
substrate for glucan formation. Polysaccharide was not produced from glucose
maltose, cellobiose, trenalose, mannose or fructose. These three strains varied. in
their ability to grow on Iactose melrbrose arabinoge alactose a-methylglucoside
and starch, but none proguiced gfucan from aney [)these Su stflnces

[n contrast to the specificity of sucrose as the substrate for gucan formation, the
heteropolysaccharide was produced from several sugars, Inclu mg maltose, sUcrose,
gluicose, 8a|actose and lactose, but not from frictose. Furthermore, fructose
with sucrdse prevented the formation of the polysaccharide.

19-2
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Chemical composition of the polysaccharides formed

The isolated glucans were purified as noted previgusly by ethanolie precipitation;
they were then hydrolysed, and examined by chromatograghy to' identify the
component sugars. Glucose, was the only suaga found. Its Identity was confirmed
bg reaction with glucose oxidase. The u_nh%/ rolx,sed olysaccharide did not glve a
cOlour with iodine and yielded a precipitate With typé [l pneumococcus Serum
confirming, the view that the material was a gluca. _

The purified heteropolysaccharides were gxamined c_hrom%tographmally after
h%/d_rolysm. Table 2 shows the composition of these materials obtained from several
strains; mannose and glucose were the component sugars except In two strains In
which rhamnose also qccurred. The unhydrq’]ysed material contained substantial
amounts of nucleic acid material and proteii. The heteropolysaccharide did not
give a precipitate with type 11 pneumococcus serum or stain with lodine.

Table 2. Chemical composition of heteropolysaccharide synthesized by
varlous strains of laciobacill

Strain Mannose Glucose Rhamnose
RW-11 +++ + —
o-144 +44 +4 4 —
s-38a ++ 1 ++ 4 —
d-18 +++ + —
5-49 +4+ + —
D-l + 4+ +44 -
d-16 +++ ++ 4 —
B-ver +4 4 +4+ -
8- +4 4+ +4t -
|15 +44 +44 -
2 +4+ + +
+ + + = major component; H = minor component; — = ahsent

It was ag{parent that while relatively few strains of lactobacilli examined Produce
a glucan serological I¥ similar to that of Leuconostoc mesenteroides and Streptococcus
b?ws. the majontg/ ot the strains produced a material which contained mannose and
gucose, and so résemoled the material reported by Williamson (1959% and Barker
{ a_I._(19583. The etero%olysagcharlde was 0 sinilar to the gross chemical com-
Bosmon ofthe cell walls (Cumming &Harris, 1956) that the material was considered to

e the Iytic 'oroduct of the hacteria and was not studied further. This conclusion was
supRorted alsp %y the low yields of heter,opolzmer found, viz. 250 mg /. In contrast
to the high yields of glucan observed, viz. 15 g./l. by the glucan-producing strains.

Effect of sticrose concentration on the production of glucan

The relationship between the %uantit of glucan produced b?]/ Lactobacillus
strain ry m-13, Qrown at 30° and concentrations of sucrose Is shown in Fig. 1. The
results differ from those of Neely & Nott (1962) who_ observed that Leticongstoc

Ewelsenteroides did not produce dextran in media with sucrose concentrations
elow 2%.
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Effect of initial pH of the medium on the production of glucan

Adeouate control of pH value has been shown 0 be a reg |rement for dextran
production br(oultures of Streptococcus hovis (Bailey, Barker, Bourne & Stacey,

and L. meseriteroides (Tsuchiya et al, 1952@. Figure 2 shows that when the mrtra
pH of media was between pH 5 0 and 7-0 there was no profound effect on the glucan
roductjon b}/ L actobacillus strain rwm-13. There was a marked decrease in the
roduction of glucan, however, in flasks adjusted to pH values outside this range.
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Fig. ]13 The effect of sucrose concentration on glucan production by Lactobacillus strain
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rwm-13 after 48 hr of growth.

Frr[1 2, The effect of initial pH value on the yield of glucan by Lactobacillus strain rwm-13,
after 48 hr of growth.

The effect of the omission of various components of the medium on glucan production

The medium of Man ¢t al. (1960) was used in this mvestrgatron It contained
sodium acetate, diammonjum citrate, Tween 80 and Mn2+ in addition to the normal
components of a medium for lactic acid bacteria, The re%ufts o(FI? 2showthe effects
of t e omrssron of each of these components on growth an %uc n productron
Lactob ?cr lus tram iy -13. The acetate, citrate and Mn2+ were required o
optima %rowt gucan production. The effect with citrate was es ecially
notewort since the omission of citrate led to a lag in growth and no glucan was
produced m the first 24 hr of growth,

The lag in growth due to th omission of citrate was further investigated and the
results are présented in Fig. 4. The broken lines show that the omission’of citrate had
atwofold effect, decrease cell and glucan yield and a greater lag before appreciable
growth and glucan productrorf] cclirred.

The strm atory “nature o t ese components of the medium on growth and
gucan Rro uctron corresRIn s t0 the observations of the requirements for citrate

|

nd manganese (Evans &Niven, 1951; MacLeod & Snell, 1947& and acetate gGurrard
Snell & |I||ams 1946). The effect of the citrate may be

Ue to Its effect as an
additional energy source (Gunsalus & Campbell, 1944).
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There was nq requirement for Tween 80 or carbon dioxide for either growth or
8Iucan production, Stre_ﬁtococcus bovis has been shown to require COZ'for good
extran'production (Dain, et al. 1956; Oxford, 1958)

The production of glucan by Lactobacillus strain rwm-13 in relation to cell growth

It was observed early in this work that there was a large increase in the production
of glucan towards the end of cell growth. This is shown in Figs. 3and 4 where it may
be a%ehn that the greater part of the glucan was synthesizéd in the second day of
growth,
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iq. 3. The effect of the absence of certain components of the medium on growth and
olysaccharide production by Lactobacillus strain rwm-13. Columns represent the total
lefds, of cells or polysaccharide after 48 hr growth. Horizontal shading represents cell
;ﬁ!g&ngoz/l gﬂbr&agonal shading represents polysaccharide yield in 24 hr. Medium con-

0 .

Fig. 4. The effect of the omission of citrate from the medium on growth and poly-
saccharide pro?,ucnon by _Lactobacillus strain rwm-13. Solid linés = media with
citrate; dotted lines = média without citrate. Sucrose concentration. 8%.
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p?rtlons ofthe culture Were removed at intervals and the quanti-

ties of bacterja and g UCan were measured r(h;rawmetncall . The results are shown In

Fig. Sinwhich the plots ofhoth entities are made on a semifogarithmic scale. The bact-

eria er weight shows the devel_opmen} ofa (thPmaI exponential growth curve between
d

In order to studey

he relationship of polysaccharide formation to growth over the
entire growth cycl ?1 Cultire | ?g '

5and 15 hr,” During the same interval the production of glucan Is also exponential,
su%gestmg that the Processes of glvcan roduction and growth were dependent on
One anothey %nd that the enzyme fIJ Ucansucrase was gerhaps,hberated In relatjon to
the need of the organism to hydrolyse sucrose, The decrease in the quantity of bact-
eria during the late stationary phase of growth Is correlated with increased glucan-
sucrase activity eﬂthough no 8?ent caP blﬁ of | smg Lactobacillus strain rwm-13
was observed In the spént mearum or In cell extracts of this organism.
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The results shown in F|gE5 indicate that the synthesis of the enzyme or its release
were related to growth. “Efforts to locate the enzyme in the ordanism were only
partially successful sincemethods ofdmmtegratlon ofthe bacteriabymeans other than
sonic treatment failed so that extracts free from excessive breakage of the particulate
fractions could not he obtaingd. However, the centnfugal fractionation of such
extracts of Lactobacillus strain rwm-13 In @ Spinco préparative centrifuge into
105,000? x 90 min. soluble and particulate fractions showed that 85% of the actm%y
was contained in the soluble fraction. There was little activity in the cell-wall fractior.
The data do not identify the enzyme glucansucrase with any structure but do indi-
cate that the enzyme IS located within the organism, necessitating the liberation
of the enzyme during growth.

Activity ofglucansucrase in cell extracts

Glucansucrase was assayed in extracts of Lactobacillus strain rwm-13 tR/ the
method of Dunican & Seeley (1963). Replicate assays were prepared in 10 4M-AgNO3
and invertase activity was compted as reported”previously. Figure 6 shows the
activity of glucansucrase as a function of time of incubationi and a 6 hr period was
selected forfyture experjments as a suitable time_to incubate the enzyme assays,
This O|?rgparat|on showed negligible invertase activity and this activity was not
recorded.
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Fig.5, The s¥nthesis of glucan in relation to bacterial growth of Lactobacillus strain rwm-
137 Yields of polysaccharide and cells are expressed on the same logarithmic scale.

Fig. 6. The activity of glucansucrase from extracts of Lactobacillus strain rwm-13 with
reSpect to time incUbation of reaction mixture. Temperature of assay, 37°.
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Effect of incubation in glucose brath on the content of?lucansucrase in cell extracts

Lactobacillys strain rwm-13 was grown to the early |ogarithmic phase in MRS
medium containing 4% glucose. Or%anlsms were removed by centrlfugatlon, washed
In acetate buffer %0-1m, pH 56) and suspended in MRS medium containing 2%
sucrose. Portions of the culturé were removed at intervals after the addition of
thT sucr(ﬁge and weye u1ckly%h|uedto_0-5° at hlchteﬂqperaturethe ba%terba ere
collected by centrrfugation. The bacteria were then washed in acetate burfer, broken
in the sonic oscillator, and assayed for %Iucansu_crase and invertase. The content of

lucan was also determined ineach of the portions of the culture. Figure 7 shows

e results obtained. There wag.a 5|gn|_f|cant amount of glucansucrase at zero tjme
which gecreased as the time of incubation in the sucrose’increased. From the data
shown in Fig. 71t was concluded that the glucansucrase was constitutive in Lactoba-
cillus strainrwm-13 Since it was present inthe bacteria in the absence of its substrate,
sucrose. This enzyme, therefore, resembles that of Streptococcus bovis which has been
reported to be constitytjve gs%ney, 1959). The reservations placed bX Ballesy_on the
constitutive nature of the S, hovis enzyme apply also in the present mvestigation
since It was not ﬁossmle to rule out the gresence 0f minute amounts of sucrose’In the
components of the medium or {0 exclude the £053|b|l|ty of synthesis of trace amounts
O sucrose by the bacterlasuffl,flent to Induce glucansucrasé. The gresence ofglucan-
sugrase In extracts of Lactobacillus strain rwm-13 grown on glucose has been réported
before (Dunican & Seeley, 1963) where extracts of bacteria grown on 4% glucose
?,r LCrose were shown 0 confain equivalent amounts of Iucansucrﬁse. These
Indings may be contrasted with those of Neely & Nott (1962) who showed that
Leucciostoc mesenteroides did not form glucansticrase on a glucose medium, but
began to form the enzyme upon the addition of sucrose.

Spontaneously occurring, non-glucan-forming variants of
Lactobaciflus straim rmw-13

Mayer (1938) first noted variation in the colonies of dextran-forming lactobacilli
grown on 9I_ucose agar, Smooth colonies which did pot grow aerobically were found
in the matrix of rough_ colonies, Perquin (1940) also, dbserved smooth colonies In
cultures of Betabactérium vermiforme and, in ‘addition, found that the smogth
colonies failed to produce dextran. Spontaneously occurring variants of Lactoba-
cillus strain rwm-13 appeared frequently when Gultures Of this organism were
strgaked on 8% sgcgose agar. The \/_?I’I nts werelanallg Very sensitive t%o ?en
and colonies Emk_e rom the agar failed to grow In glucoSe or sucrose broths unfess
the broth was boiled before use and the medium was covered by a vaspar seal.

Properties of the variants

The variants existed as long rods in chains. Many or[%anlsms in a culture were
10-20/i long In contrast to the Par%nts which ranged from 1-5 to 3t

Althou%h studies to compare the biochemical characteristics of the parent and the
variant sfrains are not yet completed, it was observed that the variant had a
stronglx fermentativ ty_E)e %f rowth Ismce 0as roguctlé)n b¥ this organism was
VIgorous as compared with the nominal amotint produced by the parent.

—
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Utilization of sucrose by the variant

Some reports on dextran, formation by members o: the lactobacilli contain the
observation that the capacity of organisms to produce d?xtran was transient and
was often lost when organisms (after1solation from natural sources) were cultivated
in the laboratory (Shimwell, 1949: Carr, 1959). The effect of increasing the tempera-
ture on the proguction of dextran by lactobacilli has been discussed (Dunican &
Seeley, 1963). Since the variants of Lactobacillus strain rwm-13 Were characterized
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Fig. 7. Polysaccharide production and glucansucrase activity of Lactobacillus strain
rwm-13 in a sucrose-containing medium as a function of time. Time 0 is the point at
which sucrose was added.

Fig. 8. Oxygen uptake by glucose-grown organisms of the variant strain of Lactobacillus
strain rwm-13 on different sugars. Corrected for endogenous activity.

Table 3. Sucrose hydrolysis of cell-free extracts of variant of
Lactobacillus strain . n -1

Organisms grown in MRS 4% sucrose broth for 48 hr at 30°. Assays carried out for 6 hr at 30°.
AgNOswas used at 10 4m ; pH of assay mixture was 5-6.

Reducing sugars in assay mixture

Extract mg. net activity % activity
Without AgN 03 (total activity) 3-07 100
With AgNOa (glucansucrase) 2-55 83
Difference (invertase) 0-52 17

b}/ their inability to synthesize glucan, it was apparent that a studY ofthe utilization
o sucrose, in tfie absence of glucansucrase, might contribute to the understanding
of the loss of the ab_llltg of the mlc_r?-orgam_sm to form glucan.

The variant strain 0f Lactobacillus Strain rwm-13 froduced no glucan when
grown on sucrose in air, when grown anaerobically, or'in various atmospheres of
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C02and Na Since invertase has been shown to function in sucros ufilization b
dextran-forming lactobacilli under certain conditions (Dunican & Seeley, 1963) i
was considered” probable_that invertase was the means by which sucrose was
utilized b% the variants. To test this hypothesis the varjant’was grown on an 8%
sucrose medium and extracts prepared _and assayed for glucansucrase and
Invertase. The data obtained are shown in Table 3. The content of_%lucansucrase
of the extract was found to be higher than was expected, consideri ? the falure
of the whole organisms to synthesize glucan. However, these extracts contained
a small amount of invertase”(Table 3). Manometric studies (Fig. 8) indicated that
the invertase present in the organism was the enzyme primarily acting on the
sucrose. The results show that oxygen ulpt?ke front sucrose was a[_fprommately
one-third greater than that from equimolar glucose or fructose. Sucha result would
be expectéd from invertase activity which provides both monosaccharide moieties
for oxidation, since glucansucrase activity would provide only the fructose portion
for_oxidation while” the glucose Was pol?]/menzed. _

The failure of the variant to_form glucan cannot be attributed to the absence of
the enzyme but Rarently to its upavailability. The enzyme could only be demon-
strated with broken organisms, Indicating that some liberating mechanism was not
functional in the variant, The mechanism for the liberation of fhe glucansticrase was
not elucidated beyond the demonstration_that the small invertase content of the
Qrganisms was functioning durln% growth. The slow growth of the variant may result
from the inadequate supply of this enzyme.

DISCUSSION

The ohservations re_i)orted here confirm a number of reports that some hetero-
fermentative lactobacilli accumulate twa types of extracellular polysaccharide in
the culture media in which they are growin F}Perqumd 1040; Niven &Evans, 1957;
Millis, 1951). Several strains Whicli were Ysmlo?llcal_ly_smllar to Lactobacillus
pastorianus produced a glucan which was serologically similar to that produced b
Leuconostoc mesenteroides and Streptococcus bowis. The majority of the cultures
studied E)r_oduced a heteropolysaccharide which contained mannose, ﬁ,lucose, protein
and nucleic material, and resembled the substance reported by Williamson £195_9).
E}hetc%mpoattlo_n ?fthls ma%terlaé anddthe %maII”arPo%mtb rtoduce led t? tlh? con Igsmtn
at the materigl was not produced extracellularly but was an autolytic product.
No phymgiogmai basis couﬂ be ?o_un 0 expvam Vvhy cultures o the%e 1pgrtlcular
?tralns did Not always contain this Iytic material or why it was not formed on
ructose-containing media.. _ _
ne of the otgeotwes of this mvesthatlon was to explain the c%use of the in-
stanility of 8Iuc_ n production. Although Pederson & Albury (1955) nad found that
dextrani-producing strains of lactobacilli which had lost their ability to produce
dextran could be™‘trained” to synthesize this Polysacchande_by serjal transfer in
fruit 6{Ulce meia, no exsplanatlon has yet been found to explain this behaviour. It
was dssumed in the vJJre ent work that the ability to lose and regain the capacity to
synthesize glucan was a variation of a smgle process. This assumption was “not
biorne out exPerlmentaIIg. However, two events which resulted in the loss of glucan
synthesis were estanlishéd. The loss of dextran synthesis at temperatures anove the
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optimym for growth has been rePorted (Dunican & Seeley, 1963); also, naturally-
occurring variants of Lactobacillus strain rwm-18 weré found which did not
groduce Olucan. These two events are related in that invertase activity accounted for
ucrose_hydroliysm In the absence of glucansucrase activity. Glucanslicrase was not
synthesized af the elevated temperatures but jt could be detected in the broken
variant. The failure of glucansucrase to be liberated or to functiop In variant
organisms In which it was shown to be present could not be explained.

he. loss of the ability of lactobacillus to synthesize glucan can be related to
cqnditions which (13 inhibit the S)Anthe_sm of theenzyme or EZ) Inhibit the liheration
of the enzyme into the medium where jts actmtr IS fecessary for sucrose utilization.
Under laboratory conditions, it is_improbable that the “elevated temperatures
necessary to cause the inhibition of %Iucan_ sucrase synthesis are  factor in the
routine growth of glycan-producing laCtobacilli, The v r|ab|I|tY of glucan synthesis
would then seem t0 lie in the accumulation of the spontaneously octurring variants
m?gl)l/%?sked the synthetic capacity and which utilized sucrose by an invertase-type
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INTRODUCTION

In the study of actinomycosis there have been man drsa%;reements about the
nomenclature and taxonomy of the bacteria invalved arid the identity or otherwise
of strains of human and animal orrgrn The |dentification and naming of bacteria of
this general descrrirtron found | |n denta (rr aques and in carious cavities, has been even
moré controversra Part of these difficulties has been due to the chan Ing state of
knowled %e over the years and tErart tq the varred emphasis placed on ce arnc arac-
teristics staxonomrc criteria by individual taxonomists. The historical background
to these problems may be deduced from the monograph by Buchanan 81925 and is
dealtwrth rngreater etail elsewnere (Melvrlle 19 21 A wide selection of organisms
must be chos nfor%cassrfrcatron qverall similarity so that oundarg lines are
not gredetermrne ut there are practical limits to the numbers of 1solates which
can be dealt with at the one time. The resent mvestr%atron has been confined to
parasitic or pathogenic branching or diphtheroid organisms from the human oral
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cavity with some boving oral strains for comparative pur?oses. It must be borne in
mind”that all taxonomic conclusions drawn_ are subject to the proviso that this
group of organisms was selected by oral origin.

METHODS

Organisms. The 71 isolates used in this stydy are listed in Table Lwith their source
and the name under which they were received, _ .

Features. Each of the isolateS was characterized by usmq the following criteria:
colonial and cellular morpholo% of well isolated 5-Gay colonies (n;rown at 37° on
brain heart agar plates; microtolony. formation examined as, oo as growth was
evident; cell wall composition (Cumrins & Harris, 1956); ability. to grow on certain
media, in the presence of various inhibitory factors and under varigus environmental
conditions_(Table 2): biochemical featurés (Table 3). Full details of the methods
used are given elsewhere (Melville, 1964),

Table 1 Source of organisms used

Organisms Received as Source
3 strains A. nagslundii Dr A. Howell Jun., Nat. Inst. Dent. Res.,
_ , Bethesda, Maryland _
3 strains A. Bows Dr L. Pine, Duke University, N. Carolina
2 strains A. boms . ncte 9429 and 4500
2 strains A. 1sraelll Dr A. Howell Jun.
4 strajns A. 15raell) DrJ. W. Porteous, Marishal College, Aberdeen
2 strapns A. Israglll . nctc 8047 and 6830
1 strain A. Bropmiucus ATCC 14157*
2 strains A. qonto yticus nctc 9931 and 9935
Lstrain N. salivae” . NCTC 10207* . _
Lstrain B. matruehotii Dr Marion Gilmour, Eastman Dental Dispensary,
_ - Rochester, N.Y.
Lstrain ng%lr%ma nctc 10206*
7 strains - Swabs from_patients suspected of having actino-
_ mycosjs. One from womb, rest oral =
14 strains — Swabs from E,atlents not suspected of having
. actinomycosis. Oral origin ,
5 strains - Root canal saml[:]les from endodontic cases
2 strains — Glnqlvae In normal mouths
3 strains - Tooth ?urfaces in normal mouths
11 strains — Saliva from normal mouths

1 strain C. diphtheriae Qld laboratory stock culture
Lstrain Lact(ﬁ)agl?rus sp. Saijlva from n%rmai mouth

* Qriginal type strains.

The characters of the organisms compared in overall s_imilari% studies are
phenetic, the results of testing the organisms under set conditions. When features
Were studied in |IﬂUI,d or semi-solid media the aerobes and anaerobes could ?row
and demonstrate their characteristics at the agrprqpnate_sne in the bottle. Cultures
on solid media were grown aerobically, or anaerobically in n|trogen+5%gv/\g_
gﬁgsgntgesrtgbvlvcegﬁ duplicated for organisms capable of Eood growth both aerobically

Certain of the ¥éatures observed proved to be of no differential value and did not



Oral actinomycetes 311

contripute to the computation of the relationships of the organisms. Thus all the
orgamsms Were sensitive to aII the antibiotics at the concentration tested: none
fe mente dulcitol, produced emthmase decarboxylated any of the amino acids,
produced acetom 0 acet|c acid in detectable amounts by the methods used to
ana }/set e products of %ucose fermentation, hYdronsed coagulated serum, utilized
paraffins or grew with inorganic nitrogen as sole nitfogen solirce.

Table 2. Growth ability features

Ability to grow:,
Using idrganic nitrogen
On peptong agar
On nutrient agar
Qn casitone yeast-extract agar
On brain heart yeast extract agar
In defined medium éPme & Watson, 1959)
At %H valyes from 5-5to 85
At 24°
Aeroblcally and/or
Anaemblca”y } Technique of Howell & Pine, 1956
In various CO2concentrations

In presence of:
odium taurogholate (01 and 025 % wiv)
Potassium tellurite 600 and 003 %, wiv)
Sodium chloride, (2-0 and 3-0%, wiv
Crystal V|oIet (fmal concentratlons 10-5, 10 6 10-7)

Artibiotics (L gn in ditch plates):
stregtomycn oramphenlcol aureomycm
terramycin, penicillin

Table 3. Biochemical features

Acid production from carbohydrates

Final pH valye and end products of fermentation of glucose
Utilization of organic acids

Utilization of tyrosine, xanthine, paraffins

Production of Catalase

Production of cytochrome component (Deibel & Evans, 1960)
HZA production

Nitrate reduction

Starch hydrolysis

Reductlon of meth[ylene blue

Proteolysis of?ela In, serum, casein

[ndole production

Decarboxylation of amino acids (Moller, 1955; Stewart, 1963)
Urease and lecithinase production

Phosphatase production (Bray & King, 1943; Howell & Fitzgerald, 1953)
Haemolysis of horse blood

Computer analzsm The analy3|s was carried out on g Mercury computer accordm
to a programme Kindly. mq e dvajlab ebsytheUmversn of London Computer Upit.
This'programme was Simjlar tg that of Sneath (1957) except that negatlve matches
were counted as similarities for the reasons prese ted by Hill, T, Gilardi &
Silvestri (1961R Quant|tat|ve data were scored by the additive method of Sneath
1962) since this appears to be the logical sequer to accepting negatwe matches.
uant|tat|vedataandmul le alternativ sforafeaturewerehmﬂe to a maximum
of four. Two complete an SeS Were ma , 0ne covering the 49 isolates capale of
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ood aerobic growth and the other coverin? the 65 isol?t_es capable of good anaerobic
§rowth: 43 strams of the |so_Iatfs Ogrgw sufficiently well in tests done Uncler both sets
uded in both analyses.

RESULTS

1. Forty-seven of the 71 isolates studied fell into two phenons A and B, each was
comgosed 0 ver[¥S ?lmllar organisms or of orgamsms more like the organisms in

f growth conditions to be inc

these two phenoris than any Others In the seriés.
Table 4. Mean percentage similarity values within and between phenons
Phenon
A B c D El F2
No. of strains 21 23 2 U 4 4 7 6 4 4 3
1 ! ( 1 " <
Phenon A 8
84
B 74 %4
75 83
C 6l 59 87
50 64 86
D 58 57 70 84
63 66 78
El 09 7 7 64 83
70 il 7 65 82
E2 59 66 67 60 75 83
58 7 67 65 69

Phenon A contained 24 isolates each of Whl%h showed a mean similarjty value
(MSV).to all the other 1solates in the phenon in the range 83-88 % aerobic (Dased on
analysis using aerobic results) and 82-87% anaerobic (based on anaerohic tests).
All these organisms grew to some extent under aerobic and anaerobic conditions but
one %rew t00 wezgdP/ ﬁeroblcall ang thr%e anaeroblcally to be Pu\ throijtah the full
Series Of tests undef these conditions, Phenon B contained 11 Isolates with a MSV
bet een_S% and 84 % Eanaeroblc tests?. Or]Iy two grew aerobically to any degree
with a high similarity to each other o nearr94%.
A further 12 isolates were more closely refated to phenons A and B than to any
others_established, but the similarity wés Iesi close.” Phenons A and B showed 2
rﬂean interphenon S|m|Lar|ty valye Igof,althe organisms in one phenon to all
the orlgam ms In the other of /5% (anacrobic tests).
2. Four isolates formed phenon C and each showed a MSV between 83-89 %
(aerabic) and 83-87 % (anaeroblcg. All grew well both aeroblcall¥/and anaerobmally.

3. Seven 1solates formed Phe_ on D-and each showed a MS betwefn 80-83 %
gaerobui) (?n 15-80% (anae oblc%. One 1solate grew poorly anaerobically and was
ot Included in this series; the whale group was preferentially aerobic. Two other
%eroblc strains were less closely related to this pnenon hut were more like these
than other orqanlsms In the series. _

4. Two small groups of 4 and 3 isolates formed A)henons_E land E?2 respectwe%\//'
these phenons showed a MIS of 75% (aerobic). The organisms in E | showed a M
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of 81-85% (aerobic) and of 82% (anaerobrcg1 those in E2 showed a MSV of 82-
84% (aerobic) but only one isolate was suitable for anaerobic testing. Two other
Isolates were more like'isolates in E 1 than the others rnvestrdated
5. Two isolates were completely unRIaced and showed Tow similarity values to
aélrgcrg psarosrden of these was unidentified, the other was an oral lactobacillus included
r

DISCUSSION

AIthough similarity values have no absolute correlatron with taxonomic rank the
phenons Suggested yovera srmr larity val ues may be compared with previous
results arrived at by more classical methods of taxonom Phenons A and B and
the organrsms simifar to, but not included in, these phenons appear to correspond
to th e%nus Actinomyces, Within this Penus Rhenon A conforms 0 the description
of A, naeslundii as expanded by Howell, Murphy, Paul & Stephan (1959) except that
some strains grew more easily under aerobic conditions and, especially under these
condrtronf produced catalase. Three strains kindly supplied by Dr A. Howell did
in fact fall into this phenon.

Phenan B conforms jn 8enera| to the descrrptron ofActrnomgces bovis and contains
several isolates described by Pine, Howell & Watson (1960). Two strains of A.
odontorftrcus Islated by Batt (1958) also fell in this phenon; this supports the
cose re atronshrp ofA odonto Xtrcus toA bovrs Su gested by Batty on the. groynds
of similarity of [ife cycle. It may be an indication atthere rsrnsuﬁrcrentjrustrfrca
tion for the establis ment of A, odonto %trcus as a separate specles, but it
borne in mind that only two strarns of t se org anrsms were rnc |uded and that they
were the only isolates rn the phenon which grew well aerobically.

The or%anrsms similar to, but nat included in, phenons A and B, include all the
strains which showed the typical description of Actinomyces israeli mcludrnri the
cell-wall composition described by Cummins & Harris é958) the strain isofated
by Buchanan & Pine (1962) and named A. propionicus and various isolates not very
different from the organisms in phenons A and B.

The other phenons derived from the analysis of similarities each contarned verx
few solates. "Phenon C corresponds to the whip- handIet pe of Leptotrichia whic
Was named eptotnchradentrumb Davis & Baird-Parker (1959) and Bacterionema
matruchotil b){ Gilmour, Howell & Bibby 81961) The present work does not hel
directly tg set et Is controversy since tfie other main oral Leptotrichia (L. buccalis)
was not included in the survey, The phenon is however more cIoseI¥ related to
phepons D, E L and E 2 than it'is to_ the genus Actinomyces, while all Tour isolates
In the phenon showed very low similarity values to th Iactobacrllus rncIuded for
comPanson This would suiggest that the whi handetxges ould be dmore
nearly with the nocardias orcorynepacteria than with the actinomyce an that it
bears little srmrlarrty to L. buccalls if the contentrono chhardson Schmidt (1959)
thath buccalis sh ouId be Iaced near to the ?enus ctobacr US IS corre(ﬂ)

Phenop D correspon st and inclucles sRec [mens of, the Isolates name Davrs
&Freer (1960) as Nocardja salivae and which differ from typical nocardias in cell-wall
composition. ‘No nocardias from other, sources were rncIuded In the analysis so that
the position of N. salivag In this genus is neither confirmed or disputed. Phenons E 1
and £ 2 are as closely related as are phenons Aand B and from the general prgpertres

20 G. Microb. x1



314 T. H. Melville

of the or%amsms included in them may well be members of the ?enus Corynebac-

teriym; the number of isolates studied” was insyfficient to allow further comment

arhcularlx{m View of the complexny of overall similarity analysis of this group
£

Shown ny % Davis %f

In ge eral the phenons established are too small. to allow conc|u5|ons to be drawn
from & detailed study of the properties of the individual isolates in each gr (t;houp
Is of interest that tfig facultatlve isolates fell into the same groups whether their
features were determined aeroblcally or anaeronically, and that certain organisms
which were pre erent|all¥ aerobic o anaerobn: appeared In the same group due 0
their similarity to acu ative strains, The experimental evidence alSo supported
the view of Roth & Thurn (1962) that catalase production is adaptive rather than
constitutive and indicated that production of this enzyme should not, on its own,
be sufficient ground for removing an organism from the ?enus Actinomyces; cer-
tainly some miicro-organisms placéd in phienon A are capable of producing catalase.
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INTRODUCTION

The description hy. Stolp & Petzold (1 962|) and hy Stolp & Starr 119633 of an
obIrgateIY e oparasr ic group ofvrbrros delfovibrio acteriovorus, hr hly specific In
their ability to attac to and cause SiS 0f various Gram-negative ac erra and 10
form plagues on lawns of these host or rlqanrsms provided an intriguing new system
for the study of mechanisms of hacteriaf lysis. Because of the ubiguitotls occurrence
of these baellovibrios in soil and sewage; these organisms may glay an important
role in the ecologrcal equilibrium of microbial populations. in‘natufe. The nresent
work is concerned with the enrichment of cultures and the isolation of baellovibrio
strains capable of growth on artificial media in the.ahsence of host organisms, and
with their nutritional re urrements The host specificity of such bdellovibrio solates
I5 described and some possibl g mechanisms for the lysis of host organisms induced
by hdellovibrios are suggeste

METHODS

Parasite strains. Three Bdellovibriq bacteriovorus strains isolated and described by
Stolp & Starr (1963) were used in this work: strain a3.12 (isolated on Pseudomonas

* Present address: Department of Microbiological Chemistry, Hebrew University-Hadassah
Medical School, Jerusalem, Israel.
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fluorescens atcc 12633); strain 109 (]isolated on Escherichia coli b-2262); strain 321
(isolated on Pseudomonas phaseolicola atce 11355). o
Host organisms. The host bacteria used in this work included: Escherichia coli
b-2262, E. coll. k-12, Aerobacter aerquosa, Proteus vulgarls, Rhodospirillum
spheroides, Caulobacter sp., Pseudomonas fligrescens atce 12633, P, phaseolicola atcc
395, P. ‘aeruginosa, Bacillus megateriym (from the stock collection of the Depart-
ment of Bacteriology, University of California at Berkeley); Pasteurellapestis ev 76,
Salmonella '[thl 0°901, S. typhimurium 12 and S. paratyphi B (from the stock
collection of the Department of Bacteriology, Hebrew Univérsity-Hacassah Medical
School, Jerusalem, 1srael). Other host strains used were the E. toli UDP-galactose-
4-ef)|meraseles_s mutants: strains cm, Gal-16 and Gal-22; and the E. Coli strain
Gal-23 defective In Its ab|I|t)é to synthesize UDPG synthetase (UDP-glucose-
rophosphorylase). The four E. coli'mutants were kindly given by Dr N7 Nikaid
arvard Medical School, Boston, Mass., US.A. |

Culture media. Nutrient broth (NB) and nutrient a%ar %NBAEZ were prepared as
described by Stolp & Petzald (1962). Dilute nutrient broth (NB/10) was prepared
of 1 vol. NB+9 Vol. solution in distilled water containing: ‘Ca(N03£ 200 mg./l.;
FeS04 10 mg./l.; MnSO04 10 mﬁ.ll. o L

Medium Cwas composed of: Hutner’s vitamin-less base (Cohen-Bazire, Sistrom &
Stanier, 195@, sml/l; NaHP04 1991 KHP04 0-9_ﬁ./|.; Bacto-peptong, 10 q./
1; Difco yeast-extract, 1g./l.; thiaminie HCL, 2mg./. (fifter sterilized and added to
autoclavéd companents of medium). For the preparation of solid medium C, 0-85%
wiv) Ton-Agar (Oxoid) was added. Soft agar was prepared by adding 0-8% (wiv)

acto agar fo the liguid medium NB/10. _ _

Plaque formation by bdellovibrios on lawns of their hosts, The host inoculum used
was a suspension (2 x 107 organisms) of bacteria in the late exponential phase of
grovvth_. amples of 0-2 ml. of the host suspension were placed in tubes containin

m, I|(iuef1ed_ soft a%;ar medium to%ether with OT ml. of a selected suspension 0

the bdellovibrio and then spread evenly on the surface of NB/10 agar plates. The
host bacteria formed a confluent [awn on the surface of the plate Within 24 hr of
Incubation at 30°;, plaques Peneral_ly apBeared_ 12-24 hr later., _
_ wgs of suspension of host biacteria by Ddlellovibrios. The host bacteria were grown,
in NB medium for 20 hr at 30° on a shaker. Washed host bacteria and bdellovibrios
were suspended in NB/10 medium at the desired host:parasite ratio and the mixtures
10 ml.) 1n 50 ml. Erlenmeyer flasks fitted with Klett tube side arms incybated In
| shaker bath at 30°. Thé decrease in extintion f(KIett-Summerson colorimeter
}‘|Istiesr 66) of the suspension mixture as a function of time served as the measure of
YEnumeranon of particles by use of an electronic particle coynter. Particles in the
size range of the bdellovibrios were enumerated by the use of an electronic particle
counter"(Coulter counter, Model A, Coulter Electronics, Hialeah, Fla., US.A.) with
an orifice of 30p, and having the following instrument settings: aperture current
setting, 5; gain switch, 6: gain trim, 9. To obtain a dilution médium of low Rartlcle
back?roun - NB/10 medigm was re eatedIP/ filtered through packs of Whatman
No. I filter paper and finally through a Milfipore filter (0-221t pore size).
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RESULTS
Isolation and properties of host-independent Bdellovibrio bacteriovorus mutants

By using the ﬁarasrtrc Bdellovibrig bacteriovorus strain a3.12 isolated on Pseudo-
monas fluorescens as startrn(Tr material, several mutants were obtained which were
capable ofgrowth onartificial media in the absence of host bacteria, buf whrch never
theless, retarnedtherrcapacr g/toattac toan to yse |vrnghost%rganrsms nrict ed
suspensions of such mutants were obtained by methods’ which Tncluded physical
se aratron of the small bdeIIovrbrros from therr larger hosts by filtration throu?h
|II|pore filter (0-45/i ore Size). Lar%e initial (ﬁ)ospulatrons (~ 109or anrsmsmg
() Ince heavy losses fordanrsm

Bdellovibrio a3 12
Iltrates

wild-type) wer requrre
occurred durrn% the frlratron é)rocess The host-free parasrecontarnrn?

were transferred into med |a N Cor into NB/10 (containing heat-killed [1
15 min.| P. fluorescens, ~ organrsms/ml} and mcrr}bated at 30° with vrgorous
shaking. The several B, bactenovorusaB 12 150lates whic grewunderthese conditions
were maintained for many months in transfers on host free media NB or O).
The predacity of such isoldtes was retained and was not lost y on Igop ||zat|on

The generation time of these host-independent mutants (on média NB or C
shaker incubated at 30°) was 170-180 min. ‘I the exponentral phase of growth. the
baellovibrios were actively motile and of uniform size. As the' culture Entered the
stationary phase, the number of motile bdellovibrios decreased and spirals and
long rods appeared. Several days after the cessation of growth, degenerate forms
became ev(erlen{ fcharl cterized By cytoplasmic spheres at the end of the spiral-like
organism |

he vitamin rquurrement of 8 host-independent BdeIIovrbrro bacterrovorus ad, 12
mutant is shown In Table 1 The yeast extract in medium C could be partially
reRIaced by thiamine; however, thie yeast extract seemed to contain at east one
other factor essential for growth of B: bacteriovorus a3.12.

On solid media Cand a%ar excessively Iar%e incula of the bellovibrios were
regurred for growth |n|t|at|o mrnrmal Inocultm for colony formation of host-
Independent mutants under these. conditions, was found to be on the order of
101 organisms/plate, The addition of 1% (v/v) autoclaved culture supernatant fluid
of the sameb eIIovrbrro strain grown in NB medium provided a growth- mrtratrng
factor ma ing possible regrular productron of isolated colonies from suitably dilute
baellovibrio suspensrons he growth-nitiating factor Was eresent in supernatant
fluids of hdellovibrio cultures after 24 hr of incubation in NB medium; in 8
cultures the concentratron of this factor seemed to be markedly higher, nthe
presence of hdellovibrig culture suo}ernatant ﬂurd% the_colonial growth of bdeIIo
vibrig mutants was rapid at 30° (wit |n48h3 and the ratio oftota| ?ounts estimated
maPetroff Hauser hamber merican Hosp. Supply Corp., Phila., Pa., US.A)
t0 cooR numbers a proage Li) Oy

s -Ingep en ent Bdellovibrio bacteriovorus a 3,12 mutants, whenmrxe wrth
terrgseu omonad ostrmmedrate y attached to thehostbacterrag 1,1g.2). T

morphoo Ical changes In thie host, Ieadrn 0 Iysrs consist drn the forma
tron of V- |ke and ring structures, when induced by the wil tXReB acterrovorus

23.12: these were also observed with the host-indgpendent mut
Upon Iysis of the pseudomonad host, ghosts of similar shape re arned and 0
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formation of an intermediate spheroplast stage was observed. The host-independent
ISolates attached to susceptible host bacterig only. during the exponential and early
stationary phases of the growth of the bdellovibrjos. _

. Plagues were formed on lawns of Pseudomonasflugrescens, and among the various
isolates, a number of types. forming plaques of different size and o&ac% were
observed (PI. 1, figs. 6-8). Size of such plaques ranged from 1to 10 mm. after 4-5
days’ incubation at 3(0°.

Table 1. Vitamin reﬁuire_ments of Bdellovibrio bacteriovorus
a3.12 host-independent mutant

Basal medium. consisted of 0-02 M-]ghosphate buffer (pH 7.0), 5 ml/l. Hutner’s base and

eptone A1) as carbon source. The amount of each vitamin (/ig./1.): riboflavin 0-2;

10
Phiamm H—IC? 20 folic acid, 0004; nicotinic acid, 0-8; calcium™ pantothenate, 0-8;
cobalamin (Bi2), 20; biotin, 0-004; p-aminobenzoic acid, 0-2; pyridoxal phosphate, 0-8;

pyridoxamine HC1, 0-8.
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To determine whether host-independent bdellovibrio isolates retained their
predacity after cultivation in the absence of host bacteria, the P]Ia ue-formin
efficiency or several of the Bdellovibrio bacteriovorus a 3.12 isolates on host [awns 0
Pseudomonas fluoroscens was tested. At different 8rowth phases, the bdellovibrio
cultures, were tested. for rE)Ia(i_ue-formmg caﬁ)au%/_ n NB/10 and compared to the
colo_n%-formmg anility o 33 |? medium C. In_addition, the most probable number
of viale organisms in'the bdellovibriq suspension was estimated by the dilution tube
technique cCr_adZ,_ 1918) m_hﬂmd m_eiilum C. For determination of the total
number of parasites in suspension, particles In the size range of the parasite were
counted in ?n electronic particle counter, and these results were corroborated in
a number of experiments by direct counts in a Petroff-Hauser chamber.
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Fig. 1. Total and viable counts of host-independent Bdellovibrio bacteriovorus a 3.12 isolate
measured by different methods during exponential %rowth stage on nutrient broth.

* plaque-forming units; A viable count, colonies; O via

X particle number, Coulter electronic counter.

Fig. 2.. L){sis of suspension of different host species by host indeP
ad.12 isolate. Conditions of lysis as descriped under”Methods;

e count, dilution tube technique;

endent B. bacteriovorus

he ratio of parasites to

nost organisms was 10:1 in all tests. Solid points are host controls; open points are

host+par,asne_susgenswn. Key to host sE)eues: 09
Escherichia coli k 1

pestis ev 76.

Table 2. Ability of host-independent Bdellovibrio baderiovi
continuously fn two-membered cultures, to develop in the a

;v | Salmonella paratyphiB; 7 1 S

Viable bdellovibrios/ml. found by:

Expt. f)laque count dilution*2 \‘
1 1x 109 5x 10s
2 3X108 35x108

* Dilution medium; medium C containing 2-4 /.g. thiamine HCl/ml.

cal

. every

rming

dilvtion-tube technigue. The results of two
laque f

Pseudomonas aeruginosa-, A
. typhi 0901; '+ Pasteurella

S a 3.12 isolates, grown
bsence of host orgariism

experiments, rgTabIe 2) show that practi-
P unit was also able to grow in absence of host hacteria.
After prolonged subcultivation in host-free media, several host-independent iso-

|ates showed a progressive decrease in predacity as measured by the ratio of plague-
forming units to Viable organisms_ in culturgs. Such organisms, on microscapic
examination, showed no loss of motility.
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Specificity of attachment to host bacteria and then lysis by Bdellovibrio bactieriovorus
a3.12 isolates and B. bacteriovorus 109

All the bdellovibrio strains isolated by Stolp & Petzold (1962) and Stolp & Starr
F1968) were separated into different groups according to their gla%%e-formmg ablit
or specific hosts. In our work, the ability of the parasite to attach to and Iyse host
organisms in suspension showed that urider such conditions the s?ectrum of host
specificity was often markedly broader than that observed when plaque formation
was the Sole criterion. Thus,” (wild-t peg Bdellovibrio hacteriovorts a3.12 and its
host-Independent mutants were capable of lysing suspensions of many living Gram-
nePatlve org{amsms, mcludmg Escherichiacolin, E. colik-12, Pseudomonas aertiginosa,
Safmonelfa typhimurium 1t2, S. paratyphi B, S. typhi 0 901 and Pasteurella pestis
ev 76, all orwhich did pot show plaque formation. Certain other Gram-negative
orgamsms, such as Caulobacter sp., Rhodopseudomonas spheroides, RhodospiFillum
rubrum and the Gram-positive bacterium Bacillus megaterium did not show attach-
ment and |¥5|s In suspension. . o _

The kingtics of Iysis In su%penslon of several host species with a host-independent
Bdellovibrio hacteriovorus a3.12 isolate are shown in Fig. 2. The residual turbidity
seen In these mixtures was due to ghosts, of host bacteria and to the parasite
or%amsms which were visible on micioscopic examination. _

igure 3 shows the effect of the degree of multiplicity (parasite;host ratio) on
the rate of lysis of Escherichia cgli o In”Suspension with d Baellovibrio hacteriovorus
ad.12 mutant, As.can be seen from Fig. 3, the rate of lysis was dependent on the
d(fe %ee ﬁf ntwultlplml(tjy and even with a low ratio of two parasites one bacterium lysis
of the host gocurred, _ , _

T0 test whether the lysis of suspensions of host bacteria not suitable for plaque
formation involved a selective ?nrlchment of baellovibrios having different and
broader host specificities, the following experiment was done, The plaque-formm%
efficiency of a host-mdegendent Bdellovibrio bacteriovorus a3.12 mutant on eac
host bacteria was tested before and after a series of three sequential transfers of the
bdellovibrio on each of the following host suspensions: Escherichia coli b, . colik-12,
Aerobacter aeruginosa and Pseudomonas fluorescens qthe specific “plaque-forming’
host). Even after these repeated transfers and total lysis of the different hosts in
suspension, no.enriched suspension ofany bdellovibrio mutant with new host plague-
forming specificity W%s found. The pardsites of every ane of the four trans ?r lines
showed the same hlg plfx ue-formm(I;_cap th on P. fluoroscens (0-1-1-0pa?u%s
parasite) and very [ow (Pa ue, formation (* . 10~6plaques/parasite) on any of the
other host species tested. S|m_|IarIa/ tests of isolates from some of the rare plagues
formed by the bdellovibrio strain onE, colior P, aeruginosa showed that such isolates
did not develop Ia(l]_ue-formlng specificities differing_from that of the initial sfrain

Bdellovibrig bacteriovorus strain 109 l}/sed suspensions of several Escherichia cali
mutants (including the UDP-galactose-4-epimeraseless strains cm 7, Gal-16, Gal-22)
which are deficient in ability to synthesize normal cell Wa||-|_lpr(#)0| saccharides
when grown on a galactose-frée, glucose-containing mineral mediun g armolinsky
Wle_sme>r_er Kalckar &Jordan 199). Slmllarly{, lysis was obtained in Suspensions of
thelJ. coli Gal-23 mutant (low in UDPG synthetase: Fukasawa, Jokura &Kurahashi,
1962; Sundarajan, Rapin & Kalckar, 1962) with the B. hacteriovorus 109 strain.
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Proteaseformation by various bdellovibrio strains

Bdellovibrio bacterigvorus a3.12 (grown in the ?resence of its specific host Pseudo-
monas fluorescens) or Its host-indepéndent mutants all grown In NB or NB/1() media
released a potent’protease info the medium. This exoénzyme lysed many different
heat-killed bacteria (Fig. 4) dissolving most of the internal components of the hac-
teria and Ieavm? empt¥ hulls of cell"walls. This exoenzyme also degraded typical
protease substrates such as the coloured collagen Prep_aratmn_ Azoco) (‘C%Ibmchem
AG, Lucerne, Switzerland; FI%. 4%. The spectrum of lytic activity against the heated
bacteria extended beyond that observed with these parasites adainst living hosts in

suspensions, and everfincluded Gram-positive organisms such as Bacillus megaterium.
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Fig. 3. Effect of parasite-host ratio on rate of lysis of living Escherichia coli » in suspen-
sion with host independent Bdellovibrio bacteriovorus a3.12 isolate, ~Conditions of
incubation as described under Methods for lysis of host suspensions. The parasite and
nost suspensions were mixed to give the desired parasite;host ratios. Ratio of parasite
organisms to host organisms: 2:I [A]; 5:1 [O]; 12:1 [x]; 24:1 [#]; host control [+ ].

FI(i. 4, Digestion of different heat-killed hacteria and decomposition of Azocoll by
culture supernatants of different bdellovibrio strains. Cell-fre¢ supernatants of 48 ir
cultures ofhost independent strain a 3,12 or oftwo membered cultures of strain 109 or 321
on their specific hosts were obtained by centrifugation (20 min. at 15,000 r.p.m., Servall
SS-1 at 3%). Heat killed (120°, 10 min.) Pseudomonas flucrescens or B. megaterium were
susFe,nded respectlvelg,mp(?rasne cultre supernatant and incubated at 40°, Proteolytic
actvna/ whs measured by decrease In extinction_ (K lett-Summersen colorimeter, fflter
66). 50 mg. Azocoll wereSuspended in 10 m. strain a3 .12 culture supernatant. Mixture
wa%_mcubated at 40°: at speuﬂe&i,ﬂmes, 2m|._zixllé1uots were re v?d, filtered and
turbidity of 1 part of filtrate diluted in 4 parts distilled' water was read (K lett-Summersen
colordmete_r, filter 54). "+ Pseudomonas fluorescens and ?aullus me aterlgm controls.
A Bdellovibrio bacteriovorus 321 culture supernatant+ P. tluorescens. O B. bacteriovorus
109 culture supernatant + P, fluorescens, | B. tiacter|ov0ru5a3.12 cultﬁre supernatant +
B. megaterium. x B. bacteriovorus a3.12 cultyre supernatant+ P. fluorescens. 1 It
bacteriovorus a3.12 culture supernatant-!-Azocoll. 1+ Azocoll control,

Figure 5 shows_the formation of [%rotease exoenzyme in a growing bdellovibrio
culture as a function of time. Maximal exoenzyme C'[IVI'[}{ In"culturé supernatant

fluids was found at the time when the rapid decline in bdellovibrio numbers began
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(24-48 hr). It can also be seen from Fig. 5 that the enzyme activity was rapidly lost.

_The_exoenz;rme activity ofthe Baellovibrio bacteriovorusa 3.12 culture supernatant
fluids in dissdlving heat-killed bacteria was m_arkedl¥ suppresseq by phosphate at
10*1t0 10-2 m (F|g%_. 0). S|m|IarPhosphate Inhibition of enzyme activity was observed
in the decomposition of Azocoll, o

Tests for exoenzyme formation by other bdellovibivrio strains showed that
strains 821 and 109 did nat form any ‘protease, or only trace amounts (see FI%._ 4),
when grown on their sReuﬁ_c hosts In" NB medium. These two strains also differ
froma3.12 inthe morphological sequence which leads to lysis of their host organisms.
With strains 321 and 109 lysis involved the formation of cytoplasmic_ extry-
]g_lon%) (stram 321, PI. 2, figs. 1-4) or spheroplast formation {stram 109, P12
ig. 5).
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Fig. 5. Formation of proteolytic exoenzyme in host-independent Bdellgvibrio bacterio-
vefusa3.12 |soIa1ecuItures_a[|n NB mediurh), x Number of viable bdellovibrios measured
by colony formation on solid medium C. Prqteol¥t|c activity ofgar_asnepulture super-
natant fiuid a?measured ydecrease_mturblglt” standard Suspension with heat-killed
Pseudomonas fluorescens (£20°, 10 min.) ncubated for 50 min. at 37°,

Fi?. 6. Inhibitory effect of Elhosph_ate on exoenzyme activity of hest-independent a3.12
culture supernatant flyid. Heat-killed Pseudomanas flugrescens (120°, 10°'min.) was sus-
Bende_d In"parasite culturesupernatant fluid (from 48-hr host-independent Bdelloviprio
acterlvoru5a3._12?_ultilremN medium) prepared as described forFl .4.D|ffere_ntbgffers
wereadded to give final pH valuesand molarities asindicated below. Control, nutrigntbroth
only [x]; Sorensen bufter 0-1 M pH 6 [t ], Sorensen buffer 01 m, pH 7 é#]; %rensen
hufrer 0-1 m, BH 8 [nAl; Tris buffer 0-2m, pH 8-4 [A ;fH 8_no bufter added [Q]. Con-
ditions of incubation and measurement of lysis were as for Fig. 4.

Table 3. Analyses of the predacity of host-indepencent Bdellovibrio
bacteriovorus a3.12 mutants during successive transfers in pure culture

- Pl
Transfer Dilution Colony count Plaque count dil?ft}i%%
oth 1-2x 10s 35x 108 1-2x 109 100
10th 1-6x 109 1-4x 109 - -
26ih 855 I 8% 108 Hi i
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Sensitization of bacteria to bdellovibrio exoenzyme

. Cell-free exoenzyme preparations of Baellovibrio bacteriovorus - 3.12 did not affect
intact living organisms of their hosts (Pseudomonas fluorescens, Escherichia coli b,
E.coli k-12) Insuspension. However, whensuch host bacterjawere heated (70°, 10min.
or treated with various agents such as 5% butanol, acid or EDTA, which dama

cell walls, ina manner similar o those described by Noller & Hartsell (1961, b),
the bacteria were rendered sensitive to lysis by the exoenzyme. When such cell-free
culture supernatant fluids were added fo pselidomonas host bacteria immediately
after these hosts had attached a muIt|pI|,C|tE/ ofwashed host-independent B. hacterio-
vorus a3.12 mutant, an enhancement in the rate of lysis was observed over and
above that observed when similar host+ mutant mixtures were suspended in the

growth medium alone.
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Fjg._?. Effect of acid treatment of host bacteria on their sensitivity to lysis by bdello-
IDrio exoenzyme.. as‘wed host bacteria were incubated for 50 n“n ad},40° at ﬁl-,l 2
pH adjustment with dilute HCL). After neutralization, I¥3|s was followed in suspension
with host-independent Bdellovibrio bacteriovorus A 3,12 culture supernatant fluid (prepared
asdescrlbedunderFl?._t(lj),mcubat_edat 31°, + Escherichia coli o B. bacterigvorus a 3.12
culture supernatant fiuid. O E. colin control. 1 Pseudomonastluorescens +B. bacteriovorus
a3.12 culture supernatant fluid. A P. fluorescens control.

Fig. 8. Effect of EDTA on sensitjvity of Pseudomaonas fluorescens to lysis by parasite
exoenzyme. hjvmg Pseudomonas fluorescens (from ?l4hrcu|tur s) were mcvbated with
EDTA(di-sodium salt; Matheson, Coleman ana Bell, Norwood, Ohio; final concentra-
tion, 13 fig.EID_ A/mI.)mthePresence and absence ofthe 3 bacteriovorusa3.12 culture
supernatant flui Spregared as for experiment OfFI?'A' All tests were made at pH 8-5,
3°. O B. bacteriovorus a3.12 culture supernatant ffuid‘only: « EDTAL-B. bacteriovorus
a3.12 culture supernatant fluid; x EDTA in nutrient broth.

Figure 7 shows the effect of acid treatment of bacteria on their s_ensitivit_Y to Jysis
by exoenzyme; Fig. 8 summarizes the effect of EDTA on the lytic activity of the
exoenzyme.
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DISCUSSION

Bdellovibrio baderiovorus at present occupies a unigue position in the microbial
world: it is the first example of'a gro%lo 0f bacteria s_pemflcal(ljy able to attach to and
to I'yse certain other bacteria. In aadition, the widespread occurrence of bdello-
vibrios as shown in soil and sewage samples in Germany and California (Stolp &
Petzold, 1962; Stolp & Starr, 1963) and recently in soil Samples in Israel (Miss M
Varon, private communication su?ge_sts_thelr possible ecologlcal Importance.

The isolation of predacious hdelfovibrios in axenic culturgs was a step towards
a better understandmg of the Inter-relationship between parasite and host. With
such cultures, an approach has been made in the present work towards the elucida-
t||on of hhe néjtgmotnal requirements of the parasite and the mechanisms of bacterial

Sis induced by it.
.y Several ear_hgr attempts by Stolp & Petzold (1962) and Stolp & Starr (1963) to
isolate host-independent strains appeared to involve the loss of Predacﬂy and
motility. In our experiments with Baellovibrio baderiovorus A3.12 1solates, however,
even after repeated subcultivation, most of the parasite organisms retained their
predacity. The media used in this wark fully supplied the nutritional requirements
of these ‘mutangs, although massive inoculd (10* or am_sms/RIate \vere e wred Q
initiate colony formation on the NB agar or Cagar media, The addition to the solid
media of cell-freg Rarasne culture fluid showed That the fluid had growth-initiating
ab_ll,lty and abolished the growth-controlling effect of the inoguldm. The growth-
Initiating factor was relatively heat stable; ifs activity was retained after heating to

0° for~15 min. A similar eftect was observed hy Mager (1964) for different strains
of Pasteurella tularensis, where a growth-initiating factor Present in culture suPer-
natant fluid or cell extracts induced in recipient pasteurellas a caé;iacny to sgn he-
3|rzg|_?ee¥gt_ r0\(/:vt t-|rne|§|at|ng factor, thus Insuring a continuous selt-supply by the

iferating cultures.

: The specgrum of host S_ReCIfICI_ of hdellovibyriq strains, was markedly dependent
on the conalitions prevailing during host/parasite interaction. The lytic'Spectrum of
various host bacteria in suspension was broader than when plague-formation was
used as criterion for host sB_emflu and therefore appears to be a more useful
way to assess the host specificity of the parasites, The much more, restricted host
rar(llge for plague formation, as o? osed o the ability of the garasne to aftach to
and'to #ys dl_ere,ntb?cterlal NoStS In suspension, mae{be explained by the fact that
Pla ue formation involves, hesides attachment and lysis, the capacity of the parasite
0 multiply and s%read In the presence of the multiplying Lost bacterium. * Inhibi-
gr?ré (?I{ grr%\ﬁpaby ost metabolites could thus prevent pladue formation by parasites

Lysis of host hacteria by certain predacious hdellovibrio strains, such as a3.12,
seerns to involve two stages, of which the first is the attachment of the hdellc-
vibrio to Its sRecmc bacterial ‘host; during this_stage some damage of the
outer Jayer of the host cell wall Probably occurs. This' damage maZ_ unmask or
dissociate components, of the, inner layers of the, cell wall, thus expo |n([1 the host
bacterium to nan-specific, Iysis by the”bdellovibrio exoenzyme (second stage). The
enhancement of Iysis of living Pseudomonas fluorescens by mulfiple attachment of
washed Baellovibrio baderiovorus a3.12 organisms after addition of exoenzyme-
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containing culture supernatant fluid further su Ports the two-stage mterpretatlon of
lysis. The'morpholo yof lysis by exoenzyme- B oducing bdeIIov rio strains (P
flos. 3-5) is markedym erent from the e% uence ohserved with strain 32

flgs 1-4), orstrain 109 (PL 2, ﬂ% b), which did not form exoenzyme or only for med
trace amounts. In these latter s rams the absence of exoenzyme production woidd
then allow the format|on of s Gohero plasts or cytoplasmic extrusigns.

Sensitization of various Gram-negative bactena to the action of oroteolytlc
enzymes by dissociation of the outer lipoprotein [ayer of the cell wall has been
demonstrated by many |nvest|gators who have used: heat treatment (Salton 1958:
Horikoshi &Shlgef 959: Becker & Hartsell 19?4 Bender, 1963); freezmqand
thawing_(Kohn,” 1960): extraction_with fipid solvent or alkali (Bender

ecker artseII 1955) or with EDTA (Repaske, 1958). Treatment of host bacteria
ty heat, 5 0 (v/v) butanol, EDTA or acid in ourexpenments sensitized bacteria to
thig Iytic activity of strain'a3.12 exoenzym

In contrast to'the work of Fukasawa lealdo (1960) on the loss of receptor site
for phaPe P 22 in Salmonella typhlmunum Bdellowbno bacteriovorus 109 did not |ose
Its ahifity to attach to and to yse hosts such as UDP- galactose4 epimeraseless
Escherichia ool mutants in the bsence of galactose, and the UDP ynthetase
defectlvemutantofE coli. The polysaccharide ¢o EPosmon of the cell walls of these
ho% mutantstdoes not seem, therefore, to be of critical Importance for the attachment
of the parasites

We are grateful to ProfessorR. Y. Stamer for his hos,oltallty in maklng it possible
for one of s (M.S.) to spend a sabbatical leave.in his [aboratory, for s I_?gestlon of
the subject and for his continued interest n this work. We thank Dr H. Stolp for
kindly making his bdellovibrio strains available to us.
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EXPLANATION OF PLATES

All figures (except Figs. 6-8; PIl. 1) photographed under oil immersion in Reichert Zetopan
Phase Contrast microscope, x 1200.

PLATE 1

Fig. 1. Degenerate form of a host-independent bdellovibrio isolate, 3 to 5-day-old culture in
medium NB. o )

ig 2. Attachment of host-independent Bdellovibrio bacteriovorus a3.12 isolate on PSeudomonas
|uOrescens 2 min. after mixing with host cells. The 48-hr-old parasite culture was grown in NB
medium.

Figs. 3-5. Morphological changes in host organisms (see explanation Fig. 2 above) 30-60 min.
after mixing cultures.

Figs. 6-8. Different plaque types of host-independent strain a3.12 ﬁsolates after 4 days incuba-
tion (30°, NB/10 medium as described in Methods) on FSEUGOMONAS TIUOIESCENS lawns.

PLATE 2

lbs 1- 4 Formation of cytoplasmic extrusions of Pseudomonas phaseollcola induced by Bdello-
vibrio hacleriovorus 321 photographed 30-60 min. after mixing host organisms with parasites
from two-membered culture in which hosts had been fully lysed.

Fig. 5. Spheroplast formation of Pseudomonas fluorescens induced by strain 109 photographed
30-60 min. after mixing host organisms with parasites from two-membered culture in which
hosts had been fully lysed.
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INTRODUCTION

The ease with WhICh hacteria, and In 'ﬁ)artlcular the aerobic sporeformers, disso-
ciate 15 well known and Is one cause of the diff |cu lties encountered in identrfication
and cIasaﬂgatlon of members of the genus Bacillus. Though there have been man
studies of dissociation of Bacillus (Smith, Gordon & Clark, 1952: Braun, 1947
few have been concerned with detactg]g alteratjons in etﬁbohc and Putrmonal
atterns The dissociation has usually been correlated with change of colonial mor-
%y or cagamhy to form a pagtmular metaholic ?roduct The re uwement? for
rowt actor and amino aclds ave een separateyreBorted In some deta| for
a few members of the glenus name%/ ? myxu dnd B. macerans (hKatzne son,
44 B. larvae gKatzn son & Lochhead, 943 arvae Whlte (Lochhead, 1942),
B ave| andB p ra-alvel (Katznelson & Lochhéad, 1 anthraus (Brewereta
0? popilliae Dutky and B. lentimorhus utk ( uk B. subtilis §STeas
195 Demam 1958), and B. coagulans (CIeverdon Pelczar & oetsch 1%4
G Mlcro XL
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Campbell & Sniff, 1_959%. The B vitamin and amino acid requirements cf almast al
of the species within the genus were reported by the. comprehensive nutritional
surveys of Knight & Proom 51950)_ and Proom Kmqht 519553. Althqugh this
latter'work provided data for a nutfitional classification the elucidation of niinimal
amino acid requirements was not then necessary. In the present work the dissogia-
tion, cultural Characteristics and minimal amino_acid requirements of one species,
B. cereus, have heen investigated in greater detail.

METHODS

Amino acids. These were obtained from British Drug Houses Ltd., or Light and
Co, Ltd. Before use each was checked for 1pun% by paper chromatography.

Sugars. Glucose was of A.R. quality. The maltose sample used was found to
contdin a)%pr,emable quantities of several amino acids uPon examination in the
Bec|%<man pinco Amino Acid Analyser; it s subsequently referred to as impure
maltose. :

Inorgamc salts. All were of AR. quality. . _
Watdr. Glass-distilled water, passed through an Elgastat de-jonizer to yield an
effluent having 2-4 MQ resistance, was used for making all solutions,

Cultureflasks. The specially designed flasks (Moare 963% were made from soda
R/Ilass havmg the foIIowm% composition (%, wjw): Sif2 71-5: A03 2-2: Ca0, 51

00, 3-0; BaO, 1-7: Nad, 14-0; K&, 1-5. This analysis is given since, under the
same Rrowth conditions, equivalent flasks of Pyrex glass caused a marked lag in
growth response, .

Agar. The material used was of Korean origin.

Organism. Bacillus cereus strain cn 753 was'selected from the Wellcome Research
Lahoratories Culture Collection. _ _

Media. Nutrient broth was used for_%rowm%crops of organisms to he used subse-
quently as inocula. For nutritional investigations a chémically defined medium
similar to that of Knight & Proom (1950g Was used. The complete basal medium
ﬁBMa contained (g./l. final volume); glucose mr maltose) 5-0; KHZ04 1-5 (NH@Z

P04 70 M&04.7H20, 05 'in"mg.. MnCI24H2, 37, FeSO047THD, 2-5
(NHABo 24 442, 20, _ _

Malntenance of cultures, ‘a) During the early phase of the work a freeze-dried
stock culture was reconstitytéd in 0-5ml. nutrient broth, incubated for 2-3 hr at
28° and then glated on nutrient agar to check purity. The culture was kePt at room
temperagure and further maintained by fort |ght .or monthly subculture on to
?Iates of fresh medium, (b) Following the ch ng In ?rowth characteristics and

ubsequent separation of variants, freeze-dried stocks of each were stored at 4°.

Preparation of moiulafor growlh exPenments. For each eernment the aP [0
priate freeze-dried culture was reconstityted and plated to chec ?urjty and colonial
morphology. A liquid culture in broth inoculated from a single typical colony was
then grown at 28° overnllght. The organisms contained jn a 6ml, portion were then
washéd successively in thiee 6 ml. portions of sterile saline and finally suspended in
a fourth 6ml. portion. After determmmg_ the concentration of thé suspension if
was diluted to correspond to 85/ g dry weight bacteria/ml. This suspension served
as the ipoculum, 04 ml. bem% alt ed fo about 20 ml. of final med% . Finally the
suspension was plated to check viability, purity and colonial morphology.
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I_nocuIEfor auxanography. CroFs of organisms were %rown and washed as_de-
scribed anove and enou? bacterial suspension added to cooled molten agar mediym
to prod%:e a concentration of organisms in the final plates corresponding to 10 fig.
dry wt. hacteria/ml. S o o
easurement ofamount of organism in inocula. The extingtion of a knqwn dilytion
of a washed cell suspension of orr%anlsm was measured In Lcm. optical cells at
404 veifi, (E_io? by using a Unicam SP 1400 spectrophotometer, The amount of
organism, in terms of fig. dry wt. bacteria/ml. suspension was then read from a
ca |brat|on,curv§, and the value calculated for the undiluted suspension. The latter
w?s gggtne rdlall%el before use to a concentration of organism equivalent to 85 fig. dry
W, la/ml.

Measurement of growth. Extinctions_ of cultures in liquid_chemically defined
medium were read in sifu b _usm? spemallg designed. culture flasks (Modre, 19633,
the side-arms of which fitted into the optical cell carrier of the same spectrophoto-
meter. The values are recorded. in terms of fig. dry wt. bacteria/m|.

Preparation of chemlcallg defined medium. “Each of the morg&mc salts was kept

as a concentrated aqueous Stock solution at room temPerature. lugose, or maltosg,
solution (25%, w/\g In de-ionized water and separate solutions of amino acids in
0% M-E) osphate huffer (EH 1-0) were freshlg/ m?de for each experiment.
. Complete basal (BM) medium.” Appropriaté volumes of stock Ingrganic salt solu-
tions were added to gbout 800 ml. de-ionized water, the mixture adguste_d to pH /-5
and the volume made to 900 ml. The mixture was then heated t bmlmg, cooled
quickly to about 15° and filtered 7(Whatman no. 1}. The volume of the filirate was
readjusted to 900 ml. and to pH 7-5. Portions of 18 ml. were then distributed into
cultare vessels and sterilized. Glucose or maltose solution (0-4 ml.) was added
aseptically and the completed medium left for 18-24 hr at room temperature before
bemg inoculated. : .

FOr auxanography, agar 82 (i.) and BM medium E_?S ml., sugar omitted) were
autoclaved in agmixture; and glucose or maltose solution (4 ml.)"added aseptically
to the cooled mixture. _

Complete chemically defined (CDM) medium. Solutions of amino acids were added
asceptically to each of the portions of BM medium so that the final concentration
ofeach compound (in /tg./ml.) was DL-leucine, d1-isoleucine, DL-valing, ax-threonine,
L-arginine, L-cystine, DL-methionine, DL-tryptophan, DL-scrine, 50; L-glutamic acid,
200: L-lysine, 1000: glycine, 1000.. . ) ,

Steriization SO]U%I())lnS of met?uonme and serine were filtered through Ford SB
pads. Sugar solutions, BM medium and solutions of the other amind acids were
autoclaved! separatel a%l Ib./in.2for 10 min. %1021?. o _

Incunation,  Cufture tlasks amtawed at. 2 ? 3 40-1° as reasuwed, Were
shaken In a Gallenkamp Metabolic Shaker (reciprocal) (flt 200 strokes (2-5 cm. ampli-
tude)/min._ This effected some cegree of aeration and"also maintained the organisms

in suspension. . L .

lzuﬁmographlc tests. A technique similar to that described by Pontecorvo (1949)
was used, ~ Korean agfar 2 _g.) was washed by rePeated s%spensmn In fresh gorhons
(11) of de-ionized glass-distillea water during the day before use. After tandmg
I water overnight the agar was wa hed once mi)re, éir ined of excess water, mix
with BM medium (g .

lucose omitted) and autoclaved (121°% 15min.). Glucose (or
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maltose) and amino acids as required were added aseptrcallly to the cooled mixture
g37 -42°). This was then moculated with the caIcuIated volume of washed suspen-
lon oforganrsm terthorou% %mrxrng portions (10 ml.) were quickly run‘into
Petrr disties, allowed to set, an ten drre In an inverted position for L'hr at 35°.
ach plate was then overlaid with 5ml. of an aqueous solution of washed a?ar
f2% wiv), and dried similarly. Compounds to be tested were applied to this top
ayer in very small quantrtres at weII -separated marked positions. Not more than

srx com ounds were applied to dishes of 85 cm. diameter.
lica patrn The' technique has been described In detail by Lederberg &

Lederberg ? pESULTS

Dissociated cuIture The frmbrrate enges of colonies which developed after re-
Beated subculture of Bacillus cereus cn 753 on nutrient agar at 28° are shown in
.- Such a culture will be referred to as a dissociated culture; for comparison
the appearance of coIonres immediately on reconstifution from freeze-dried speci-
men is shown In PI. 1, fig. 1,
Mrnrmal amino acid requirements for growth at 28°. Auxanogra%hrc tests with
M medium and glucose s carbon energy source showed that at 28° the culture
drd not grow whén ammonium ion was the sole source. of nitrogen, Of sixteen
common amrno acrds tested sin Iy only L-glutamic acid or i.-aspartic acid supported
d growth ( |9n 2 Sub se uent tests in liquid BM medium confirmed these
results and mdrcated aconcentratron of 1000/t 8 L -glutamate/ml. was optimal.
rowt response to L- asRartate under the same conditions was erratic. At best,
on 1y thin cume growth was obtained with L-aspartate at 250 /;9./m
he effect of srne+%lycrne mixture on %rowrn? organisms. The-effect of these
amino acids was first Séen during an attempt To determine auxanographrcally
whether or not minimal amino acid requirements_varied with the carbion ener%
source supplied. A series of auxanograp s containing Pure lucose showed ﬁrow
only aroundL |utamic acid and L-aspartic acid: effécts on growth due to the pre-
sence of I.-lysing and glycine were not demonstrable. However, in a replicate sries,
the overall %rowth which resulted from the chance use of a sample of impure maltose
(subsequently shown to be contaminated b several amino aclds) maae it passible
10 observe, in the partjcular pIate bearr% -Ivsine and glycine in close proximity,
the development of a clear zone between the pomts at which each had heen applied.
|th|n A3 hr after completion of the cIearrn% com aratrvel Iarge colonies_had
eveo ped in the clear zone, The frn'ﬁl appeara ceo uch a gfate I5'sh own m PL L
4 Srnce overall growth was followed by clearing the effect is referred to as
Isrs rather than as inhibition, aIthough proof of thrs is wanting. Growth of the
ssocrated cu lture, or of certain of the' separated variants in repeat.tests, drd not
onsrstentgl demonstrate the necessrt for the presence of glycing, jn addition to
L-lysine, for gsrs to occur. The shapé assumed )éa lysed area varied, therefore
etween a bigonvex area often situated exactl Sy etween the se arate points of
P plication of sine andgycrne and a circle urroundrn(I]te srne or lysine+
%Kcrne applications. ysrs was never detected when onyglycrne was present.
Fea atr nt ntehcels)atrty fbtoth)latmrnof%c’\r/rlts |sdshown in P t 11ig. 5 o
revention ofthe Iytic effect. Plates of BM mediym agar conaining impure ma
1 mg.ml), L-lysine (L mgJ/ml.), ana glycine (L mg / ?3 and %eedgd with the
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dissociated culture, were poured, dried as usual, and then a variety of compounds
touched on at separate points. Protection against the lytic effect was shown by the
development of dense growth around the active compound. The remaining area of
each plate was clear except for a general scatter of a few large colonies of the
resistant variants (Pl 1, fig. 6). Compounds having this ‘protective’ property were
the following: 1-aspartic acid, L-cystine, L-cysteine, L-histidine, L-glutamine,
I.-glutamic acid, DL-leucine, DL-isoleucing, L-methionine, L-tyrosine, Di.-threonine,
DL-valine, DL-norvaline. Those which did not protect were: L-a-alanine, /?-alanine,
L-arginine, DL-a-amino-«-butyrate, DL-/?-amino-n-butyrate, DL-y-amino-w-hutyrate,
L-hydroxyproline, DL-serine, Di.-/?-phenylalanine, DL-tryptophan, L-proline, d1-
penicillamine, adenosine, guanine, xanthine, orotic acid, hypoxanthine, thymine,
uracil, thiamine, nicotinamide, Ca-D-pantothenate, p-aminobenzoic acid, pteroyl-
glutamic acid, pyridoxamine, ribollavine.

Separation of variants sensitive and resistant to mixtures of lysine and glycine
Lysine-glycine resistant variant (1)

An inoculum taken from a colony of Bacillus cereus cn 753 havm? fimbriate ed?es
Was %rown In nutrient broth, the ofganisms washed and, then inoculated into cooled
molten medium consisting of BM medium (glucose omitted), impure maltose (1%
and agar (2%). Plates viere poured, dried"as usual, and crystals of %chme an
I.-lysire placed together at marked positions, and the Flates then incubated at 28°.
SiX of the resistant colonies which developed within a lysed area were removed and
macerated in 1 ml. sterile nutrient broth. This suspension was then inoculated into
20 ml. sterile proth and incubated at 28° on a shaker for 18 hr. The organlsms Wwere
harvested and a washed suspension of dust perceptible turbidity prepared. Tenfold-
serial gilutions were made from this, 0-05ml, of each dilution Spread over the sur-
face of a separate nutrient agar plate and the plates incubated at 28° ovemight.
A plate hearing 50-100 well-Separated colonies was replica plated in duplicate’ on

M medium agar containing, impure maltose (1%)+ L-lysine (1 mg./ml.)+ g_Iz/cme
1 mg./ml.), and also on nutrient agar. To obtain colonies of reasoriable Size'It was
ecessary to incubate the BM medium plates for four days at 28°. Nutrient agar
Plates required only overnight incubation at 28° and wer€ then retained at 4°,
he colonies on the nutrient arqar replica apgeared on the selective defined medium;
some had an entire edge, while others had such a pronounced lobate edge that they
assumed a satellite appearance (PI. 2, fig 7). Since the form of the lobate colon
wag retained on duplicate plates it seemed thiat it was not the result of a mechanicdl
artifact, Probably the colonial form represented the resistant Pornons of a colony
remaining after those portions sensitive to lysine + rWcme had lysed. Isolates were
obtamed?\y Icking from_ a single colonyof each type. Organisms grown from
these, washe anp seedled m(JoB medium cor}t?mmg Impure m?Itose+ Agﬁlneﬁ
agar, snowed no lysis arqund applied crystals of lysing, Similar plates seaeg with
the dissociated culture of B. cereus cn 753 showed'the typical lytic effect. A freeze-
dried stock was prepared from the smooth-edge type and designated 1.

Lysine-glycine sensitive variant (is) o
Using an inoculum of washed cells Igrown from a fimbriate colo_n% of B. cereus
cn 153, replica plates were again prepared as described above but with BM medium
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a?ar+ impure maltose. Prior to incubation, crystals of L-lysine and glycine were
placed together ?n the plates a preﬂselY located posm?ns. The glate_s were then
Incubatedand colonies sought which had Tysed (in areas close to the lysine + glycine
applications) and remajned s upon extended incubation (1 week at"28°). Inocyla
taken from ‘corresponding colonies, on the nutrient agar replica were thien replica
plated reﬁ)eatedly until many colonies present on the nutrient agar replica remained
completely absent from thé selective replica. When this was attained, a colony
present on the nutrient agar ﬁlates but absent from the corresponding position on
selective replicas was then EIC ed and grown in nutrignt broth to provide organisms
from which a freeze-dried Stock of the”sensitive variant, 1s, was prepared.

An auxanographic comfarjson of the purity of inocula grown from variants 1s
and 1r1 15 shown in PL 2, figs. 8, 9. Subsequent work |nQlicated that variant 1s
remained s pure as on isolation but 1r1 seemed to develop an increasing amount
of the sensitive component. This was manifest as a definite thlnnlnq of the opacity
of plates inoculated With LRI in the vicinity of superimposed crystals of lysing and
gl cine. A suitable Plate Inoculated with i r1 and bearing L-lysine and glycine at

e site, was therefore selected and one mat colony and one smooth colo Y picked
from the surface at a thinning area. Each colony s suspended in a small volume

f saline flnd then streaked “on to BM mydlum agar containing {mpure maltose
?1 %§+ L ;isme Fl mg./ml.)-(-glycine (I m?. mh). Growth was slow, but after 7 days
at 28° sinle colgnies were large enough 0 transfer to_nutrient broth: after ovér-
night growth at 28" the crops Were freéze-dried to provide stocks designated 1r2/r
and i r2/s, respectively.

Further resolution of variants 1s and 1 r2/s

During subsequent work it was noticed that on plating the crops obtained by
growing these variants in chemically defined (CDM) medium some of the colonies
maintained an entire eage, whereas others quickly developed a fimbriate edge.
Mlcr_osc?pl%ally each ya{)e of colony consisted of large Gram-positive rocs; macio-
scopically the Colonial appearances; were not sufficigntly dissimilar to _sug?est con-
tamination. An extreme example is shown in PL 2 fla/. 10: all colonies from one
culture vessel are ent] e-ed%\eld While a mogt all of those from another are fimbriate
though both culture flasks Were inocufated with variant 1s. _

Subcultures on nytrient a?ar were made from the centre of an entire-edge colony
and the erlpherY of a fimbylate t?/ e, and by rePeated subculture of%ounicolomes
(18 hrat 28 )Dcu_ tures, which retainied their entire and fimbriate colonial charagter-
Istics were obtained (PL 3, figs. 11-14). Freeze-aried stocks were prepared from
Crops grown in nutrient broth”and designated variants is/s, 1s/r, 1r2/ss, 1r2lsr.

Derivation of variant rr/vr

Routine plating of variant + 1 revealed the existence of a minute proportion o
colonies which déveloped exaggerated fimbriate characteristics, One was picked,
rePeated su?culture on nut |th ar_anﬁacro then freeée-dr,led forsti) k. The
relations |E%tpevarlants to each otfter is shown In Fig. 1, and their colonial appear-
ances In PL 3, Tigs. 11-14,
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Investigations with the separated variants

Re-t¥ping. The use of infra-red spectrophotometry as an aid in the identification
of hacteria has been suggested by many workers” (Stevenson & Bolduan, 1952;
Levine, Stevenson, Chaniiers & Kenner, "1953: Riddle et al. 19566 though several
consider it of limited application. The work of Blackwood &Epp (1957), ard Haynes

753 (lyophilized stock —+ nutrient agar). L
°n ; (y m]ontth suBcuIture on nutﬂer)t agar. Dissociation

cn 753 (dissociated). Auxanography with impure maltose as carbon source

variant Is Variant Irl
Lysed by (L+ G)* .
Y i ) . . . Reswtanlt toL+G
G o%zvth in . Routhne platin N |s? ation.
qe ined medium to ¢ ?cg R}un% eve Oﬁ)ed sferlfmve
(illoweﬂ% revealed minute fom onent following
ating of cell Br? Qrtlon.% Yl%p ilization andI
rops on 0 H}GSY)\III subsequent subculture.
nutrient agar vgrg imbriate .
edges Aurano agh with
matoie -50 rcerpdave
Eartba lysis arou
+
Fi@briate Endtire )
e poe edge colonies
cofonies
Sg bI't re Sg bI'ture Irnr1e l%la(r)'lo SQ&”X’ e()ri(t)lnre
oyegge o?centre IC e& wmin |cq<e% wﬂ%in
rea.of . rea.of .
partial lysis partia ‘ysm
Variant Variant V_ari)ant Variant Var e}nt
i.s/ft LS/S Lrivr Ir2fr Irls -
culture
on .
nutrient
agar
Finbriate Egtire-
gopoen' S gopoen' S
%eubof geub of
centre centre
Variant Variant
Ir2lsr Ir2lss
i Growth stimulated b
Lysed by L+ G LyLse+d é)y {?Oeilgrt%]t f+ 4 y

* L+G = Lysine + glycine.

Fig. 1. The relationship and derivation of variants isolated from the dissociated culture
of Bacillus cereus cn 753.
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el al (1958? however rndrcated that the technique was useful for characterizing
members of the genus Bacr uvrrtue of their content of poly-/? h)(droxybutyrrc
acld, which absorbs strong Y i, whole organisms of members of this genus are
endowed with a characteristic ‘5-7/;- yeabsorﬁ)tron spectrum ‘Haynese al. 1958
when_ grown under appropriate condrtr ns, Whole organisms of the Variants and o
the dissqciated culture, grown in nutrient broth (0-2% glucose) at 28°, had identical
Infra-red spectra, each With strong absorption band at's

Tests hased upon those suggestéd by Smith et al. (1952) showed that each isplate
exhibited brochemrcal charac eristics rr]/prcal of Bacillus cereus viz.; gelatin lique-
faction + ;casejn hydrolysis + : starch hydrolysis 4-; anaerobic growth (Robertson’s
broth) + ; aerobic growth R - acety meth 1carbrno | formation + ; methy-
lene-blue reduction™— leci rnase%g?nyolkreactronh “methyl red test + : indole
formatron—formatrono nitrite nitrate + @ Utilization of citrate, — Urease
formatron — romocreso dpurple milk, alkaline with peptonization; utilization_of
car o y rates @) norga ic medium: glucose, growth” with_formation of acid:

xcyose and L-arabinoge, no growth no acid formation. (6) O?anrc medium
%u 0Se, growth wrth acid formation: growth and acid formation inthe presence of

-arab rnose or D-xylose was atypical,

Nufritionall each isolate requrred a supr Ly of preformed amino acids for growth
in defined me lum but a supply of growth factors of the vitamin B complex Was not
necessary. These reuFurrements are I agreement with those found for Bacillus
cereus, by Knight & Proom (1

s-r cIassrfrcatron m ressron garatrons of youn% 9r) colonies were made
accordrnn to the method. of Kligneberger & Smiles (1942), but stained with tannic
acid crystal violet according to Robrnow (1947) to reveaI the cell-walls. On the basis
of the mrcroscogrc anpearance of the organrsms and their arrangement within the
coIonres each variant appeared to repredent a rough (R) type (Bisset, 1938, 1946)

At 28‘gon nutrrent agar entrre -edge types, namely, variants of 1s/s and i.r 2/ss
produced colonies h avrng ongasu%% lon of meduSa-head structure: this became
a [ittle more pronounced at 35°. The remainder of the variants produced typical
medusa-head colonies at both temperatures.

Minimal amino acid requirements. These were determined auxanogra rcallf
with glucose as carbon energy source and for ease of comparison are showr'in
The different auxanogra6nhrc responses to Ir(srne glycrne and lysine+ glycine are
com aredinP rg srnewas not replaceable by cadaverine, ptrescine

rstamrne enzvla Ing or eth ano amine, when tests were carried out with variant

s, ou% partial | ysrs occurred when lysine was replaced by 11-aminoundecanoic
acr, Kj-aminocaprylic acid, or a-aminopimelic acld.
rowth response of the drssocratfd culture and of each of the variants at 28°,
in BM edrumc ntaining 500 utamate/ Is shown in Fig. 2

The effect of temperature o rowt an amino acd requrrements In a defined
medium consrstrnﬂ %cse and r%utamate( Jml.) washed bacteria of
the dissociated cufture grew eavily at 28° Dut not at all at'35°. Growth of unwashed
bacterra In the same medjum at 35° showed that proliferation at this temgerature
was, In fact, 1possr le, and that one or more factors present in broth were essential
for growth.  The Tatter could not be replaced by a second amino acid, or purings,
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pyrimidines, nucleotides and factors of the vitamin B-complex, sing_lg{ or in ad-
mixture. The compounds concerned were in fact a group of amino acids, namely:
DL-leucine, DL-threonine, L-arginine, DL-isoleucine and DL-valine. Incorporation
of each of these, at 50fig./ml” into BM containing glucose and L-glutamic acid,
together with L-lysine, qr!ycme and L-cysteine, present in the medium of Johnson
(1961), resulted in rapid heavy growth of washed bacteria of the dissociated culture
and of each variant at 35°. ‘Omission of the amino acids singly showed that for

Lysed by lysine + glycine

1600 {\\(753, dissociated
1400 |-
# Ls/s
1200 [~ X Resistant to lys ne + glycine
LR/VR ” .

i / /LRZ/R; LR2/ss
.8 1000 |-
§ X
E w LR2/SR
£ 800
>
]
S
e
=600

400

200

e 1 1 1 J
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Time of incubation at 28° (hr)

Fi%., 2. Growth at 28° of the diss?ciatef cultyre of Bacillus cereus ¢, 753 angd
variants in defined medium (salts+g % (

ach o; th
as sole nitrogen source. '

e
ucose) containing L-glutamic acid (500 ytg mls

rowth_of variant Is/s (the only variant investigated) at 35°, DL-isoleucing and
L-cysteine were not essential, DL-serine and glycine ‘were stl,mulator%, L-lysine
inhibitory, and the remaining amino acids, namely, L-glutamic acid, DL-lecine,
DL-valing, DL-threonine and L-arginine, essential.
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individual differences in amino acid requirements are shown. Variant Is/s probably
represents the major proé)ortlon of the?)opula_tlon ofthe original dissociated culture
singe If grows most raﬁgl ly and is leas exactln?, Le. it will gr_ow In the presence of
a singleamino acid of the group, glutamic acid, aspartic dcid, proline, histidine
threonine or methionine. Th ofher Variants are progressively mare exacting in that
either the number of amino acids which can su;gport_ growth Is fewer (one"only for
variant Is/r, three for Ir/vr) or that at least two amino acids together are essential
S_varlant I'r2/r). These facts presumably. reflect differences in the equilibrium, posi-
lons of metabolic reactions amounting,’in some instances, to deficient formation of
certain essential compounds. Such Variants thus. become less well equipped to
establish themselves in a mixed. population containing variant 1s/s organisms. The
fact that only one or two colonies of variant Ir/vr can ever be seen When the un-
dissociated clture af 8. cereus cn 753 IS plated possibly bears this out. The number
of colonies representing the more exacting (Iysine resistant) variants, namel){ Ir2lr,
Ir2lss, 1r2/sr, n IVHIC areas of auxanographic plates 1s also so much smaller than
the total number of bacterja orltglna,l ly present per unit v?lume, that their c?mblned
numbers can represent only a fraction of the total population of the inoculum.
That the ability of the dissociated culture to grow at 35° in the presence of
additional amino acids is an expression of the proliferation of a variant favoured by
the higher incubation temperature seems unlikely since all the variants isolated
show the same effect and are recoverable from cultures grown at 35°. Since growth
occurs at 28° in the presence of glutamate only, and at 35° only when additional
amino acids are supplied, it appears that at the higher temperature the ability of
the bacteria to derive necessarr amino acids from glutamate is impaired. .
From a consideration of colonial morphology and amino acid requirements it
seems that while the pairs of variants Isfs, Tr2/ss, and 1r2/r, Irfvr represent
extremes (the former bemg least exacting and barely malntal_nmgi rou%h (R)
colonial characteristics, and the latter more exacting and distinctly R-yP_es)
variants 1r2/sr and Is/r might well represent intermediate types, or populations
of incompletely separated variants. Thus nutritionally these retain less exacting
characteristics, due Tperhaps to the presence of an Ls/s-type, but morphoIoFglcaIIy
the irregular edges of their colonies may represent the proliferation of an LR2/R-type.
The variants fall into two groups on the basis of growth rate and lysine sensitivity,
the faster growing (Is/s, Is/r, Ir/vr) being sensitive to L-lysine and the slower
(1r2lr, 1r2lss, 1r2/sr)resistant. Although elaboration of Iytic factors by members
of the genus Bacillus is very well known (Waksman, 1945) the nature of the factors
is often less well established. Smith etal. (1952) considered the lytic activity present
in their cultures of B. cereus due to bacteriophage, whilst Nomura & Hosoda (1956)
and lvanovics & Alfoldi (1957) described, respectively, the formation of an autolytic
enzyme by B. subtilis, and a proteinaceous antibacterial lytic substance (megacin)
by B. megaterium. Reports of the lytic effect of cysteamine and its close derivatives
for members of the genus Bacillus have been published by Weinberg, Saz & Pilgren
(1958) and Judith & Weinberg (1959). In the former paper several mechanisms
were suggested which would provide an explanation of the Iytic effects observed
and equally of the lytic effect obtained with L-lysine in the present work. The fact
that 11-aminoundecanoic acid, w-aminocaprylic acid, or a-aminopimelic acid can
replace L-lysine to some extent suggests, on the basis of similarity of chemical
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EXPLANATION OF PLATES
Plate 1
ig. L Agpearince of colonigs of undissociated Bacillus cereus n 753 after reconstitution of
freeze-dried stock and cultivation on nutrient agar at 28° for 13 fr,
Fig. 2. As Fig. 1, but after repeated subculture on nutrient agar.

Fi%. 3. Auxanographic response of dissociated B. cereus cn 753 to L-aspartate (17) and L-glutamate
(21), basal salts medium with glucose as carbon energy source.

Fig. 4. As fig. 3, byt with impure maltose present instead of%Iucose, showing overall growth with
lysed area (containing resistant colonies) between L-lysine (19) and glycine &0).

Fig. 5. Asfig. 3, but inoculated with variant 1s/s and supplemented with L-methionine (1 //g./ml.);
showing lysed areas between lysine and glycine, and around lysine-(-glycine.

FiP. 6. Plate containing basal salts medium, impure maltose, L-lysine (1 mg,/ml.?, glycine (1 mg./
ml.) and seeded with dissociated B. cereus cn 753, showing profection against lysis afforded by
glycyl-DL-asparagine (10).
Plate 2

Fig. 7. ‘Satellite’ appearance of replica plated colonies of Bacillus cereus cn 753 variant m I,
possibly indicating lysis of contaminant LS-type bacteria. A few colonies, virtually pure LR-types,
show no satellites.  Solidified basal salts medium + maltose (impure)+ L-lysine (L mg./ml.) +
glycine (1 mg./ml). . o _ . _
Figs. 8, 9. Auxanograi)hl,c comparison of the purity of isolates 1s (fig. 2) and 1r1 (fig. 3) by their
responses to lysine + glycine mixture.

Fig. 10. Plate to check purity of variant 1s after growth in defined medium. Crops represented
?ure cultures but a high proportion of colonies developing from bacteria taken from one culture
lask (10) show fimbridte edges, while all those from replicate flask (12) show entire edges.

Plate 3

Aﬁ)ﬁ)earance of or %nisms nd colonies of variants of BaciILus %ere,us cn 753 qro n.on nutrient
agarat 28° fo_r9hrg( _acterlag, 18_hr_pco onies), Pregaratlons, y the |m8resswn echnique. Tannic
acid crystal violet stain. Magnification: colonies x 3J; organism x 1600.

Fig. 11. Variants 1s/s or 1r2/ss, showing colonies with entire peripheries.

Fig. 12. Variant 1s/r, showing colonies with irreqular peripheries which later become fimbriate.
Fig. 13. Variant 1r2/sr, showing colonies with irreqular peripheries which later become fimbriate.
Fig. 14. Variant 1r/vr, showing pronounced fimbriate peripheries of young colonies.

Fig. 15. Variant 1r2/r, showing small colonies with edges which remain irregular.
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Plate 4

IA,uxanographic response of variants of Bacillus cereus ¢s 753 to L-lysine, glycine and L-lysine +
glycine.
Fig. 16. Variant 1s/s showing lysis around lysine, and lysine + glycine, but not around glycine.

Fig. 17. Variant 1s/r (and tr/vr), Growth is poor but lysis just discernible around lysine and
lySine + glycine.

Fig. 18. Variant 1r2/ss; growth increased by lysine.

Fi?' 19, Variant Ir2/sr;§I’OWth increased by lysine. The crescent-shaped areas of thinning growth

be”ween L, G, and L, L+ G applications indicate the presence of a small percentage of Sensitive
cells.

Fig. 20. Variant 1r2/r. Growth unaffected by lysine, glycine, or lysine + glycine.

Fig.. 21, Dissociated Bacillus cereus cn753. Growth lysed by L-lysine and L-lysine+ glycine.
Résistant colonies developing within the lytic area.
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SUMMARY

hu%haend'%gi AR %’FeA'(fa' itk "ﬁor%a”'snﬂshﬁo'%teﬁj fapl‘g
recogniz 1)

eb AtS char terlsthb nla a rUIt
]%ree in d ar rESeMmOIES 0 ac SI era eexten cangeenxs
80& 1S aIca I- aro all uman rans

rans var. VII’I ans pro nlsm a Béars 0 De non-

pathogentc, but may e CO sed Wltﬁ] %S 0monas aeruginosa.

INTRODUCTION

This.communication describes a member of the genus Alcaligenes occasmnally
found in mixed bacterial culfyres from human pat 00([1|cal material, wh |c does
not apPear to be identical with anY organism prewous described. 1t has very
glsttlnc W )})ropertles which should make for instant recognition in medicél
acteriolog

METHODS

An mvestl?atlon of this organism was first undertaken in thls Iaboratory |n 1952
based on asudiy 0f 20 strams (117 from urine, 3fr mwoun In ect| Similar
strains were |so ated subsequently, but were not fu yexamlned unt| tepresent
work was undertaken with a coIIechon of 27 strains jsolated from routine specimens
In 1963 and 1964. These 27 organisms came from different patients, and were found
In 22 urine specimens, 3 ear Swabs and 2 wound swabs. Except where indicated,
the results of tests glven below are based on an investigation of 12 of these strains,
usually incubated at 3/°.

Burdon’s 51946) method was used 1o stain for sudanoPh|I|c inclusions after culti-
vation on 2% glucose peptone agar for 3 days (Hayward & Hodgkiss, 1961).

Motility was determined by direct mlcroscog)/ overnlght broth cultures, and
by 0 servlatlon of stab cultures in tubes of 0-3% nutrient 3

Colonial appearances were examined on nutrient agar and norse blood (5%) a

26° 37°); ox blood, shee blood and rabhit blogd agar heated blood agar ac
onkey’s medium, and deox e/cho ate citrate atqar (4 strains): 003A)cetr|m|dea ar
ELowbur & Collins, 1995). on Was tested with ultraviolet ra
jon on the medium B of King, Ward & Raney (1954). Growth at 42° was tested on
nutrler]t aﬁar slopes an rseF in a water batf. ‘

Final pH valué in fluid culture was determined | |n Difco ‘Bacto " nutrient broth

mcubated for7days using ‘Lyphan’ multi-strip pH papers.

|ugrescin product
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Carbohydrate reactiqns, Standarg é)eptone water media (glucose, lactose, maltose,
sucrose, salicin, mannitol and dulcitol) were incubated for 21 days. Acid production
from glucose mannose, maltose, arad mose xylose and g cerolwas also tested in the
meditm o I-Iayward & Hodgkiss (1961) incu ated for days b strains).

Lipase, Slerras(1957r? med|um Incubated at ia-Y

Hydrolysis of casein and starch. The media of Ha Ward& odgklss (1961).

Ingo{e god%cgon was tested with Ehrlich’s reagent in peptone water cultures
incubate ays.

H.J>production v>\l/as tested in peptone water containing (H)I % L-cysteine hydro-
chloride (lead acetate papers} incubated for 6 days.

Urease. Christensen’s (1946) method; incubation for 21 days.

Oxidase. Kovacs’s (1956) method.

Catalase A loopful of culture from nutrient agar was held in a drop of ‘10vol.”’
H220n s||de and examined macroscopically T0r effervescence,

Voges-Proskauer (Barritt’s method; ackle&l\/lacCartneg 1960) and methyl red
reactions. Glucose phosphate broth cultures incubated for %

Nitrate reduction. Nutrient broth containing 0T % (w/v) KNOg, incubated for
glfla)(s then tested with Griess-Ilosvay reagents, and Wlth zinc dust for residual

Gelatin liquefaction. Kohn’s 1953) method, incybation for 14 days.
Citrate utilization. Koser's (1 )medlum mcubatlon for 2 days.
Gluconate OX|dat|0n Shaw & Clarke’s (1955). method,

Malonate tilization and phen Ialamne deaminase activity. Combined medium of
Shaw & Clar e@ ch at| n for 6 (ays.
Growth In Moeller’s (1954) method.

Decarboxylases Moeller’s ((11 b5) method.

Two isolates were examine P%/ electron mmroscopy on nitrocellulose-coated grids,
shadowed with gold + palladium at an angle of 15° magnification x 20,000.
_ Antibiotic sen5|t|V|t|es were determinedby the agar gel diffusion method, with
Mast” antibiotic discs.

RESULTS

The organism was 3 Gram-negative rod, average size 1-5/tx0-6 y with coecmd
and elongated forms 2118hr culttires on blood agar); non-sporing, non-capsulated
and not dcid-fast. Scattered sudanoph|I|c inclusiorts were foundin 5 of 9 strains
examined, Itwas actlvel motile after overnight growth In broth af 37°. Electron
mlcrograp S ce% ﬁ showed a gerltnchous drranigement of fiagella, varying in
numbers, up to aboUt 12 per organism

After miubatlon on blood agar at 37° for 24 hr, two d|st|nct tyrﬂes of colony were
reeo%mzab e, with a range of |ntermed|fte forms, The usual and more characteristic
coloiy was Umbonate, With acentral ateau raged 0] abutton |n the middle, and
a thir’ matt spreading edg here wasasurroun Ing zone of bright green discolora-
tion of the medlum Visible on blood (horse, sheep, 0x, rabbit) agars. Colonial size
vaned con5| derably u E)t06mm in diameter. The elevation 0f the colonies varled
from flat- tolgped to almost conical. Frequent there was no central button
uenit%rowt adjacent col ome?ewere often demarcated ystralr%;e J

areas of Co
g Ina ‘paving-stone’ etfect, the area of growth being out

Indentations, resulti
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by a skin-like fringe. The other type. of colony was high-convex, greyish white, with
a°smooth gllstemng surface anda circular otline devoid of fringe.” It appeared to
correspond to the Central button of the ‘rou%h "type. Usually a particylar culture
showed a preponderance of one type, but both tlypes might be present in the same
culture. Severa| strains incubated simultaneously under‘identical conditions might
show a preponderance of different tyPes. Neither type bred_true on subculture.

After ‘incubation at 37° for 48 hr the characteristic colonial features were no
longer evident, and blood plates showed comlolete lysis. After incubation at 28°
for 24 hr the diameter of the colonies was similar, but the fringe was developed at

Table 1. Antibiotic sensitivities of 17 of the strains of Alcaligenes
odorans var. viridans examined

Reactions of the 17 strains
Moderately

Antibiotic Sensitive sensitive Resistant
Penicillin — — 17
Methicillin - - 17
Ampicillin 9 2 6
Streptomycin 7 2 8
Chloramphenicol 16 1 —
Tetracycline 14 1 2
Erythromycin — 11 6
Neomycin 4 8 5
Kanamycin 5 - 12
Polymixin B 16 - 1
Polymixin E 17 - —
Sulphonamide 14 — 3
Novobiocin - 1 16
Ristocetin - - 17
Nitrofurantoin 17 — -
Bacitracin - - 17

the expense of the convex portion, so that the colonial mass was diminished. Cultures
on blood a?ar nearly always had a pleasant_st_ron%lg aromatic odour, resemblln%
that of apples. This ddour was very characteristic and could often be detected eve

when the organism was outnumbered in mixed cultures. Colonies on nutrient agar
were smallef, and hﬁd a less distinctive, somewhat che,es%/ smell. Poor growth
occurred on MacConkey’s medium with an alkaling reaction and on deoxycholate
citrate agar after incubation at 37° for 24 hr. _Growth did not occur at 42° nor on
solid media incubated anaerobjcally at 37° for 7 days. Fluorescin was not é)r%duced
on the medium B of King et al. (1954). Discoloration was not produced on heated
blood agar, Agpreuable growth occurred on 0-03% cetrimjde agar, although the
size of Colonies was then"much decreased as_compared with a control strain of
Pseudomonas aeruginsa which grew freelly. Cultures in nutrient broth showed a
uniform turbidity “with an occasional surface pellicle, and reached PH 8T after
[ days. Litmus milk cultures turned blue after 4 days, and were hleached sub-

segrl#]ent 8/ , . : .
_The Tollowing tests were always positive: catalase, oxidase, H% production,
citrate and malonate utilization.

22 G. Microb. xi
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wazhftrellé/vﬁ? no visible growth in presence of KCN (Moeller, 1954) at 24 hr, but there

The following tests were negative: IiPase, casein and starch hydrolysis, gelatinase,
V.P. and M.R’, indole, urease, nitrate reduction, gluconate “oxigation, ﬁhenyla-
|anine deaminase; arginine, lysine and ornjthine decarbo%lgls)es. No carbo

. . ydrates
were attacked in the"medium of Hayward & Hodgkiss (

DISCUSSION

Records of the previous collection of 20 strains examined 12 years ago showed
that, ,although several recently Introduced tests were not then performed, the
organisms were almost certainly the same as are now reported upan, with the same
characteristic aromatic smell, colonial a%earances and discoloration of blood.

This organism_belongs to the genus Alcaligenes as defined in Bergey's Manual
g1957_), bemg a Gram-negative rod, motile bay peritrichous flagella,_producing an

Ikaline reaCtion In litmds milk and not attacking carbohydrates. The genus_has
aroused controversy since Petruschky’s (1896) original description of ‘Bacterium
alcaligenes faecalis ", which was stated'to possess pefitrichous ﬂaqella. The existence
of such strains was doubted for a time, but several subsequent workers, notably
Leifson (1960), Thibault 51961[)), and Hu%h & Ryschenkow ( 961? have mainfained
that the genus Alcaligenes should include only or?anlsm_s motile by peritrichous
flagella; we have foIIowTd them in this. The ?res_en organism differs from the éype
species A, faecalis Castellani & Chambers (1919) in ?osses_smg a strong fruity odour
and producing ?reemng of hlood agar. A'search of the literature haS not revealed
a (escription"of any drganism which exactly corresponds to our own, but three
pagers have described similar or p053|bI¥ related organisms. _

tutzer (1924) described an organism, found in the'stools of patients with cholera
and dysentery which he called “Bacterium fagcalis aromaticum’. This was a small
Gram-negative rod, 1i1x 0-3-0-5fi, with similar colonial appearances to those of
our strains, One the of colong/ was matt_flat-conical n elevation with radial
furrows and a polyhedral outling, reaching 3-4 mm. in diameter after incubation
for 24 hr. The othér t;ﬁ)e had a mois glistening surface, and had an intense a?ree-
able aromatic odour. Unlike o%lstregns, it was on-motile and liquefied coagulated
serum anq gelatin; greening of blood agar was not mentioned. _

Berlin (1 2_72 150ldted from human fagces an orgamsm which he called "Bagterium
alcali-aromaticym’, This was a Gram-negatlve rod, motile tfg peritrichous _flaqella.
Colonies showed a raised greyish white céntre and an irreqular plateau, whichater
became cone-shai)ed_, with regu_lar RerlPhe_raI radial fyrrows and'a transparent edge.
At 16-18° the colonies had an intense fruity odour which disappeared after a wegk,
to be replaced by a cheesy odour; the friity odour was not apgarent at 37°. On
sheeevblood agar; weak haemolysis was evidént after 3-4 dags. rowth in broth at
31" Was described as granular, reaching pH 80 after 7-10 days. It was indole
neganve, HS negative, did not liquefy Serum or gelatin or reduce nitrate, ang did
not atfack a wide range of carbohydrates. This organism showed only minor differ-
ences from oulr strains buf lacked the Intens erJItR/ odour at 3/° and did not produce
greenln% of blood agar after overnight incubation, _ _

Malek, Radochova & Lysenko (1963) studied 4 strains of an organism previously
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described as Pseudomonas odorans (Malek & Kazdova-Koziskova, 1946) and re-
allocated them to the genus Alcaligenes. They were Gram-negative bacilli, motile by
peritriehous ﬂagella a5 shown bY electron ml_croscola)(. On meat peptone agar after
Incubation for Z days at 28°, colonies were either flat and sPre_a Ing with irreqular
edges, or convex, and round with entjre edges. No haemolysis ocgurred on Blood
agar. Young cultures had an odour of jasmine or strawberries, replaced by that of
ammonia in older cultyres. Unlike our Sfrains, their _orqanlsms_were n,on-haemoIYtlc
on hloo agar, and_djtfered in their antibiotic sensitivities, being resistant to tetra-

C};ch_ne Ian polymixin, and only shightly sensitive to streptonycin and chloram-
phenico

Qur strains resemble A. odorans too c_losegl to be regarded as a separate species,
and it is proposed that th }{be distinguished as A. gdorans var. viridans. The tg e
strain has been deposited inthe National Collection of T)(pe Cultyres as NCTC 10388,

The resemblances to Pseudomonas aeruginosa are only superficial; but confusion
may arise in clinical bacterjology because of the colonial appearanges, obl_lgate
aerobic growth, aromatic odour, green discoloration of medium, positive oxidase
reaction, appreciable growth on 0-03% cetrimide agar, and marked sensgtlwt)( to

olymixins. . Our strains have been isolated only In mixed cultures, with other

ram-negative bacilli. They have not been shown to have a pathogenic role. The
widely differing antibiotic sensitivit Patterns of the strains are strong evidence that
the organism Was not recurring as a laboratory contaminant,

Our thanks are due to Professor W. A Gillespie, under whose direction this work
was done, for his invaluable aavice and encouragement. We are greatly indebted
to the late Dr K. J. Steel for considerahle heIrP_ In r_ewsmg the manuscript, and to
C.. A Bassett ofthe Department of Physics, University of Bristol, for making electron
micrographs of the organism.
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INTRODUCTION

Psychrophilic micro-organisms differ from mesophils in havrn? lower minimum
temEeratures for growth.” But the maximum temperatures for growth of psychro-
EI can vary from around 18°. as with a strain of Serratia marcescens (Kates &
ag 64)'to between 40 and 50° which s in the range of maximum tempera-
turés for %r wth of many mesophils. Very little is known about the biochemical
bases ofthe maximum temperatures for growth of micro- orgamsms aIthough several

factors are thought to be Involved incltiding the denaturition of enzymés (Chick



350 L. M. Evison and A. H. Rose

1910; Edwards & Rettger, 1937), denatij_ratlon and passible d(eé]radatlon of DNA
(Marmur & Doty, 1958) and RNA (Califano, 1952;" Strange & Shon, 1964) and
changes in the L{)ropertles of membrane nglds (Luzzati & Husson, 1962: Byme &
Chapman, 1964 Hagen, Kushner & Gibbons, 1964). Enzyme denaturation IS
usually assumed to e a magﬁ)r factor, and excellent agreement between the maxi-
mum femperatures for_?row | of several bacteria and {fie minimum temperatures at
which certain of theil respiratory enzymes_were_ inactivated was reported b

Edwards & Rettger ;19373. By using a technique in which exponentially growing
or?anlsms were transterred from the optimum temperature for growth to 4 témpera-
ture some 3-5° above the maximum for girowth, agen & Rose (1962) showed that
the low maximum temperature for growth of a psg/chr_ophlllc Crygtococcus (about
28°) was determined at least in part™hy the heat-sénsitive nature”of one or more of
the'tricarboxylic acid gCA) cycle enzymes, Uﬁadhyay & Stokes %1_9_63?) reported
the presence Of a heat-sensitive formate hkldroge lyase In a psychrophilic bacterjum
and Burton & Morita, (1963) showed that the” malate dehydrogenase in a psychro-
philic marine bacterium Was also abnormally sensitive to™heat denaturation,
although In neither of these reports was there évidence that the heat sensitivity of
the en gme determined the maximum temperature for growth ofthe |ven_or%an sm,
The présent paper.records the results of a comparafive study on the bigchemical
bases . of the’ maximum temperatures for ?rowt,h In fhree psychroghlhc micro-
organisms which have maximum temperatures within the range 22-33°.

METHODS

O(r]ganlsms. The origin and maintenance ofthe strains of Arthrobacter (No. r22/3a),
Candida (No. a3e-2) and Corynebacterium erythrogenes (ncmb 5) examined here were
described by Rose & Evison (1965%. _
Experimental culfures. The strains of Arthrobacter and _Co(rjynebactenum erythro-
enes were grown in the defined medium (pH 6-7) described by Rose & Evison
1965) and the strain of Candida in the glucase + salfs + vitamins medium. (pH 4-5
of Rasg & Nickerson §956) supplementéd with D-biatip 22-0 ftg.1.). Portions (10
ml.) of bacterial or yeast medium in 350 ml. conical flasks were prepared as de-
scribed by Rose & Evison $l965), In certain experiments, cultures (6 ml.) were
rown in"Samco tubes covered with anodized aluminium caﬁ)s (Oxo Ltd., Queen
treet Place, London, E.C. 4: Northam & Norris, 1951r). Solutions_of substances
were occasionally added to these 6 ml. cultures as described Tater._These solutions
were adjusted to'pH 4-5 when added to yeast cultures, or to pH 6-7 when added to
bacterial cultures, and were sterilized separately by autoclaving momentarily at
115°_ Portions of sterile medium were inoculated &S described By Rose & Evison
6&965. Cultures were Incubated statically at the temperatures stated. Growth
vas measyred turbidimetrically in Sameo tubes with th ,Hll%er ‘Spekker’ absorﬁ-
tiometer (Mol H7602 with Neutral reen-ﬂreg H 508 filters and a water blank,
gprgr%%lr?/ readings were related to dry weight By using a calibration curve for each
%/iable counts of organisms in cultures were made by spreading samgles %%1 ml.2
from successive ten-fold dilutions in water on well-dried plates of malt wort-aga
(10%, wiv, spray-dried malt extract, “Muntona’, Munton and Fison, Ltd., Stow-
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market, Suffolk, +2 %, wiv, agar, +0-5%, wiv, NaCl) for the yeast, or on plates of
nutrient a?ar for the hacteria, ngllcate plates were used with'each dilution. Plate
cultures of the Candida were incubated at 10° for 144 hr, those of the Arthrobacter
at 20° for 48 hr and of C. erythrogenes at 20° for 72 |ir. The colonies on Plates which
nad received suitably diluted portions were counted with an electric co onY counter
Sintacell, Ltd., Loridon, E.C. 41)' The contents of viable organisms in cu
xpressed as the number/mg. dry wt, organism. _
Respirometry. The respiratory acfivities of organjsms were determined as de-
scribed by Umbreit, Burris & Stauffer (1964) with the constant volume Warburg
res_|0|rometer (B. Braun, M_elsunqen, West Germany; Model S 85) fitted with coolmﬁ
coils through which was circulated cold water from a low temperature water bat
model LB 405; Grant Instruments Ltd., Barrlnq_ton, Cambrld%e) when required,
rgamsms were harvested from cultures at the Ximes Indicated In a refrigerated
centrifuge at 0°. The yeast was washed three times with phosphate buffer (m/15
IWVHP 02 pH 4-5) and the bacteria with 0-85% Fw/v) NaCl. The washed organisms
were suspended in a volyme of phosphate huffer (PH 45 for the yeast; pH 7-,
Gomori, 1955, for bacteria) to a concentration suitable for use in the Warbur
respirometer. The centre well of each Warburg flask contained 0-2.ml. 10% (wly
KOH and a small filter-paper wick. A portion of susRenswn containing a suitabl
guantlty 0f organisms was added to the flask and the total volume adjusted to
-5 ml, With buffer. The side arm contained 0-3 ml. of a solution (25 %, wiV; P’H 45
or 7-0) of oxidizable substrate, or 0-3 ml. water when measurln% the resEnra jon of
endogenous reserves. After the Warburg flasks had been attaChed to the mano-
meters, they were equilibrated in the water bath for 10-30 min., depending upon
the temperature of the bath, After the manometer taps had been closed and the
supstrate tipped from the side arm, the yptake of oxygen by the organisms was
followed over a period of Lhr. The respiratory activities are quoted as the
values (jA oxygen consumea/mg. dry wt, orgamsm/hr)bfor the respiration of engo-
geno_us reserves, and of exogenous Substraté after subtracting the value for the
espiration of endOﬂenous reServes. _ _
reparation of cell extracts, Extracts of or%amsm_s for use jn the measyrement of
enzyme activities were prepared by ballistic disinegration. Organisms were
harvested from cultures b56 centrifugation at 0° in a refrigérated centriftige. Bacteria
were washed twice with 0-85% (w/v) NaCl and the yeast with phosphate buffer
(pH 4-5). The equivalent of 50-200 mg. dry wt. organisms was washed once with
ice-cold water, suspended. in 50 ml. ice-cold water and shaken with 3 g. Ballotini
beads (Grade 12) in a Mickle tissue disintegrator (Mickle, 1948) as déscribed by
Ahmad & Rose 1962()). Cell-free extracts were obtained by centrlfugmg the sus-
Benélon of éijsru ted Organisms at 1300%_for 20 min. at 0°7 ExtractS were ejther
ed Immediately or stored at —20° until required. The protein contents of the
extracts were determined by the method of,Loer_,_ Rosebrough, Farr & Randall
1951), with crystalline bovine plasma albumin gL. ight and Co.,, Ltd., Colnbrook,
Ucks.) as a standard. Acid-soluble ultraviole gu.v. -absorbing compounds were
extracted from portions of washed organisms é ontaining equiv. 5mg. dry wt,
%rgamslrgglby using 5% (wiv) trichloroacetic acid as described by Ahmad, Rose &
ar

Eﬂzyme f)ésays. The enzyme nomenclature used is that recommencled in the Report

tures are
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of the Commission on Enzymes of the International Union of Biochemistry, 1961
althou%h only the su %;est d trivial names are useq for the dehydrogenases studied
since the exgerimental results do not permit precise identification 0f the enzymes
concemed. The actiities of all of the enzymes studied were calculated from initial
reaction velocities determined over g period during which plots of the amount, of
substrate changed a%amst time were |inear. All activities are expressed as specific
activities (/;mole-substrate consumed/mg. extract protein/hr).

The activities of aconitate hydratase, Isocitrate dehgdro enase, fumarate hydra-
tase and L-malate dehydrogenase were measured sge trophotometrically by usmg
the S.P. 500 quartz spectroghotometer fitted with a copstant temperature Cuvett
ho_usm% (Unicam Ltd., Camoridge) through which was circulated water at an a[%Jro-
oriate femperature, Reactions Were carfied out In 1.cm. quartz cuvettes and all
reaction constituents except cell extracts, which were kept at 0°, were equilibrated
In the cuvettes at the test temperature before starting the reaction. The temperature
of the reaction mixture in the cuvettes was meastred by using either a mercury
thermometer or a Rustrak miniature temperature recorder coupled to a hypodermic
thertm&storbwglch fitted down the inside of the cuvette (Grant Instruments Ltd.,

011, Lamoriage,). : .

Aconitate hg rafase Ecnrate gsomtrate% hydrolxase; EC 4.2.1.32 Was assayed
by a method Based on that cf Racker 819 0)"which depends on me s_urmg the”in-
cease In extinction at 240 m/t attendant Upon the conversion of citratg to cis-
acopitate, Each cuvette was charged with sodium citrate (87 /;moles; pH 7-4) and
sodium ghosgh_ate buffer (145 /;moles; pH, 7-49 In 29 ml. water. The reaction was
started by adding O-1 ml. "of a surtably diluted portion of cell extract containing
approximately 1 0_f|g._ grotem' 0-1 ml. water was added to the control cuvette,

he increase in extinction at 240 m?, cauged by the formation of «'s-acorntate, was
followed at 30 sec. intervals for a period of 5 min. Specific activities were calculated
using the value for the extinction In 3-0 ml. water of l//mole cis-aconitate at 240 mfi
quoted by Williams & Rainbow, (1964), _

Isocitrate dehydrogenase %N DP-linked) was assaged %followmg at 340 mit
the increase In extinction on reduction of NADP (Ochoa,, 1948; Kornberg & Pricer,
1951). Each cyvette contained sodium DL-isacitrate (0-5/¢mole; pH 7-0), potassium
ghosphate buffer (100/;moles; pH 7-0), NADP _(05/'mc§le), MOCI2 (10 /;moles) in
9ml. water. The reacﬁlon wag started b _addmg 01 ml. of diluted ol extract
containing about 100fig. protein, and thé increase in extinction at 340 mfi was
followed at 30 sec. intervals ever a period of 3 min., with a blank reaction mixture
Iackm% cell extract. The extinction of a second blank reaction mixture containing
all of the constituents except, DL-isocityate was measured at the be%mnmg and at the
end ofthe geno_d of observation.. Specific acfivities were calculated from'the change
|£ Xgm telr (? @%the molar extinction coefficient for NADPH2quoted by Horecker
Fumarate hydratase (L-malate hydro-lyase: EC 4.2.1.2) activity was assayed
using a method based on that of Racker (19502 which depends, cn measuring the
decrBase in the extinction at 300 mfi attendant on the conversion of fumardte to
L-malate, Ea?h cyyette contained sodium fum?rate 49 [;moles; E)_H 1-3) and sodjum
phospnate buffer (95 /;moles; pH 7-3) in 29 ml, water. The reaction was started b
adding OT ml. of cell extract containing about 400 fig. protein; 0-L ml. water was
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added to the control reaction mixture. The decrease in extinction at 300 m/i, caused
by the decrease In the concentration of fumarate, was followed at 30 sec. infervals
over a period of Smin. Specific actrvrtlres were calculated using a value for the
extinction ofllmolefumarate In 30ml. at 300 mfi

Two methods were used for assa)(rng a]late dehydro enase %NAD linked).
The activity of this enzyme in cell extra tso t eCan I0a was assayed by a modi-
fication of the method” of Beaufay, Bendall, Baudhuin & de Duve (1959) with
L-malate as substrate and foIIowr rr};at 310 mfi the mcrease In the extinction of the
reaction mrxture on the reductio Fach cuvette contarned trrs buffer
(58/ moles; éa ) potassrumr maIateq1 Iemoles; p 7 [imole:
H aCN ethyle E‘D

} 30/;moles; pH 85) and nedramrnetetra acetrc acrd
3/;moles; gH 85)frn 29 ml. water Th econstrtuents were incubated at room tem
Braure (18-22°) for 2hr to allow the NAD and NaCN to equilibrate. The reaction

was started by addrng G-Lml, of diluted cell extract ?ontarnrn about 100 trrI;
Protern and the increase In extinction at 340 m/; was followed at 30 sec. Interva

or g perjod of 4 min. Two blank reaction mixtures were used with each experiment,
one lacking NAD and cell extract and the other Iackrnngalate Specificactiyities
of the Candida extracts were calculated by usrng the molar extinction coerficient
for NADHZreported by Horecker&Kornber(I]( 48R Only very slight malate de-
hydrogenase activity was detected in extracts of the Arthrobdcter or of Coryne-
bacterium erythrogenes by this assay method. Malate dehydrogenase activity could,
however, h assarued in_extracts of these bacteria usrnr? oxaloacetate as sub
strae and oIIowr the decrease In extrnctron cause yt eoxr atron of NAD

Ochoa ach cuvette contarne so rum 7p 0sp ate u er 0/ moles

H I- potas iLm oxaloacetatet -16/¢mole; 4) and NADHZ (0-15 moIe
pH 74 in 2-9 ml. water. The reaction Wes started by addrng 01 mI ofasurtably
diluted, portion_of cell extract containing about 100fig. protein and the decrease in
extingtion at 340 m/; was foIIowed at 30 sec. |ntervaIs over a period of 3min,
I\Fecrfrc actrvrtres wére calculated usrn%t e molar extinction coefficient for

uoted Horecker&Korn erg (1948). Extracts of the Candlida did not
sow ma ate e drogenase activit when assae using this method even when
the pH value, of the réaction mrxtuewas raiseq to 8-4 of lowered to 58,

The activities of pyruvate, 20xo? utarate and succinate dehydrogenases in cell
extracts were assaye manometrrca by the conventronal constant volume respiro-
meter technique (Umbreit et al. 1964). Pyruvate dehydrogenase actrvrty Was
assayed by measurrn carhon dioxide evqutron wrth lithium f ruvate as Su strate

and “potassium ferricyanide as electron acceptor ( aganath & Schweet, 1
Each Warbur flask was charged with IrthrumP ruvate (1 oes ), S0 rum br
car ponate (507;males) M%CIZ (20/; molesg and thiamine grop‘hos phate 20 0 1ig-

h usted to I-f 6-0 gust fore use). The onstrtuentswre added as 2 S0 utron

which had been flyshed with carbon dioxide gas for 2-3 min. portrrin of cell
extract contarnrng38mg rotein and water t avolume of 3l wereasoa ded
0 the flﬁsk the side ar w]hrch contained pot si Jerrr anr% [glOO crgoesg
The tlas swere attached to_the manometers, an use with carbon dioX]

or 10 min,, with adlass manifold to ensure even gassr% he manometer unifs were
then urckrtrans erred to the water bath and equilibrated for 10 min. After the
potassium ferricyanide had been tipped in from the side arm, the evolution of
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carbon dioxide was followed during a period of 10 min. Control flasks contained all
of the constituents of the reaction'mixture except cell extract. Specific activities
were calculated from the amount of carbon dioxice evolved. _
2-Oxoglutarate dehydrogenase activity in cell extracts was assayed by measuring
carbon dioxide evolution in a s¥stem which contained 2-o>_<OPIutarate as substrate
and potassium ferricyanide as electron accePtor (Sanad), Littlefield & Bock, 1952).
The main compartment of each Warburg tlask was charged with sodium’ 2-oxo-
|utarate (50 «moles), sodium  bicarbonate &400/¢moles thiamine r%phosphate
_00/¢q.; djusted t0 pH 69 just before usg and MoCl2 (20/;moles). These' con-
tituents were added as a solution that had Deen flusfied for 2-3 min, with carbon
dioxide qas. The solutign in the Warburg tlasks was supplemented with hovine
plasma albumin (L, nght and Co. Ltd., Colnbrook, Bucks: 30 mg.), a portion of
cell extract containing 3-8 mg. protein and water to a volume of 8 ml. The side arm
of the flask contained potassium ferricyanide JSO Jgmoles). The flasks were attached
to the manometers, flushed with carbon dioxide gas for 10 min., quickly transferred
to the Warburg bath and e(1U|I|brated for 10 min. After the potassiun ferricyanide
had_ been added from the side arm, the evolutign of carbon dioxide was recorded
during 10 min. Control flasks contained all of the constituents of the reaction
mixture except cell extract. Specific activities were calculated from the amount of
carbon dioxi eevglved. o _
Succinate dehy ro%enase activity in cell extracts was assayed by measuring the
amount ofox%/genu ake with succinate as a substrate in the presefce of phenazine
methosulphate’ as electron carrier (Bernath & Singer, 196&?. Each Warburg flask
was charged with sodium Phosﬁhate bufter (150 /¢moles; pH 7-6), KCN (30/;moles;
PH 7-6), “cell extract containing 3-4 mg. protein and water to 3-0ml.  Sodium
succinate (60/;moles: H7-6& and phenazine methosuIPhate rS(}Z Q-L, 0-07, 0-05
or 0-04 ml. of & 1% Wiv, sollition) Were added to the side arm. KCN was added
last, the flasks |mmed|atelly attached to the mangmeters and the stopcocks closeg
The excess pressure was released mqmentanlg after the units had been placed in
the Warburg hath. After equili ratm? for 10 min, the contends of the side arms
were tIP?ed Into the flasks and the uptake of oxygen was recorded during 20 min,
Control Hasks contained all of the constjtuents of the reaction mixture except cell
extract. The reciprocal of the qos value (calculated over a period of 2-12 min.) was
then plotted against the reciprocal of the concentration of phenazine methosulphate
and the ox%/gen uptake extrapolated to infinite phenazine methosulphate concen-
tration, Ths(\!atl]ue for the oxye Uptake was use tﬁ calculate the specific activities
of succinate eYdrogenas_e n'the extracts (Bernat &Sm?er, 19%2) _
The method o Ramakrishnan & Martin (1954) was used Tor assaying the citrate
synthase gutrate oxaloacetate-lyase (Co A-acet Iatmg - EC4.1.377) activities of
cell extracts. This involved using acetyl phosphate, coehzyme A and transacetylase
t0 generate acetyl coenzyme A which'was then allowed to react with oxaloacetate
to ive cifrate in a reaction catalysed by cCitrate s%/nthase. In this system, the
amount of acetyl 8hos hate used | proportional to the amount of citrate synthase
present_SOchoa, 19556). The reaction was carried out In Warburgbﬂasks Which were
placed in a tray of 18 and charged with potassium phosphate ufter (25 /¢moles;
DH 7-4), potassiu oxilloacetate 20 /;moles; pH 7-4), a eK/ll qospr)ate {I moles)
coenzyme A (0-05 /;mole), L-cystel e((IO gmoles; pH'7-4), MqCI2 (& l;moles), trans-
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acetylase Ere aration (0-04 ml, contalnlngi approximately 0-8 mg. protein; Rama-
krishnan & Martin, 1954), a portion of cell extract contéining 0-5-4-0 mg. protein
and water to 1 ml. The transacetylase preparation was obtained from escherichia
coli Strain NRC 482 as described by Ramakrishnan & Martin (1954), except that the
extract was not fractionated with ammonium sulphate. Control flasks Iacklng
cell extract were set up. The Warburg flasks were placed on_the manometers an
Immediately incubated at the test temperature for 20 min, The flasks were then
removed from the manometers and placed In the tray of ice for 5min., and the
acetyl phosphate remammg(ln the reaction mixtyre was,determined by tne hydroxa-
mate method of L|Pmann Tuttle (1945). Specific activities were calculated from
the amount of acetyl phosphate used.

RESULTS
Effect of change of incubation temperature on growth

Exponential-phase cultures of a psychrophilic strain of CryPtococcus were shown
bg Hagen & Rose (1961) to grow rapialy for a perjod, at & temperature about 3°
above the maximum for growth in freshly inoculated culture, when they were
previously incubated at Or near the optimum temperature for growth (16°)

(a)

Fig. 1. Growth of cultures (6 ml.) of Arthrobaeter (a), Candida (6{, Corynebacterium
erythrogenes (c) after transfer from a temperature at or near the optimum for growth
(¢----+) to one 3-5° above the maximum for growth (O - - O)- Cultures of Arthrobaeter
were transterred to 37° after 62, 135 and 255 hr incubation at 20°; cultures of Candida
to 25° after 90, 114 and 191 hr incubation at 10° C. erythrogenes cultures to 30° after
96, 192 and 264 hr at 15°,

The effects of transferring cultures of each of the organisms used in the present
work from a temIperature at or near the optimum for"growth to one 3-5° above
the maximym for growth In freshl;{ inoculated cultures' are shown in Fig. 1. A
three organisms grew to some extent after transfer to the hlgher temReratures. The
amant of %rowth at th% hlgher temperatyres was greatest with the Candida
and least with the Arthrobaetér, but none of the orgartisms grew {o the same ex-
tent as did the psychrophilic Cryptococcus (Hagen &Roge, “1961) after transfer
to the higher temﬁeratures. The turbigity of Some Arthroaeter fultures (le-
creased after prolonged Incubation at 3/°." Hagen & Rose (19%!1) also reported
that cultures of the Cryptococcus which had stopped gr%wmg]afte the¥ had heen
transterred to the hlqher temperature began to grow Wwhen they were transferred
back to the optimum temperature for growth. Thére was usuallgf a lag period before
growth occurred at the optimum temperature, and this lag was proportional to the
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duration of the incubation at the higher temperature The results of subjecting each
of the organisms used In the presen work to a similar regimen of changgs in incupa-
tion temperature are shown In Fig. 2. Cultures ofeach fthe or anrs sgrew after
being transferred back to the optimum temperature for growth, %perro for
growth of the Arthrobaeter and Candida mcreasedwrth eIen th oftr e that the
Cultures had spent at the hrgher temperatures. But Coryned acte(rrume frogenes
cultures rew Imostrmmedr tely after they were transferred back to the optifum
tem[perature or growt

was possiblg that the inability, or limited ability, of the organisms to grow
following the transfer of cultures to the higher temperatures was due to an 3ddi-
tional nutrrtronal demand that could not™he met by the media (Brown, 19%/).
Severa reports haye appeared showing that, at temBeratures above the maxima for
?rowt in'minimal medium, micro-organisms may become auxotrophic for growth
actors that are not required at the optimum ternperatures for growth (see Teview
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Fig. 2. Growth of cultures (6.ml.) of Arthrobaeter (a), Candida (), Corynebp.cterium
erythrogehes (c) after transfer from a temperature at ordreart e 0 hmum for growth
------ *) to dne 3-5° above the maxrmum for growth S] fo lowed by aTeturn
to the optimum temperature (- ). C f Arthro baeter ere transferred to
31° after 120 hy at 20° and were returneq to 20° after2 A), 48 |A) and t3 ) hr at
3% cuIture of C t10° ndwere returned to

4
nd }_{ were tran ferred to 25° after 120h )
é; nes cu tur?;_\were trahsferre]r

te
t
an ra
10° ‘after 12 ), .36 hrat 2 ¥thr0ge
hrandwerereturnedto 15° ter 52 (A), 100 (A) and 172 (3

r0m15° ° after

brp Lanqrrd ge, 1963). Little attention has heen qrven tq the reasons for this increase
nutritional requrrements with temperature, although it is assumed that they are
caused In p]arta least by the thermal dénaturation"of one or more enzymes, con-
cerned in the synthesis,of some cell constituent. To test for an increase In futritional
requirements at the hrgher temperatures, cultures of each of the three or%anrsms
were incubated at or near the ogtrmum temperature for tt;rovvth and, when the
cultures had reached the mid exp nential Ju ase, they were transferred to,a higher
temperature. At th trme of transfer dprcaec tures of each organism Were
supplementedwh 5, of a solution o bacterroo |ca pe tone (*Oxoid’, Oxo
L.td., London, E.C. ) concentratronsl 1or o wv oro east extract
eastrel Bre ers Supply Co Edinb ur]g ). to final cncentratrons
(Wi). Other cuItures were suppIemente with etone (to 1%, wiv)

east extract tto 0T %, w)v). Control cu tureswre supp emente wrth Wwater
However, none of these sup[ﬁe ents had W de ech le e e?t oH the tIqrowh ftE
organisms at the higher temperatures. Although these results do not exclude t
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possibility that transfer to the higher temperatures caused agditional nutritional
demands by the organisms, they “show that such demands, If created, were not
satisfied by the constituents of the bactenoIO([ncaI peptone and yeast extract.
Neither of the bacteria grew in nutrient broth at the higher temperatures.

Effect of change in incubation temperature on viability and respiratory activity

_From the report by Hagen & Rose (1962) it seemed likely that further informa-
tion on the higchemical bases of the maximum temperatures Tor growth of the orga-
nisms might be obtained by examining the behaviour of orgariisms transferred'to
temperatures above the maxima for growth. The data in Fig. 3 show the effect
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(a) (b) (c)

FI?. 3, Effect of change in incubation temperature on g;(rowth 9, V|ab|I|t¥ (A) and the
rate of respiration of endogenous reserves (3 ) and of exogenous glucgse (O). by Arthro-
bacter (), Candida (ft) orgnebacterlum erythrogenes (c).” Cultures (100m|d)_ of Arthro-
bacter were transferred from 20° to 37° after 72 hrincubation; cultures of Candida from 10°
to 25° after 120 hr; and C. erythrogenes cultures from 15° to 30° after 120 hr, ------mm-
Indicates the activities of organisms at the higher temperatyres, and — - the activities
ofor?anlsms at the lower temperatures. Respiratory activities were measured at the tem-
perafures at which the organisms had been incubated. Plate cultures for the estimation of
viability were incubated at the lower temperature for each organism.

of such a change in incubation temperature on the viability and respiratory
activity of each organism. The imposition of these thermal stresSes caused a rapid
decline in the rates of respiration of exogenous glucose and endogenous reserves by
the Arthrobacter and the Candida and thiis, was dccompanied after a prief lag period
by a marked decrease in the content of viable organisms in tic_cultures. Coryne-
bacterium erythrogenes, on the other hand, was miich less sensitive to the therm:;!
stress. The rates™of respiration of this bacterium were not so markedly affected
after the transfer of cultures to 30°, while the content of viable ¢ vnisms In these
cultures actuallly \ncreased s“ghtlg/. L : .

An attempt to locate the héat-Sensitive lesions in the respirator} { taholism of
the or([;amsms wag made by exammm% Jhe ab|I||ty of each orﬁ;amsm t{ respire inter-
mediates of the TCA cycle before and after transfer to the higher emperature.

Viapility Iwgo. rr)gan{s)ms X 1U"s
W
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Organisms were tested for the abl|l'[Y to respire p)(ruvate, citrate, isocitrate, 2-0xo-
glutarate, succinate, fumarate, malate and oxaloacetate. Only a few of these
Substrates were respired to any appreciable extent by organisms grown at the
optimum temperatures for growth; presumably those compolnds naf respired were
unable to penetrate the organisms. Tucker él 60) examined the abiljty of a strain
of Corynebacterium erythrogenes to respire TCA cycle intermediates after growth at

100 50 i~ 100'[4

80 40 80

60 30 - 60

Qo,

S
<@
40 20 ¢ 40

Qo,

20 10 4 20

0 1 — 0 L . 0
0 20 40 60 0 10 20 30

Time (hr) Time (hr) Time (hr)
(c)

ig. 4. Effect of change in incubation temger ture on the apility of Arthrobacter
a), Candida (6), Coryn€bacterium erythrogenes (c) to respire endogenous reserves (#
lucose (O), pyruvate (A), succinate 83 and oxaloacetate (A?. Cultures (100 mt)
fArthrabacter were tra °to 3/° after 120 hr; cul

0° to 25° after 120 hr: and C. erythrog{enes cultures from 15° to 30° after 120 hr, All
espiratory activities were measyréd at'the hlﬁ;her temperatures. Data are (l;|ven only for
Eg%s&?gttl)]srggtes that the organisms were able to oxidize before transfer fo the higher

—_O——T1

sterred from 2 ures of Candida from

—

25° in @ medium containing glucose as carbon source, and obtained results similar
to those reported here. Th% data In Flg. 4 show that the effects of thf thermal
stresses on the ability of the_organisms to respire pyruvate were similar to_ the
effects on glucosg respiration. This su%gested that one Or more of the heat-sensitive
lesions in eacl] thhﬁ or anl%n]s waﬁ a %ng ll?.?.reacp%ns of the TCA cycle, aIthough
It did not exclude the possibility that the"apiljty of the organisms to’transport tne
substrates had been aftected by the change in incubation t€mperature, The abiljties
of Arthrobacter and Candida’to respire”succinate were similarly affected, which
sug%ested that in these organisms there were heat-sensitive lesions among those
reactions of the TCA cycle“concerned with the oxidation of succinate. The effects
of the increase in incubation temperature on the ability of Corynebacterium erythro-
genes to respire pyruvate and oxaloacetate were also similar to the effect on glucose
respiration.. But'the ability of this _Co%ne_bacterlum to respire succinate Was not
adversely affected by the change In incubation temperature, which suggested that
H]e%ﬁg ¥ees concerned in theoxidation of succinate by it are not particularly
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Activities of tricarboxylic acid cycle enzymes in organisms after
changes in incubation temperature

The data in Table 1 show the effect of a change in incubation te_rm)erature on the
activities of eight TCA cy%le enzymes In each Of the three organisms, The enzyme
activities In extracts of"the organisms that had been transterred to the higner
temperatures were assayed at those femperatures and also at the temperatures at
which the organlsms had been grown before transfer. Control cultures were retained
at the lower temperatures, and enzyme activities in extracts of organisms from those
cultures were assayed onl%/ at those'temperatures. Frequently thére was some varia-
tion between experiments in_ the activities of enzymes In extracts of organisms.
Nevertheless, it Can be seen Table_l%that the transfer of organisms from the opti-
mum temperatures for growt to higher temperatures caused a marked decrease In
the activities of many TCA cycle enzh/mes, particularly in Arthrobacter and Candida,
With the exception %f succinate dehydrogenase, the’ activities of each of the TCA
cycle enzymes In Arthrobacter were diminished after cultures of the bacterium had
been traristerred to 3/°. The diminution In activity was greatest with Isocitrate
dehg/dro enase which was compl_etelg inactivated in bacteria that had been incu-
batéd at™37° for 48 hr. The activities of several of the enzymes in extracts of Arthro-
bacter that had been transferred to 37° were lower, when assayed at 20°, than the
activities In organisms before they were transferred to 3/°, which suggested that the
loss of activity of these enzymes caused_by the thermal stress was fiot completely
reversible. However, the decrease in activity of malate dehcydrogenase and to some
extent of aconitate hydratase was reversed when the extracts were assayed at 20°
In Candida, the gR/ruvate deh _dro%ena e was most sepsitive to the thermal stress
aIthough other enzymes éISO itrate de yd_roqenase, fumarate h%dratase) In this
organiSm were not affected. The loss in activity of certain of the Candida enzymes
was not completely reversible. The inactivation of malate dehydrogenase and aconi-
tate hydratase was, however, reversed when the extracts Werd assayed at 10°.
With Corynebacterium erythrogenes, the thermal stress had little 1f any €ffect on the
activities of several of the enzymes, mcIudlng pyruvate 2-ox0qlutarate and succl-
nate, dehydrogenases, and fumarate hydratase.” Nevertheless, the activity of the
|%00|trate dehydrogenase in this hacterium was markedly decreased by the thermal
stress.

Release of ultraviolet-absorbing compoundsfrom organisms after
changes in incubation temperature

That the lethal effect of high temperatures op micro-or%anisms ma¥ be caused
gartl ebétshe breakdown of Aycleic acids was first suggested by Calitano (1952)

Stra % hon (1964% reported that heat-accelerated d€ath of Aerobacter aegogenes
in no -%me\% suspensions at 47° was _accomBanled_ by the degradation of gndo-
genous RNA which led to_an increase in the Ultraviolgt (u.v.)-absorption, of cold

acid extracts of the bacterium and of the suspendlng fluid. 1t seemed of interest,
therefore, to_examine the .v.-absorption of cold acid extracts and culture filtrages
of the orgamsms used in the present work, after the transfer of cultures to hlﬂh
temperattires, to assess the extent to which RNA degradation occurred. The resufts
(Table 2) showed that the transter of Candida cultureS from 10° to 25° and of coryne-
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bacterium erythroge_nes cultures from 15to 30° did not lead to any additional intra-
cellular accumultion or excretion of u.v.-absorbing compounds. There was, how-
ever, an increase In the u.v. ahsorption of filtrates from the cultures of Arthrobacter
which had been transferred to 37°, although this was not accompanied by an in-
creased Intracellular accumulation of these compounds.

Table 2. Effect of change in incubation temperature on the contents of ultraviolet-
absorbing compounds In culturefiltrates and cell extracts of the three organisms

Arthrobacter cultures were transferred to 37° after 144 hr at 20°; Candida cultures to
25° after 168 hr at 10°; Corynebacterium erythrogenes cultures to 30° after 120 hr at 15°;
control cultures were maintained at the lower temperatures. After the times indicated
duplicate cultures (10 mlg of each organism were remove%and the organlsms harvested
by centrifugation at the témperature at which they had been incubated. Portions of
each culturé filtrate were filtered through a Millipore filter with 25 mm. HA filters. The
extinctions, of filtrates from Candida cultures were measured at 260 m/i. in _(iuartz
guvettes with 1.cm. I|é1ht path, but becayse of interference from amino acids filtrates
from Arthrobacter and C. e_rythro_?enes cultures were measured at 300 m/t. The crops of
organisms were washed twice with Phos{ehate buffer (pH 70 for bacteria; PH 4-5 for

gast), a_gortlon of suspension containing equiv. 5mg. dry wt. organism taken and

he organisms extracted with 3ml. 5% (wlv) trichloroaceticacid at foom temperature.

The su(}/)ernatant fluids were quickly removed b% centrifugation and made to 50 ml,
0

with 5% trichloroacetic acid. The extinctions of these extracts were measured at 260 m/i
In Lcm. quartz cuvettes.
Cultures maintained Cultures transferred
at optimum 1) te_mpera%ure above
period temperature maximum for growth
Coof Ultravjolet Ultravjolet
mtc_gHa- absorption of absorption of
|
after Cell ] Growth Cell ) Growth
_ transfer extract  Filtrate Wg.dr extract  Filtrate  (mg, dr
Organism (hr) VRt S0 t/mIY RS IRV Wt./ml.i/
Arthrobacter 0 0-31 0-08 0-26
24 0-31 010 0-31 004 019 0-26
48 0-22 008 0-42 0-31 0-48 0-25
72 0-24 012 0-42 0-25 0-63 0-24
Candida 0 007 0-08* 0-20
b 009 8-07* 0-21 0il oil* 0-23
24 007 12* 0-23 003 017* 0-25
48 0-07 017* 0-21 004 016* 0-25
Compepacterim. 0 893 9 Y 013
erythrogenes - -
yareg 48 010 00 0-18 0-22 001 018

* Extinction measured at 260 m/i

DISCUSSION

In the work described in the present paper, we were concerned only with two of
the biochemical factors that seemed likely to be involved in determining the maxi-
mum temperatures for growth of the organisms, namely, enzyme denatliration and
nucleic acid breakdown, no attempt was made to examinethe effect of thermal
stress on the properties of membrane lipids in the m|cro-or%an|sms. Moregver, since
Wwe set out to study the biochemical bases of the maximum temperatures for growth

20 G. Micrab. x1
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of these orlganlsms, all experiments in which the organisms were subjected to a
thermal stress were done with cultures of organisms rather than with washeg
suspensions or cell extracts, the conditions in which are known to aIt_?,r the suscerptl-
b|||t1 of certain microbial cell constituents to heat nactivation (Militzer & Burns
1954 Strange & Shon, 1964). _
The rapid decrease in the respiratory activities of the Arthrobacter and Candida,
caused by transferring exponentially growmé; cultures to a temperatyre 3-5° above
the maximum for growth in freshly,lno%ulate Jculture, su%geste that inactivation of
the respiratory métabolism s a_magor actor In determining the maximum tempera-
ture for growth of these organisms, Such an inactivation” might lead quickly to a
shorta?e of metaholic ener? I the organ_lsms, and might Explain the increased
death Tate which accompaniéd the_decline in resplrator_}/ activity. The shortage of
metabolic ener mlght also explain in |%art the inability of organisms to grow at
the htlgh?r tetm ratures in media supplemented with bacteriological peptoné and/or
east extract.
/ The activities of several TCA cycle enzymes in the Arthrobacter and Candida
were diminishe after these organisms had been transferred to the higher tempera-
tures. The isocitrate dehydrogenase in the Arthrobacter and the pyruvate dehydro-
?enase in the. Candida \were almost completely inactivated in organisms so frans-
erred and this might explain the almost comﬂete loss of res |rator¥_ activity by
these organisms af the higher temperatures. .However, the inactivation of other
r?sglratory enzymes, such as thoge concerned in oxidative Phosghor lation, might
also contripute’to this effect. Other workers have reported xc%ﬁv@tlonall heat-
labile resplratorh/ enzymes in psychrophilic micro-organisms, U_Pa hyay & Stokes
(1963) showed that the formate hydrogenI%ase in a pseychropm IC hacterium was
Inactivated at a much lower temperatdre than was th correS{)ondmg enzyme In
a mesophilic strain of Escherichia coli; and Burton & I\/Io_rltag 9%3) and Morita &
Burton (1963) reported that the malate _dehydroge_nase in another Psychrophmc
bacterium was inactivated at 30°. which is the maximum temperature Tor growth
of this bacterium. However there has been no previous report of a comparison of
the heat lability of several respiratory enzymes in any one psychrophilic organism.
Burton &Marita (1963)[ reported that'the denaturation of the malate dehydrogenase
In extracts of thely bacterium was to some Txtent reversible, and suggested that the
bacterium might contain more than one malate dehydrogenase, eachwith a different
heat lability. “Certain of our results may also be exBla_med by postulating the, exis-
tence %f |soenz%mes with different de%rees of heﬁt la |I_|\ty._There isalsothe FOSSIbIlIt
that the thermal stresses affected flot only the activities of certain of the TC
cycle enzymes but alsg the ability of the organisms to synthesize these enzymes.
The transter of cuILures of Corynebacterium erg/\hro enes from éhe_o timym
temperature for qrowt to the higher temﬁeratur alsO caused a decline in the
resplrator activity of the or%amsm, but this was much less marked than with
Arthrobacter and Candiga antl was not a_ccomRamedb a decrease in viability.
The lack of an effect on the viabilit ex%Ialnsw y C. erythrogenes, which had begn
rown at 15" and then transferred to 30c, grew rafldlg on em(]; returned tq 15°
he comparatively small effect of the thermal stress on the respiratory activity of
C. erythrogenes was supported by the finding that the activities o several of the TCA
cyclé enzymes in extracts of this bacterium were not diminished after the transter
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of the bacteria from 15° to 30°. The most heat-sensitive enzyme in this corynebac-
terjum was isocitrate dehydrogenase and the decline In activity of this enztyme Was
of tthe same order as the decreaste In resprrtatt%r thrl]Vlt){ Possr?lp ttgereforetthe
acterium can prodyce sufficient energy a Igher temperatute to maintain
vrabr(rt% but mﬁrfofrcrent t0 enaqe tﬁ 8¥ anisms togdrvre d

Breakdown of RNA, as detect g Yan increase in the U.v.- absorBtrpn of cold
acrd extracts of the organisms and culture filtrates, did not appear to be important

N determining the maxrmum femperatures for growth of any of the organisms
tested There Was some excretion of u.v.- absorbrng compoun s by Art robacter
after transfer to 37°, but the amounts released were small and ro aply did not
represent an apprecrabe 03 of RNA Strange & Shon 1964 ) sho wedt at mag-
nesium 1on protected RNA in Aerobacter aerouenes agarnstt ermal enaturatron
It 1S ossrble that the thermal decomgosrtron RNA'In th organrsms used in the
present study was protected by Mg ions present in the mediunt

We wish to acknowledge the excellent technical assistance of Miss Judith Hall
and Mr G, A. Mutch. Qur thanks are also due to Dr S. M. Martin ofthe Drvrsrpn of
Biosciences, National Research Councrl of Cana 3, Ottawa for sup yrng a culture
ofEscherrchracoIr strarnnrc 432 and to M Stane who kindl yrrea through
temanus ript of the paper and made severa elpf sugge tions. “This work was
?urpal%rt g/ a grant rpm the Department of Screntrfrc and Industrial Research
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INTRODUCTION

It is known (see reviews by Jacob & Wollman, 1961 and by Hayes 19642 that
strain k-12 of scherrchracolrcarrresa?enetrc element, the sextial fértility fa torF
which is necessary for the occurrence of genetic recombrnatron ycon# %atron and
Is itself transmisSible by cell contact to cells which lack It. THe F factor can be
carried_by cells in two different states, corresponding to the. two types of strains,
called F+and Hir, the latter being recognized by its much higher ¢ fpacrty t0 grve
% enetic recombrnatron (fertrlrty Ievelg with unidirectional transfer of chromosgmal

arkers, and ){ low eff |crenc¥ of transmission.of F itself. Little is known about the
stabilit ofthe wo states. HTr cells originate from F cells and can revert to the F+
state Practrce most F+ cultures contain asmaII mrnorrt% of Hfr cells, which

gohtP esponsible for all the reco?tbrnatron obtarr]e ith an F+ culture and
most Hir cultures contarn a fraction of F+ cells. The presence of F affects

aso oth er E)rogertres of the_cell that carries it, for example, surface antigens, sus-
ceptibilit ecific bacteriophages, etc In eneral hoWever such properties are

more or [ess express oth F+ and Hfy cells,
We report% gesesprn ?rrclt %e presence of t[te F factor in the Hfr state (but

* Present address: Department of Bacteriology, lwatc University School of Dentistry, Morioka,
Japan.
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not in the F+ state)[ produces certain side effects on the carrier cell. These effects
seem to depend on the manner in which the Hfr state is established, and disappear
when the Hfr cell reverts to the F+ state.

Table 1 List of bacterial strains used

Collection _ iy , :

number Genetic structure Origin and special properties

¢-1 Escherichia,coli strain ¢. F~ Bertam &Wel le (51953 ); Lieb, Weigle &
rototrophic . Kg I eriJ

c-1la ~, prototrophic apted’ C-1, 1. alntalned for several

2 F+
6 F~, arg-d-1, TI,5-r-
¢-20 F~, arg-d-1, T1,5-r-1, gal-n-2
6
b
1

years on Davis minimal med|um Grows
much more ra |dg/thanc

Bertanl &S |xgJ 32(

From c-3 (Bertani & Six, 1958) by sponta-
neous mutatlon toT1 reilstance

From c-6, by mutation following irradiation
with yliravjolet Ilght

c-64 F~, ura-d-1 Bertani & Six

c-66 F+ ura-g-1 Bertanl &Slx 1955

¢-129 Hfr-4, ura-g-1 From c-60>, fol owmg ultraviolet irradiation
low dose’ about 20% survival: see under

¢-130 Hfr-5, ura-d-1

ethods
From c-06, following ultraviolet irradiation
heavy dose: about’10~6 survival; see
under Methods

c-131 Hfr-6, ura-d-1 From c-66, as apove
c-132 Hfr-7, ura-d-1 From c-66. as above
¢-167 Hfr-7, ura-d-1, str-r-5 From ¢-132, b spontaneousmutatlon
C-436 F-, ari;-d-_l, T Ltry-d-1, From c-8 %Beranl Six, 1958). Isolated by
str-r-1, his-d-1 B K (tellly hoIIowmg irradiation’ with ultra-
c-463 F~, arg-d-1. T Ltry-d-1, str-r-1, From c8g solated by B. Kelly in two steps:
thr-d-,P2 27 thr aft Itravmlet irradiation, P 2-r
spontaneou
o512 Hr2, (P2)m H%m S {kelly, 1963). Isolated by B.
Kelly following ultraviolet irradiation
¢-1057 F~ arq-d-l, T 15-1-1 gal-n-2, From c-20, by spontaneous mutation
T6-r-1, azi-r-2, str-r- (three steps
c-1069 F~.ura-d-1, gal-n-Z, str-r-7, Recombl nant from a cross hetweeen ¢-1057 and
azi-r-2, T1.5-r- ¢-132. T6 resistance not tested
¢-1072 JIir-H, (P2)ul From ¢-512 (see under Results)
¢-1073 Hir-9, (P2)in As ahove
¢-1075 Hir-10, ura-d-1 Fl&om Iatn n-type clone of c-132 (see under
esults
¢-1077 Hfr-11, ura-d-1 As abové
C-1091 Hfr-12. ura-d-1 As above
Explanatlon of symbols
Hfr, fertility types. _(P2)m, lysogenic for phage P2 in location 111,

T1 tryd resistant to ¥1ageT1and requiring tryptophan for growth (also abbreviated as tr

T6; P2-r, to phage P2 (ufiable to adsord'i
arg-q, re umng argmme galso abbreviate

thr-d threonine: “urad, uracil: xan-d,
gal-n, galactose non-fermenting.

T 15F, re5|stant tozohages T1 and T5 jur to azide; str-r,

xanthine (o

0 streptomycin; T6-r, to p%gge

9) his-d, requiring histidine; met-d, methionine;

guaning).

re3|stant d, dependent; n, fon- fermentmg Wild type alleles symbolized as ura , try-, etc.

The nym erfollowm%\}he sy mb%trﬁm l(éetrqtelclg

independently isolated Whichmig

?Iatlon ofthe mutant and distinguishes mutants

phenotypes.
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METHODS

Or(tqan_lsms. The bacterial strains used (Table 1} are all derjvatives of Escherichia
coli strain ¢. The F factor, however, originated from E. coli strain k-12. The Hir
striuns_ ¢-129. ¢-130, ¢-131, and c-137 were all isolated from a culture of strain -6,
following Irradiation with “germicidal” ultraviolet light, by replica-testing (Leder-
berg & [ederberg, 1952) some 10,000 surviving colonies for their ability fo recom-
biné efficiently with strain c-436, both when Selecting for ura+and org and for
ura+and try+ The isolation of other Hfr strains will be described under Results.

thr

str

his
Xan

Fig. 1. Preliminary genetic map of Escherichia coli strain ¢ constructed from results of
Interrupted _COY]]U?&IIOH experiments following the criteria of Jacob & Wollman (1961).
The arrows indicate the approximate logations of the points of origin ofthe corresponding
Hir strains and their directions of transfer. The total Iength of the map is approximately
110 min. Symbols are explained in the legend to Table L.

In_collaboration with Dr Beatrice Kelly and Miss Marianne Wiman, we have
obtained Information (bY means of interrlipted con#ugat_lon experiments) concer-
mng the times of entry of various markers for the Hf7 strains mentioned here. These
data (to be presented on a later occasion) permit the construction of a preliminary
genetic map for strain ¢ (Fig. 1), and the determination of the directions of transfer
and of the Pomts of origin 0f the Hfr strajns used, with sufficient precision for the
purfoses_ of this report.” All strains classified here as Hfr (with the exception of
C-512) give under optimal conditions no less than 1% recombination frequency (as
defined”below) when selecting for the leading marker and contra-selecting for a
marker sufficiently distant from tt.
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Media

The compositions of the media used are ?rven below in g./I. distilled water.
Tr%ptone broth: 10, Bacto- Try[ﬁtone gDr c0); 5 NaCl: pH 70 7-2 For strains
which require uracil, thrs medr was supplemented with 0-005, uracil (although
the addition may not be strictl y necessar
Tryptonea  tryp tone broth with 10 agar.
Tryptone s0 agar tr one broth with 5; agar,
Crossing butter: (-2, o lum aspartate; 2-5, glucose; in 0-05 M-sodium phosphate
buffer (pH 6-4; Frfher 195)).
Davr mrnrma) agar: [, KHPO4 2 KHPO04 05 Na citrate.5HD ; 1,
H%l)?SO (-1, MoSO4.7HD; 1, L-asparagine: 5, 9Iucose 14 Difco agar.
o A agar: Davls agar supplemented with 002, uracil; 004, DL tryptophan;
-arginine.
Ga I' EMS agar: 5 Na succinate; 1, NaCl: 5, (NHAS04; 1, MgS04.7HA; 2
K%—IP04 04, eosin Y 0-065, methylene blue; 10, fonagar No.”2 (Oxoid): 5
alactos
! Douple strength agfar 28, Difco agar
Amino acid supplements were added as_needed in amounts, of 0-02 or (-4 agr:or
(r} 2and dI preparations, respectively,) uracil, 0-02, streptomycin (sulphate, Gl

Crossing technique

With the_exception of some éarelrmrnary work, all hacteri dal Cr0SSES were made
as follows, The F~ bactena were prepared from a non-aerate overnrg ht culture in
tryptone hroth, centrifuged once and resuspended in crossing buffer at a final
concentratron about 5 x 105 bacteria/ml, The F+ or Hfr bacterja were p regared
from actrvey%rowrng (at about 10s bacteria/ml.) static cultures mtgptone roth
Inoculated onthe ddy of the experiment erther with a 150 volume of a similar
culture Incubated overnrght or with a suspension made from a whole colony
grown on UTA a 9 r. These suspensjons were centrifuged once and resuspended in
trossing buffer at about 10s bacteria/ml. The suspensions of recipient and donor
bacteria thus obtarned were mixed in a raio (v/v) of 3:1 and mcubated for 2hr.
The weret en nﬁ) lated, after apprognate dilution In crossing buffer, ont eaé)r%
rate gectrve edia. Asarulethr latin wasdone bythesoft agar layer method

a5 Used for bactenop ge assays). fota ar (2-5ml./plate) was rPrepare )(

IXIng 2vol. crossrng Urfer +1 vol. meltea oubestren th agar, and was gg
at 45° untrlused Ong drop of a 1/5 dilution oftr¥ tone broth In water was added
tq each soft ag ar tube. The lates were mspecteda er incubatjon for 48 hr. Control
platrn?s were done in an identical manner for the recipient alone, the donor alone,
and also for the two together, immediately after mixing. The concentrations of
recrﬁrent and donor bacteria in the crossing mixture \Were estimated by viable
counts made on_tryptone agar (Soft agar_layer method) of the two suspensions
betore mixing. The frequency of recombjnation 1S expressed as the ratio of the
number of recombjnants obtained on a given selective medium to the number of
donor bacteria in the mixture plated.

For Interrupted conjugation experiments (Jacob & Wollman, 1961) to estimate
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the time of entry of chromosomal Hfr markers, 1/10 dilutions of the cros_sm? mixture
were made_at Various times in 10 ml. chilled crossing buffer, immediately stirred
for 5 sec. with an Ultraturrax high speed mixer (Janke &Kunkel KG, Staufen . Br.)
at full speed, and plated.

Unless otherwise stated, all incubation was at 37°.

RESULTS
Defective growth of Escherichia coli Hfr strain c-132

In the course of recombination experiments with Hfr strajn ¢-132, during several
months following its isolation, it was noted that its fertility level tended tq decrease
with time, 1t was also acmdental_la/ observed that cultures of such a strain, plated
by spreading on UTA agar and incubated for 48 hr at 3/° gave a heterogeneous

Table 2. Measurement of the rate of transitionfrom
s-type to n-type in Escherichia coli strain ¢-132

A diluted suspension of one s-type colony in tryptone broth was distributed into
many small tubes (0-2ml./tube)”and simultaneously assayed on UTA agar. The
tubes were incubated for 5-5-5 hr. Then for each tubé the whole content was spread
on a UTA plate (rinsing off the inside of the tube with two drops of added fluid). The
plates were scored after 2 days, and more thorou le after 7 days of incubation, for
n-colonies present. Sectored colonies were neglected (although somé ambiguity remajned
In two cases s to the scoring of single n-type Colonies In crowded plates). The plates from
the assays of the original suspension were .also scored for n-fype colonies, which were
present with a frequéncy of about 0-2%. The same suspension was used as Inoculum
In the two experiments.

Experiment
a b
Total number of tubes, T . _ _ @ 9
Average number of bacteria/tube af inoculation, A0 22 2
A_veralget_number of bacteria/tube after 5-5-5 hr of 1780 1810
incubatiop, N, _
Number o plates with s-type colonies conly 51 49
Number of plates with numerous* n-type colonies 1 4
Same, expected from observed frequency of n-type 2-0 2-4
bacteria in inoculum _
Number of plates with a few n-type colonies, T, 8 0
distributed as follows:
with 1 n-colony 6 4
with 2 n-eolonies 1 1
with 3 n-colonies 0 1
with 6 n-eolonies , 1 0
Rate of transition from s- to n-type/bacterial 52 x 10~5 3-9x10 5

generation-)-

* The n-t)(pe clones classified in this group had sizes of 42 (for a) and 17, 20, 32, and 24 gor b?].
We assume they represent the progeny of n-type bacteria present'in the ingculum, even t o_uq
their sizes weré smaller than on% would ex,Pect from the ‘fact that n- and s-bacteria mulfiply
equally well in tryptone broth. The possibility of a ditference in the length of the lag period was
not mvestlg(ated. ee 41s0 note helow. - N

t Approximated as Tnin t—N0), This estimate is subject to large errors on at least two
counts, (a) The estimates of N, had to be obtained from a small sample of the very crowded
glates. gg he_ba?terla In the inogulum (lasuspenswn made from an s-colonpv grown on UTA a arz
nd_thosé (actively multiplying in tryptone broth) at the end of the inclibation period wer
obviously in different physiological States: hence ‘the possibility of systematic differences In
efficiency of plating affecting unequally the estimates of -V, and Ar(.
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nopulation of colonies (PI. 1, fig. 1). Some of the colonies (n-type) were of normal
size (i.e. as Iar(%e as those of thie parent strains ¢-66 and c-64); when picked and
restreaked on the_same medium they usually gave homogeneous populations of
n-type colonies, Other colonies (s-typg) were Smaller; whenpicked and restreaked
on"UTA agar they. usually gave a'mixed population composed of a ma{orlt[y of
s-colonies and a minority “of n-colonies. The actual proportion of the latter yge
fluctuated very much from s-clone to s-clone, as one would expect If the variation
were caused by ? %enenc change taklnfg glace randomly in time during the growth
ofthe mother colony. The frequenc¥ ofoccurrence of stich a change (fransition from
s-type to n-t){p_e) was measured by the method of Luria & Delbriick (1943) and is of
thé order of 1in 20,000/bacterial generation (Table 2). The difference in colony size
15 clearly due to a difference in growth rate between s- and n-bacteria; the average
doubling times for s- and n-bacteria were measured by means of viable counts In
liquid cltures, in a medium identical to UTA agar but without agar, at 37°, in the
exponential P,hase ofgr%wth,_and found to be 100-120, and 60-80 min., respectively.
An_examination with the microscope revealed no obvious difference between bac-
teria from s- or n-colonies, _ _

In Platmqs as described ahove often a small Propomon of colonies even smaller
than the s-Type was seen. This Is to be attributed to uncontrolled variations (en-
vironmental or physiological as opposed to 8e_net|cr2: when picked and restreaked on
UTA agar such very small colonies behaved in general like the most common type
that was present on the plate from which they had originated. They will thus be
neglected in what follows. _ o

he use of UTA, a(Iyar for the early observations was quite accidental. When the
phenomenon was first observed, histidine was also ﬁresent in the medjum: as it does
not appear to be necessary for the expression of the phenomenon, plain UTA agar
was Used in later experiménts. When tryptophan or a_rglnme or both together were
omitted, the efficiency of plating of caltures of straif c-132 (grown in tryptone
bro_thR was decreased and the fraction of very small colonjes increased to a point
which made the classification of s- and n-colonies very difficult.
. Even on UTA agar it was sometimes difficult to recognize immediately upon
inspection the two types, of colonies. However, when such glates were incubated for
5or 6,days at 37, tfie difference between the two types became clear-cut: the n_-tyPe
colonies were smooth in appearance, (like those, of'Strains ¢-66 or ¢-64 under sinillar
conalitions) when observed Under a dissectin mlcroscoPe, whereas the s-type colonies
had_? rough surface (PI. L fig. 2, 3). Often the s-type colonies showed smooth
paw ae growing from"them. _

hen mixtures of s- and n-pacteria were plated on t_rzptone aggr, homogeneous
populations of colonies were obtained #Pl' 1, fig. 4), indistinguishable from those of
strains -0 or ¢-64. Similarly, the differences Detween n- and s-types were almost
undetectanle on Davis medium supPIemenled with casein hydrolysate.  L-methio-
nine 820 iug./ml.g added to UTA agar stimulated the growth 0f s-type colonies, hut
not to the extent of obllteratmgt e difference befween the two types.

No difference between s- andl n-colonies was detected on UTA agar when the
Bvlates_were Incubated at room temperature 980 to 24° PL 1 fig. 5). Conversely,

hen incubation was at 42°, the n-colonies grew mare or less normially, whereas thie
s-colonies as a rule did not appear at all. The addition of L-methiorine permitted
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Table 3. Fertility levels typical of the two colong types
obtainedfrom Escherichia coli strain ¢-13

Colonjes of n- or s-type obtained on UTA agar from strain c-132 were picked and
streaked on the same medium. From each streak a daughter colony of the same type
as the Parent was picked and used as inoculum for a culture. For’each such cultire,
a sample was used In a standard cross to the F~ strain c-436, and another sample was
Flated on UTA aqar to estimate the composition of the culture in terms of n and s
ypes (progeny test).

Type of colony
: n s
Number of colonies tested 8 8
e SR
Averatgeyp proveny 97 Yo ]215/9
Range 83-100 %* 0-28%
Recombination frequency:
(A) Selecting forstr-r and T 1, try+ _
Averdge 6-4x 10 5 -0x i0-1
Range 2-9-120x10-5  0- 711-1-5x10"1
(B) Selecting for arg+and ura+
Average 59x 10~5 4-4x 10~3
Range 1-9-90x10™5 l- §-41-0 x 10-3
* That not all colonies could be here classified as n-type by mere inspection must be attributed
to uncontrolled non-genetic sources of variation in colony size.

Table 4. Transfer of the F factor by bacteria of n-type
colonies of Escherichia coli strain ¢-132

The ‘ nfection tubes’ ﬂSmI. tryEPt_one broth + uracil) were inoculated with _small
amounts of fully-grown cultures of various strajns in the combinations qlven in the Table.
After overnight mcgbatlon during which the F-factor was _expe? ed to infect the
majority of the F Dbacteria present, here represented by strain c-la or strain c-64),
fresh caltures in tryptone broth were started from each infection tube and used as
donor cultures in a’standard cross to the F- strain c-1069, seIecth on Gal.EMS a?ar
for str-r gal+ and ura+ (‘recombination test’)- Selection for ura+ excluded the possibifity
of a diréct participation of the uracil-requiring F-donors in the formation of the re-
combinants scored. -
Recombination test

Recombinants obfained by

, Bacteria from _plating 0-1 ml of crossing
Infection Inocula used for donor culture/ml.  mixture on sele%ve medium
tubes Infection tubes mixture in == <o
an (0, e S crossing buffer Immediately — After 2.hr
controls ~ 0-1 ml. of  0-002 ml. of (x 10-) after mixing Incubation
A* c-la ¢-132 2-2 0 3
R-tjpe
B c-la c-66 21 0 i
C c-la c-04 1-5 0 0
E c-26 c-b4 %[21 6 138
F oK - 34 0 0

*In a similar experiment five other n-type isojates (each oriqinatin from a different s-type
colony of strain ¢-132) were tested and found to give results similar to those for tube A.
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s-bacteria to form colonies at 42°. Also, s- colonles were helped to grow at the higher
temperature by the presence of an n-colony on the same plate: as & consequence; the
test for temperature sensitivity was often difficult to interpret. No difference was
noted hetween s- and n-coloniés at 42° on tryptone a%ar

The - and n-t Re colonies behaved quite; ditferen I¥ in recombination experi-
ments (Table 32 e s-colonigs showed fertlht% values typical of the Hir strain as
originally Jsolated. The n-colonies behaved like F+ strains, both in fertility level
and in their ability to transfer the F factor to F~ bacteria as efficiently as other F+
strains_(Table 42 A sample of a ¢-132 culture which had been freeze-dried very
soon after |so|a lon of the_strain was shown to_ contain, after reconstitution and
plating on U tttar amajorl ofs type bacteria. There must therefore have been
representatlve of the original Hfr isolate.

As one might expect, the mutant derivative ¢-167 ofstra|n0132 behaved just
like ¢-132 in respect to the properties described above, Such ropertles are (Yno
means common to all Hfr derivatjves of Escherichia coli ¢, as sh own by the stu
the following three Hfr strains which were obtained at the same time’and from the
same ¢-66 cllture as c-132 was,

Strain ¢-129 tf)roduced on UTA agar homogeneous 80 ulations of colonies, in-
distinguishable from the n-type of ¢-132. Strain. ¢-13 howed great colon S|ze
variability ion UTA a gar (tfie largest colonies being like the n-ty Pe of ¢-1 |)
was not possile, however, tq de onstrate convinci Wthe inheritance of colony
size or a correlation between it and fluctuations in fertifity level. Strain ¢-131 gave
homogeneous populations of colonies resembling the n %/pe These three Hir strains
grew at 42° as well as did the parental strains T-66 an

Re-isolation of Escherichia coli Hfr strains from lowfertility clones of
strain ¢-132, and their jn'operties

Next was eXftmlned whether the n-type se%reggmts of strain ¢-132 could revert to
the htghlyferttestype W|thameasur le probaility. noneexperlment Oclones
or| matmg rom arepeate ypurt led n-type se reganto c 2 were anal Kse by
A ag ar([ gates Iclone; average Oco onlesRate ) and Ioo

maII oIon){ varlants hé more minute tfyé)eso colony (pernaps a hundred | te
whole sample) were neglected. A total of 87 colonies resembllng in size the s- type
were plcked and streaked on UTA agar. In none of these streaks Was found ac gar
reco?mza le. proportion ofs ecolomes All 87 colonies were also tested for
fertl nt/ level bY spottmga oopful of gach suspension on four different selective
g edia coated with 4 thick susgensmn of bacteria ofthe F~ strain ¢-463. One

colony gave a significant amount of recombinant (I;rowt on.such plates and was
purified and studied further gstramt:1091 In another experiment, 10 more clones
obt?med from another, Indépendently obtained ntytfe sergre ant of 01?2 were
analysed &10 plates/clone: average 210 coloniegfplate), Tooki gnor rough colonies or
rouP -looking sectors after 6 days of incubation. One rough colony and several
sectors were found, picked and streaked on UTA agar Two suich streaks were clearlg
heterogeneous as to, colony sizes; one small size coldny from each was further purifie
and shiown to_be highly fertile in crosses to F~ bacteria (strains ¢-1075 and'c-1077,
the former originating from the whole rough colony).

The three néw Hir Strains thus obtained differ from c-132 in the map positions of
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their origins (Fig.. 1). Two have the direction of chromosomal transfer opposite to
that of c=132. Their other properties are as follows. Strain ¢-1091, although isolated
by selecting a small colony, gives on UTA aPar n-type colonies which show, however,
a ?reater size variability than, for example, strain ¢-66. As in the case of strain
¢-I30, 1t was jmpossible to demanstrate genetic heteroge_nen . The strain grows
reasonably well at 42°. Strain ¢-1075 behaves like ¢-132 in réspect of colony size
variation (PI, 1 fig. 6) and correlated fertility changes. It differs from c-132,"how-
ever. In the following Propertles. The s-type coloniés after 3 days of incubation on
UTA agar are_partially overgrown by peripheral papillae of n-type bacteria, in
conse(iu_ence of which the colony acquires a characteristic morﬁhology (P1. L, fig. 7).
T0 obtain reasonablr [ﬁ)_ure poloulatmns of s-bacteria it was tnerefqre necessay o
pick very young_ cofonies. “Althougn, as with ¢-132, s- and n-colonies of ¢-1075
cannot ke recogpized at room tempgratyre on U_TA,agar orat 37°or42° on tryptone
agar, unlike strain ¢-132, the addition of L-methionin& to UTA agar did not improve
the _?rowth of s-colonies of C-1075. Several n-colonies. of ¢-1075 were tested for
Iﬁglsl%léen\i/g: all were at least 10-100 times less efficient in recombination than

Strain ¢-1077 gives both s- éPI. 1, f|g. 8) and n-colonies, and onl¥ the latter breed
true. The one n-colony tested showed a fertility value typical of F+ strains. The
s-colonies, did not grow or grew very poorly at 42° on UTA agar, and were helped b
the addition of methionine. Unlike strain c-132, no evidént rou?hness of the &
colonies of ¢-1077 appeared on prolonged incubation, and the two types of colonies
could be recognized even when grown"at room temperature.

Defective growth of an Hfr strain not descendedfrom strain ¢-132

The ura marker present in ¢-132 is probably not involved in the phenomena
described here; this was shown as follows, The éarototro hic strain ¢-512, originally
isolated as a _tanaI Hfr, shows now, after several passages on nutrient dgar, 2
decreased fertifity level (about ten-fold higher than that t¥g|c_a_l of an F+). SBveral
colonies obtained from a subclone of ¢-512 were tested for Tertility level byspottmg
on F~ bacteria, as described above. Two of these showed a high fert|l|t¥ leve] an
were gurlﬂed and studied further (strains ¢:1072, ¢-1073), Strain ¢-1072 g 1. 1,fig. 9)
showed colony size variation correlated with changes in'fertility level, was tempera-
ture sensitive and was affected by methionine like strain ¢-132. The s-colonies of
¢-1072, however, did not show after long incubation qn UTA agar the surface
chan_?es typical of strain ¢-132. The colany size. variation was_observable when
uracil was not added to the medium. With strain ¢-1073 we did not succeed in
showing on UTA agar any inheritable heterogeneity in colony size.

A word of caution may be_addeﬂ_aboHt the |?W _recombm?]tlon values of n-tz e
clones Isolated from Hfr'strains which show gefective growt patterns. Altholgh
In some cases the results obtained in recombination tests were sufﬁmenﬂx precise
and Iinvolved a sufficient number of markers for concluding that the reconbination
frequency was of the same order as with F+ strains, this Conclusion should not be
over-gengralized. We made no sgemal_effor_t to see whether the frequencg of the so-
called F' types or of other tg/lnswhmh Ive frequencies of recombination inter-
mediate hetween those typical of Hfr and” F+ strains was particularly high among
such normal-growing revertant colonies.
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discussion

We have shown that under certain conditions some, but not all, Hfr derivatives
of Escherichia coli strain ¢ exhibit defective growth patterns. Such pattems are not
identical, but have as a common feature their dependence on substrate composition
and incubation temperature. This Brope_rty Is apparently contingent upon the Hfr
state; normal-growing clones are found in"sych strains, but they no longer recom-
bine with hlﬂh fre uenC)é and mag/ behave like typical F+. From such™revertant
clones both Rfr strains showing défective growth pattern and normal-?rowmg Hfr
strains can be isolated. These Tacts suggest that defective %owth pattern I the
Hfr state is not the consequence of a genetic dpecuhanty of the F factor involved.
Defective growth pattern seems alsq t0 be independent of the. maP_ osition of the
origin (1.e."the leading end in unidirectional transfer at conju?al nr)] of the Hfr
chromosome or of the direction of transfer. 1t would seem theretore that defective
growth pattern results from the manner in which the bacterium and the F factor
interact to establish a Plven Hfr line, _

More specific su? estions can he made starting from Jacob dWollman’s theordv
of the formation of Hir strains, and Campbell’s {1962) model for the integration of
the F factor (and of episomes in general). Accordln? to Jacob & Wollman (1961
and earljer). an Hr clone s formed when the F factor, believed to be present in
several freel)( floating copies in the F+ bacteria, becomes ‘integrated”at one of
several points on the circular bacterial chromosome, determlnlnP thereby the
orlqln and direction of the new Hfr strain. According to Campbell” (1962), the F
factor is a ring of genetlc material which can insert itsélf into the bacteial chromo-
some by a single reciprocal cross-over. Such cross-over would require the existence
of genetically ‘icentical or homologous segments (attachment sﬂes? on the chromo-
some (chromiosite) and on the F factor of Fpmome episite). The facts clearly indicate
the existence of several chromosites at difterent locations on the chromosome. If all
chromosites and the episite were identical, it would gbviously be difficult to conceive
how the manner of attachment of the F factor can differ for different Hfr strains. 1t
IS possible however that: (a? the various chromosites are neither identical nor homo-
logous and therefore several corresponding episites exist; or (b) the homology within
amatchl_n% episite chromosite pair is not perfect, In such cases, a variety Gf modes
of Insertion of the F factor might ensue, depending on which episite IS used for the
Insertion or at which point within the matchmP sites the reciprocal cross-over has
taken place. The F factor is known to control several grogertles of the cell that
carries It, most likely by possessing Sé)me genes which are not usually present in an
F~ cell. 11 the insertion point should happen o be within one suc %ene or block
of (11e_ne_s, It 15 conceivable that detrimental effects may follow for the growth or
H]U fjgllcatlon of th? fr cell, TheBe IS some evldence Su portln? the hdea that

uplication of an Hfr chromasome begins as a rule at the point of attachment ot
the F factor gNagata, 1963%. I this bethe case, one could also |ma%|_n_e that certain
modes, of ajtachment of the F factor Interfere under certain conditions with the
Inception of the duplication process, thereby increasing the generation time of such
cells. We are unable to propose at this timeé a more precise interpretation. =~

Most of the work on Hfr behaviour has been done with Escherichia coli strain
k-12. Although Hfr derivatives of -12 are alsoknown to revert to the F+ type, there
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I$ to our knowledge no Pre_cise estimate of such rate of reversion. It should be noted
that our estimate for strain c-132 is of the same order of magnitude as the rate of
si%%Staneous phage liberation in certain lysogenic bacteria (.J., Bertani, 1951; Six,

To our knowledge there is nop mention in the literature of similar defective
growth ﬁatterns for Hfr derivatives of sfrain k-12, although the F factor used in
our wor do%s originate from sych a strain. It is Possmle that th? henomenon
observed with derivatives gf strain c Isto some extent dependent on a lack of recipro-
cal adaPtatlon between F factor and host enotrpe. Possﬂ;yl\y 3|gn|f|cant might also
be the Tact that strain ¢ already grows rather sfowly as comp

ared with strain k-12
and most other E. coli strains.

We are indebted to Dr Beatrice Kelly and Miss Marianne Wiman for the isolation
of some of the strains ysed by us. This wark was aided bg/alulnlted States Public

Health Service Research Grant Al-04390 from the Natioial Institute of Allerg
and Infectious Diseases, and by a rl]omt grant from the Swedish Medical and Naturd
Sciences Research Councils and the Swedish Cancer Society.
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EXPLANATION OF PLATE

(Magnification: x 2 throughout)
Fig. 1. Mixture of s- and n-type colonies from Escherichia coli strain ¢-132 after 2 days incubation
at'37° on UTA agar.
Fig. 2. Same mixture as in Fig. 1 after 7 days of incubation.
Fig. 3. Colonies of strain c-66 after 7 days of incubation at 37° on UTA agar.
Fig. 4. Same mixture as in Fig. 1, after incubation for 1 day at 37° on tryptone agar.
Fig. 5. Same mixture as in Fig. 1, after 3 days of incubation at room temperature on UTA agar.
Fig. 6. Progeny of an s-type colony of strain ¢-1075 after 2 days of incubation at 37° on UTA agar.
Fig. 7. Same as in Fig. 6 after 7 days of incubation.

Fig. 8. Progem{ of an s-type colony of strain ¢-1077 after 2 days of incubation at 37° on UTA agar
(only s-typé calonies are present in the picture).

Fig. 9. Progeny ofan s-type colony of strain ¢-1072 after 2 days of incubation at 37° on UTA agar.
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Mutations in Symbiotic Effectiveness in Rhizobium trifolii
Caused by Transforming DNA and Other Agents
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INTRODUCTION
Individual strains of nodule Rhizobium are usually stable, maintaining their
morphological, serological, symbiotic and other features unaltered durrn man

years of Cultivation on artificial media. New properties appear only rare){
rrregularlg Work done on the conditions which affect the frequency and regu ant
of a8 earance of variants has often ?rven conflrctmg results (seereview, Kleczkowsk
1950). The treatments used by different workers 0o not Igrve consistent results, and
the main reason for these may be that different bacterial'strains behave differently.
The work described in the present paper was done to see whether deoxyribonucleic
acid (DNA) of the bacteria acts as a transforming factor and can chan?e symbiotic
properties.’When DNA was found to do so its efficiency was compa ed with the
results of previqus work SKIeczkowska 1950;. Gupta €Kleczkowska, 9618 where,
due to mutagenic (u.v. irradiation) and selective dgents (streptomycin or Bacterio-
phage), similar genetic mutants were obtained.

METHODS

Three strains of Rpizobium trifolii Dun%; were used: strain a 121111, which is
effectrve In nitrogen fixation, and strains ff2_anq nkc which are ineffective on the
host gant Trifolium pratense L, 1Nese strains had been maintained over a long
erro on yeast water agar medium and had often been passed through. clover
pants without showing a ?enetrc changes. Strain 12 is a stable ineffective
variant ofstrama12111( man, 194), from whrch rt cannot bedrstmgurshed
cuIturaIIy or sero ogrca Stram hkg dr ers seroo rca rom 3 211117 strains

11" and £I2 “are Doth susceptible to acterro e a to which
stramhkc rsresrstant The Bronortro of phage- resrstant ac erra cu tures of these
organisms never exceeded 0-01% and was uSually less than 0-001%

G Microb. «
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The methods of obtaining phage-resistant and streptomycin-resistant mutants,
and also the, technique of isolating surviving bacteria after'exposure to ultraviolet
&u.vg radiation were described grewouslg/ Kleczkowska, 1950; Gupta & Klecz-

owska, 1961).  The proportion of streptomycin-resistant bacteria in a cultyre of
strain A121111 i$ 8bout 0-00001%. Strain A121111 was exposed to U.v.-radiation
s0 that the proportion of surviving bacteria was about 0-5%, The ingffective straing
f12 and hkc were not tested withl streptomycin or u.v.-radiation. Preparations of
DNA were obtained from large quantities of strains a 121111 and iikc grown either
on agar medium or in a chemostat.. For continuous culture (apparatus described b
Skinner & Walker, 1962) a |I%Uld medium of the following composition was used:

5, 01 0. MgSO47HA): 05 g, CaCl2.6H" 10?' sucrose; 100 m.
yeaSt water extract: T ml, 0-In-HCI: 900 il water; adjusted to BH 6--6-9 with
500 (wiv) Na2C03_Growth was at 27° and the steady-State numbers cf bacteria
were 13X 108ml, The bacteria were separated in a Shar?les _centrlft#%e. o

The aga_r medium (Kleczkowska, 1 50)nw_as distributed in 150 ml. portions in
16 oz. médicine bottles.and allowed to set horizontally. Each bottle was inoculated
with 3ml. of a 48 hr liquid culture and incubated f0r 7 daYs at 28°; the bacteria
were then washed from the surface of the agar with sterile saline solution and
centrifuged down. Although both methods were satisfactory, strain AL21111 grew
better on the agar mediurh. , ,

NA was prepared from the bacteria by the method described by Balassa (1960).
It was finally precipitated with ethanol, centrifuged down, dissolved in sterile salirie
ang k%Pt at —20° untif needed. The u.v.-absqrption spectrum of the %eparatwns
differed from that of thymus DNA by showing more absorption at Wavelengths
shorter than 260 m/t, indicating that theg were probahly contaminated with protein.
The concentration of DNA was estimated colorimetrically by using diphenylamine
|[r)1 I\?g\enc acid (Dische, 1930), against a standard commercial preparation of thymus

For transformation tests the DNA rﬁEarat|ons were added to sterile liguid
media to a concentraion of 0-025-0-1 mg./ml. and the mixture then inoculated with
the bacteria. The cultures were incubated for times (4, 14, 21 days) at 28°; single
colonies were then | oIate% b¥ the plﬁte dilytion technjgue. Since the time “of
Incubation did not arfect the results, the results of the different times have been
treated together, Each colony isolate after treatment was tested for effectiveness
In nitrogen fixation on four stérile seealings of red clover grown singly in tubes on a
nltro%en-defluen agar rpedlum (Niitman, 19462. he_plants were aflowed to grow
for about 3 months until control plants moculated with untreated strain A121111
had 8 true leaves. At the end of a test plants were classified as to effectiveness. The
effective class included a small proportion of plants that were intermediate in size,
but these were clearl dlgtln%mshed from ineffective plants which made no better
growtn than uninoculated cantrols,

RESULTS

Table 1 shows the effect on strain a121111 of the selective and mutaPemc
treatments In terms of the distribution of plant response in sets of four test plants,
The results with the control untreated ‘bacterig of strain al121111 confirmed
Nutman’s (1954) observations that a proportion of clover plants did not fix nitro-
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ﬁen with thrs strarn That this reflects heterogenertY in the pIant poRuIatron and not
e bacterial colonies is concluded from the fact that plants which did not fix
nrtro?en were distributed randomly amon% the sets of four Plants Inoculated with
dirferent bacterral colonres Thrs Is"shown By the foIIowrng atistical examination.

A tota of b (bants in 170 sets of four viere inoculated with untreated control
bacteria of which 48 plants did not respond, so that the probability of a plant not
res onding, was p = 48/680 = 0-07, With a random dlstribution the expected

umbers Of sets offour plants in which 0, 1, 2 3and4p|ants did not respond are

Table 1. Effect of various mutagenic and selective treatments on symhiotic
effectiveness on red clover in Rhizobium trifolii strain a121111

Response in four test plants

Total All four Three Two One _All four
numbers  effective  effective  effective effective ineffective

ot colonies Number of colonies In each response
Treatment tested

Control (untreated) 170 131 3 5 1 0
Streptomycin 28 21 5 1 0 1
U.v. irradiation 23 14 0 1 0 2
Phage o 121111 63 22 6 10 8 2
DNA from strain hke 170 104 44 5 3 14
DNA from strain 0 3 0 1 4 12
hkc + phage

AL21111

Table 2. A comparison of observed results of inoculating 170 sets offour red clover
plants with different colonies isolated from untreated strain at121111 of Rhizobium
trifolii (control) with values expected on the assumption of random distribution of
plants which responded ineffectively

Number of

i
a sgt of four Expected number Observed number
plants 0f sets of sets X2

0 127-2 131 0-1102

1 38-3 3 0-7392

2 4323 1 5 1

2 8%%2 \I]4-54 1 i f 0-4695

’ Total 13189
d.f. 1% P =025

* There is a loss of a degree of freedom for estimation of p.

grven by the successive terms of the expanded binomial (0-93+0-07)4 muItrgIred
IX e 2 compares th eex ected numbers with those obtained. The x2test
owsthat the oba |Ir%of%evr tions from ectatro exceedin dby cgancet 0S
observed Was a out 0-25. The ag reement ween t e observ ex ecte
number IS therefore ?ood The bacterral colonies. can be assumed to be |dent|cal
the. population of plants heterogeneous, consisting of two geno 1ypeso plants
whrch give different symbiotic response with the same bacterial strain. The proportion

24-2
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of plants with ineffective response is 0-07. This will be the basis for assessing
tha,retsudlts b bSIUbleCtmg Rhizobium trifolii Strain A121111 to the treatments
indicated in Table 1.~ ™ . .

If strain A121111 remained unchanged the probability of a given set of four
plants all failing to respond 15 P1= 0-074 = 0-000024, and Consequently the
probability of a set of four plants not all responding ineffectively (i.e. some or all
resg?ndm? effectively) is qr = dl—_0-074:_0-99997_6. , _

Ot 28 Sets of plants inoculated with colonjes obtained after treating sfrain a 121111
with streptomycin gTabIe 1), the Pro ailjty of at least one set of 4 plants all
failing, to res%)nd ffectively would therefore b? 1—gBwhich 15 apout 0-0015
assuming ng change In the bacterial strain. Similarly, th rdobablhty ofat Ieda_st_two
sets of 4 {Jlants not responding out of the 23 inoculated after U.v.-Irradiation
would he 1—g3—3 ? 1922, which is about 0-0006. These probabilities are very small
and those relating to treatment with Phage, DNA, or gha e+ DNA are infinitesimal.
It can therefore e concluded that these bacterial colonies neffective on all four
test Pl nts must almost certa|n1ly be %enetlcall cha_n%ed. _

_All the treatments shown In Table 1 gave m%ﬁectlv mutants of strain a121111,
either by selection ‘bactenophage and"possibly streptomycin) or b muta%enesm
(DNA from, ineffec Z the. |ghest

\ Ive strain hke and probably U.v -irradiation
Incicence being produced %y the combined Preatme%]/t with DNA and bacteriop

age.
Table 3. A comparison of observed results on sets offour red clover plants, some of
which responded effectively, with results to be expected on the assumption that the
rhizobia remained unchanged and that ineffectively responding plants were distributed
at random

Numbers of ineffec_tiveIY
respondln[geplants in sets

Treated of 4 test plants

colonies A

Treatment (no.) 0 1 2 3

Streptomycin 210 A ;] 1 0
e 22 61 067 0-03

U.v.-irradiation 200 14 6 1 0
e 17 47 05 0027

Phage A 121111 6 0o 2 6 10 8
e 344 104 12 0-059

DNA from strain hkc 156 o 104 44 5 3
e 167 3H1 40 02

DNA from strain hkc+ phage A121111 80 3 0 1 4
e 60 18 02 00

A similar procedure can be used to determine whether the bacterial colonies that
gave less than four ineffectives in each set of four planis were also mutants. Table 3
ompares the qbserved numbers of sets contamm&t))dlffer%nt numbers of neffectives
with those to be expected had the bacteria not oeen affected by the freatments.
Agreement Js quite %ood for exposure to streptomycin and u.v: irradigfion. The
bacterial colonies, obtained after these treatments, which were not all effective on
four test Elants were therefore robablg unaltered in pitrogen-fixing effectlvene?s.
In contrast, with phage. DNA, or phage 4-DNA, the observed and expected resulfs
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disagree, indicating thaj the colonies that were ineffective on only a proportion of
test plants had also suffered change as a result of the treatment. _

The smallest difference between"ohserved and expected numbers was with DNA
with which three sts out of 156 were ineffective In three out of four test plants, If
the bacteria remained_unaltered, the probability of at least three ineffectives
occurring in .a set of four plants would be p2=pi+4x) where p = 0-07 and
0= 0-93 This gives a value of 0-0013, so that the Rrobab|l|ty of this not occurring
in a set of four plants is g2= 0-9987. Therefore the probability of the occurrenca
of at least three sets each with at least three ineffective plants in a total of 156 sets,

would be
1 - 72515608 2-1(156 x\50)g™p2

which equals 0-0012, This excludes the possibility that the bacteria used were
identical with the original strain A121111 of Rhizobium trifolii.

Table 4. Loss of s_usceﬁtibility to phage. as a result of treatment of the
rhizobium strain a 121111 with DNA from rhizobial strain hke

. . . Susceptibility
thélsotgldes Nitrogen fixation of strain A121111 to phage
(no.) Effective* Intermediate! Ineffective®  Susceptible  Resistant

2 0 2
54{ % 11 1
8 5 3

* Effective response on all 4 test plants,
f Intermediate: mixed effective and ineffective responses among 4 test plants,
| Ineffective response on all 4 test plants.

Ineffective and effective hacterial isolates, obtained after treatments of strain
A121111 with DNA from strain hkc all ag%Iutmated whh strain A121111 antiserum
to the same end point as did ynheated Strain A121111 itself. Ineffectiveness was
therefore, transmitted independently of serological characteristics. All the isolates
that retained their mtrogen-ﬁ_mn?neﬁectweness also remained susceptible to phage
A12111%; hut among Inéffective mutants some isolates were also resistant to_this
Pha%e. Table 4 shows the reaction to ghage_A121111 of bacterial isolates after DNA
reatment. These results suggest a connéxion between the characteristics, possibly
through the 16uxtap05|t|on 0 c_orrespondm(% genetic_loci. This is also suggested b
the faCt that 60% of phage-resistant mutants of strain A121111 are also ineffective,
DNA and phage treatment together gave the very large proportion of 85% of
meffﬁcnv mutants. , . : :

After p a?e treatment, all the surwvmgnbactena are at first phage-resm_ta_n_t but
after several subcultures on R_hage-free edium, most reqamed usceptibility to

ha%e_. Ineffective strains which regained susceptibility to phage remained in-
effeCtive. So mutation to ineffectiveness seems more Stable than mutation to
phF e-resistance. . : :
_ I contrast to strain a121111, the ineffective strains 2 and hkc showed very
litcle or no tendency to change their symbiotic respanse, aIthough strain f12 was
derived from strain A121111 dnd does not differ from it in any known feature other
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than in bemq(meffectlve. Like strain a121111, strains fI2 and hkc_have heen
shown (Kleczkowska, 1950) to form mutants resistant to their respective phages,
but nong of the resistant forms of strain hke was effective and strain t12 formed only
a few effective variants after exposure to phage.

DISCUSSION

These_results show ?_r,eat f[e%uenc and stability of the_induced mutagions in
certain Rhizobium trifqlii strains to |neffectiveness in symbiotic nitrogen fixation.
Difficulties were experienced in obtaining the reverse miutation. In speculating on
the significance of these relationships jt should be remembered that symbiotic
effectiveness is not simply a proPerty_ of a bacterial strain for, as the behaviour of
individual plants of the”control series emphasized (Table 1), a bacterjal strain
effective on'one host can be ineffective.on anather. Nutman’s (1954 ) studies on the
Inheritance of the effective response in the host and on the relationship between
host genes and bacterial strain characteristics, suggest that effectiveness is an
expression of compatibility between plant and bacteria. This compatibility can be
broken by mutatjon in either host or acterlal_ﬂ]enes. In some symbioses, changes in
one of the hacterial genes suffice to interfere wifh the £rocess which leads to nitrogen
fixation, In others more than one gene may be involved, For example, Kleczkowska
1957, 1958) showed that the partially effective rhizobium strain ‘Corgn’gave a
Ixed response in the [ate-flowering ontgomer shire variety of red Clovér, hut
when tested in selected lines of the same host plant gave different responses. Some
host lines did not respond at all; in some the rhizobial strain was effective; and, in
other. host lines gave mixed responses, as In the original variety. Otner effective
and ineffective rhizobial strains behaved in these Selected lings of clover as in
unselected material, showing that the source of variation lay with the host.
_ The apparent irreversible nature of the change to Ineffectiveness at first su?gests
smglyaggne loss, but in view of the complex compatibili relatlonsh|ﬁs between
plant'and bactera there is reason to suspect other explanations. It the change from
effectjveness to ineffectiveness can result from mutation in any one of several_genes

it wl |1a en correspondingly more often than mutation to effectiveness in one
particula gene.

The author wishes to thank Dr A Kleczkowski, F.R.S., for statistical examination
of the results, and Dr F. A Skinner and Dr N. AValker for growing the bacterial
cultures in a chemostat.
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INTRODUCTION

The growth characteristics of staphylococcus aureus in comRIex media of various
iron availabilities have recent] beenreported %Theodore&Sc ade, 1965). Not only
the rate of growth buf also the. ma Size oft FQO ulation were de endentu on
the concentration of free iron in the medium, re Iminary Investigations of the
metabolic effects of nutritional iron deficiency showed that jron Testriction of
rowmri s. ayreus resulted in qualitatively dnd_ quantitatively altered aerohic
etabalism gf common carbon sources (fSchade 1963). Srnce Iron’is requrred for the
formation of haemoprotejns essentral or many enzymrca 3/ catalysed hio ogrcal
oxidation-reduction reactions andt s must be rov ded in the gfowth media of
practically all micro-organisms, the gossr emetabo ic aIteratrons roduced in s.
aureus DY iron-deficiency have been examined. Stich a study is of significance since
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the nutritional conditions provided by the mrculatmg animal bod% fluids approxi-
mate an iron-restricted state for S. dureus, affected by the iron-c elatlnq_ activity
of their contained siderg h|||n_g_transferr|n], (Schade, “1960). A mare saisfactory
understanding of the pathogeni _|t¥ of S. aureus can be anticipated from the know-
Iedge of its metaboliC characteristics as they are.determined by iron restriction,
rather than from that derived from previous studies of organisms grown in media
containing essentlallgf excess iron, In the present work, comparative studies of the
oxidative™and glycdlytic activities of suspensions of jron-fich and iron-por S.
aureys were made. In an attempt tq determine the site of action of irgn in the
metabolism of these organisms, qualitative and quantitative analyses of the end
products formed from various carbohydrate intermediates have beén made.

METHODS

Organism. A t?enicillin resistant strain of StaP_honcoccus aureus, phage, tyRe
80/81, was used throughout. Stock cultures on nutrient agar slopes were kept inthe
cold and subculturfd eve{PIZmon%hs. L , .

Media. The basal medium used for the production of iron-rich and iron-deficient
orgamsms contained: 2%(wly) iron-depleted trypticase medium (0-01-0-02 yg.
Feiml.); 1% (vIv) egg white (1-0 ml, egg white through its contained conalburin
binds about 20yg. iron, Schade & Caroline, 1944); growth factor amounts of biotin
&O-II%g.lml.), nicotinic, acid Ig0-05y ml.), thiamineHCl (t0_-05 /tg./ml.). When
esired; glucose. was added to the mediym t0 a final concentration 0-2% (wiv), All
media were initially at pH 7-6. To obtain conditions of restricted and unrestricted
iron availability, ‘iron "as ferrous ammonium  sulphate (Fe(NH42(804)[_2.6H20;
Fisher C. P.) was added to the media at (-01 ang 0-228 yg.Iml. The resul |n% per-
centage_s iron_saturation_of the egg-white conalbumin ‘Were 10-15 and 115-120
respe t|ve|I3y. Procedures for cleanin (t;Iassware removal of iron from the trypticase
medium (Baltimore Biological Laboratories, 0-6-0-8 yg. Fe/ol.), andthe preparation
of various medium components were described ina@ previous p%oer (Theodore &
Schade, 1965). Media were dispensed in 500 ml. batches in 21 screw-caPped
Erlenmeyer flasks. Seed cultures were qrown at 37° for 12 hr in iron-cepleted
trypticase (2%) medium without egg white or glucose. .

Preparation of washed coccal suspénsions. For”manometric studies and for deter-
mining products of glycolysis and oxidation of substrates, suspensions of Staphy-
locqeells aureys were prepared from Iog-é)hase cocel grown In iron-Geficient and iro-
enriched media, in absence or Eresenc folucose. Organisms grown in these media
will be referred to herein as: Fe—G—cacel, Fe+ G—cocel, Fe—G+ cocel and
Fe+ G+ cocel, res ect|vel{. Five hundred ml. of the appropriate media were
Inoculated with 0-3 ml, of a 1/100 dilution of the seed culture which had an extinc-
tion E ¢l of apgrommately{ 0-3, and incubated at 37° on a rotary shaker. The
Incubation times and the find PH values of the cultures grown in the four media and
harvested while still in their og7ar|thm|c phase of growth were: (Fe—G—) 13hr,
OH 7-5; (Fe+G-) 10hr, pH'/-T; (Fe- G+g 1Zhr, pH7-5; (Fe+ G+2 9hr
P’H 6-5; respectively. At harvest the cultures were passed through yrex glass wool
Iltering fibre and centnfuged at 4° at 4000q for 20 min. Analysgs for glucose in the
supernatant fluids of all Cultures were positive only in thos from the high- and

~——"
N——



Metabolism of Fe-poor staphylococei 387

Iaw Fe+g|ucose media. For_oxygen uptake studies, cocci were washed twice with
M-phosphate buffer ( H74Yand resuspended in the same, buffer. Organisms
used for the measuremen of I-(r] 5/(:0 lytic actrvrty were washed twice and resuspencled
H03 MENaHCOg buffer For th emanometnc assay of catalase activity,
the cocCl werewashed an resus ended in 0:85% (wiv) NaCl.” All suspensions were
diluted to an extinction at 600 m/i a ropnate to thelr intended use. PreIrmrnary
anal trcaI studies established that a of 1'0 was equivalent to a Rroxrmate
wt. organism/ml. and 2x109 coccl/ml. of the suspension measure
These vaI es were dpplicable to the organisms grown in all four media,
Analytical procedures. Standard Warburg manometric technigues were used for
measuring 0 2uptake and C02 oroductron( mbreit, Burris, & Stauffer, 1957). The
mam chamber contained 2-0 ml. washed coccal suspension (equiv. 32mg dryy wt)
and the substrates in the sidearms were added in 0-1 and (-2 ml. amounts, The
temCPerature was maintained at 37°, For analysis of the roducts ofghycol Sis and
oxidation of the substrates used, duplicate Warburg vessels were Shiaken In the
bath with the same proportion of cocc] to substrate and were set up In conjunction
with the manometric experiment. Following complete utilization of the substrate,
as measured manometrically, the vessels were chilled and samples removed centri-
fuged i the cold, and the Supernatant fluids frozen and kept for analysis.
atalase activity was assa%ed for manometncaIIZ Schade 1963g ron ana (ﬁ)rs
of the medium and the iron-binding capacity of thé egg white wer etermrne
the bound-iron and unsaturated iron-hinding capacity"methods of Schade, yama
Reinhart & Miller I;19543 Glucose was determrne by glucostat ( Worthrnqton
Biochemical Corp., Freehold, N ewJerseK ruvate re arnrngbrn the supernatant
frurds Was assa ed as the 2 4-dinitrophenylnydrazone, with enzene extractron
Friedemann & au en, 194) 3); lactate was determrned bht e method of Barker &
ummerson S r%acetorn was measured by the method of Westerfeld (1945):
acetate was determined enzymically by the method of Soodak (L

RESULTS
Oxidlative activities of iron-rich and iron-poor Staphylococcus aureus

The oxidative capabilities of iron-rich and iron-poor staphylococcr when grown
in the presence or ahsence of ?Iucose were measured with common glycolytic and
Krebs cycle intermediates at’ non- hmrtrnd substrate concentratio g able 1),
Fe+ G—suspensions oxidized glucose, L-lactate, maIate D Iactate pwuvae acetate
and formate. In contrast, Fe—G—suspensrons oxidized glucose, 1.-lactate and d-
actate at aé) roxrmateI}/ one-halfto one third the rate ofthiat of the Fe + G—cocal.
Malate oxidation wasgeatysup?resse while 8¥ruvate acetate and formate were
not ytilized. Thus, It Is cledr that the rowt tavhjylocossus aureus In an iron-
restricted medium, resulted in orgianrsms with impaire

respiratory activity. When
Fe+ G+ suspensions were simifarly examined (Table 1), they oxrdrzed glucose,
L-lactate, D-lactate, pyruvate and formate at more or Iess sever decreased rates
as compared with those found with Fe+ G— cocci; for exa

pyru the showed an eightfold difference. Fe- G+ suspensions were comrp te 3/
devoid of any activity "on these same substates except for a very small fate of
oxidation of glucose



388 T. S. Theodore and A. L. Schade

End product analysis studies on iron-rich and iron-poor suspensions
grown in the absence of glucose

Since differences in OX|dat|ve rates were found as between susRensmns of iron-
rich and Iron-poor stap h%/ qcocei on varioys selected substrates, the eftects of iron
deficiency on the quah ative and quantitative results of such oxidations were
studjed. ‘With limiting amounts of various substrates, total 02 uptake and C

production were determined and analyses for the accumulated end products were
made. Figure 1 summarizes the manometric measurements of 0 2consumption by
Fe+ G—and Fe—G—suspensions. Formate, acetate, succinate, malate, and to a

Table 1. Rate of oxidation of various substrates by suspensions of iron-rich and iron-
poor Staphylococcus aureus grown in the absence or presence of glucose

Warburg vessels contained equiv. 3-2 mg. dry wt. cocci in 20 ml. 01 M-potassiym plios-
gllate biffer (pH 7-4): 25 /;mole substrate were added from the side-arm: total volume
4ml, The centre well contalnedOZmI 10A) (w/v) KOH; thePas hase was air. The
Q02values reﬁresent//I 0 2consumed/h hWt coccl, calcufated on the maximum
rate of oxyug consumption following a 10 in. initial equilibration period and corrected
for the eridogenous rate.
Coccal suspension

Fe-G- Fe+ G— Fe- G+ Fe-l-G+*
Qoavalues

Substrate

Endogenous

Glucose 10
n-Lactate 14
D-Lactate 3
Pyruvate

Atetate

Formate

Malate 1

*Fe—G— Fe+ G— Fe—G+, Fe+ G+ mean respectively, Fe poor without glucose; Fe
rich, whhoutglucose Fe' poor with'glucose; Fe rich, with glucose.

lesser extent citrate, were oxidized by, Fe-f G— cocci. End- groduct analy3|s
showed that formate and acetate were oXidized completerW|th9 an 9%9% of the
carbon accounted for a C02I respectively (Table 2). Fe—G—coccal suspensions,
as shown In qu 1 and Table 2, were unable to use an}g of these substrates. It
aﬁgeared possitie that the Fe—G—cocci contained all the enzymes necessary for

oxidatjon of the above substrates, but that one or more weré present as agoen-
zymes which required free fonic iron for the completion of activation. To test this,
suspensmns of Fe—G—cocci were pre-incubated in Warburg vessels with 30 ig.
Iron for 30 min. at 3@ then formate and acetate were tipped Into the suspensions.
No 02uptake was observed.

Syspensions of Fe+ G—and Fe—G—cocei were examined for thelrablllt to
oxidize glucose and various Intermediates of Ico¥3|s Fig. 2). Fe+ G— coccl
oxidize glucose L-lactate, D-lactate and pyfuvate esse tla t0 com letion
gable 7). In all cases the ¢ ony ajor eng- ro duct was COa The dlfference in the
mount ‘of carbon initially provided and that accounted for as C02 produced

N~

2
3
0
0
0
0
0
0
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probably indicated assimilated carbon. Fe—G—cocci, on the other hand, oxidized
?Iucose L-lactate and D-lactate at a decreased rate and effected a much smaller
ofal 0 2consumption by the time the utilization of added substrate had practically
ceased (Fig, 2). Pyruvate, in conjrast to the results obtame% with Fe+ G—cocdi,
was not oXidized. " As calculated from the data in Table 2 the products %fglucose
oxidation by Fe—G—cocel as percentages of the initial carhon availablg were:
C02 46%:; “acetate, 28%; acetoin, 9%, L-Lactate was oxidized to C02 49%
acetate, 18%: and acetoin. 10%. From D-lacfate no acetoin was found, only CO2
45% and acefate, 27%. When acetoin was offered to hlﬁ}h-Fe and to Jow-Fe cocel,
none was ufilized. Attempts to recover some part of the 17. 23 and 29% of the
unaccounted-for carb?]n from the %Iucose, L-lactate and D-lactate oxidations re-
spectively, as acetaldehyde or pentose sugars, were unsuccessful. It s assumed that

Table 2. Substrate dissimilation by suspensjons of iron-rich and iron-poor Staphy-
lococcus aureus grown in the absence of glucose™
Experimental details as for Figs. 1and 2

, . carbon
Substrate  Organisms  Lactate Pyruvate Acetate Acetoin  c02 0. RQ recovered

Glucosef  Fe+ G- 0 0 0 4-31  4-42  0-98 72
Fe- G-

o

0 0 0851  Q-141 274 252 109 83
L-Lactate  Fe-t- 8_ 0 0 0 0 204 202 100 68
Fe- G- 0 0 0-213 0017 146 146 100 77
D-Laetate Fet+ G- 0 Q 0 0 252 250 101 84
Fe- G- 0 0 0399 0 13 126 106 71
Pyruvate  Fe+ G- 005 0 0 0 2-18 164 133 78
Fe- G- 0 097 0 0 0 0 - 97
Acetatt  Fe+ G- 0 0 0052 0 181 175 103 96
Fe- G- 0 0 00 0 0 0 = 10
Formate  Fe+ G- 0 0 0 0 092 05 170 92
Fe- G- 0 0 0 0 0 0 - -
* Results expressed a //moIe///.moIesuPstr te consumed. 0 2and CO, corrected for endogenous,
t No glucose detected In supernatant fluids.

the unrecovered carbon had been assimilated. The observed respiratory quaotients, of
both iron-rich and irgn-poor cocci (Table 2), when considered in corgunctlon with
the oxidation state of the accumulated end-products, are In reasonable agreement
)[/\éltch: 6?21% r?glw;taetred theoretical values based on complete oxidation of the Substrate

End-product analysis studies on iron-rich and iron-goor Staphylococcus aureus
grown In the presence ofglucose

F|9ure 3 records the 02 uptake by Fe+ G+ and Fe—G+ cocci on selected
substrates. In contrast to Fe+ G—Ccocel (Figs. 1 2), Fe+ G+ coccl were unable
0 use acetate, malate, succinate or citrate, Glucose, L-Jactate, D-lactate and
pyruvate were oxidized at decreased rates and mcomgletely, while formate was
oxidized to the same extent by Fe+ G- coccl, but at a Slower rate. With Fe- G+
coccl onl% qlu%o%e Was ogdlzed. The total 02 consumed by these cocci was ong-
quarter that of the Fe—G—caccl,
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Table 3 summarizes the end-product anal¥ses of the substrates oxidized bQ/
Fe+ G+ and Fe—G+ cacel. The products of glucose oxidation by the Fe-fi G

coccl in percentages of initial carbon available™were: C02 38%; “acetate, 24%;
lactate, 8%. L-Lactate was oxidized to C02 49%, acetate, 18%; and pyruvate,
11%. Only 10% of the D-lactate was_used, with 40% of this amount being con-
verted to dcetate and 40% to C02 It is possible that D-lactate was not usedat all
but was contaminated with some L-lactate that was readily used. At the time of
analysis, 46% of the initially available pyruvate had been metabolized and was
accounted for as C02 40%; acetate, 51%; and lactate, 10%. All the formate was
utilized, with 88 % accounted for as'C02 The end products of 9Iucose oxidation by
Fe—G+ cocci were: C02 12%; acetate, 12%; lactate, 64%; pyruvate, 10%;
acetoin, 11%; at the time of analysis, no glucose remained.

Table 3. substrate dissimilation by suspensions of iron-rich and iron-poor

Staphylococcus aureus grown in the presence ofglucose*
Experimental details as for Fig. 3

:
. . caroon
Substrate  Organisms  Lactate Pyruvate Acetate Acetoin  c02 O* RQ. recovered

Glucose Fet+ G+ 015 0 0-704 0 2-3  2-34 0-98 70
Fe- G+ 1-28 0-19 0-35 0-17  0-/0 0-6L 1-15 108

L-Lactate Fe+ G+ 0 0112 8—274 % 1-48 6—52 0-97 79
Fe—G+ 101 0 0 101

D-Lactate Fe+ G+ 09 8 0-058 0 8—116 8-104 111 93
Fe- G+ 106 0 0 106

Pyruvate  Fe+ G+ 05 -537 -351 56 046 137 1

ywvate - ger Gr 05 g g% p f§ ifh

Formate  Fe+ G+ -8 0-58 152 88
ol SO

* Results expressed as tmole//tmole substrate consumed. 02and CO, corrected for endogenous,
t No glucose detected in supernatant fluids.

Glycolytic activity of iron-rich and iron-poor staphylococci

To determine the glycolytic activity of iron-rich and iron-poor staphylococgus
aureus When grown aerobically in the -absence or presence of glycose, qlucose fer-
mentation studies were made (Fig. 4; Table 4). Fe+ G—coccl fermented glucose
anaerobically at approximately one-third to one-quarter the rate of the Fe—G—
cocci. When _grown in the presence of glucose, iron-rich and iron-poor cocgj both
fermented this substrate at about the same rate and to the same extent. In all cases
Table 4), th? roducts of %I colysis were mostlgl lactate (73-94 %g, acetﬁte 54-7 %g

na traces of pyruvate. These results show that Igrowth on gluc se enhanced th
glycolytic activity of iron-rich cocci while the activity of irof-poor cocci was hl%h
and essentiglly the same, irrespective, of the presence’or ahsence of glucose in the
gro_vvth medium. It agpears that the iron-poor coccl deficient in normal respiratory

ctivity relied on anaerobic fermentatjon and thus showed high activities of gl 0-
Iyzm% enzymes even in the absence of glucose. The acetate folind probably reSulted
fromthe dismutation of pyruvate. Studies on the pyruvate dismutation activity
of these organisms grown In absence of glucose showed that iron-rich cocci were



Oxygen uptake (ul.)

I I 1 T T
A B
300 300+ —
Glucose
2001 2001 _
L-Lactate
Formate
100 100 _
Glucose
Pyruvate
D-Lactate
Acetate, L-Lactate,
0 malate, citrate, succinate o p-lactate
1 | | | |
0 40 80 120 © 40 80 120
Time (min.)

3. Oxidation of various substrates by iron- rlch and . iron Eoor Staphylococcus
aureus grown in_ the presence of glucose. A, Fe+ G+ cocci, —G+ cocel. Ex-
Eerlmental detalls as In_Table 17 substrates . used expressed as I(moles: %Iucose 5

lactate, 5; D-lactate, 5; pyruvate, 5 succinate, 5; malate, 5; cnrate acetate,
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Fig. 4. G%COWIIC&CUVIW by suspensions of irgn-poor and iron-rich Staphylococcus aureus

Prown in the dbsence or presence of glucose. The experimental details dre as described
n Table 4



Metabolism of Fe-poor staphylococci 393

times as active as the jron-poor cocci (Q of high-Fe = 99 versus Q of low-
31, whereQ:y?. CO2hr/m 8 dry wt. rg anrsm% °

Catalase activity of iron-rich and iron-poor coccl

When iron-rich and iron-poor stathIococcr rown in the absence of glucose were
compared for their relative Catalase activities e—G —cocct (Q = 1-3) were practr
cally devoid of this iron- contarnrng enzyme, while Fe+ G—coci ([Q 32 as
expected were relatively rich. Of particular rnterest was the apparent inhibifory
effect that %Iucose had On the catalage actrvrty of o%qanrsms %rown in the mediyrm
contarnrn? gh-Fe-(-glucase. Fe+ G+ cocel (Q 0356558 onIy 20% of the
actrvr 0T cocci grown in the absence ot lucose. Fe— + coccl tQ 5? like the
— C0CCl, w e p ractrcél devor of any catalase activity (Qvalues = /t-
moles 02produced min./mg r;y Wt cocci).

Table 4. Rate otglycolysrs and products of glucose dissimilation by
iron-poor and iro-rich”Staphylococcus aurelis grown aerobically 1n t
presence of glucose*

Warburg vessels contained equiv. 3-2mg, dry wt. cocci in 20ml. 003 M-NaHCO,
D ; 5/tmole of glucose were add d from_the sidearm; total volume 21 mI T
gas hasé was 900 (VIv) N2+ 10% (v/v) 002 Temp. 37°. Q01 values represent jA. C
produced/hr/mg. dry wt.” cocci.

three
Fe =

suspensions of
the" absence or

he
02

. Y%carb

Organisms va?ues Lactate ~ Pyruvate  Acetate  Acetoin r(egg\r/e(r)gd
Fe- G- 98 1-78 002 013 0 94
Fet+ G- 16 1-45 002 0-21 0 8l
Fe- G+ a4 1-88 001 015 0 102
Fe+ G+ 63 1-65 002 018 0 90

* Results expressed as /;mole//imole glucose fermented.

DISCUSSION

Theodore & Schade (1965) showed that the growth rate of a strain of Staphylo-
cooeus aureus 80/81 | rnrron restrrcted trypticase medrawas dependent on the amoun
of free 1onic iron available to the or anr m. Addition of glucose to such media at al
concentrations of ron Investigated” increased further the Togarithmic growth rate.
The responses of these bacteria to iron and glucose additions made investigation of
their metabolic characterrstrcs of especial rnterest since their growth-rate patterns
followed thoge of the same strain gr wn In human serum at various concentrations
of siderophilin-iron saturation (Schade, 1963).. Comparison of the metabolic
activities of rron -fich and iron- poor staphylococci grown in the absence of glucose
showed the .h rg oxidative cTaPacr I:y of Fe+ G—cocci and the decreastd and
Impajred oxidative cap ac e— —aqcel. In some respects, these results
are similar to finin so arrng & Werkman 81944) and Webley, Duff & Anderson
E)1962) Who studre the metabolic activities of iron-deficient glucose-grown Aero-
acter aeroPenes Noc rdia 0 ca resEectrveg/

Suspensfons of Fe+ G— taB 0COCCUS auréus oxidized Iucose L-lactate, d-
act% (}rruvate acetate nd formate completel PCOZan t(er a(s rapid rates
Krebs cycle intermediates (malate, succinate) were also rapidly oxidize Parent
to completron Citrate was oxidized at a decreased rate I comparison to other

G. Microb. x1
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Krebs CB/cIe intermediates, robably because of the impermeability of the coci to
this substrate (Stedman & Kravitz, 1955). Fe—G— staphylococel, however,
oxidized only %Iucose, L-lactate and D-lactate, at decreased rates, and incom IeteIY,
In contrast to Fe+ G—staphylococgl. Pyruvate, acetate, formate and Krefs cycle
intermediates were not, used. The. inability of these organisms to use pguvate
sug ests that the pyruvic oxidase of this S. aureus may be'iron dependent. O’Kane
(1954) showed that the pyruyic oxidase of Clostriciim butyricum required ferrous
fron. The endé)ro ucts from glucose and L-lactate metabolism by Fe—G—staphy-
lococci were CO2 acetate and acetoin, while only C02and acefate resulted from
D-lactate utilization, That pyruvate was no" found as an end-product of these
oxidations and was Itself not Used as a substrate suggested that either glucose and
lactate are converted to acetate and C02by a |actate Oxidase system siniilar to that
found in mycobacteria (Sutton, 1954) and not involving pyruvate; or that Fe —G—
cocel are jmpermeable to exogeno S pyruvate.. To accolnt, however, for the pro-
duction of acetoin from glucosé and L-lactate without pyruvate as an intermediary
I not possiple on the available evidence. Further, sincethe C02produced from the
oxidation of glucose and lactate was in considerable excess of that expected from the
quantity of acetate found as end product, assuming that the.path of such oxida-
tions Is via lactate to acetate and CO2 and sincé acetate is demonstrably not
oxidized, some other metabolic oxidative system must e operafive in ‘these
or%anlsms. The percentages of carbon recovered indicate some assimjlation of these
substances. The possinifity exists that the excess CO2was derived from oxidation
of an assimilated material. , _ _

The results qbtained with irgn-rich staphylococci when grown with and without
lucase were similar to those found by Collins & Lascelles (1962g, (ershanovitch,
alkina &Burd 81963) and Strasters & Winkler (1963) who showed that growth on
glucose repressed the Tormation of enzymes required for the oxidation of acetate
?nd tr!carboxxllc acid c%/cle_mtermedlae. In the present work, Fe-f- G+ staphy-
ococel not only did not oxidize these substrates, but also produced acetate s 4n
end, product from glucose, L-lactate an_d,Pyruvafe. Fe —G—staphylococci, with
their already impalred respiratory activi Y were so inhibited by the presence of
?Iucose that they did not oxidize’r- or D-lactate and only slowly attacked, glucose
tselt. The accumulation of large amounts of lactate from glucose oxidation sug-
gested that there was Increased"reliance on anaerobic fermentation for energy pro-
uction necessary to growth and maintenance of the Fe—G+ staphylococc.
From these Jesu tg, It Can es%en that the metqbo Ic. activity of S(%M?COC?US
aureus was affected not only by the amount of available iron in the medum but also
by the presence or ahsence ofglucose. . Since there are man¥ examples in the litera-
tUre qf repression of enzyme Synthesis by _%Iucose, any studies of the metaolic
cagauhes of organisms as affected byapdartl uI%r nutrient, eg. iron, must consicer
the possibility "o misinterpretation” of data when glucose fas been used as the
common carbon+ener(1y squrce. For Instance, Fe—G+ staphyloc0f0|_d| not use
- or n-laetate and onty slowly omdued_glucose with the accumulation of large
amounts of lactate, These findings, considered by themselves, m|ght have beén
ascribed to iron deficiency, however, they were actually due to glucose inhibition
since Fe—G - staﬁf(}ylococm_ rown in the %bsence of n%;Iuco_se were able to oxidize
I- and D-lactate and"to oxidize glucose witnout accuniulation of lactate.
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SUMMARY
icro raPhs of se lal sections 0 fr r%p ulosu Lev, sh wmrnute
an reg ar orall

e
PR R R e
INTRODUCTION

The septal pores ofBasrdromyeetes have been studred by several authors;although
the ?enera structures reé)orte are srmr ar there are drfferences in detail and
different Interpretations for function of this arP aratus h ave een given. Moore &
McAlear (19635tudred five Basrdromyeetesa suggested that th egore aé) aratus
has an occluding function, allowin humora continuity; Gibardt (1
seemed 10 be In agreement, calling epore cap a ‘verschlussband’. Brac er
Butler (1963) showed mrcro%raphs of mitochondria passing throu%h the E)ore of
thzoctonra solani Krrhn an tentatrvel concluded that even nuclei could pass
throug this pore. In the present work fhe pore structure of Polyporus ru uosus
has. been examined In serial sections, longitudinal and transver The resu Its
indicate a variation In the structure and’ function of the pore apparatus In
Basidiomyeetes.

METHODS

Polyporus rugulgsus Lev. was isolated from decaying timber and cultured on
sterile ceIIo hai discs on corn meal agar Material ‘was fixed in an aqueous un-
buffered 2% g/ t)KMn04squtron at room temperature for 30 min,, dehydrated in
a graded series 0 ethanol+water mixtures and embedded in Epon 812 %Luft l96d)
Séctions were cut on a Reichert Ultra-microtome and stained wrth lead hydroxide
(Feldman, grds used were carbon coated, and the specrmens were
Viewed wrtha emens Imiskop 1, operating at 80 &/

RESULTS

dThe ttermrnology used by Bracker & Butler (1963) is used in the present
escriptions

In Pl. 1, fig, lanearlz megjan section ofaseé)tal ore i seen; rtseem Clear tha \
the Rore cap I continuots with the endoplasmic reticulum (ER whrch Ies paralle
to the cross-wall. Small interruptions ‘can be seen in the cap, suggestrng the
presence of openings.
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Plate 1, fI?. 2, shows the layered cross-wall extendm? into the septal swelling,
belnq separated from the actual pore onI}/b the ectopfast which is resolved asa
doutile layer. Bracker & Butler 1964g Interpreted such a pore as a fully open one
Inwhich the septal swelling has been d ?ressed during active cytoplasmic'streaming.
nPL1L flgb 2. some membranous matter can be seén in the Subcap matrix, andIs
most Proba ly in the Process_ of passmrg through the pore. .~ _

Serlal sections of pore, sections garal el to hyphal axis. Only six of ning sections
are shown here. PI."1, fig, 3, represents the péripheral region of the pore apparatus
and interrupted strands Of endoFQIasml_c reticulum {ER} can be seen lying parallel on
both sides ofthe cross-wall. In PI. 1, fig. 4, the pertorated pore cap bégins to appear.
The swelling on the cross-wall appearS in PL 1, fig. 5, and a large area of the pore
cap can nowy be seen on both sices. _

In PL 2, fig. 6, the verg re?ular arrangement of the pore-cap perforations can be
seen, the oeemngs are v rx eqular In'$ a;r)]e and size, being +300A In diameter,
and +500-700 A a%art. In PL 2, fig. 7, the actual pore gpening is beginning to
apPear; PL 2, fig. 8, represents a median, section, where i can e seed that’the
P_o e cap is contiriuous with the.endoplasmic reticulum (ER). The pore-cap perfora-
lons now appear as Ilghter regions alternating with dﬁrker ones, .

Sections Ot pore apparatus, sections transverse to nypnal axis. The apical part of
the dome-shaped pore cap is seen in transverse section in Pl 3, fig. 9; the re%ular
spacing and size of the pore-cap perforations Is aRam evident. An Tnteresting Som-
parison can be made between the dimension of the pare-cap perforation and mito-
chotndrlon size in PI. 3, Tig. 10, which is a lower magnification of an adjacent serial
sectjon,

The Interrupted nature of the endoplasmic reticulum which is continuous with the
pore cap could not be understood in Ion_ttqltudlnal sections. Plate 3, fig. 11, Isa cross:
section very near the cross-wall, and it includes the endoplasmic 1 t|?ulum (ER
referred to above. This IS clearly reficulated conmstm{q of narrow fubules. Lamel-
lations can be seen in the pore Swelling, and the double ectoplast lines the pore.

. Nuclear membrane. An almost t_angenﬂal section of the nuclear memprane (PI. 3
flg. 12) reveals J)ores, the dimension3 of which are almost identical with the pore-
cdp perforations.

DISCUSSION

The ?eneral structure of the pore apparatus of Basidiomycetes, as s_ugcgestedb
Gibardt (1961), Moore & McAlear (1962), and Bracker & Butler 81963_), IS confirme
in the present work for Polg orus rugulos,us: the actual Pore penlng 1S lined by
the ectoplast, a harrel-shapéd septal weIImIg IS present, the pore is Covered by a
dome-shaped pore cap on both sicles of the cross-wall, and the pore cap is regarded
as 3 specialized reqmn of the endoplasmic reticulum. _ _

The Polyporus ytpe of pore cap (with its regDuIar small perforations) will not
allow the Passa_eo organelles which are much |ger than 800 A. In olggorus
rygulosus the mitochondria are remarkably Iar%e L3 f|%1. 102Nand one Cannot
viSualize the movement of mitochondria throug the pore. This was confirmed b
studying vitally stained mycelia of this fungus and by phase microscopy. Rap
s_treammg was ‘observed, mitochondria were"recognized, but no mlgratlon of par-
ticles through the pore was seen. The pore cap of Polyporus rugulosus therefore acts
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as a sieve, allowing only the migration of Jgartlcl_es smaller than <wA or Partlcles
that can shrink or e_comPressed to this dimension. The pore-cap perforations are
of almgst the same diameter as the nuclear membrane pores. The pore cap there-
tore will maintain the same physical boundarr%/ between adjacent cells as thaf present
between the nuclear sap and the cyfoplasm, These minute pore-cap perforations
can also be seen in the pore cap of ol%stlctus versicolor in the micrographs of
Gibaat (19612. Some preliminary work has_shown similar perforations”in Poria
monticola. These genera all beIo_% to the Polygoraceae. uclear mlgratlon 1S
obwouséy impossile through an intact Polyporus-type pore, It IS suggésted that
In such a5|d|om¥cetesfunctlonal dIP|OId IS maintained, while humoral continuit
exwti betyveen d fgren%oeéls. These results are n agreement with those of Moore
McAlear (1962) and Gibarat (191). . _ _

_In comparison, the situation in Rhizoctonia gBracker é& Butler, 1963) is very
different: the perforations_in the pore cap are irreqular and much larger, while the
mitochondria are smaller, The migration of mitochondria shown in thé micrographs
of Bracker & Butler (1963)| can e confirmed by phase-contrast mlcroscopkl. In
Rhizoctonia even the actua Por_e opening is largér, and in this Basidiomycete the
Pore cap does not have an occluding function; it nuclear migration accurs the funqus
s not even a functional diploid. The Rhlzoctonla-tgge of pore cap has recently also
begn shown to occur in Exidia nucleata (Wells, 194).

There are therefore two fypes of pore apparatus in Basidiomycetes and althou?h
the present data are very inadequate, it would appear that modifications of septal
Po_re structure within this group of _fun?| may have Johylogenetlc significance. " At
this stage it i3 impossible t0 sag which type %recede the Other; mofe Information
IS necessarY Inclu mg morg about the possible function of the Rhizoctonia-type
pare cap. |f the function of the Rh|zocton|a-tyRe ﬁore cap Is indeed protection of
a ‘elicate "pore swelling (and we do not know whether the pore sweIIm(I; is delicate),
one might re%ard this g5 an initial evolutionary development. The Polyporus-type
Por_eca could then be interpreted as a further differentiation of the poré apﬁa_ra Us,
tis te thg to believe this hypothems because the Pol Ro_ra_ceae are considered
by mycologists to be a much more advanced group than tingi like Rhizoctonia and

Xidia.
Bracker & Butley g19_63) sugge_sted that the actual pore opening can be increased
during rapid cytoplasmic Stre mln% as 4 result of the depression of the septal pore
swelling.  One ‘can_ understand such a depression of the pore swellmq when mito-
chondna_ﬁor nucle_R Bass throuqh a pore and in doing so exert lateral pressure on
the sw_elhg ut in Polyporus the pore caE) acts as d sieve which allows only the
migration Of particles much smaller than the actual gore opemn%. In Polyporus
Qres can be seen which would be_ interpreted by Bracker & Butler (1963) as
Idened Pores, but we cannot visualize b drodﬁna ic forces which will exert uni-
lateral Torces to cause the lateral deﬁresg n of the pore swellln(_i._ From some ghser-
vations Bracker & Butler &1963) concluded that the septal swe Ilng was of different
chemical nature than the cross-wall, but nothing more IS known about the substance
of the pore swelling. We consider that septal pore SWG”IH%V&_I’I&'[IOH as due to rapid
streamm? Ao F)e unlikely. |t m\?X be due to ﬁructural ar(ljatlon, but It musé_be
appreciated that ng will

the swelll appear difrerent in median and near-median
sections.
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EXPLANATION OF PLATES

E ectoplast ER, endoplasmic retrculum G, com ound lipid ranule Mi, mitochondrion:
,nucleus; NM, nuclear mémbrene: NP, nuclear pore; Forecap CP, pore cap pore; S, septal
pore swelling; SP, septal pore; V, vacuole: XW, cross wal

Plate 1
g. 1 Hypha with septum, section not median thus actual pore oPenrng not showing, Small

r():ores are apparent in_the dark pore cap which is continuous with the efdoplasmic reticulum.
ompound granules (G), thought'to be of lipid nature, are present in the cytoplasm, x 12,000.

Fig. 2. Median section of “fully open’ pore. Lines and numbers refer to figs. 3-8. x 60,000.

Figs. 3.5, These are the frrst three sections through the septal pore apparatus. Position of the
sections are indicated in fig. 2. x 60,000

Plate 2

Figs. 6-8. These are the following three serial sectrons omrttrno%asectron between figs 6 and 7.
Approxrmate position of sections indicated in PI. P The pore ¢ap Is thus shown to

Jn(f -snaped cap extending over the pore swel ing, and having perforations of very reqular
srze and distribution.

Plate 3
Frg 5. 9,.10. Serial sections at different magnifications of the pore cap, tra n ve rs to h(ygphal axis.
t;l(o36 gogference In size between pore cap pérforations and mrtochond ra. Fig. 9, 0; fig. 10,

% 11, Atransv%rs?]sectron very close to the cross-wall including the endoplasmic reticulum which
ontinuous with the pore cap: X 60,0

12. An almost tangential sectio ofthe nuclear membrane. Compare size of nuclear poTes
qh pore-cap pores }nf? § %% Q) P P
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SUMMARY _
he aSFOS o[)es are form?d \é\gtgm the %?scu e.aﬁyenucleus aTnt(;]assoch-

ated cytoplasm necomes enclos .d C ,Wai. origin 1S Wa
e T SR
rmation are recorde

ere.
INTRODUCTION

Very little is known about the formation of the ascospore wall and its subsequent
thickening, Moore & McAlear (1962) reported the origin of the wall as the appear-
ance of a thin electron-transparentshell which subsequentl}g_becomes thickened.
Moore (1963) gave a more detailed account of ascospore wall thickening, associatin
the process with the presence of a ‘peripheral net’ of endoplasniic reticulu
against the ascus wall, but gave no account of the initial stages. Because loma-
somes have always been hserved next to_ cell walls, we considered the possibility
that they mqht play a role in wall formation. Moore & McAlear (1961), however
remarked on the absence of lomasomes from ascospores, and In the micrographs of
Moore (1963) no lomasomes can be seen. If this be true then the role of the loma-
somes in wall formation must be excluded. The present studP/ IS & re-investigation
of the developmental st%ges of ascospore walls. New wall development during
budding was also followed. JETHOD

Pénicillium,_ vermiculatum Dangeard, isolated from soil near Johannesburg, was
grown on sterile cellophan discs on corn meal agar ina Petri dish, M,aturm? yellow
Cleistothecia were fixed and prepared for electron microscopy as described elséwhere
(Wilsenach & Kessel, 1965). ESULTS

Asci at different stages of dev IoBm_e_nt and % number of maturf Jiberated asc?-
spores can be seen with assqciated nutritive hypnag enclosed by a cleistothecial wall
formed b_Y dense_IX Packe_d hyphae in PI. 1, flg. 1. The existence of all the different
stages within a si g e cleistothecium facilitated the study of developmental chan|ges.

Early bud formation can be seen as an mfoldmg of thie wall (PI. 1 fig. 2). There is
evidence that final cytokinesis Is not accomplisiied by this. ifolding; but a new
cell-wall NBV\Q 15 laid down spannmﬁ the R between the mfoldmg walls (lBWI)I
EPI. 1, fig. ?) lomasome can'be seef on both sides of the newly fofmed bud wa

Pl. 1 fig

P—
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Within the young ascus numerous dark granules (G) which appear to have a
compound structure can be seen (PL 2, figs. 5, 0). These seem to represent a recently
formed metabolrc yroduct since thelr appearance 1S considerably less in earlier
stages (see PI. 1 % 2). The dense. appearance of these granules after KMn04
frxatrons tglgests tha they were of lipid nature; and this was confirmed by Sudan |V
staining ofTiving mycelium. Their relative abundance decreased sharply during the
final stages of ascospore differentiation, during significant increase in ascospore wall
thickness gsee Pl. 2, fr%s 1, 83 It 15 therefore suggested that this lipid material is
incorporated in the’ astosporé wall,

Ascospore wallformation

Before wall formation takes place the, primary ascus nucleus undergoes three
divisjons, resultrng m8nuc|e| The first evidence ot future wall formationis a sheath
consrstrn of & dou le membrane which becomes orientated around each nucleys
ang ad acent tob asm (P1. 2, fig. 6) Atearlrerstages onlystrands of endoplasmic
reticul um ERY epresent in the, cytoplasm (PI. 2" fig. 5). Before this membrane
system (interpreted as endo Iasmrc reticulum ER) forms'a complete, sheath, por-
tions of jt hecome swollen (P1. 8, fig. 9). Very soon‘after this small vesicles accumu-
late in the swollen Fart W rch now appears l1ke a lomasome (PI. 3, fr% 10).

Cell-wall material then begins to accumulate between the two memBranés which
become pushed apart, the wall at this stage consists of three layers, a thin central
electron-dense Iayer bordered on erther Sice by lighter regions.  Lomasomes are now
very prominent and the apgbear between the’ two membranes, inside the dark wall
layer (Pl. 3f|g1 12). InPI ﬂP 11, the relationship between Iomasome and endo-
Plasmrc reticuium SER? can clearly be seen. Both the dar a er and the Inner

Iqhter region increase in thickness (PL 2, frﬁ 1; PL 4, fig. 13)."The ectoplast or
pasmale ma) of the ascosi)]ore proto Iast Is therefore derived from the endoplas
retrcu um ER, an S0 1 1 esi)ore membrane. Further_thickening of the wall | rs
anﬁt entirely rmrtedt h hter region, but the spines are extensions of the

ark layer (PL 2, fig. 8; P n8 5

DISCUSSION

Lomasomes were first recorded by Moore & McAlear (1962) in nine different fungi
from all the major groups, and weré described as aggregates of vesicles which always
appeared against the cell wall. No function was propgsed for these or%anelles and
It Was statéd that they had not been observed in conidia or asc-0spores. - Since this
Initial report, lomasomes have been described in other Eapers on fungal fine struc-
ture (Br cker&ButIer 1963 Grbardt 1961), but g possible tunctron |s not known,

These bodies were (Presume to be exclusive to the fungi, alth ou? Manocha &
Shaw (1964) claimed to have seen similar structures In the mesoph ceIIs ofwheat

The appearance of the lomasomes between the two membranes o the endoplasmic
reticulum Qreported for the first time in this paper) immediatel Erece N the forma-
tion of cell-wall material, which 1s also pr duced between these same two mem-
branes, The suggestron 1S therefore made that | omasomes are associated with wall
formation, Th accounts or the initial a earance of teascos ore wall, which

wa not explaine CAlear (1 00r e progess of cell-
wall forma%on djescyrrggd ere drﬁers frbm that ’r\flscr?bgdg (hy Moore (1963) who
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reported that a peripheral net of endoplasmic reticulum lies internally to the ecto-
plast and somehow confributed to the ascospore wall thlckemng. oore (1963)
could not explain the grigin.of the spore membrane and suggested that this mem-
brane had a protective fuiiction. In the present study the origin of this membrane
I explained and is not linked with the function of protection, but is seen as the
remains of the endoplasmic reticulum which was involved in cell-wall formation,

Crawley (1965) and Barton (1965) published accounts of a cytoplasmic organelle
associated with Cell walls in Chara'and Nitella, su gestmg that its function is in-
volved in wall formation. The structure_of these organelles differs from lomasomes
in that tubules are Eresent (and not ve5|clesg, and dre continuous with the leasma-
lemma. Although Structural aifferences aré present, this organelle has the same
topogr%phg and"the_same suggested function'as lomasomes. “These bodies appear
to be homologous with the lomasomes of_funql. In higher plants It has been sug-
gested that the Golgi bodies are involved.in cell-plate formation; cell-wall material is
Said to_be containéd in the vesicles which subsequently coalesce to form the cell
Plate (Frey-W¥ssI|ng, Lopez-Saez & Muhlethaler, 1964). It is su?gested here that
he vesiclés ot the fungal fomasomes behave In a similar'way and ITTs perhaps signi-
|§\z;1g té]ee}]t f(gng% bodies have not been observed In the fungi in which lomasomes
It is difficult to account for the observation b}/] Moore & McAlear (1962) that
lomasomes were not found in ascospores, unless they had disa Pear_ed or become
less conspicuous when cell-wall thickening had ceased. Although the initial appear-
ance of the lomasome in_ the endoplasmic reticulum seems™contrary to earlier
observations, Its final position in the ascospore has the same topography as that
described by Brewous authors, namely between the ectoplast and the cell wall.
During active bud-wall formation the Jomasome is seen in the typical Posmo_n PL 1,
fig. 4).” An Interesting confirmation of the role of lomasomes 1n wall formation was
provided by an anomalous chain of buds in which, in a particular ascus, mature
ascospores Were strangely lobed and multinucleate. In a ¥ounger adjacent ascus
several nuclei are surrgurided by a 5|m|IarIFY shaped sheath ot endOplasiiic reticulum
with associated conspicuous lomasomes (PI. 4, fig. 15).
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EXPLANATION OF PLATES

Ascospore wall development and the associated role of lomasonies in Peniciliium vcrmiculatum
Dangeard. _A, aseus; AS, ascopore; ASW, ascospore wall, AW, ascus wall, BW, bud wall: E,
ectoplast; EP, elnlplasm “ER endoplasmic reticulum ; G, compound lipid granules; 1BW, infolding
bud wall; Lo, fomasome; Mi, mitochondrion; N, nucleus: NBW, new”bud wall;” NM, nuclear

membrane; P, initial ascospore envelope; SM, spore membrane ; W, wall.
Plate 1

Fig. 1. Segment through a maturing eleistotliecium, The soft cleistotliecial wall consists of dark
hyphae. Mature and maturing asci can be seen, x 3900.

Fig. 2. Budding of ascogcnous hyplia. Notice infolding of the bud wall. Relatively lew electron-
dense granules are evident in the cytoplasm,  x 12,0007

Fig. 3. Infolding of wall as seen at a later stage, with the new cell wall accomplishing final cyto-
kinesis. x 60,000,

Fig. 4. Lomasome associated with the new bud wall, x 60,000.

Plate 2

Fig. 5. Dividing nucleus in young ascus, Apparently the nuclear membrane does not disappear
during cell division, Endoplasmic reticulum can be seen in the cytoplasm, and the dark granules
have increased in abundance, x 13,000,

Fig. 6. Young 8-nucleatcd ascus. The young ascosgore is delimited by endoplasmic reticulum,
enclosing cytoplasm and nucleus. The ucledr membrane is not clear af this stage, x 12,000.

Fig. 7. Maturing ascus, The ascospore wall has increased in thickness, the nuclear membrane is
clearer and mitochondria can be seen in the ascosgore cytoplasm. A large lomasome can he seen
associated with the wall of one ascospore. x 12,000.

Fi%., 8, Mature ascus. The ascospore wall has become considerably thickened and shows the
echinulations characteristic for this species. Notice the disappearance of the dark granules during
maturation of the ascus. x 12,000.

Plate 3
Details of different stages of ascospore wall formation.

Fvi\?' 9. The initial ascosgore envelope consists of endoplasmic reticulum (ER) which becomes
swollen at places. Approx, x 60,000
F

Fig. 10. Ata later stage small vesicles appear in the swollen part of the ascospore envelope. This
IS Interpreted as the ofigin of the lomasonies subsequently seen, x 60,000.

Fig. 11. Conspicuous lomasomes appearing between the two layers of the ER which is the asco-
spore envelope (P). x 60,000.

Fig. 12. Wall material is laid down between the two layers of ER. x 60,000.

Plate 4
Fig. 13. The wall_now consists of a thin outer light layer, a thick central dark layer and a thick
Innier light Jayer. These three layers can be seen in Fig. 12 and it i clear that the thickening occurs
mainly in the dark and inner light Iayers. The outer membrane of the original ER is nqw tfie spore

qumbran SSM)l and the IH”W Iacy?r, hT ectOé)Iast. The lomasome now occupies the typical position
etween the ectoplast and the cell wall, x 60,000.

Fig. 14. Mature ascosPore wall showin% the considerably thickened Ii%?t Iaxer. The echinulation
appears to arise from the dark layer, and 1s bounded b;ythe spore membrane (SM). x 60,000.

Fig. 15. Adjacent asci with the one showing a mature lobed ascospore and the other a similar

shaped sparé in an early stage of developmeént with lomasomes conspicuous In the young asco-
spoPe en\?e ope, xl%,(%. ’ d P yond
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INTRODUCTION

The information availableabout the chemical composition of the Mycoplasma-
tales shows that there was little difference between the strains tested and bacteria
except for a lower nucleic acid content (L¥nn & Smith, 1957g the gresence of chole-
sterol (Lynn & Smith, . 1960; Morowitz € al 19623 and the evidence presented n
a prehmmary commumcatlon (Jones & Walker, 1963a) that the deoxyribonucleic
acid (DNA %cog asmamycoides var. caprt had an adenine + thymme/guamne +
B/tosme rat|o of 00. This is, asfarﬁsweare aware, the h|ghestvaluefound1(? k]

from an¥ micro-Organism. The present communication giwes more
about the isolation and analysis of the DNA and describes the isolation and ana y3|s
of the RNA and a neTtral J)oltysaccharl e. The amlno acid composition oft eto al
protein of the m COE asm 8an|sm was also, determined and”compared with the
values obtained by Sueoka (1961) for the amino acid content of the protein from
several bacteria and a protozoon.

METHODS

Orgamsm The strain Mycoplasma mycoides var. capri ,. 3was obtalned from
Edwardg \Vellcome Research L aboratories h%ec enham, Ke
Medlum The organism was grown In either of the following media; Pl ‘normal
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medium’ containing Oxoid brain heart infusion (3-7%, wiv), Burroughs Wellcome
harse serum (1%, Wiv), ;I)enl_clllln (100 units'ml.), thallous acetate (0-01%, wiv):
(2) “dilute medium’ con a|n|ng50x0|d brain heart Infusion (0-45%, wiv), Qxoid
peptone (1-0%, wiv), NaCl (0-5%, wiv), sodium dihydrogen phothate (0-25%,
Wiv). Burroughs Wellcome horse serumi” (1-0%, wiv), glucose”(0-2%, wiv), with
penicillin and"thallous acetate as before.

Total phosphorus, Was estimated by the methad of Jones, Lee & Peacocke (31951).

Nitrogen Was estimated hy the mathod described by Jones & Walker (196 6)f

Pentose WaS determined fy the method of Euler & Hahn (1946) with a purified
yeast nucleic acid preparatign as a standard, , , .

Deoxypentose Was determined by the method of Dische (1955) with a purified
calf thymus DNA preparation as 4 standard.

Puring and pyrimidine contents of nucleic acids. DNA samples Were hyd_rolgsed
as described by Wl\ratt & Cohen (1953) and the bases determined as described b
Wyatt E1951). A samples were h}/drolysed and the hases determined as dg-
scribed (Y Markham & Smith (1951) atter separating the bases in the solvent system
described by Kirby (1955). _

Amino acid composition of the proteins, Protein samples were hydrolysed by the
method of Spackmann, Stein &ﬁﬂoore (1958), and the amino acid composition was
analysed by a Technicon Automatic Aming Acid Analyser.

Hydrolysis of the polysaccharjde. The polysaccharide was hydrolysed for 3hr at
100° in K/I-surl]ﬁ)hunc acid, and neutralized with barium hydroxide. The mono-
saccharide components were detected and Identrfied chromatographically.

RESULTS
Growth and harvesting of organisms

Growth curves were obtained for the organisms when they were grown in the
‘normal’ and in the “dilute’ medium. The Yesults showed that maxifum opacity
of the solution was obtained in the ‘normal’ medium after incubation for 18 fir, but
about 3 hr were needed In the case of the ‘dilute ‘medium. The maximum OBaC_ItIeS
reached in the two meglia were similar and the same yield of organisms was optained
from the_same quantity of the two media. The orﬁanlsm Was ?rown in 300 ml.
medium in a 1L bottle which was inoculated with a 48 hr cutture (2.ml.) and
Incubated at 37° for 18 hr in normal medium, .or 42 hr in dilute medjum. The
or%amsms ere harvested at 11,600 rev./min. na a contmtﬂ]ous-ﬂow refrigerated
centrifuge (K/Ieas_urmg&Smen_tlflcE uipment Ltd.). When harvesting the organ-
Bsms from the dilute medium it was o_ung necgssar 0 %ool th? ,suspenswﬂ_to 0°
efore centrifugation to prevent enzymic e%ra atioh of the nucleic acid. This was
achieved by passin th? sus;f_enswn throu%\I polgthene tubing (2000 cm. x 1cm.g
Immersed in an ice+ salt cooling mixture. "No pré-cooling was necessary when th
organism was grown in the normal medium.

Isolation ofthe RNA, DNA and a neutral polysaccharide

The oraanisms from 20 1 medium were added to g phenol solution saturated with
water Q mi.) and sodium ‘aminosalicylate solutl ng6%, w/v; 100 ml.g and the
mixture shaken for Lhr at 4°. The nucleic acids and polysaccharide weré precipi-
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fated from the aqueous layer by the addition of ethanal (3 vol.) and the phenol
layer and cell debris were re-extracted with salicylate solution until'no more material
precipitable_ with 3 vol, of ethanol was obtained; usually five extractlons were
necessary The combined et hanol precipitates were dissolved in water gl Ig and
centnfue at 105,0000- prnco ultrac ntnfu e) for 30 min. to remov cell aebris;
tesupernat nt flp]rd was hen made m with rsgect to NaCl and allowed to stand
or 18hr. The precipitate was removed by centrifugation at 105,000g for
3 mm washe wrthl\/INaCI dissolved in water, dialysed and freeze-dried to give
gm probably microsomal).
Tot e supernatant fluid from the RNA precrprtate ethanol (3vol.) was added
and the resultin premprtate dissolved in'0-1 M-NaCl.  Cetyltrimethylammonium
oromide (CTAB, British Dru Houses Ltd., 5% /v) Wasadded until precipitation
f acidic material was complete and the precipitate centrifuged down. Ethanol
3vol.) was added to the supernatant flurd to (precr |tate the neditral polysaccharide,
whrch was centrl uggd down, separated and dissolved. in water. “Contaminating
B was removed'by shaking with chIoroform (3 trmes) and the aqueous solutio
drarxsed and freeze dned to glve the po Tp Bysacr: all eg r%l
e material precipitated With. CTAB was dissolved in M-NaCl (20 mlg CTAB
added to the solution so that its final concentratron was 1% (wv), and thé concen-
tratron of the NaCl decreased tooem by adding water 133m| the temperature
being kept at about 20°. The cetyltrimeth Iammonlum salt of DNA which pre-
cip |tated was removed and drssolved In M-NaCl, ethanol ( 3v0IR was added and the
resu trn% pr cipitate was dissolved in water, extracted with chloroform to remave
cetyltrimethylammonium salts and the aqueous solution dialysed and freeze-Gried

to give DNA (16-5 mg.)
g 0) Composition of the DNA

The DNA was isolated in three seRparate experiments. The base contents of the
samples are shown in Table 1 The Aand rotern contents of all samples were
less than 1%. Phosphorus content was% % gtenltroqen t0 phosphorus
ratio 1-69 (wiw }and he extinction of a solution containing 1¢. atom phosphorus/L.
at pH 7-0 was 7500 at 260 my.

Table 1. Base composition of the DNA of Mycoplasma mycoides var. capri, » .. 3

| and 11 DNA isolated from or?anrsmsgrown on ‘normal’ medium. 111 DNA isolated
from organisms qrown on ‘dilute” medium. Other bases, partlcularlg 5methy|e to-
sine and” 6-methylaminopurine, were not detected. The amoUnts were tetermined from
the ultraviolet absorption.of the eluate from paper chromatograms after hydrolysis
of the DNA In formic acid. The amounts are \9|ven in_mol es base/lOOg atom§ P
(corrected to 100% recovery of phosphorus; recovery was 90-99%). A+ T

Isolation  Guanine (G)  Adenine (A)  Cytosine (C) Thymine (T) G+C
I 7S | A ¢ B 2 B i1
I 12-5 380 133 361 2-88
Average 12-140-6 37-9101 12-6+0-7 37-310-8 304 £0-11
Composition of the RNA

The RNA was isolated in three separate experiments. The base contents of the
samples are shown in Table 2
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Table 2. Base composition of the RNA of Mycoplasma mycoides var. capri, .q. 3

All samples were from organisms grown in the dilute medium. The amounts were
determined from the ultraviolet absorﬁ)tlon of the eluate from paper chromatograms
after hydrolysis of the RNA in hydrochloric acid. The amounts are given in moles hase/
100 g. atoms P (see Table 1).

A+U

Isolation  Guanine (G)  Adenine (A)  Cytosine (C)  Uracil (U) G+C

| 25-7 29-8 198 241 1-20

Il 255 310 19-4 21-1 1-23

I 259 30-3 192 245 1-21
Average 25-7+0-2 30-4£0-5 195+0-2 245+ (-3 1-21 £0-1

G+ U/A+C = 0-99; purine/pyrimidine = 1-27.

Table 3. Amino acid composition of the total protein of Mycoplasme mycoides
var. capri, p.g. 3

The protein was hP/drolysed with 5n-HC1 In vacyo at 110° for 22 hr. The amino acid
composition was analysed by a Technicon Automatic Amino Acid Analyser. The results
are expressed in the same férm as thosg uotﬁd bg Sueo}fa %961) and his values for the
amino acid composition of the protein of Tefra Zm naﬁyrl or |sarega|v_enforcomgar|son.
Molar amounts of amino acids lysine, histiding, argihine, aspartic acid and asparagine,
glutamic acid and glutamine, proline, alanine, valine, leucine, tyrosine and phényl-
alanine, which are known to be stable and, to be well recoverable n the_analysis, wére
summed. The other amino acids are classified as unstable amino acids. The amount of
each amino acid both stable and unstable is expressed by its proportion to the sum of
the stable amino acids.

Organism .. Mycoplasma mycoides TetraF mena
var, c%pr . pyrirormis
content of DNA (%) 2- 25-0
~ Stable amino acids (average of 3 determinations)

Lysine 140 £0-2 11-9
Histidine 3-020-1 2-8
Arginine . 4-310-2 6-1
Aspartic acid 13-4+ (-1 165
Glutamic acid 16-2 +0-2 17-6

roline 11-0+0-2 51
Alanine 10-0 + Q-2 10-3
Valine 1-240-2 8-0
Leucine 11-8+ Q-1 117
Txrosme ) 30+01 4-3
Phenylalanine 551 (-1 6-0

Total 100-0 100-0

_ Unstable amino acids

Glycine 6-0+0-1 110
Threonine 6-§£0-2 -1
Serine . 7-3+0-2 8-1
[soleucine 5-6+(-2 8-8
Methionine [-3£0-3 1-6
Cysteine 2-10-3 —

Total 29-9 37-2
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Composition of the polysaccharide

The neutralized h dronsate of the poIP/saccharrde was added to chromatography
apers, which were developed in three solvents. Apart from a trace of D-ribose from
ontaminating RNA onIy 0ne spot was getected wrth the aniline hydrogen phthalate
gray for reducrng su%ars (Partrrd%e 1949} and with the silver nitrate sgray ich

IS a hon- specrfrc etecting reagent (Trevelyan, Procter & Harrison, 1950)." The R
values of the compound in the Solvent systems were: in w-butanol + ethano] + water
4+ 1+5, by vol) R, 0-14 (Rr qlucose 0-14): In n-utanol + acetic, acicl+ water
4+1+5, by vol. Rtf018 gucose 0-18); in pyridine+ amyl alcohol + water
+1+ 1 by vol)Rr 0-35 (R dlu ose 0-35). The compound and the glucose marker
gave |dent|caIIZ coloured spots with the two_detecting reagents, and the three
olvent systems used ensured that all the possible hexoses would be separated.

Isolation of and determination of the amino acid content of the protein of
Mycoplasma mycoides var. capri

Mycoplasma organisms which had been grown in 11 dilyte mediym were remove
g ntrifugation at 50009 washed with pnysiological saline solution (3t|mes and
added to trrs magnesrum uffer (10~2NMHtris, 10~3M-magnesium; 8H73
and phenol saturated with water 10m|r3 The mixture was shaken for Lhr, th
phenol extracted with ether and t e re arnrng a eous suspensron exhaustwely
draI sed. The protein suspensron(f wast en eate In a sealed tube in vacuo

th HCL (10 - 0-5ml.) at 110° Yor 22 hr, The, resulting solution was filtered free
from carbon evaporated to dryness, drssolved inHQ (-1 . 2-5ml.) and samples

25ml.) taken for amino acid analysis. The results are given in Table 3; they are
expressed In the same forms as thode quoted by Sueoka (1961? and his values for
thé amino acid composition of the protein of Tétrahymena pyritormis are given for

companson
DISCUSSION

rewous cases when base analyses have been quoted for the nucleic acids of
coplasmatales (Lynn & Smith, 1957; Morowitz et al. 1962% the nucleic acids
have erth r been analys d in the presence of other cellular constituents or degraded
sam les have been used. It has now been found possible to isolate samples of pure
|gr poymerrzed nucleic acids from MycoPIas a mycoides var. capri.
he exp ense of the normal medrum Was 100 great'to allow the organism to be
rown In t e lar evo umes re[r]rq Ired to |soIate sutfrcrent nucleic acid to analyse
0 1,50 another 1dilute) medium was found which gave the same yield of organism/1.
medium but which contained only 12% of the normal brain heart jnfusion"content.
Wrth large vqumeg (201 d WS necessar]y to cool the su(sgensron of organisms
w en gro n 0 the dilute medium before ce rrfupatron In Order to prevent &nzymic
degra atron during the, time taken for the cenfrifugation. When this precattion
Was not taken degradation of the DNA occurred, so reventrng precipitation of its
cet% ltrimethylam onrum saIt in 0-6 M-NaCl and hence preveniting the separation

eDN from th
The 1solation rf sert)argtron of the nucleic aerds and neutral olxsacchande
followed clogely t emeh reported previously for Serratia marcescens (Jones &

Walker, 19636¥ As the Mycoplasmatales have' no rigid cell wall the phenol was

26 G. Microb.
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sufficient to rupture the cells and to liberate the pucleic acids and polysaccharide
Into the aqueous layer and also to prevent enzymic degradation. _

The base analysis of the DNA shows that it contained more adenine and thymine
than any. bacterial DNA so far analysed. The only DNA to have a com1parab e hase
analysis is that from the prctozoon, Tetrahymend %flfOl‘mIS. The A+ T/G+ Cratio
of 3:04 for M coglagma,mycmdes_var. capr ».. 3 has recently been confirmed bgi
caesium sulphate density” centrifugatio tecﬁmque Dr W. Szybalski, person
communication). As previously remarked (Jones & Walker, 1963«) it is very un-
Ilkelg/ that M. mycoides var. cdpri is an L form of a bacterium the comgosmon of
whose DNA Is Known; the present analysis lends support to the Idea that the
M¥%oplasmatales are :il distinct group. _ _

e RNA hase analysis sh?ws that the RNA also contained more adenine and
uracil than do most RNA's, although the moles of b-aming bases equal the number
of moles of 6-keto bases, Tetrahyména pyriformis has an RNA with a similar com-
position (Scherbaum, 19573. _ o _

S1.eoka (1961) found a carrelation between the amino acid content of the proteins
and the guaning + cytosine (G+.C) content of the bacterial DNA’S examined. The
values, obtained here for the amino acid composition of the ﬁrotem of Mycoplasma
mycoides var. capri agree with the values expected from the curves, obtained by
Steoka 81961) and also, for those obtained for Tetrahrmena JayrlformLs, which ha?
a DNA of almost identical hase composition, In the_list of stable amino acids, al
fit the curvT_s as well ?(s of hetter than the values for T. pyriformis, with the gxce -
tion of proline. Sueoka (1961) found that the amount Of proling decreased wi
decreasing G+ C content. The value obtained in the present work is almost twice
the expected proline cqntent of an orgamsm with an extreme G+ C-contamlng
DNA. This difference migh~ be attributed to the fact that In the present case th
amino acjd content of thie whole organism was determined, whereas Sueoka used
purified fractions and rejected cell wall and pos&blP/ cytoplasmic membrane as
well, AIthou%h M. mycoides vay. caﬁn has o cell wall, the membrane constituents
would be preSent, and these m|gDht ave a high proline content. 1t s also possible
that structures of this type may be Produced_m away that doe? not desn nd directly
on a DNA template (2. the capsule of Bacillus anthracis; Salton 1960).

11 is difficult to show correlations between the values obtained for the unstable
amino acids since the amounts of these which are present depend to a large extent
on the nature of any material contaminating the protein and on the exact conditions
of hydrolysis. The amount, of T%ycme observed was rather low, but, since it IS known
thaf'this aming acid can arise from the degradation of the bases in any contamlnatln%
nucleic aids (Fraser, 19_5@, no significaice can be attached to this. The only othe
amino acid content to diff r3|gn| |cant|¥ from that in bacteria was that of cysteine,
which Is usually not detectable but was present in quite large amounts in the pro-
tein of M . mycOides var, capr. o _ o

The gol saccharide of a bovine pleuropneumonia-like organism was mvestlgated
by Plackett & Buttery (1958), wha found a galactan comprising about 10% of the
dry weight of the organism  No evidence for'the presence of galactose or any other
sugar apart from gltcose was found In the neutral polysaccharide fraction of M.

mycoides var. capfl examined in the. present work and this polysaccharide onl
cmpﬁsed a[)out%-Sg/oo the dry wel to?t%e orgariﬁgms. oy y
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INTRODUCTION

Previous studles of thg serology and bigchemical reactions of Lancefield g rOL#J
streptococci have provided a ba3|s for difterentiating Streptococcus faecalis’and its
vayieties zymogenes and liguefaciens from S, faecium and S. durans, and there is
evidence Of a marked (ifference between the metabolism of S, faecalis and S.
faecium (Deibel, 1964). To obtain better understanding of the relationships between
these organisms, it was thought to be of interest to compare protein macromolecules
Fresent In the orqamsms ectrophoresis in (Pollyacrglam|de geli enahles a separa-
lon of macromo ecules according o their charge and_ molécular size (Omstein,
- Raymond, 1964). Durmq initial work th|s technlque Was Used to compare
(Pattef f of seﬁarated soluble pro\ nents of cell extracts. The use of
star ectrophoresis to study muli so esterase enzyme In extracts of
Bacil Ius thur|ng|en3|s Was reﬁorted b}/ Norrls §1964) to provide a method of charic

ter|zm%stra|ns cIa33|f|cat|o accoraing to “esterase pattern’ showed close correla

tion with a serological classification. In the experiments reported here the study of
esterases has heen extended to the group D streptococci.
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METHODS

Qrganisms, Tahle 1 shows the organisms used. Strains of Streptococcus fagcalis
andits varieties Irquefacrens and ‘zymogenes’were studied: strains 30/39 and 30/82
were isolated by Dr E. M, Barnes from chiicken caeca; the remainder were originally
obtarned from Dr M. E. Sharpe and were discussed! in a recent publication (Sharpe

964/, The S.faecium and.S. durans strains wer%descrrbed by Bames F1964 except
for 8631w ich was obtained from Dr M E. Sharpe. Defiritive biochemical tests
were confirmed by the methods of Barnes, Ingram & Ingram (1956).

Table 1. Strains ofgroup D Streptococcus studied

Streptococcus faecalis \ *Streptococcus faecium and S. durans
Sero Sero- Sero-
logical _ logical _ logical _
type Strain type Strain type Strain
1 d76 Var. liquefaciens 16 nh53 31 nh?2
1 30/39 Var. liquetaciens 18 5B 32 nhd
1 0B 112 Var. zymogenes 24 H24 3 B3
3 30/82 25 748 34 7
3 h69d5 Var. zymo enes 26 CH1 35 n/k/64
4 gb122 Var. liguefaciens 26 Caf 36 PI/12
4 cl Var. Zymogenes 21 93 3 P6/4
5 n 83 28 HGH 511 38 P17/8)
6 b 65 - 29 r 14/6 39 P16/5)
8 1AS - . 30 gedb 42 B 631
40 DIO Var. liquefaciens - - tNotd 5422
. . £
41 d15 Var. liquefaciens — — P _

* Most strains showed the c@aracters of S, faecium.

f This strain was typical of aérs nd was /-haemolytic. _ _

1 These strajns could be classed as S. durans because of their failure to ferment i,(-f)-arabinosc
and mannitol, but were not /?-haemolytic.

Preparation of cell extracts. Cultures were grown for 16-20 hr at 37° in brain
heart infusion broth %Drfco Laboratories) with 800 ml. medium in 11, flasks, with-
out agitation or aeration. The bacterrawere harvested washed and finally suspended
in water and disrupted by one of two methods.

Method L Six g. of a thick suspension + 6 ¢. ballotini beads rade 122
were shaken In & Mickle disintegrator for 45 min. giving % disruption as
|u 0ed gGram stained smears. Ballotini and some ceII debrrs Was separated by
OW- spee centrifugation. Method 2 Bacterial suspensions were frozen at —2
then ‘disrupted in an. X-press AB Biox. Box 235. Nacka 2 Wedeng revrous

Eer tube

cooled to between -25 and —30% with 3-4 m, ofsuspensron contal g
wetwerght of bacteria, three Ipressrngs ave 70-90 % disruptjon as udg Gram
stained Smears. The extragts remained frozen and were stored at 0 ntr equired.

Al extracts were cIarrfred by centrrfugatron at about 60 hr and con-
centrate yvacuum dialysis in collodion she Is (Membranf ItergTseIIsehaft Gottin-
gen Germany) garn t tris citrate gel buffer (see eow} he final extracts
ontained a protéin concentration of the order of 40-60 mg./ml.; this was estimated
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bg the method of Lowr>{_, RosebrOLlj_?h, Farr & Randall (1957), with bovine albumin
(British Dlrugqm(r)gges td., B.D.H.) as standard. These extracts were stored at

—20° until r _ :
I Preparation of polyacrylamide ge/l uf
Monomer solution. Cyanogum 41 (B.D.H.), 8% in tris citrate buffer
descrqbede {)efov%.l YA ( ) 8% (Wh) in tis u

Catalyst (Ra¥mond &Wanq, 1960). Separate solutions (a) and (b) of the two
comPonen_ts of the catalyst system were prepared: anO%ng) 2-dimethylamino-
ethylcyanide in water; (b) 10% (wiv) ammonium pérsulphate In water. =

| mould. This copsisted of a rectanqular Pers%ex tray (internal dimensions,
length 156 cm., width 14T cm,, d?ﬁth (-8 cm.) whn a well-fitting lia. bearln(ly a
removable slot-former of the type described by Smithies (1955), A suitable sfot-
former carried ten projections, producing insrt slots 0-8 cm. wide, -7 cm. dleep
005 ¢m. thick, spaced at (-5cm. jntervals. To preee the r%el 1% of each of
solutions (@) and Eb) was added to the monomer solution, the mixture, was poured
Into the ﬁerspex raY and the lid lowered into position. Polymerization occurred
WIthin 2 hr at room temperature,

Electrophoresis

Buffer system. A discontinuous system based on that described by Poulik %195_@
was used.” The gel buffer (half the’ concentration ysed by Poulik)” contained tri

38 mu. and citric acid 25 mM (pH &7 at 2505),' The buffer for the electrode vessels
cont%]%(% 2b59>”° acid 7-22 ¢/l ‘and borax 1575 ¢/l. (0-28m In terms of borate;
EIectroyhoresis took place in a room maintained at +1° to +5°, at constant
voltage (/-8 V.Jem. gel), initial current 35-40 mA, decreasmg to 10-15mA. at the
end Of the experiment. When the marker dye (bromophenol blue) had travelled
8 cm. towards the anode (6-7 hr) the gel was removed, sliced, and stained to demon-
strate proteins or esterases, .

Protein stain. Naphthalene black 10B (1%: G.T. Gurr, Ltd.,g in 20% (v/yg
acetic acid In water, the solution was %pg led for 30 min. and background stai
then removed by successive rinses with 7-5% acetic acid_in water.

Esterase stain” (Lawrence, Melnick & Weimer, 1960). The gel slice was flooded
with a freshly. prepared solution containing tris maleate butfer (-l m: pH 64
50ml.; a solution of a-naphthyl acetate (1 %) in 50% (viv) acetone inwater, 2ml.,
Fast blue BB salt (Sigma Chemical Co.), 50'mg. Esterase activity, was shown by
the appearance of darK red bands which developed :n 1hr at room temperature.
_Photography.  Stained ?els were photographed by transmitted Ilght on Pan F
ﬁlm1 Id) rd Ltd.) and (for protein patterns) with a yellow fifter (Ilford Ltd., filter
no. 110).

—

RESULTS
Effect of method of disintegration

_Extracts regared by the two methods of disintegration of the bacteria gave
similar patterns of grotems and esterase bands. It s probable that for subseqUent
study of more lahile enzymes the use of the X-press. In which the extract remains
frozén, will be more safistactory than the use of the Mickle shaker, in which it is
difficult to prevent an increase of temperature during disintegration.
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Protein bands

All of the srains of Streﬁtococcusfaecalls and its varieties liquefaciens and zymo-
%enes gave a similar.pajtern of protein hands (*protein pattern’), with major protein

omponents of the different extracts showing similar mobility. Typical results are
shown in PL 1, fig, 1. Patterns shown by strains of S.faecium dnd S. durans are
illustrated i PL2, fig. 3. MaAor protein components of the different extracts
showed similar mobilify; with the less-marked bands there were some differences
between different straifs of S. faecium and S. durans, but of 20 strains initially
studied Erepres_entlng 19 known serotypes) all but_one gave patterns re_semblmg
thos? of 2|92, fig. 3, in position of the major bands. The exception was strain P4/,
Sero }

Thgfﬂrotein patterns of strains of Streptococcusfaecalis, S. faecium and S, durans
are compared in PL 2 fig. 4, When protein bands at a distance of 3-5 cm. from the
inserts Were examined a tifference was apparent in the position of the most marked
bands in extracts of S, faecalis @ typical S. faecium (b, d) and a /-haemolytic
S. qurans gc). Plate 2. fig. 4, alsd shows the protein pattern given by.S. faecium
strain p14/6, which differed quite markedly from those of th remaining strains
of S. faecium, S. durans and of S. faecalis.

Esterase hands

Streﬁtococcus faecalis strains possessed active esterases, and well-defined hands
were detected after electrophoresis; tyr?mal results are shown in PL 1 f|g. 2
Esterase 1 produced a wide zone of marked enzyme activity, excePt In the_cade of
strain ¢l (fig. 2, extract f);. in 1strain (n 83; flgh 2, extract g) out of 12 studied this
band was réplaced by a ‘similar one with S|_I(h] i fqreater_moblllty (esterase Iag.
Esterase 2 was detected In 9 of the 12 strains buf was either very weak or not
d?tecte_d In the other 3 strains, Esterase 3 was a faint band shown by 3 strains in
Pl. 1b fig. 2 (exttrﬁcts ﬁ th’ ]). i?thser fvery famtt bands were |slomehtlme%j deteited tahnd
can be Seen'in the photograph. S. faecium strains generally showed weak rather
|If-def|ned esterase Bands;g S'.O durans strain c3_shov9ed d|st%/nct_ ands but lacked
the stron% esterase-1 hand enerallg characteristic of S. faecalis. In view of the
faintness 0f the esterase bands of S.faecium these have not been described in detail;
astriking difference was shown by strain p 14/6 which, in contrast with the remaining
strains of S. faecium, ?ave strong hands of esterase actwﬂgl. ,

Esterase patterns of Stre tococcusfae_c?lls strajn 30/82, S, faecium p3, S. durans
¢3 and S.faecium 5422 and P14/6 are illustrated in PI. 2, fig. 5.

Streptococcusfaecium strain 1416, Serotype 2

This strain, distinguished by its unusual pattern of proteins and esterases, differed
from all the other strains In showing motility, readily observed in_microscopic
examination of 24 hr broth cultures at 30°, dnd demgnstrated by diffuse growth
In brain heat infusion broth containing 0-25% agar (Davis). 'This"strain also pro-
duced varignts which gave red colonies on the thaIIoTs acetate + tetrazolium agDar
nhedlum of Barne %l 06).  These characters, were aiso noted for this strain by
Sharpe & Fewins (1960) and by Barnes (1964).
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DISCUSSION
Protein patterns

In this study of soluble proteins, strains of Streptococcusfaecalis and its varieties
‘zymogenes’ and ‘Tiquefaciaisor several serotypes, showed very similar protein
atterns, which contrasted with the pattern shown bg the strain of S. faecium.
he patterns for S, durans strains (c3, /-haemolytic: P16/5 and P17/8, «-haemo-
Iytlcz_a pear more like that of 5. faecium than that of S, faecalis. These results sub-
stantiate the previous, differentiation petween S. faecalis and S, faecium;S. durans,
made on the basis of seroIO(T;y and biochemical reactions. The, different protemn
Patterns of 5. faecah?]and S.1aecium/S, durans maay be dug to differences between
he metabolism of these organisms, and hence & quantitative and qualitative
difference between the major'enzymes present; an objective of future experiments
V\qgltlhbe éo ﬁldenufy some of the major bands in order to understand the significance
of this difference’

Esterase patterns

A probable difference between the metabolism of Streptococcus faecals and that
of S. faeciumJS. durans is jllustrated b% the difference in esterase activity of these
organisms. The ability to hydrolyse a-haphthyl acetate Is shown by various types
%)f ?stera%ea the physiological significance of the enzymes observed here reqlires
urther stugy. - .

Plate 1, f_?é. 2, Shows that similar esterase patterns were given by Streptococcys
faecalis strains of different serotype (8.0 extracts ¢, d, e, k) and hy varieties faecalis
(d), liquefaciens (a, b, €, k) and Zymogenes (c?. In some caSes a ditference in esterase
P_aftern ‘was found hetween two straing of the same Serotype, €. o122, Var.
Iquefaciens (el) and cl, var. zymogenes (f). Onlyf one strain 0 serotyPeS(nsa) Was
?h,amlne(ti; it remains o be séen Whether’band 1a s a general featdre of strains of

IS Serotype.

In the %:lgse of Bacillus thurln%|en3|s (Norris, 1964) esterase patterns were found
to be tgge-spemﬁc and to é)row e a.means of |dent|f¥|ng new isolates. The major
esterases of several of the B. thunré%lensw serotg/ges showed similar mabilities, and
a comparison of other fainter bands was necessary to make a djstinction between
the serotYpes. It Is possible that such faint esterase bands are better detected on
starch gels, as ysed by Norris (1964), than on polyacrylamide gels. The latter tech-
mciue Was used in the present work with streptdcocCl b(?cbause_n enabled a mych
Detter separatign of components in the extracts prepared by Mickle disintegration
at the outset of this work, and the transparency of the gel readllY enabled @ more
sensitive detection of protein bands than did thie use of Starch gels.

Streptococcusfaecium strain p 14/6. The comparison of protein and esterase pattern
distinguished this motile strain from the remamlnﬁ non-motile strains of S. faecium.
Preliminary experiments have shown that two other motile strains of this serotype
(isolated from different s_ources) gave protein and esterase patterns similar but not
|dentical to those of strain P14/67 a further study of the significance of these results
IS §” rogress. . . . . .

freptacoccus faecium strain 5422 was labelled in our collection as belonging to
serotype 29 (of which P14/6 is the type strain) and was non-motile. The finding that
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grotem and esterase patterns of strain 5422 differed from those of rl4/6, caused
check to be made of the history of strain 5422, It was found that a mistake had
occurred in the correlation of typing systems: 5422 did not belong to the same sero-
type as P14/6; this was confirmed experimentally.

The author is grateful to Dr E. M. Barnes for access to her collection of 8roup D
streptocaccl and Tor heli)ful discussions, to Dr J. R. Norris for advice regar mg the
pregaratlon of polyacrylamide gels, and to Miss E. Higgins for technicalassistance.
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EXPLANATION OF PLATES
Plate 1

Stu? of foluble comnonents of ?xtracts of strains of Streﬁtococcus faecalis by electrophoresis
on polyacrylamide gel. The two different gels shown here contained the same sries of extracts.

Fig. 1. Gel stained with naphthalene black 10B to detect protein bands.

Figyr%.esGel incubated in the presence of a-naphthyl acetate and Fast blue BB to detect esterase,

t
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Pi.ate 2
Studies of soluble components of cell extracts by electrophoresis on polyacrylamide gel.

Fig, 3. Extracts ofStreptococcusfaeuum and S. durans; gel stained with naphthaleneblack 10B
to detect protein bands.

= str in 598, type 18, S. faecium; () = straé 24, t 4 S. faemum = stra gh511,
(p eso aeuu 35 §tramp3 e33 faecium;

e28 aeC|um = sraln e
)0 g? r%pe aemumz?) = strain nk/64, t faemum = str in P12,
type 36, 5. faeciu = strain P16/5; type 39, durans = stralnp|7/8 pe . durans.
F? s, 4, 5. Comparlson of extracts of strains of S, faecalls S faeuum and . durans. The two
different gels contained the same series of extracts.
Fig. 4. Gel stained to detect protein bands.
Fig. 5. Gel incubated with a-naphthyl acetate and Fast Blue BB to detect esterase enzymes.

faecalis, 30/82 S. faeciu 3 33: (c).= S. durans, c3, type 26 (/?-h
Iyt” ? e 549 oty ped: 9= $ i han type 2o P (*heemo-
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INTRODUCTION

The conversion of non- toxrno%enrc Corynebacterium drphtherrae into toxinogenic
strains after Igso enjzation wit certarn bacterror%hages wissownb Freéman
(1951); this observation has been confirmed by many workers. Freeman’s work
explained the possible mode of change to virulence of non-toxinogenic strains.
Groman (19584, 1955) ruled out the gossrbrlrt that mutation, tranSformation or
transduction might bring about the ch ?e t0 toxin production. He postulated that
the B Ph oe possessed converting ability which was an inherent and inseparable
Properyo every plague- formrn?hpartrcle Groman & Eaton (1955) reported that
here vrtrere certain phages, like the y phage, which were unable to induce toxin
producti

Barksgale&Paropenhermer 19542 reported that the w8stra|nofCorynebacterrum
( htherrae which produices | arg unts of toxin, arboureda op aewro
the claimed the were able 0 induce. However while workin wrt he sm-1
strain of Yoneda avarrantofthe pw8strarn sdae Garmrse& oribata (1960)
observd hﬁt no matureﬁ %Jaartrcecu be Induced from this pw8 strarn
They t ou? t therefore, that the pw8 strain harboured a defective prophage, a
mutant of the phage P which they designated as Pd, Our work has now clarrfred
certain contradictions and wrong assum%trons made by previous workers. We give
evidence which indicates that the ability of C. diphtheriae to produce toxin depends
on the presence of a cytoplasmic factor which we designate as T+, which is merely
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fransduced by phage. Further, we have been able to convert toxrnorqenrc phages
mtoﬂnon toxrno?enrc phages by treatment of the phages with small”amounts”of
acriflavine in vifro

METHODS

Corynebacterial strarns orynebacterium drphtherrae strain pw§ (Weissensee-G).
hrs |savar|%nto th epws Bissensee strain recerved rom the |ogenalnstrtute
Prague, Czechoslovakia. It has been adapted f orq rowth and toxin"production In
the protein-free Holt medium (W,H.0., 1958) in our a oratory This strain was usea
in most of our experiments; i r?rves 80-100°Lf toxin/ml.

. diphtheriae pw8(p). [ysogenrc variant of the pw 8 strain was received from
Dr L. Barksdale (fNew York). 1t was first jsolated by Barksdale et al. |g1960) from
theLsﬂ 1 st/rarln of Yoneda and shown to be lysogenic for the phage P; 1t yields

oxin/m

. diphtheriae non-toxinogenic strains c4 and c7 were received from Dr N. B.
Groman (University ofWashranrton Seattle, Wash., U.S.A.), These were unable to
%row on the Holt medium and therefore were grown on papain digest (PD) medium
f Linggood & Fenton ?1947

Bacterro hages. The g qe wag received gs a broth dysate from Dr L. Barksdale.
This phage can Infect and Tysogenize Corynebacterrum htherrae strain c4 but not
the pw 8 Strain. The phage'y Was inducd from the ¢4 (y) culture received from

.Groman. Pha ?ePwas Induced from the pw 8 (p strarn mentioned above,
and can infect the C. diphtheriag ¢/ strarn but nof strarn c4.

Method of phage mductron An 18 hr bacterral culture in liguid medium was
proured Info 4 sterrePetrr late 50 as {0 fget a layer not moret an 2mm. thick,

his plate was kept masterrle cabinet in front of a15W Philips uv. ‘Sterilamp
for 15 min. at a distance of 48 cm. from the centre of the lamp. The lysate obtained
was filtered hrou%h L3 Chamber|and candles and the phage activity was assayed
by the over-layer technique of Adams { 950).

Detection of toxin. Toxin-producing sirain$ were drstrnﬁrurshed from non-toxino-
gemc strains by plating o solidified medrum c0 tarnrn? 31u/ml. horse
Iphtheria antitoxin as suggested by Groman (1 [)j ales were mcubated

at 3/° for 48 hr and then Kept marefrrgerator or2 ays. Strains which produce
Iarge amounts of toxin showed a ring round the colonies’(Pl. 1, fig. 1). Those which
proquced small amounts of toxin showed a small halo and, thé non- toxrno%enrc
strains did not showahao or ring (PI. 1, fr%z Quantitative estimation of the
toxin proguced by a cultyre was neb ’Q amon’s flocculation test; Qr) bY the
sensiti erntracutaneous injection test 1n rabbits. A culture was considéred to be
nmoehhtga(énogenrc only when'it did not show toxin production when tested by both

RESULTS
Testing the lysogeny of Corynebacterium diphtheriae pw 8 strains

Accordrn%to Adams (1959) pha%e f?roductron and immunity to superinfection

constitute the two crrterrab which the presence of a prophage may be detected.
The w8()strarn80btarned from DrBarksdale? was readily induced and yielded

thae wher u#trav(J let éuv) Ir adrateg When tested by the overlayer technique
IS°Strain was found to resist infection by phage P.
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The high toxin- yreldrnr% pw8 Bissensee-G) strain yielded no mature phage
Partrcles whenu.v, rrradra d. Induction ofEha e was also tried by the ‘heat shock”
reatment as used yAsheshov &Jevons(96 to Induce staphylococcal phages.
An 18-24 hr Ogrowth of the culture In liquid medium was held at 56° for 2 min,,
cooled | rmme ately and centrifuged: the sugernatant fluid did not Show the pre-
senceo angp W%e twasthen ecided to test the rmmunrt%/ofpw8 BIssensee-G

en tested yteoverlayer technique, tepw8 BIssensee-G
cuI ure wasl ysed bﬁ' Bha eP an clear pladues were observed (PI. 1, fig. 3). After

sogenrzatron Wit age this strain resisted superinfection wrt phage P.
Morgover, the yield of toxrn obtained affer lysogenization was onIY 10 Cf/m.
?Tablel Sincé the pw8 culture was non-| sogemc it was felt that a oxrnogenrc
actor (T+) and not the phage P was responSible for inducing toxin productio

Effect of acriflavine treatment on toxrnogenrc strains of
Corynebacterium diphtheriae

Acriflavine is known to disinfect bacteria from cytoplasmic episomal factors
(Hirota Ir{rma 1957) but it Is ineffective when the episomal factors are Integrate
Into the bac erraI nucleus (Hirota, 1960).. Pappenheimer, Howlana & Miller {1962
reported the | rso lation of a nop- toxrno enic strain of Co nebacterrum drphtherrae b
Incu atrnP the | gsogenrc strain c7 t In the presence of acridine orange 15
A loopfu hr culture o dr htherrae pw8t+0r pw8(p)t+ rn qurd
mediy was Inoculated Info 5ml. ?ur medium contarnrng acriflavine
5; g/mI The cultures were rncubated at 37° or 18 hr. Ahomogeneous suspensron
was epared of t%scant rowth which agpeared by thorough shaking 3

magnetic shaker. This susge sion was plated on agar medrum containing HJ
theria antitoxin 3 .u/ml. The plates were incubatéd at 37° for 48 hr and then
refrigerated for 48 hr, In each case over 90% of the survrvrng bacteria had stopped
Pro ucrng toxin, as indicated by the absence of halo or rrng round the colonies on
he antitoxin agar plates. Subcultures of colonies which did. not show haloes or
rrngs were further tested by the intracutanequs test in rabbits. to confirm their
no 8toxrnogenrc character. The non-toxinogenic bacteria thus isolated were labelled
wlt~
p pw8t_isolates exposed to Phage P infection (about 104hacteria t0 1x 106phage
partrcleé‘) developed resistant (1.8 Iysogenrc bagterra which weye %n 0 have
reverted'to toxin production. However, th eyre of toxin gfrven ese reverted
cultures was never more than 10 Lf/ml, (Tablé 1). pw8t_cultures exposed to phage
B infection nerther develo ed Igsogenrc bacteria nor reverted to toxin Productron
This was E)ro ably ecause pw§ strains (hoth w8t+an pW8t ) were found tQ be
resistant to E e B Inf })a]tro ofstrarns ﬂp% b) and c4(y) ina gdrum
contarnrngarr ving 5/ so converted them into non toxrnogenrc and non-
lysogenic {phage-free) strarns

Effect of acriflaving in vitro on toxin- rnducrng phages P and B

T0 test the eﬁect of acriflavine on toxin- rnducrn? ﬁ ages, the phages P and B
were purified bg/ precrprtatron with ammonrum su #% ate. 1o 50ml. of each g
lysate was added solic” ammonium_sulphate 0-3 g/ml, and the solutions were th

centrrfuged at 20,000g for 15 min. The pellet obt&ined was washed with ammonium
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sulphate. solution (28 9/IO0mI, distilled water) and then_suspended in 20 m
sterile distilled water and centrifuged at 20, 000% for 15 min. The supernatant flui
obtained was use for assayran phage it containgd about 1 x 106phage partieles/m

To 5 ml, samples ofpha? suspensron Burrfred as ahove), acriflavine was added
to concentratrons from 5 9 ml. down to 0T /ig./ml. and then stored in the refri-
gerator for 18 . Concentfations of acriflavine 2/|gD/mI was completely lethal to
phage P, 1/ig./ml, decreased the titre to ane?I? le value; and 0-5/ig./ml, de-
Credsed thet ftre from 1-0x106to 1:0x 102particles/ml. However, the survrvrn%
Partrcles produced plaques on the indicator strain c7. The c7 cidture made lysogeni
0 the acriflavine-treated phage P (Paf) was non-toxinogenic (Table 1)

Table 1. Results of experiments in transduction in Corynebacterium diphtheriae

|
d
|

Toxin AR
production irradiated Toxin
rn Holts pIariue_s on production
_ strain induced in
Strain Treatment Result (Lf/mI.) c7 strain ¢/
pw Bt+ o of - 801-600 None None
wit+ aqe wl(p)t+ + —
SW8t+ Afg 5_9r Iml. F;wa(tp) None None None
pw 8(p)t+ Af 5 /ig.Jml. pw Bt~ None None None
wot_ PPhagf_ Wsrp)t+ 10 + *
Ehage P At 0-5/g./ml. _ + None
pw B+ Paf phage %WB Paf)T" 10 + +
pw 8t~ Paf phage Paf)T~  None + None
pw8(p)t+ Af 0'2/tg/m| pwlt+ 40-60 None None
* Acriflavine.

When the phageBwas srmrlarly treated wrth05 Il acrrflavrne it Ied to the
formation of phage (Baf) which produced E Ues ont ein rcatorstrarnc but did
not induce toxin production. In this respe g qua resempled the y phage, which
(aétslgartr(r)%dulc9e5s5 |aques on strain ¢4 but doe not induce toxin productron Groman

Tc, eliminate the Possrbrlrt that the disinfecting action of acrrﬂavrne might have
eliminated the T+ factor affer rather than beforg IYso genization, the experrment
was repeated aftey. removing possible traces of acriflavine from the treated
suspensions by dialysis at refrrqeratron temperature against 2% amm nrum
sulphate solution. The indicator Strains made lysogenic to the acriflavine-treated
nages remained non-toxinogenic.

exclude the possibility of phage mutation to non toxinogenic type, phage
gartrcles from forty-two plaques produced bg phage Paf on strain ¢7 were indivi-
ually rsolated and, afterrnfectrng C7 cultures with'them, the effect on toxin induc-
tronwaso serve Kt ¢ intracutaneous injection test on'rabbits : thirty-nine of the
forty-two plaques thus tested indicated that the 9Iaque forming particles had lost
the ability to Induce toxin production In strain ¢

Role ofphage as a carrier of the toxinogenicfactor

Since acriflavine disinfected the toxrnogenrc ow s CUItUres of thejr toxin-producin
ability and alsp deleted the factor for toxin production from the toxi mducrn§
phagés, 1t was felt that the genetic information for toxin production was due to th
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cytoplasmic toxinogenic factor (T+) and that the toxin-inducing phage was only a
carrier of that factor. To test this' possibility the following experiment was done
Phage Paf was allowed to infect two cultures; pw8t+ and Its non-toxinogenic
derivative pw8t~ obtained bg acriflavine treatment. The proportion of g agfe
Partlc_les to bacteria, was approximately 2:1. On lysogenization with Pha P,
he yield of toxin given by pw8t+ deCreased from 80 Lf/ml, to about 10°Lf/ml.
Strain pw8t~ remained non-Foxmo%emc o Igs%gemzatwn with phage Paf. These
Iysog_emc cultures pw8(Pa%T+ and Pw8(Paf)T_ were then subjected to u.v.-
Irradiation and the phages which were induced were allowed to infect the indicator
strain ¢/, Strain 7 Culture made lysogenic to the phage induced from strain
PWS(Paf)T+ became toxinggenic, as shown by the groduct_lon of haloes on antj-
oXin agar plates and the iftracutaneous mFlectlon test, wnile the strain ¢/ made
lysogenic o the phage obtained from Pw8(Paf)T~ remained nop-toxinggenic. The
phage had therefore acted as a carrier of the toxinogenic factor (Table 1);

Removal of phagefrom a toxinotge_nic and I%sogenic culture of Corynghacterium
diphtheriae 0 Increase the yield of toxin

Since our results indicated that lysogenization decreased the yield of toxin pro-
duced b Co%nehacte_rlum diphtheriae strain pw 8t+, It was decided to eliminate the
phage from this strain. Prolonged exposure to u.v, radiation for the purpose of
curln?’ has been used by Lederbery & Leder_ber% ,(1958} to 1solate non| sogenlc
hacteria from a lysogenic’ culture of Escherichia. coli. A 24nr culture of C lP -
theriae, strain pw8(p)t+ was therefore u.v.-irradiated for 1, 1-5 and 2 hr, and the

surviving bacteria then tested for the presence of the phage. The u.v.-irradiation
did ot “cure’ the diphtheria culture of the p_rophage. |t Was then decided to use
acriflavine for this Iou_rpose. When C. diphtheriag strain pw8(p)t+was treated with
acriflavine 5/tg,/ml. 1t lost the phage and the T+ factor. Concentrations of acri-
flavine ranging from (-1 to 1-0/ig./ml. were added to Holt medium agar containing
antitoxin 8'1.u,/ml. and poured into Petri dishes. A 24 hr culture after shaking o
the magnetlc shaker was diluted 1/100 in 05 % saline; (-5 ml. of this dilution Was
smeared on each plate, which was then incubated at 3/° for 48 hr.” Less than 10
colonles/?late were seen on the plates containing acriflavine_ 01-1-0/;,.ml. The
same culture plated on antitoxin agar but not containing acriflavine sfowed over
120-150. colonies/plate. The plates Were then refrigerated for 2 days. _
Colonies grown’.on_antitoxin + acriflavine agar plates which sriowed clear rings
round them"were individually subcuJtured and tested for hage_and_%/leld of toxin.
Six_out of elght colonies Isolated from plates contani 8 acritlavine 0-2/;./ml.
indicated that they had_become non-lysogenic; theey gro uced no mature p agg
particles when u.v-irradiated. Moreover, In the ovérlayer technique the phage
produced plaques on the cultures. On an averaﬁe these fon-| soqe IC cultures pro-
duced 40-60 Lt toxin/ml., while the parent cufture produced onfy about 10 Lf/ml.

Conversion of the y phage into a toxin-inducing pha%e

The y ghage was first in%uced from the Corynehacteri%m diphtheriae strain 124

of Freeman & Morse (1952) by Groman & Eatori (1955), who found that this phage,

after infecting the indicator strain ¢4, did not induge toxin production, unlike phage

B. They alsoreported that the phage y was related to phage fi, t etergp’\eﬂrat%van nt
. IVIICIOD. x1



426 A. B. Rajadhyaksha and S. Srinivasa Rao

of phage B. It was therefore felt Tpossmle to convert the y phage intg a toxin-
inducing Pha e. The ¢4 strain of Corynebacterium d|?htker|ae Wwas first made
IFyso enic to p a%e B. A sample g(}l ml.) of an 18 hr culture of strain ¢4 grown in

D medium (Linggood & Fenton, 1947) was inoculated into 50 ml. of fhe same
medium with about 108 particles of phage B. Lysis of bacteria was followed by
lysogenization. _Lys_oqenlc bacteria of Strain c4 (o) Were then isolated and were found
to Rroduce toxin” (intraeutaneous test). A samRIe (0-5ml.) of 1/100 dilution of a
24hr culture of strain c4§b)|n PD medium was then plated on antitoxin agar plates
containing acriflavine 0-2 /tg./ml. Four to five colonies per plate appeared after incu-
batjon at 37° for nearly 36 . These colonies were subcultured and tested for toxin
and. haqe (Producnon._ Haloes round the colonies aprPeare_d when the g!at_es were
refrigerated for 48 hr, indicating that they were toxinogenic. U.v.-irradiation and
the test for immunity to superintgction by the overlayer tichnique showed that these
organisms were nop-lysogenic, These cultures were'termed c4 ¢+ An 18 hr culture
of ‘c4t+ hacteria In PD” medium was then exposed to infection with the non-
toxinogenic, phage Y the proportion of phage particles to hacteria being 2:1. A
culturé which was ysog_emc 1 phage y was then isolated and_u.v.-irradiated, and
the Induced phage parficles %yr+) Wwere used to Infect the indicator strain ¢4,
Strain c4 made Iysogenic to phage yr+ when plated on antitoxin agiar plates did
not give Promment aloes. Neverthéless, when subcultures of ten of these colonies
weré tested by the intraeutaneous test, two of them were toxinogenic. This
indicated that pha%e y was capable of transducing the ¢+ factor, though not as
efficiently as the ofher well-known toxin-inducing phages P and B.

DISCUSSION

The results of this work are symmarized in Table 1. The data presented clarify
some of the ap arentlg_ contradictory observations made by earlier workers. The
bacterio hage f the Qiphtheria bacillys certainly plays a vital role in the con-
version of non-toxinogenic strains to toxinogenic stains as Freeman (1951) observed.
However, it now agpears that the toxin-induycin ab|I|t¥ of the pha(%e IS ot Ifs
Inherent property, but that if acts as a transglucinig agent and the factor for toxin
production can be removed from the phage by actiflavine treatment in vitro. So
strong has been the conviction that the pha‘ge 1S indispensable to toxin production
that Barksdale, Garmise &Rivera %1961 ﬁos Ulated that diphtheriatoxin production
15 a post-lysis event, Iysis bemg rought about by phage maturation.” However,
Pappenneimer, Miller & Yoneda (1962) proved this h gothems to he wrong. Qur
results show that the high toxin-yielding pw? strain of Corynebacterium dipftkeriae
I non-lysogenic buf coritains the T+ factor. Lysoqen;zan_on of this strain consider-
aby decreased toxin production. Since this conclusion s based on the fact that
strdin pw8t+cultures succumb to infection with phage P it may be arqued that this
strain may_harbour some other phaqe if not Rhage P. However, thie well-known
methods of Pha e Induction have not shown the presence of a phage of this strain
and, after treatment with. acriflavine 5/t?./ml. non-toxinogenic™ strain pw8t~
cultures were optained which reverted to toxin production only when phage P
infected them, This Indicates a certain compatibility between fhe phage P and
strain pw8.. Other hages of % dH)hthenae such as B and y did not infect strain
pw8 ang it is not | Sogenized by them.
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It may be asked how Barksdale et al. (1960) could isolate the Iysogenrc strain
8(p) from the sm-1 culture if the latter were non-| so%enrc We recently observed
Fhat a cultyre of strain pw 8 (Weissensee-G) which stiowed a sudden decrease In the
Yre d of toxin was in reafrtycontamrnated with a phage. It Is quite rkelg therefore,
hatt e two types% mic[o- organrsms observed§ arksdale'et al. (1960) were the
non ysogenrc pw 8 Dacteria and their lysogenic dérivative pw8(p T)
ufngort or our assum tion that the phage acts as a carrier of T+ factor can be
had from the results, of an experiment reported by Groman & Eaton (1955), They
Infected the non-toxinogenic c4{y) strain of Corynebacterium diphtheriae with the
toxin-inducin ;)ha(ie [(r and isolated five drfferent cultures c4§y 64(/?? c4 yg
c4(1?7), ch(y)l he, doubly lyso enrc c4(y)(1?) culture toxinogenicity Was
omrnant C4(y’) was toxinogenic; C4(/?') was non- toxrnogenrc Groman & Eaton
1955) Interpréted these results in terms of possrble phage recombinations. |t
Seems Irkely however th tthey hage (as actuall gp ageycarryrnr% the T+ factor
%nd hence Capaple of m{ucrﬂg oxr‘r ?tron imilarly, phdge 77" might have
ecome non- toxrnogenrc vin + facor,
It is generall dy believed that the drsrnfectrve action of acriflavine and other
acrrdrnes 1S by |ution of an episome fromagrowrn? culture (Sneath, 1962). This
Berhaps explains in a general way the conversion of oxrnoqenrc strains of Coryne-
acterium diphtheriae into non- toxrnoRenrc strains on tredtment with acriflavine
5. /mI Recent mvestrgatrons on the Interactions of acridines with DNA, b
mean of X- ra%dr raction analysis and other Ph sical methods, have supported a
ypothesis of Brenner, Bamett, Crick & Orge 961§ that acridine mutations are
caused by the deletion or addjtion of a base gaarr To account for the elimination of
T+ factor from toxinogenic diphtheria phages after treatment with small amaunts
of acriflavine in_vitro, we have to assumet at, when acriflavine attaches itself
either to phage DNA or to phage DNA and the T+ factor in It, its_action is lethal.
This Is evident from the Iarge decrease in the number of hage particles after frea-
ment with acriflaving 05/ g{m in vitro. When, however, an acriflavine molecule
attaches itself only to T+ factor and not to ph ge 'DNA, the phage can replicate in a
susceptible host But the T+ factor cannot and is lost. The specific action of acri-
flavine on the lysogenic cultures In rendering th em non- Iysogenrc and at the same
time rncreasrn% thé yield of toxrn has sy ort rom the"work of Barksdale et al,
1960). They 1 orted that profavrne W c Prevented phage maturation, led to
rncrease rntoxrnP/ In the Jight of our resylts it can be explained by the abilit
0 smaII concent ations of acnflavrne to drsrnfect prophage but not T+ factor fro

a lysogenic and toxinagenic strain theriae,
\X/ threter etal, a9%49 showegl t?rat ser pesrs of /-galactosidase in a lac+strain
f Proteus mirabils was directed b yto lasmic episomal factor termed P. lac.
Our conclusions, therefore, lead U to Gelieve that synthesis of diphtheria toxin
Rrotern is similarl controlledb the T+ factor, Although the experiments reported
ere point towards a dy\op asmic exrstence for this factor, 1t'is likely that this
factor 15 an episome an be capabl e ofa ternatrn%]between autonomous cyto
Plasmrc and an integrated chromosomal state reo er episomes such as the F
actor and the coIrcrnogenrc factors of Escherichia coli. At pr JJ sent we know verh/
little about the genetics of Corynebacterium diphtheriae and therfore it s wort
while investigating this problem further.

27-2
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EXPLANATION OF PLATE
Fig. 1. Detectjon of toxinogenic bacteria. An 18-24 hr culture of Corynebaeterium diPhtheriae

pw 8 t+ Was Ip,Iated on Holf’s medium agar Cf)ntal_mn antitoxin 3 i.u./ml., incubated tor 48 hr
anld then refrigerated for 48 hr. Production of toxin iS'known by the appearance of rings round
colonies.

Flﬁ. 2. Acriflavine treatment to convert a toxinogenic strain to non-toxinogenic strain. Acriflavine
5Mtg./ml. was added to Holt’s medium which was then inoculated with™a 24 hr culture of the
toxinogenic strain pw 8¢+ 0f Corynebaeteriym diphtheriae, After 18 hr the culture was plated on
antitoXin agar, incubated for 48 h and refrigerated for 48 hr. Absence of rings or haloes round
colonies indicated conversion to non-toxinogénic strain.

Fig. 3. Plaques produced by phage P on C. diphtheriae strain pw 8¢+ Test done by Adams’s
overlayer technique.
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INTRODUCTION

|t was Su gestedb Muller &Behr ( 19492 and by Muller (1958) that the resistance
of the otaoto Phyto hthorarnfestans |s he result of the action of ‘phytoalexins’
agarnst the fungu Sg urther evr ence for g ytoa exing as antrfun al “subsfances
Was ?wen Y pencer, o’ggs amg Cruickshank & Perrin (19612
A nutritional basis for pathogenicity was su gested b%/ Johnson 1953 ). Attempts

have been made to stu ythe interaCtion between host and ungus by Using tissue
cultures, notably by Morel g1944) and Coyier (1961). In the “presént paper the
mteractron% betweenP infestans”and free”cell Cultures and tissue a %re ates of
Solanum tuberosum var. Majestic (susceptible), and var. Orion (resistant0 races 0, 4
and others), are reported.

METHODS

Organisms, Phytophthora infestans race 4 was isolated from a leaf of the potato
var, Duke onor uring July 1964 At the time of the experiments it was patho-
enrcto var, %Jestrcan not pathogenic to var. Orion, when s orangral suspensions
were laced on Ralf tubers, Resistance to certarnraces ofP |n estans Is known to be

gessed In the tubers of Orion gLagw(Po McKee,

anum tuberosym vars. Maées ic and Orign. Bofh't ese (Potﬂtoes Wwere obtained
from a commercial source and originally virus X infected; they were grown as
tissue cultures.

Media. Stock cultures of Phyto hthora infestans were N rmﬁlly grown on slopes
of French bean agar, at This me lum was made Y enrzrng 128q.
‘BrrgsE e frozen “Sliceg green beans’, with 800 ml. distilled water, filtefing the
mush th ouqh muslin, adding 2% (wiv Davrs agar to the filtrate and autoclaving

at 116° for 10 min.
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The tissue cultures of Solatium tuberosum were grown in a liquid medium of the
foIIowrng composrtron (made up In 11, glass- drstrII d water). mr eraI saIts Nazs04
m& 38m(i 0380 g KCL nq HA, 180 mg.,
3 400m trace glements: KI, 1-5mg. Zn80403 HBO%ng
Mn 12 d her addrtrons lycing, 30m% thramrne Olm nicotinic acid,
I% A{)yr doxine, 0 antothenate, 2-5mg.. EBTAg(Na Fe complex;
T 00143gn+FeS 4.7HA), 0-01069 g) 25 g 24drchloro henoxyacetic
acr t gikanap thylacetic acid, 0-1 mg., sticrose, 20q.; Difco yeast extract, Ig..;
coconu m

stablrﬁhment a d maintenange of \rs e cuIture Tubers cf Solanum tuberosu
Were was edwrth eterg ent an drstrI water foI owe surfacestenlrzatron or
10 min. In a saturated so utron ofca cium 5ypoc lorite. A plug of tissue was then
removed from a tuber with a sterile no cork borer and. Surface sterilized in
95% (v g/v) ethanol In water (1 min.) followed by 10 min, in saturated calcium
hypochlorite. 1t was then washed twrce In sterife %Iass -distilled water, cut into
% 5.cm. discs and placed on "he tissue culture medium solidified with 1% (wiv)

avis agar.

The ¢ E?ture vessels were Pyrex borlrnﬁr tubes, fitted with cotton-wool plugs and
foil ‘caps. Incubation was at 25°.. Callus formation was normally. visible after
1- Awyeeks. Once established in thrs manner, the calluses were transferred to 25 ml.
of the_liquid medium in 100 ml. Pyrex conical flasks, plugged and fitted with foil
caps. These were agitated on a rotary shaker (80 rotations/min.) at 25°. Under these
condrtrdns growth was continued, while the trssue mass soon broke down to give
free ceI S and small tissug aggregates up to 05 cm. diameter.

Stock ca lus cult res were marntarned ?n the solid mealy. The liquid cuIture
were topped up wit res medium monthly. New liquid cultures were periodically
mrtrated by usrn inocula from established clones,

Cell Petri platé experiments. In these experiments the medium used for liquid
tissue culture was solidified with 1% (wi g Iv) Davis aPar Petri plates were seeded
with 1-5ml. of potatq free cell suspensions of equal turbidity, measured by eye.
Greater accuracy could not be obtained (and in the context, was not necessary
hecause of the Iackofhomogenert of these sus ensronsand thedrﬁrcu |n contro
ling contamination. Contro |ates were In cu ated wrt t e liquid
tissue-culture medium, in wh |c N0 fpotato %es had been rown A plates were
further seeded with 100 sporangia o PhytoP thora Infestans d(obtarned from 7-day
ol &ur)es ofthe fungus) and suspended in Tml. of the liquid medium. Incubation was

%ato tissue aggregate experiments. In these experiments pieces oftrssue a?garepqate
out 40 mm. diameter were placed near the'edge, on opposite sides o3 Petri
ate Each tissue a?gre ate was rn contact with 4 separate streak of Phytophthora
Infestans sporangia (ﬁlrom day cu tures} suspended rnIr urdtrssue culture medium,
he streaks were made with a glass loop of'about 50 mm. diameter. The object of
ese ezdenments Was 10 observe the Influence of the trssue aggre%ate on sporangra

"OO

on? ossible diffusion path. It was originally intended that tisSue pieces weré to
e placed on pre-formed ‘streaks of sporangra but In practice it was found more
convenient to bernnn the streaks from tissu Egregates already placed n gosrtron
on the agar. At the same time, a control streak ot Sporangial suspension w

SEEs o g

s made
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in the centre of the plate. In later experiments the streaking of sporangia was
dispensed with, and drops of tissue-culture Ilgwd containing a known number of
sporangia were placed on top of the tissue or directly on to the agar as controls.

RESULTS
Interaction offree potato cell suspensions and sporangia
Solanum tuberosum var, Majestic. When plates were simultaneously inoculated
with Majestic cell susPenswns and with 100" sporangia of Phytophthora infestans
growth of the P. infestans was stimulated, and after Some 10 days, well developed
olonies were Present on many of the (E)Iates. Control plates, inoculated with
Erleasttg tfs?%e(l:)u ture medium, showed no development of macroscopic colonies (see

Table 1. Colonyformation onfree-cell suspensions of Solanum tuberosum
var. Majestic and var. Orion
Figures for ten Petri plates each inoculated with 100 sporangia of Phytophthora infestans.
Cells of potato variety

Majestic Orion Control

_ _ Colonies of P. infestans (no.)
Colony sizes (cm. diam.)

< 10 8 1 1

> 10 24 8 1

> 05 9 9 0
Total sporangia germinated 41/1000 24/1000 30/1000

Solanum tuberosum var. Orion. Similar inoculations of var. Orion potato cell sus-
pensions snowed some stimulation and colony formation by P. infestans. Normally
In the cell Petri plates, all theP. infestans sporangia which germinated produced
colonies. The germination of 2-4% of the addedsporangia™was the normal for
7-dlay sporangia of this isolate.

It might be argued that the transfer of potato free cell suspensions to the
environment of the agar plate would lead {o the death of these cells. This was
|nvest|9ated by using™2,3,5-triphenyltetrazolium chloride. Estimates were made
of the teduction of this compound t0 the red triphenylformazan_by fresh cells and
by cells removed at daily intervals from the surface of the plate. Ttie results showed
that the activity of the Cells, as measured by colour production, was at a maximum
immediately affer transfer, fell to one-third of the maximum in 120 hr and returned
to two-thirds of the maximum activity within the next 24 hr. The activity remained
at this value until the conclusion of the experiment at 12 days. After this time, tire
potato cells were seen to be growmg on th a?ar plate. Consicerable callyis %rowth
Wwas observed after 6 weeks on platés inoculated with potato cell suspensions.

Interaction of tissue aggregates and sporangia

. Normal tissues. Considerable development of the fungus took place within 3 days
in that part of the streak of Phytophthora infestans sporangia in contact with the
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Majestic tissue aggregate. On the same plate the control streak and the streak in
((:Blntim% W|t2f} Orion tissue aggregate showed only slight growth, even after 8 days

.1, fig. 2)

Treatet? tissues; Solanum tuberosum var M ajestic. L|V|ng frozen (—40°, 0 m|n)
and hoiled ( 1mm3 tIssue algnx;regates of var Majestlc were compared under the
conditions outlined ahove. Trie results showed thiat the stimulus of phytophthora
infestans Was dlecreased on boiling, and destroyed completely on freezing.

TS

0 M
/ 5000 5000 \
M C C o
1000 5000 1000 10
o} ( C M
1000 100 10 10
M o
o

Tg Layout of experiment an relation of numper of sporangia in ingcula and resultant
ection, ‘M = Solanum tuberosum var. Majestic, O = var.. Orion, C = contral. 5000,
10|)0 100 and 10 = no. sporangia of Phytophthora infestans in inoculum drop.

Table 2. stimulation of Phytophthora infestans by variously treated tissue
aggregates of Solanum tuberosum var. Orion and var. Majestic

Treatment of potato tissue aggregates

. _ Bojled Frozen
Living Boiled Frozen and frozen  and hoiled
Var. Majestic Strong Decreased ~ No stimulus  Decreased  Degreased
_ stimilus stimulus _ stimulus stimulus
Var. Orion No stimulus ~ Some No stimulus  n.t. n.t.

stimulus
n.t. = not tested.

When prewously frozen tissue was hoiled, or poiled tissue was frozen, their
stlmu rty H‘ecto Phyop thora mfestans was the same as that obtained with
tissue that'had only been bo ed (PI. 2, 1ig. 3).

Treated tissues; Solanum tuberosum var orion, Living tissue ag(I;re ates of var.
Orion were compared with boiled and frozen tissues. The Tiving Yisstes_and the
frozen tissues did not stlmulateph to hthora infestans DU growtn was stimulated
by the boiled tissue after 8 da){ 5

Effect of size of ingcylum wasg (bterest to dlacover whether the #ack of
stimulation by var. Orion, which mignt be Interpreted as resistance to Infection,
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could be overcome bz increasing the size of the inoculum in the experiments. Petri
plates preP_are_d as above, were marked offwith lines into 12 squares, and the Orion
and Mabes IC tissue agqregates laid out alternately as shown in Fig. L [nocula at
5000, 1000, 100 and Osporan([ua suspended in 0-02 ml. liquid medium, were
ar?plled {0 the tissues, and as conirol drops dlr_ectIY on the agar, In the, order shown
In the figure. When read at 7 days the distinction betweén Majestic and Orion
tissues was maintained at all sizes of inoculum, except 5000 sporangia where a slight
fungal activity appeared round the Orion tissue. This was no re%ter_than the fungal
growth obtained from the control on the agar alone. With the inoculum of “10
porangia, no growtn was seen either on the Majestic or on Orion tissue.

DISCUSSION

Although Phytophthora infestans IS Clearly deBendent on its host, 1t can he %_rown
alone on artificial media. The medium which supports the growth of Potato ISSUg
cultures also supports the growth of p. infestans, and the growth of the fungus is
relatively rapid when large’ inocula are used. However, wiien smaller inoculd, .g.
suspensions contammﬁ about 100 sporan(lna, are added to this medium, germination
takes place and usually a few colonies slowly hecome established. The addition of
living Majestic potato Cells to the surface of the mediym stimulated the growth of
the P infestans In a spectacular fashion. This is perhaps not unexpectéd. When
Orion cells were inoculated in the same manner they also stimulated the growth of
the fungus, relative to the control, but were not as potent as the Majestic cells. It Is
surprising that Orign cells not only supported ?rowth, but stimulated it, forwith the
Intact plant var, Orionthe p_ infestans s rapidly excluded. Tomiyama, Takakuwa &
Takase (1958) found that R genes were on%y expressed in slices of potato tissue
which were more than ten cellS in thickness. This may be analogous to the situatign
whtere Orion cell suspensions stimulated p. infestans, While tissue aggregates did
no.

Tissue aggre ates of Ma{estlc stimulated the grovvth of Phytophthora, infestans,
while tissue qg e%ates of Orton did not. We saw n sign of any toxic inhibitjon of the
limited funga gr wth In the vicinity of the Oriontissue. ~ Since both living cell
suspensions” andl dead gbonedg tissue %g?regates of Orion stimulated, we must
adduce that living tissu aggr gates of Orion prevent the fungus from responding
to the stimulus. When thé Tungus, at the point of infection,”Is excluded bY’ the
Orion cells, the stimulus can nevér be transported to the rest ?f th? fungal mycelium.

Our observations of the sporangial streaks on the agar plate lead Us tosuppose
that the tissues have little or no gffect on the germination of the sporangia or on
gerrT,E ube development. It is onh/ then the un(l;_us reaclaes %nd mfecﬁs the sus-

eptible potato tissue thaf the furigal growth is stimulateq. This stimulus 1s pro-
lo (t;ed and such that th _flll,n us luxuriates eventually to fill the Petri plate.

T 1s of interest that kil m% the Majestic and Orion tissue by bailing left the
stimulus  intact although diminjshed. “In the Orion tissue k|||1ngb boiling in-
activated the resistance’ mechanism either by killing the cells which génerated'it or
bg destroying any antifungal substances present in fhe tissue. This s_ug ests that the
résistance Is proéaertg/o Ilvmg and not of dead tissues. Tissues killed by freezmg
to —40°, at which témperatufe not all enzymes would be destroyed,” behave
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dn‘ferentl;i from the hoiled ceIIs and both Mahestm and Orion tissues so freated did
not stimulate the fun%us It is possible that the re3|stance of Orion Is left intact by
this treatment and that resistance Is developed. in Majestic. However, a simpler
ex;t)lanatlon Is that enzymic destruction of the st|mu|at|pﬂ]substance takes pIace In
hoth tissues after they have thawed. This view Is further strengthened by the
demonstration that when freezmg was followed by boiling, or b0|||ng was followed
by freezing, the stimulus was preserved. The fact that a stimulus was demonstrated
in dead (b0| ed) tissue of Majestlc suggests that it Is a normal tissue metabolite, and
not formed |q]response tomn ecFon

This work has shown very clearly that tissue ag%re ates of Solanym tuberosum
var Orion can sup&)ort and stimuldte the growth of P thhora Infestans, when
th ea?gregates are dead, so that there is no a5|c nutritional reason for the failure of
P. infestans to invade the tissue. Further it has shown that the living Orion cells
act only when they are Infected and that there is as yet no evidence of a massive
diffusion of toxic material from the_resistant tissue, ‘either before or after fungal
Invasion or attempted invasjo. Flnallx the possible effect of tissue mass i
determining the e Pressmn of the resistance (see Tomiyama et al. 1958) has heen
dengonstra gd urtwde conditions where the complicating effect of an extensive wound
surface is absen

Qur thanks are due to Dr A, Harrison for aavice on methods of tissue culture and
to the Agricultural Research Council for the support of one of us (D. S. I.).
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EXPLANATION OF PLATES

Plate 1

Fig. 1. Five examples of the interaction between 1005p0rangia of Phytophthora infestans and cell
suspensions of Solanum tuberosum var. Majestic tubers and five contfols. 14 days.

Fig. 2. Six examples of the interaction between streaks of sporangia of Phytophthora infestans and
tisSue aggregates of tubers of Solanum tuberosum var. Majestic and var. Orion. 5 days.

Plate 2

Fig. 3. Two examgles of the interaction between streaks of spora’r\}Fia of Phsvtophthora infestans
and pre-treated tuper tjssye aegr%]re%ates of Solanum tuberosum var. Majestic. 5 days. A, living; B,
frozen, C, hoiled: D, boiled then frozen: E, frozen then boiled.

Fig. 4. Two examples of the interaction between streaks of%)orangia of PhytoRhtho_ra infestans and
P:ref-rtorggrt]ed tubertissue aggregates of S. tuberosum var. Orion. 10 days. A, boiled; B, living;
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