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Tue starting point of the present investigation was the observation that
the Type II encapsulated pneumococciarising from transformations induced
in certain unencapsulated strains are of two sorts: the majority give rise to
colonies having diameters approximately 3 times larger than rough colonies
have, while a few form colonies which are 4 timeslarger. Clonesset up from
the two sorts maintain indefinitely, under appropriate conditions, their
characteristic difference in colony size. The experiments to be described
below are concerned with the origin and nature of the pheumococci which
give rise to large colonies (LC pneumococci).

Theinterest of the observation emerges from the following considerations.
In the past it has been notedthat the size of a pneumococcal colony is often
correlated with the amount of capsular polysaccharide secreted (8, 9, 14).
Thus, the finding of the LC clones raised the problem,already considered
in an earlier publication (15), of whether the Type III capsular agent acts
as a discrete unit, or whether, on the contrary, it induces the formation of
a spectrum of transformed bacteria exhibiting varying degrees of polysac-
charide secretion. If the latter were true, LC clones might be pnéumococci
which secrete very large amounts of capsular polysaccharide, and belong
thus in the upperlimits of such a spectrum.In the earlier study it was con-
cluded that the capsular transforming agent acts in an all-or-none fashion.
The present study confirmsthis conclusion, for it was found that the colonies
of the transformed Type III pneumococci form two disercte distributions
with respect to diameter. No evidence for a spectrum could be obtained.
The experiments to be described showthat LC pneumococci are produced

by a double transformation, in the course of which a bacterium acquires
not only the capsular agent, but also a hitherto unrecognised agent, present
in extracts prepared from the Type HI strain usually employed in capsular
transformationstudies. The newagent (LC agent) is apparently independent

1 A grant to the Faculté des Sciences from the Damon Runyon lund for Cancer Researchis
gratefully acknowledged. ‘
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Pneumococcal transformations determining cell metabolism 95

of the capsular agent, both as a genetic entity and with respectto its physio-

logical activities, for it can be acquired singly by unencapsulated bacteria,

producing in them a change which results in their forming colonies which

are slightly larger and distinctly more opaque than those of ordinary unen-

capsulated clones. A study of the metabolic differences between normal and

LC strains will be described. The results of this study demonstrate that LC

strains have a distinctive pattern of glucose metabolism, and that they fail

to oxidize lactic acid.
The present report is subdivided into two chapters, one dealing with

piometric andtransformationstudies, the other describing metabolic studies.

I, BIOMETRIC AND TRANSFORMATION STUDIES

Two questions were investigated: 1) Are capsular transformations induced

in all-or-none fashion? and 2) What is the origin of the LC pneumococci?

These problems were investigated by the measurement of many colonies

of encapsulated pneumococci, obtained by spreading on petri dishes pop-

ulations of unencapsulated pneumococci in which transformations had

been induced by treatment with various specific transforming extracts.

MATERIAL AND METHODS

The methods of culture, preparation of transforming agents, and induction of

transformations were those described in a previous publication (4). The only modifica-

tion introduced was the more careful standardization of the blood-agar plates on

which the colonies to be measured were grown. The important factors to control
are glucose content and surface humidity. With respect to the former, 2.0 cc of a

sterile 2.5 per cent glucose solution were added for every 150 cc of agar medium.

Surface humidity was reduced by drying the plates overnight at 37°C. In any

single experiment the same volume of culture, or dilution thereof, was spread on

all of the plates. In the early part of the work, sterile defibrinated rabbit blood was

employed in the agar medium, while later horse blood was used. Mr. Lemetayer,

Director of the Institut Pasteur at Garches, and Mr. Girard, Chef des Services de

Saignées, very kindly supplied horseblood in the large quantities which proved

necessary for completing the present study.

Dilutions of cultures fer plating were madein 2 per cent Difeo Neopeptone dissolved

in 0.85 per cent NaCl.

Even with above precautions, some variation was observed in the mean diameter

of colonies of a given strain when plated on different preparations of medium.

Consequently, direct comparison of various experiments was not always possible.

Duplicate plates gave, however, very consistent results. AH measurements of colonies

were performed after 17 hours of incubation at 37° C. Longer incubation produces

larger colonies, but autolysis becomes very pronounced when incubation is continued

Experimental Cell Research 6



6 H. Ephrussi-Taylor

yeyond the chosen time interval. Measurements were carried out with a Zeiss ocular

crew-micrometer mounted on a binocular dissection microscope The overall magni-

ication was 9 fold. The petri dishes were held on aninclined stage, and their surface
Numinated obliquely, With an even illumination, the colony margins were very
harp. The diameter of a colony was measured at right-angles to the direction of the
nclination.

The pneumococcal strains which were transformed were R36A, the rough strain
ised in the classical experiments of Avery, MacLeodand McCarty(2), and SHI-1-TS0,
in intermediate smooth strain produced by transformation of the above with an
xtract obtained from the mutant Type HI strain SIII-1 (15).
At the outset, transforming extracts were prepared from the Type ILI strain AG6.

‘his strain contains the normal, or SIII-N capsular agent, and forms very large
mounts of polysaccharide. As the present study evolved, transforming extracts
vere preparedfromvarious clones isolated from transformation expcriments. These
rill be described in the course of presenting the results.

EXPERIMENTAL RESULTS

1. The diameters of SUI-N colonies of independent origin. If the capsular

gent induces transformations in an all-or-none fashion, independently

‘ansformed bacteria should be identical with respect to capsule. A de-

nitive study of this point is not possible, owing to lack of quantitative and
ualitative methods of studying polysaccharide secretion in a large sample

f clones set up from such bacteria. However, a procedure was developed

hich, with certain reserves, can be consideredto serve this purposeé: Differ-
nces in the amounts of polysaccharide secreted are often reflected in differ-
nees in the diameters of colonies: the more polysaccharide, the larger the
slony. Thus, measurements were made on manycolonies derived from

ype HI pneumococci which had arisen independently of cach other by
ansformation of an unencapsulated strain. The characteristics of the dis-
ibution obtained were compared with those of a second distribution, ob-
ined from measurements of colonies derived from the progeny of a single

ype III pneumococcus, also made by transformation. This seconddistri-
ution is a control, describing the variability of the diameters attained by

lonies grown fromsister cells. If the capsular agent acts in an all-or-none

shion, the characteristics of these two sorts of distributions should be

entical, for the variability in both instances should be due only to normal
iriation in the growth on plates.

The first, or experimentaldistribution, was obtainedin the following way.

he strain undergoing transformation was treated with the Type III agent
ader optimal transformation conditions. After incubation, dilutions of the
eated cultures were spread on blood-agar plates. All colonies which were
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more mucoid than the inoculated strain were measured, provided they did

not fall in a crowdedarea. Atleast four treated cultures were employed for

establishing a single distribution. Thus, while some of the mucoid colonies

on a plate madefrom a given culture might be the progenyof a single trans-

formed bacterium, the colonies measured for a single distribution cannot be

derived from less than four independent transformation events. It is indeed

probable that they are derived from very many more.

The addition of as little as 0.005 micrograms of DNA,isolated from an SULN

strain, to an appropriate medium containing transformable pneumococci suffices

to induce the transformation of a few bacteria. It has been found that theaddition

of 1000 times this amountof nucleic acid induces transformation of about 0.5per cent

of the unencapsulated bacteria during a time interval of 30 minutes, provided the

pacteria are in the state which permits them to react with the nucleic acid (10).

Under the conditions of the present experiments, the transforming agent is present

in about 1000 fold excess of the minimal amountrequired to obtain transformation.

At the time when the bacteria become capable of reacting with the agent, their

population density is 16 000 per ce. The reactive state persists for two hours. Assum-

ing an incidence of transformation of 0.5 per cent which is a minimum estimate,

the encapsulated bacteria appearing at the end of the incubation period normally

given to transformation cultures (17-20 hours) would on the average derive from

165, or 80, transformations in cach of the treated cultures.

In the earlier experiments, treated and control cultures were incubated -

18-20 hours prior to spreading on plates. However, it was found that this

long incubation led to a wide spread in the measured diameters, owing, no

doubt, to the onset of adverse conditions after the cessation of growth in the

transformation medium. In later experiments, platings were made after

only 12-14 hours of incubation. Nonetheless, the distributions of colony

diameters obtained from transformation experiments are somewhat wider

than those observed when the same bacteria are taken from blood-broth

medium.

The clone utilized for preparing the control distribution was derived from

a single Type III colonyisolated from a previous transformation of the same

strain upon whichthe experimental distribution was to be obtained. Control

clones were grown underthe same conditions as those employedfor inducing

transformations, in order to eliminate differences in the distributions which

might be due to or result from differences in cultural conditions prior to

plating.

The results of a typical expcriment are shown in Fig. 1. In this particular

instance, the strain undergoing transformation was SILI-1-T50. As has been

alreadystated, the control clone came froma single SIII-N colony recovered
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1S) MEAN 1.615 4 0.47

Fig. 1. Histograms constructed from the meas-urements of diameters of colonies of encap-sulated Type III pneumococci. On the left, thebacteria came from four cultures in whichmultiple transformations had been induced. On
the right, the bacteria came from a clone iso-lated a few days previously from a transformationexperiment. The strain undergoing transforma-tion was SIIIJ-I-T50. Both the means and theStandard deviations are essentially the same.
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from a transformation ofstrain SHI-1-T50 a few days earlier. It can be seenthat the distributions of the diameters of the SIII-N colonies are essentiallythe same whetherthe bacteria come fromthe control clone,or directly from atransformation culture. It is clear, therefore, that there is no obvious differ-ence between the various SIII-N colonies which arise from the control clone,and those whicharise from different transformed SHI-1 pneumococci. Thus,the SILI-N agent does not appearto give rise to a spectrum of pneumococcihaving graded polysaccharide secretion, but on the contrary seems to behaveas a discrete entity.
If nownewclonesareset up, seleeting the largest and smallest of the coloniesof a particulardistribution, usually, all of these clones give rise to essentiallyidentical distributions, when the colonies formed by them are measured,and these distributions do not differ from the original one. However, thefollowing exception to this rule is observed: from timeto time, whena cloneis set up from a verylarge colony, it gives rise to colonies which are on theaverage about 25 per cent larger in diameter than the majority of SIII-Ncolonies measured. These constitute the LC clones.
The appearanceofthese clones in the transformation culturesis very rare.Often, none are found. However, in one out of ten distributions obtainedfrom transformed cultures of strain SII-1-T50, a definite bimodality wasfound. This aberrant distribution is shownin Fig. 2. The second mode wasfoundto be due to the presence of an unusually large numberof LC clonesin this particular experiment.

Attempts were made to determine the average numberof cells per colonyin thetwo kindsof clones. Several well isolated colonies from cach were homogenized in ameasured volume of medium, and serial dilutions of the suspensions plated. It wasfound that whereastheresults were concordant when the colony came from an SIII-N-
Experimental Cell Research 6
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wy ether concordant colony counts would not be obtained if the initia : P yon

whe incubated a short time before diluting and plating. This was toreailating ine

ve. ions 15 minutes at 37°C, and one hourin the refrigerator before di i e a

sureading on plates. The counts on serial dilutions were then in nani ettnn
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Pecomained unchanged bythis treatment, the numberof certs pevheexperiments

‘ a nt. ' io of these averages was 3:1. >increased by30 per cent. The ratio o , ;was iein that they suggest that SIII-N colonies may be smaller pecause these

ae teria have a lowered viability under aerobic conditions, undergoing autolyac @

more readily.
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From these experiments it may be concluded that the SII-N preamoe

produced bythe action of the SJH-N transforming agent on ne, se

and SIII-1-T50 fall into one of two categories of wet the ea

frequent: clones which form colonies of the diameter nn n : oe

and clones characterized by ogLea ceetatefen this fave

ive diameters of normal anc clones.

voceobtained by measuring the colonics produced by one ne Fone andone

normal clone, grown underidentical conditions and measure the Stes ne

Fig. 3 also includes measurements made the same day on strain sroean

intermediate smooth Type HI clone which has been mentione< vee

quently in previous publications (4, 13, 15). The three clones q

distinct.

In the course of this study, a surprising mutability was oper in iheclones

derived from the transformed bacteria. In one experiment, anSensonce

clones, two contained mutant forms which wereless meetaie ” i eco

Growthofthetettear fare. ‘Thismaybe ‘due toateal mutability of the capsular

oe 7 i thesetran stor . the other hand, it maybe that unencap-

sultedstrains ‘lend tonnvoteetowardastate in which capsular synthesis is disad-
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pat te oO lee der 1 1ces, Mutations of capsular agentmn f sele ction. Un er these circumstance ’ the a ’
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leading to diminished capsule synthesis, would be favored, as would also be favored
mutations reversing the trend established by prolonged existence in the unencapsu-
lated state.

2. The homogeneity of type III strain A66. Since the transforming extract of
strain A66 obviously induces the formation of two kinds of Type HI pneumo-
cocci, it becomes essential to know whether strain AGG is heterogeneous,
being composed of these two cell-types, or whether, on the contrary, both
activities reside in the nucleic acid fraction of one cell-type. Therefore, meas-
urements were made uponcolonies of the stock strain AGG. On the same day,
and on the same media, measurements were also made on colonics of a
clone of SIII-N pneumococci, isolated from a previous transformation experi-
ment. The results of these measurements are shown in Figure 4. It is clear
from these measurements that the colonies of strain A66 have a meandia-
meter about 20 percent larger than that of the SILI-N colonies of the control
clone. Thus, strain A66 is best described as an SIJI-N-LC clone. There is
no indication that the smaller colony type is present in the population AG6
in any appreciable numbers.

This being so, the simplest working hypothesis consists of supposing that
both colonytypes arise from the activities of the nucleic acid isolated from
an essentially homogeneous population, and that the two activities are due
to two factors which reside in each pneumococcus in the AG66 population.
One of these factors is the capsular agent, while the other is presumably
a newagent, responsible for the large colony size. The rareness with which
SIN-N-LC pneumococci are formed by transformation would thus be the
consequence of the rareness of two different transformations taking place in
the same bacterium.
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3. The capsular agents present in SIII-N and SILU-N-LC strains. lf the above

hypothesisis correct, the capsular agents in both types of clones should be the

same. Totest this point, nucleic acid extracts were prepared from twoclones,

one SIH-N-LC and one SHI-N (TPs 36E and 30B, respectively). With these

extracts, transformations were induced in strains R36A and SIII-1-T50, the

treated populations were spreadonplates, andthe colonies obtained measured

in the usual fashion. In a typical experiment, 63 smooth colonies from plates

of cultures treated with TP 36E and 96 from plates of cultures treated with

TP 30B were measured, vielding the mean values of 2.02 + 0.173 and

1.954-0.117 micrometerunits respectively. The difference between the means

is not significant, and it can be concluded, therefore, that both TP prepara-

tions induce the formation of essentially the same sort of encapsulated
bacteria. Thus, strain SILI-N-LC contains the same capsular agent as strain

SITI-N.

However,it was notedin the course of these experiments that in the cultures

treated with TP 36E there occasionally appear some SILI-N-LC clones, while

none are foundin the cultures treated with TP 30B. Inits biological activity,
TP 3615 thus resembles the transforming extracts prepared from strain

A66. This finding is entirely in agreement with the hypothesis that the LC

trait is determined by an agent similar to the capsular agent, which can be

transferred to pneumococci by the transformation technique.

4. The isolation of unencapsulated LC clones. If the properties of the LC

strains are determined bya transforming agent, andif this agent is indepen-

ent of the capsular agent, then one should expect unencapsulated bacteria
to be able to acquire the former without the latter. Indeed, this transformation

should occur more frequently than the double transformation in which

Experimental Cell Research 6
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both are acquired. Detection of R-LC or SIII-N-LC bacteria would depend
upon whether transformation by the LC agent alone suffices to produce a

recognizable morphological change.

A careful search among the previously supposed “‘untransformed’’ mem-

bers of treated populations of R and SIII-1 pneumococci revealed that some
of the colonies produced by them were, in fact, different from ordinary R
or SIII-1 colonies in that they were somewhat larger and very much more
opaque. The incidence of the aberrant colonies in the treated ‘cultures was
nevergreater than 0.7 per cent. None were ever found in cultures which had
not received a nucleic acid preparation from an LCstrain. Clones derived
from the aberrant colonies were established, but these could be maintained

free of reversions only when carried on solid medium (blood-agar). Measure-

ments of colonies of normal and aberrant clones of strain SIII-1-T50 gave
the average values of 0.796+0.143 and 0.983+0.192 micrometer units.
The differences between the meansis not significant, and, indeed, on the

basis of size alone it would be difficult to ascertain that two distinct colony

types exist. However, the opacity of the aberrant colonies permits an almost
certain differentiation when the plates are examined in transmitted light.

Since it was suspectedthat these aberrant colonies might be derived from
pneumococci which had acquired the hypothetical LC agent but not the
SHII-N agent, the next step was to transform them with the capsular agent,

to see whetherornot they yielded SIII-N-LC bacteria. Just prior to subjecting
various clones to transformation, they were transferred from plates into
liquid medium, using large inocula. These cultures served to inoculate trans-

formation cultures and were discarded afterwards. In the particular experi-
ments to be described, the aberrant clones were transformed with a nucleic
acid extract of strain A66. At the sametime, controls were made bytrans-

forming normalstrains with the same nucleic acid preparation. Thetreated

populations were streaked on sectors of agar medium plates, rather than
being spread for measurement. From each treated population, one trans-
formed ‘colony was chosen at random, grown out in blood-broth medium,
and samples of the resulting culture plated for measurement: Quadruplicate
transformation cultures were made of each aberrant clone andof each control

strain. Thus, for each strain treated with the nucleic acid fraction of strain

AG6,the progenies of four independently transformed bacteria were measured.
This method of study was chosen to avoid the greater variability in colony
diameter which is observed when measurements are made directly on the
colonies of the transformation cultures themselves. The results of some meas-
urements are shown in Fig. 5. From these observations, it is clear that when
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8Fig. 5. Histograms constructed from measurements of

SILI-N colonies derived from transformation of normal
and aberrant clones of strains SIII-1-T50 and R36A.

For the pair of curves on the left, the left-hand distri-

pution came from measurements of colonies of trans-

formed normal] SIII-1 pneumococci, while the distri-

pution on the right came from measurements of trans-

formed aberrant SIII-1 pneumococci. The pair of
gistribution curves to the right are the results of

similar measurements on transformed normal and

aberrant R36A. In both cases, the transformed aber-

rant clones gaverise to larger colonies on the average

than did the transformed normal clones.
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the clone undergoing transformation is an aberrant clone, be it R or SIII-1,

the SIH-N bacteria induced are ail SIII-N-LC; that is, they form colonies with

a mean diameter roughly 25 per centlargerthan that of colonies of the majority

of the transformed bacteria arising in the normal strains of R or SIII-1

pneumococci. This result is entirely consistent with the hypothesis that the
aberrant R and SIII-1 strains already contain the postulated LC agent, which
they had acquired independently of the capsular agent in a previous trans-

formation.
The aberrant R and SIT-1 clones will thus be referred to as R-LC and

SUI-1-LC clones.
5. A quantitative study demonstrating that the LC agent is a specific com-

ponent of nucleic acid extract 36E. Pneumococci exhibiting the LC phenotype
were found only when R or SIH-1 bacteria were treated with a nucleic acid

fraction prepared from strain AG6, or from an SIIT-N-LC strain recovered

from a transformation experiment. Since in general the incidence of LC

clones is low in a transformed population, it was conceivable that failure
to find such clones after treatment with other nucleic acids might be dueto

sampling error. Accordingly, an experiment was performed in which popula-

tions of strain R3G6A were treated with nucleic acid extracts 36E and 30B, the
former obtained from an SIII-N-LC strain andthe latter from SJII-N, the

incidence of R-LC colonies was scored, and the data analysedstatistically.

A total of 11 transformation cultures were studied, 4 receiving TP-36E and

7 receiving TP-30B. Samples of the treated cultures were spread on plates,

and after incubation, the total number of colonies and the number of LC

colonies per plate were estimated from counts. A large numberof colonies
from the seven cultures treated with TP 30B were carefully examined. After
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searching for LC colonies by holding the plates against a light source, they

were examined under a binocular microscope. Whereas ten LC colonies

were found on the plates made from the four cultures treated with TP-36E,

none were found on those made from the seven cultures treated with TP-30B

(see Table I). In view of the large numberof colonies examined, it is very
unlikely that the observed difference is due to sampling. The experiment
thus confirms the hypothesis that TP-36E contains a specific agent responsible

for the appearance of the LC bacteria in the treated populations and that
this agent is absent from TP-30B.

All of the biometric and transformation studies agree with the hypothesis
that the nucleic acid fractions of strain A66 and of SIII-N-LC strains contain

a hitherto unrecognized transforming agent which is responsible for the LC
phenotype. The presence of this agent in strain AG6 accounts for the size
difference observed betweencoloniesof this strain and the majority of colonies

arising from transformations induced with nucleic acid derived fromit,

for the two transformable strains most frequently used in transformation

experiments differ from strain AG6 by at least two factors: the capsularagent

and the LC agent. Transformations induced bynucleic acid extracts prepared

either from strain A66 or from SIII-N-LC strains produced by transforma-

tion thus consist of the following inductions:

SII-N Single transformation
R (or Sil-1) —2P-A86

R-LC (or SIII-1-LC) single transformation

SITI-N-LC idouble transformation

Ii. METABOLIC STUDIES .

The inconvenience of colony diameteras a criterion for the identification

of clonesis that it lacks specificity. Thus, the homogeneityof the class of
strains which have been called LC remained doubtful until a more specific

criterion for identifying them was found. The metabolic studies to be pre-

sented below provided such a criterion.

The observed differences in colony size are manifested on blood agar

plates; that is, under aerobic conditions and where glucose limits the amount

of growth. A metabolic difference was therefore sought in the acrobic meta-

bolism of glucose by normal andLCstrains. In addition, a second possible

difference was sought, since it had been noticed that the two types of colonies

produced different degrees of greening of the blood. Since greening is due

to the liberation of H,O, by the bacteria, manometric experiments on glucose
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oxidation were set up in such a wayas to permit a simultaneous study of
ihe amount of H,O, formed byeach of the strains.

No systematic study has apparently ever been madeof the oxidative metabolism

of pneumococci. Finkle (5) observed differences in the Qo, of three smooth races

of different capsular type, as well as in rough races derived from the latter. In

phosphate buffer, the optimum O, consumption was found to occur at pH 7.8.

Observations of Sevag and Maiweg (13) demonstrated that without the additionof

protective agents to the bacterial suspensions, respiration was rapidly inhibited
py the accumulation of H,O,. Catalase and pyruvate were effective in maintaining

enzymatic activity, the former bydestroying peroxide, the latter by reacting chemi-
cally with it.

 

 

 

 

 

 

   

—_— <TaBLE I. Comparison of the transforming activities of two
p Colonies LC different transforming extracts, the one prepared from an

T examined ° SHI-N-LC clone (TP-3GE) and the other from an SIHU-N
sn clone. The strain transformed is R36A. LVour cultures were

treated with the first TP and seven with the second, and

4 456 1 from each culture the indicated number of colonies was
5 352 1 examined.

36 5 192 2
. . TasBLe II, Comparison of an LC and a non-LCstrain with

8 200 6 L respect to ability to oxidize lactate.
Total 23 200 10 -

Strai # moles uw moles | pL. | MolesO,
Strain . !

glucose lactate | consume | M.gluco:glucose

12 229 0
17 208 0 5 —— | 182

14274 0 SU1-1 — 10 44
30B 7770 0 —_ —_— 5

9 705 0 1

9 224 0 10 —_ | 120

11 484 0 SHI-1-L¢ —_ 10 | 3

Total 81 887 1) = = 6 
 

Catalase added. Duration of expt. 3 hours

MATERIAL AND METHODS

1. General method. In order to study glucose oxidation, inactivation of enzymes
by peroxide must be avoided. At the same time, to work constantly in the presence
of catalase is impractical since it renders impossible studyof the formation of H,O..
The following methodwas therefore adopted: thick bacterial suspensions are prepared,
and a very limited amount of glucose was added. Respiration was allowed to go
to completion. One Warburg vessel received glucose and catalase, and when O,
consumption fell to the level of endogenous respiration, more glucose was tipped
in to verify that the cessation of respiration had not been due to enzymeinactiva-
tion. In a secondvessel catalase was held in reserve while the glucose was oxidised.
Whenrespiration ceased, the catalase was tippedin and the released oxygen measured.
Since underthese conditions, the difference in respiration in the presence and absence
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of catalase was always equal to the amount of oxygen released by catalase in the

second vessel, it is assumed that the glucose in the second vessel was completely

oxidized, and that a correct evaluation of H,O, production is obtained.

In some experiments, glutathion was employed for study of H,0O, production

since this substance reacts rapidly with H,O, without producing a change in gas

volume (11). Glutathion as well as thioglycollic acid is very effective in protecting

the activity of pneumococcal enzymes in the course of glucose oxidation, and the

advantage of this medhod is that it makes it certain that oxidation in the absence of

catalase has gone to completion. Two expcrimental vessels are required: one receiving

glucose and catalase, the other glucose and glutathion, the difference in the volume

changes being equal to the amount of O, liberated by catalase in the first vessel,

At high pH values, the inconvenience of the method resides in the difficulty of cor-

recting accurately for the autoxidation of the SH compound whenit is in excess,

In this respect, thioglycollic acid appeared to be the better reagent. However,

with strains of bacteria in which peroxide production is known, these substances

could be used very advantageously in various metabolic studies, since any appre-

ciable excess of the SH compound could be avoided. All difficulty can be avoided,
of course, by working at a pH below 7. It should be noted that the ability of SH

compounds to react rapidly with H,O, has been overlooked by bacteriologists

and biochemists, who have been inclined to explain the beneficial action of these

substances on the growth of certain microaerophilic bacteria as due to a direct

action on the SH groups of bacterial enzymes. It is likely that in certain cases their

primaryactivity is simply to destroy hydrogen peroxide.

2. Pneumococcal strains. Various LG and non-LC strains were studied. However,

the bulk of the work was done on two clones, one normal, and one LC, both of

which possessed the mutated capsular transforming agent SIII-1. Since LC strains

are stable only on solid medium, both normal and LC clones were carried on agar

to avoid anydifferences in cultivation of the strains to be compared.

3. Preparation of cell suspensions. Pneumococci undergo autolysis readily, so

that great care must be exercised in growing the bacteria and preparing cell sus-

pensions. All cultures were initiated by transferring several loopfuls of cells from

agar petri dish cultures to liquid medium (medium1, reference 4). After the first

appearance of turbidity, the cultures were incubated another 2 hours and placed

in the refrigerator for the night. Next morning, after addition of 0.5 cc of a sterile

2.5 per cent glucose solution per 100 cc of culture, the cultures were placed for

1 hour, in a 37°C water bath. Thereafter, the bacteria were harvested bycentri-

fugation, washed once with a small volume of the salt mixture to be described below,

and resuspendedin the desired volumeof this same solution. 200 cc of culture sufficed

for a 4 vessel experiment, the washed cells being taken up in 9 cc of salt solution.

lor larger experiments, larger amounts were prepared in the same way. Suspension

density was controlled photometrically. Microscopic examination revealed that

suspensions contained short chains of gram positive diplococci, homogeneous in

size.

4. Solutions, All solutions were prepared in Pyrex distilled water. The suspension

mediumcontained 42 mg of NaCl, 230 mg of IXCI, 60 mg of CaCl and 95 mg of MgSO, °

-7H,0 dissolved in 75 cc of water. To this were added 25 cc of M/7.5 phosphate

buffer pH7.8,
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Warburg vessels receiving catalase were given 0.2 cc of a solution of crude catalase

powder, 1/1000 (Armour and Co.) prepared fresh for cach experiment.

The glucose employed was “‘Dextrosol” (Société des Produits du Mais, Paris), and
the lactate a racemic preparation (Malinkrodt).
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EXPERIMENTAL RESULTS

1. Respiration and H,O, formation with glucose. The results of a typical

experiment on a normal and an LCstrain are shownin Fig.6. In this particu-

lar instance, the non-LC strain contained a mutated eapsular agent, while

the LC strain contained a normal capsularagent. As will be shownpresently,

the kind of capsular agent possessed by the bacterium has no influence on
its respiration in the presence of glucose. From this figure, two differences

between LC and non-LCstrains can be seen. First, the LC strain consumes
very much less oxygen per molecule of glucose than the non-LC strain.

Second, H,O, production by the LC strain is both absolutely andrelatively

less than that of the non-LC strain.

For purposes of comparison of the respiration of various strains in the

presence of the same amounts of glucose, Fig. 7 has been prepared. It

summarizes results obtained with three kinds of strains: a), non-LCstrains,

represented by R36A, STIT-1-T50, and an SIII-N strain made bytransforma-

tion of the latter with the nucleic acid extract ofstrain AGG, andin the course

of which only the SIH-N capsular agent was acquired; b) an LC strain,
made by transformation of strain SIH-1-T50 with the above nucleic acid

extract, and as a result of which both the LC agent and the capsular agent

were acquired: and c), strain AGG itself, the stock laboratory strain which
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possesses both the SILI-N capsular agent and the LC agent. For cach moleculeof glucose, the first group ofstrains consumes 1.6-1.8 molecules of oxygen,
the secondstrain, about 0.4 molecules, while the last strain consumes 1.1-1,9molecules. In eachinstance the cessation of oxygen uptake was dueto exhaus.
tion of glucose.

 

SI-N
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Fig. 7. Respiration of Various strains of
Pneumococcus in the presence of 5 micro-
moles of glucose. Strains R3GA, SIII-1
and SIII-N are non-LcC strains; Strain
A66 is the naturally occurring Type II]
strain in which the LC agent was first
found; Strain SIII-N-LCGis and LCstrain
made by transformation of strain SIIT-1-
T50 with an extract from strain A666.
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Twopoints of interest can be noted in Fig. 7. First, particularly evidentis the magnitude of the difference between the non-LC strains and the LCstrain made bytransformation. Second,it is quite clear that although strainA66 has a less active oxygen consumption than the non-LCstrains, it isnonetheless more active than the LC strain made by transformation. Thus,although strain SIII-N-LC has acquired two agents from the nucleic acidfraction of strain A66, the two strains are not identical in their metabolicproperties. It must be supposed, therefore,that strain AG6 differs from StrainsR36A and SIII-1 not only in possessing the LC and SIII-N agents, but alsoin an inherited ability to carry out further oxidation of glucose in Spite ofthe LC agent being part ofits genetic constitution.
Although strains A66 and SIII-N-LC differ in this respect quantitatively,qualitatively their respiration is very similar. Strain A66 forms very littlefree hydrogen peroxide, just as strain SIII-N-LC. An even more strikingqualitative similarity between strain AGG and LC strains made bytransforma-tion will be described in the section below.
2. Respiration in the presence of other substrates. Neither LC or non-LCpneumococci, grown as described above, oxidize pyruvate, gluconolactoneor 6-phosphogluconate. However, with respect to oxidation of lactate, the
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two kinds of pneumococci differ sharply. Whereas lactate is oxidized by

strains R38G6A, SIT-1-T50 and by most encapsulated strains producedbytheir
transformation, this substrate is non oxidized by strain AG6, or by any LC
strain producedin the transformations described above. Typical experimental
results are shown in Table II. Again, it should be emphasized that ability
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Fig. 8. The respiration of various LC strains of

independent origin. Each strain is the product

of an independent transformation induced by

the LC agent. The variation in the amount of
oxygen consumed per molecule of glucose-is no
greater between these strains than that observed

in independent measurements ona single strain.
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to oxidize lactate is independent of the capsular constitulion of the strain

studied, and is strictly correlated with the presence of the LC agent.
3. Metabolic study of various newly derived LC strains. With these specific

criteria for identifying LC strains at hand, there remainedto be established
whether LC clones derived from independenttransformations, andidentified
morphologically, constituted a homogencous physiological class. Therefore,
many LC clones were studied manometrically. The clones were obtained
from various sorts of transformations: R to R-LC, SIII-1 to SITI-1-LC, and
SHI-1 to SHI-N-LC. The inducing agents came fromstrains AGG, 36E and
30A. Strain AG6 is the natural source of the LC agent, strain 36E is an SIII-N-
LC strain produced by a double transformation of strain SIII-1-T50, and
strain 30A is an SIHI-N-LC strain produced bysingle transformation of an
S{H-1-LC strain.

In every instance, a clone which had been identified on morphological
grounds as LC, proved to have the metabolic characteristics of the LC strains
described in the preceding two sections. For example, every LC clone
isolated from the experiment shown in Table I was tested manometricallv,
and proved to have metabolic properties characteristic of LC strains.

Fig. 8 shows a plot of the measurements made on 11 different LC strains
of independent origin. The amount of oxygen consumed per molecule of
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glucose varied from 0.4 to 0.75, but in no case approachedthe value of 1.6,
characteristic of the non-LC strains. The variation betweenstrains, shown
in Fig. 8, is no greater than that observed with a single clone ondifferent days,
Manyof these strains were also studied with respect to ability to oxidize
lactate, and proved not to respireit.

2.5 5 7.8
+

;
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The experiments demonstrate, therefore, that those clones which have
been called LC because of the characteristics of their colonies constitute a
distinct and homogencous group with respect to their metabolic properties.
Sincethe presence or absenceof a capsule in no wayinfluences these proper-
ties, we can saythat the LC agentexhibits a complete physiological autonomy
with respect to the capsular transforming agent.

4. Respiratory quotients of strain A66, and LC and non-LC strains. Respir-
atory quotients were determined on various of the strains described above,
in order to further characterize them. Strains A66 and SHI-1-T50, when
studied by the direct method, gave very reproducible values, 0.95 and 0.8
respectively. However, an LC strain derived from SIII-1-T50 proved exceed-
ingly variable, until it was found that endogenous CO, production was not
the samein the presence and in the absence of glucose. The technique was
then adopted of running three different concentrations of glucose simultane-
ously, and extrapolating for both endogenous respiration and CO, production.
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Values ranging from 0.5 to 0.6 were then obtained. Fig. 9 showsthe results

of such an experiment.

The RQ of strain AG6 is typical for lactic bacteria. The RQs of strain

s]{I-1-T50 and the LC strain derived from it are not. A more striking devia-

tion from the classical picture of respiration is the high endogenous CO,

production bythe LC strain, whichtakes place only in the presence of glucose.

5. The formation of lactic acid from glucose by an LC strain. It was pointed

out to me by Dr. H. Kalckar that since LC strains do not oxidize lactate,

they might also fail to form lactic acid by fermentation of glucose. An ex-

periment was therefore devisedto test this point. An LC strain, derived from

transformation of strain SIIJ-1-T50, was seeded simultaneously into two

300 cc erlenmeyerflasks, the one containing 200 cc of basal medium (medium

1, reference 4), and the other containing the same medium to which a meas-

ured amount of glucose was added. These cultures were incubated for two

hours after appearance of turbidity, and placed in the refrigerator until the

next day. The bacteria were then removed by centrifugation (1 hour), and

the supernatant media decanted carefully. A portion of each supernatant

liquid was treated with CuSO, and Ca(OH), to removeinterfering substance,

and the amountoflactic acid determinedin cachbythe method of Friedmann

and Kendall. The difference in lactic acid content of the two culture media

Tape II
Determination of the amount of lactic acid formed bystrain SITL-1-LC from a given amount
of giucose. The basal medium contained an unknown amount of lactic acid and substances
capable of giving rise to lactic acid in the course of bacterial growth. Lactic acid present after
growth was compared in basal medium, and in medium to which a known amount of glucose

was added at the time of inoculation.
 

 

. . mg lactate mg lactate Per cent
Solution analysed expected found recovery

Calcium lactate 1.22 1.18 97

1.19 97.7

Supernatant liquid, x 2.26

Basal medium 2.07

2.35

Av. 2.23

Supernatant liquid, x+41.751 3.485

Basal Medium plus glucose 3.63

Av. 3.58 77   
 

Assuming that 1 molecule of glucose gives rise to 2 of lactic acid.
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is presumedto be equal to the amount of lactic acid formed from the added
glucose, in the course of bacterial growth. This procedure was adopted since
the basal mediumitself is of unknown composition. Table III shows the

results of the single experiment performed. The difference in the lactic aciq

contents of the two media indicates that 77 per cent of the added glucose

was recovered as lactic acid at the end of growth. Thus, judging fromthis

one experiment, the conversion of glucose to lactic acid by an LCstrain

growing in unacrated medium follows the classical picture first described

by Hewett (6, 7) for pneumococci and streptococci. The result indicates,

consequently, that formation of lactic acid from glucose by glucolyses is

essentially normal in the LC strain studied.

DISCUSSION

The present study has revealed the presence of a newtransforming agent

in the desoxyribonucleic acid of the Type HI pneumococcal strain A66.

This brings to four the numberofnaturally occurring agents which can be

detected in this material: the Type IIE capsular agent (2), the rough agent
(14), the Mprotein agent (1), and the LC agent. One more clement of what

must be an exceedingly complex mixture has thus been identified.

The LC agent could be identified owing to two fortunate circumstances.

First, the unencapsulatedstrains usually employed in transformation studies

happento lack the agent, while the Type III strain from which transforming

extracts are customarily prepared possesses it. Second, acquistion of the

LC agent by non-LC pneumococci is accompanied bya slight, but unmistak-
able change in colony morphology

It was possible to showthat in addition to altering colony morphology,

the LC agent profoundly changes the metabolic pattern of the pneumococci

which acquire it through transformation, for such pneumococci lose entirely

the capacity to oxidize lactate, and manifest a very reduced respiration of

glucose. The LC agent is the first transforming factor whose action has

been shownto affect catabolic reactions.

It is not possible from the data presented here to propose a detailed

hypothesis to describe the oxidative pathways in the various strains studied.

In a general way, however, the results obtained can be drawn together into

a coherent schemeon the assumptionthatthe initial steps of glucose oxidation

are identical in all strains studied, and that the strains which have been

transformed by the LC agent can perform only this initial oxidation step.

One then obtains:
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a) Pattern commonto strains R36A and SIII-1-T50, and encapsulated strains
derived from them bytransformation, except LC strains.

step involving
glucose 05 moles O lactate oxidation 1.2moles0, total: 1.7 moles O,

. z

no alternate path

p) Pattern in Type HI strain AGG.

step involving
lactate oxidation

Tucoseal
blocked by LC agent

° 0.5 moles Og alternate path ————-——_——-+ total: 1.2 moles 0,
0.7 moles O,

c) Pattern commontostrains of type a which have acquired the LC agent.
step involving lactate
oxidation

glucosetetby LC agent

0.5 moles no alternate path

The CO, released in the three kinds of oxidations is respectively 1.35,

1.1 and 0.25 molecules per molecule of glucose. Thus, assuming again that

the residual respiration of strains of tvpe c is the first respiration step, com-

mon to all strains, the RQ of the oxidation bevondthe first step is 1.1/1.2

for tvpe b. It should be addedthat the values found

ranging from 0.3 to 0.7,

This

total: 0.5 moles O,

for tvpe a, and 0.58/0.7

for O, uptake were variable in strains of type c,

usually falling between 0.4 and 0.5 molecules per molecule of glucose.

suggests a marked influence of endogenous factors on respiration of these

strains. In this connection it should be recalled that in tvpe c strains, the

addition of glucose stimulates the formation of CO, of endogenous origin,

indicating very clearly the existence of important endogenousfactors.

In all strains studied, the amount of H,O, recovered was foundto be less

than would have been expectedif all hydrogen transfer to oxygen gave rise

to hydrogen peroxide. Strains with respiration of type a accumulate enough

H,O, in the vessel to permit one to say that 70-80 per cent of respiration
gives rise to peroxide. Strains with respiration of types b and ¢ give rise
to enough free hydrogen peroxide to account for only 30-40 per cent of the

respiration producing peroxide. This is a surprising result if it is true that

no catalase or peroxidase activity is present in pneumococci, and that all

respiration proceeds via flavoprotein enzymes. Recently, evidence has been

obtained for a peroxidase-like activity in Streptococcus faecalis, as a conse-

quence of which lactate is oxidized by hydrogen peroxide, giving rise to

acetate, CO, and water. This reaction was shown to be enzymatic (3).
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Such a reaction was sought for in the pneumococcalstrains studied here,
but no evidence could be found for its existence. In the course of these
experiments, it was seen that when 16 micromoles of H,O, are added to
pneumococcalsuspensions, none of it disappears in the course of two hours
at 28° C. This suggests that destruction of peroxide by non-enzymatic reac-
tions cannot account for the low recoveries of hydrogen peroxide in the
respiration experiments,

A last point to be mentionedis the observation that an LC strain which
fails to oxidize lactate does nevertheless produce lactic acid from glucose in
the course of growth in non-acrated cultures. This is of some interest, for
it has been generally supposed that the metabolism of lactate is mediated
by a single enzyme, lactic dehydrogenase, which caneitherinitiate hydrogen
transfer from lactate to oxygen, or cause lactate to be synthesized through
the reduction of pyruvate (see Ochoa (11), for a reviewof the various origins
of lactate in intermediary metabolism). The characteristics of the LC strains
studied here permit one to suppose that lactate arises through the activity
of an enzyme whichis incapable of mediating its oxidation. Thus, in those

strains which do oxidize lactate, two independent enzymes maybe involved.
Onthe other hand, one might also suppose that the block introduced bythe
LC agentaffects solely the transfer of hydrogen to oxygen, withoutaffecting
the otherrolesof lactic dehydrogenase, and thus avoid the necessity of postu-
lating a secondlactate-activating enzyme. : ,

The finding that lactic acid is formed in normal amounts in the course of
growth of an LC strain in glucose-containing medium is of interest forstill
another reason. One might have supposed that the LC agent blocks glucose
metabolismat a very early stage, and that the enzyme(s) for oxidizing lactate
fail to be synthetized owing to the absenceoflactic acid to serve as an adap-
tive substrate. However, this cannot be the case since lactate is recovered
from the growth medium in amounts typical for homolactic fermenting
organism, and presumably is accumulated during growth.

Since both rough and Type III smooth strains have been cultured for
manyyears under essentially identical conditions, it is somewhat surprising
to find sucha striking difference between them with respect to glucose and
lactic acid metabolism. It could, of course, be supposed that the presence

or absence of a capsule plays a critical role in determining which kind of

metabolism is most advantageous. However, the answer is not so simple.

The roughstrain R36A wasderivedoriginally from an encapsulated Type II
strain, D39. Examination of D39 was not undertaken in-detail, and a few

experiments performed with it have not been included in the experimental
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section of the present report. Nevertheless, the data which were obtained

showed that strain D39 resembles R36A in that it, too, oxidizes lactate.

However, it differs from the rough strain and resembles the Type III strain

AG6 with respect to the quantity of O, consumed per molecule of glucose.

‘Therefore, the loss of a capsule may, at best, have favored the selection of
a pneumococcal variant possessing an increased ability to oxidize glucose.

One is still faced with explaining howstrains cultivated under identical

conditions can differ with respect to ability to oxidize lactic acid. At the

cellular level, no interference seems to exist between respiratory pattern and

the secretion of either Type II or Type HI capsule, for it was possible to
make by transformation Type II strains which did not oxidize lactate, just

as it was possible to make Type III strains which did. Therelative selective
values of the different combinations of characters were not studied, however,

and it is still possible that the type of capsule secreted by a given cell plays
an important role in stabilizing in populations a particular kind of respira-
tion pattern. It is more likely, however, that other factors acting in the course

of time have brought about the stabilization of different metabolic patterns

in the various naturally occurring lines of pneumococci.

SUMMARY

Evidence was obtained whichindicates that the normal Type III capsular

transforming agent of pneumococcusacts in anall-or-none fashion, at least

in the majority of transformations which it induces. No indication could be

found to suggest that these inductions produce a spectrum of bacteria having

graded abilities to secrete polysaccharide.
In the course of studying the transformations induced by this agent, a

new transforming agent was found to exist side by side with the capsular
agent in transforming extracts prepared from Type III strain A66. The

new agent was detected because the rough strain used in transformation

studies lacks this agent.

The new agent is called the LC (large colony) agent because its most
obvious manifestation is to increase the size of the colonies formed on petri
dishes by pneumococci containingit.

In transformations, the LC agent is usually acquired independently of

the capsular agent. Very rarely, both capsular and LC agents are acquired

by a single bacterium, in the course of a single treatment of a culture with

the transforming extract.

Metabolic studies showthat pneumococci which possess the LC agent have
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a diminishedability to respire in the presence of glucose, andfail to oxidize
lactate. Furthermore, they produce less hydrogen peroxide in the course of
glucose oxidation than do pneumococci which do not possess this agent.
The metabolic characteristics of LC and non-LC strains are uninfluenced

by the kind of capsule which they possess (Type HI, normal or mutant,
and Type ID).

Applying metabolic criteria to the study of many clones derived indepen-
dently by transformations with the LC agent and identified on morphological
grounds, it is found that these constitute a homogencous class with respect
to the metabolic properties examined.
The LC agentis thus responsible for a particular pattern of metabolism,

perhaps produced bythe introduction of a block in the oxidation of lactic
acid.

A typical LC strain produced by transformation was found to have the
following additional characteristics: a) a pronounced formation of co,
from endogenous sources which takes place only in the presence of added
glucose; b) an RQ atypical of lactic acid bacteria; and c) the ability to form
enoughlactic acid from glucosein the course of growth in unaerated cultures
to acccount for about 77 per cent of the carbon of the addedglucose,this
in spite of being unable to attack lactate oxidatively under the conditions of
the Warburg experiments.
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