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SUMMARY

Diploid and metastable strains of Dictyostelium discoideum were cutti-
vated in liquid medium for extended periods of exE:)or]ent_laI growth. A pro-
gressive increase occurred in the proportion of cells yielding stable haploid
clones. The haploidization of a doubly heterozygous diploid yielded the
expected segregant classes.

INTRODUCTION

chtyostellum discoideum is a cellular slime mould. The extraordinary capacity
of this group for multicellular organization has been studied by many workers. The
development of a suitable chromosome staining procedure (Wilson, 1953; Wilson &
Ross, 1955; Ross, 1960; Sussman, R.R. 1961) has focused interest onits cytogenetics.
Examination of mitotic figures revealed the existence of haploid and diploid
amoebae (Wilson &Ross, 1957; Ross, 1960) and the ploidal composition of a culture
was found to be stable and clonally inherited (Ross, 1960; Sussman & Sussman,
1962). Three general types of strains have been encountered so far: (i) stable
haploid, containing a negligible proportion of diploid derivatives; (ii) stable diploid,
containing a negligible proportion of haploid derivatives; (iii) metastable strains
containing appreciable proportions of both. The ploidal compositions of these
strains are maintained during serial subcultures and clonal re-isolations. Properties
of the three types of strains, including size distributions of spores and myxamoebae
and certain morphogenetic capacities, were described by Sussman & Sussman
(1962). They also specified some conditions under which each of the types could be
isolated from the others. The present paper is concerned with a more detailed
examination of the conditions of cultivation which permit the haploidization of
stable diploid and metastable strains.

METHODS

Organisms. Two stable diploid strains of Dictyostelium discoideum, . and » -1,
and one metastable stock, i-2a, were used.

Ctﬁtlvatmn. Mass and clonal cultures were maintained on SM agar in association
with Aerobacter derogenes (Sussman, 1951). Many of the growth studies were made
in liquid media of two kinds, the first being a suspension of washed A. derogenes in
m/60 phosphate buffer (Gerisch, 1960), the second a growing culture of A dETogenes
in a nutrient broth (Sussman, 1961a). Twenty ml. volumes in Erlenmeyer flasks

VoL 30, No. 2 was issued 25 February 1963

23

G. Kicrob. xxx



350 R. R. sussmaN AND M SussMmAN

were shaken (200 cycles/min. with a 1%5 in. stroke) at 22°. Growth was measured
by fotal and viable cel counts. o _ o

Size distributions or, sgo_res. Spores from haploid strains of Dictyosteljum dis-
coideum are reqular ellipsoids. Spores from diploid straing are much more irreqular
and often bariana, boomerang or serPe_ntlne In shape. In hoth cases, the. major
diameter is an accurate measure of cell size (Sussman & Sussman, 1962). Sizing was
done with wet mounts under an oil-immersion objective, with an ocular micrometer.
Spare lengths are given as micrometer divisions (1 division = 0-83 fi). _

Chromosome counts. The _stalnlnrg procedure involves fixation in Carnoy’s fluid
and exposure to aceto-orcein after acid hydrolysis. Metaphase chromosomes are
immediately and clearly visible under phase contrast and to some extent under
bright fielo” (See Sussman, R. R. 1961, for photomicrographs.)

o RESULTS N
Criteria used to detect ploidal composition

The fundamental criterion by which the ploidal varieties_have been defined s,
of course, the number of chromadsomes viewed in metaphase. The haploid number in
Dictyostelium discoideum is 7. Thus, of several hundreds of countable flgures In
strans ra and h-1, none was haploid, while haploid stocks derive later on from
these showed no leImd metaphase figures out of several hundred examined.
Strain i-2 ahas on all occasions Shown a dpreponderance (c. 90%) of diploid chromo-
some sets. Other metastable strains display a preponderance of haploid cells
(Sussman & Sussman, 1962). _

The size distributions of both spores and myxamoehag could be strictly corre-
lated with ploidy (Sussman & Sussman, 1962). This correlation made it possible to
diagnose the plaidy of a clone by microscopiC inspection of its spores. The criteria
used are: (a) the incidence of spores big enough, (dm > 16 div.) or small enough
ﬁdm A 8div.) to be at the hlqh extreme”of the diploid or the [ow extreme of the

aploid size distributions; (b)the mean major diameters of the Populaﬂons; (c) the
spore shapes. Many spot checks made by inspection of mifotic figures n the curse
ofthis and a grewo IS |nve,st|ga||on (Sussman & Sussman, 1962) stpport the validity
of this method of diagnosing ploiay.

The haploidization of strain ra

Twenty ml. of nufrient broth inoculated with ba myxamoebae at an initial
density of 104eells/ml. and 1 ml. of a 24 hr. bacterial broth culture were incubated
with s aklnfg at 22°. Plate-grown cells experience a lag, but ||qU|_d-q_rown amoenae
transterred from the log phaSe do not. Figure 1shows the growth Kinetics of two such

cultures maintained I continuous exponential growth ?_or_ 47 and 40 generations
respectively by serial passage. The generation time was initially about 4-0hr. but
speeded up to’ 3-3 hr. ‘after several passages, . Samples were plated at intervals.in
replicate to, yield clones. The ploidal compositions of these were scored b)r spore size
determinations and occasionall bg chromosome counts. Early sampiles yielded
nothm(I;_ but diploid clones, but latér samples gave rise to progr sswel{y Increasing
proportions of haploid_clones. Figure 2 is a summary of data for the two cultures

mentioned previously. These are froma total of four éxperiments and show hetween
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them the greatest variation.. In one, haploids were detected after onIIyBgeneratlons,
and by 30°generations diploids were undetectable. . n the other, haploidclones were
not observed until after 20 generations and diploid clones were still found after 45
generations. In the four exRerlments_, all of the clones examined were characteristic
Of either the stable haplophase or diplophase on the basis of spore size, Figure 3
shows the size distributions of sRores from 10 diploid and from 16 haploid Clones
chosen at random from_one of the experimental plates. They resemble the distri-
butions previously obtained for diploid and haploid stocks.
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Fig. 1._Growth kinetics of Diﬁt ostelium discoiHeum, itrainka. % O(efers Fo eneratiqn
tmies.T e arrows [ﬁ?SIgnatH. times at which samples were withdrawn for"plating In
order to score ploidal composition.

Fjsq. 2 Ang)pearance ofcgl's capable of ieIdin%ha loid clonesinc%ltures ofDictgosteIium
di c0\deu strain ra. . Clon .vveresBred [ (Eore.sue and chromosome counts In
samples taken at the times designated by the arrows in Fig. 1

Selective advantage of the haploid segre?ants of strain -

In both of the curves shown in Fig. 1 a significant increase in growth rate
occurred durng,the period of cultivation. This suggested that the shiftfrom diplo-
Phase to haplophase might have been gartly caused by haploid segregants growing
aster than their diploid progenitors. Several of the haploid clones to which straif
ra 1135 QIven rise urmP the sustained exponential growth in liquid culture were
reglate to ensure clona homol?enew/and hen grown mhgmd medium in the same
manner as described above. All grew significantly faster than the parental - . stock.
F|gure 4 summarizes the data for one isolate, strain 44-14. A reconstitution experi-
meént was made to see whether the faster growth rate of the haploid segregants could
account for the Plo,|dal shift observed I Fig. 2, Two liguid cultures were started,
one containing strain .. only; and the otheramixture of raand 44-14 initially in a
ratio of 86:14. Samples were plated for clonal analysis of spore size at intérvals
during sustained exponential rg\]rowt_h. Figure 5 shows that in the control culture
cells Capable of giving rise to Raploid clories were detected in the controls after

lls Capable of to Raploid cl detected in the controls after 13

23-2
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ﬁeneratlons and reached about 40 % of the tatal by 33 generations. Therefore, if the
aploid segregant grew at the same rate as its diploidparent when mixed with it,
the experimental culture which contained 14% haploids at zero time would have
been expected to yield the same curve as the control but displaced upward from it
by 14% Sthe |ower dashed line.in Fig. 5). If, on the other han, thehaplmdsergregant
could grow faster than its diploid” parent when mixed with it, ohe would Rave
expected the proportion of haploids in the experimental culture to increase very
much more steeply than in the control. If in"fact the difference in growth rates
between strains 44-14 and . were the same, as.shown in Fig, 4, one would predict
a curve like that given by the upper dashed Tine. As seen’in Fig. 5, the experi-
mental points do fall very near the latter curve.
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Haploidization and genetic segregation in a heterozygous diploid

Strain -1 is @ stable diploid which argse as a single clone from a mixed culture
of two metastable mutant strains. The first, 1-47, has fruiting bodies with yellow

(wild-type) pigment plus a second reddish brown soluble pigmeént which stains both
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the fruiting. bodles ang underlymg agar. The second, = 262, remains pure white.
. 15 diplGid and displays only the yallow pigment but a small o-1-1, percenta
dipl display: a/thyll p? t but a small tﬁ
of 1tS clones are haplojd and isplay pigmentation patterns corresi)on régtot
four segregant classes (1.e. yellow-brown, white, white-brown, and yellow (Sussman,
? he_haploid" segregants breed true both for_pigmentation and ploiay
whereas the diploid cloneS continue to segregate at low frequency.
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Table 1. Haploid segregantsfrom Strain -1 during sustained exponential growth
Pigment phenotypes

. %, of
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A liquid nutrient culture ofh was maintained in the exponential phase for 30
%eneratlons Samples were withdrawn at intervals for staining.. The Incidence of
apI0|d m|tot|c f|rqures rose from an undetectable level to 18% dunn% 23 generatins
Ié’ m‘pes Wereasopate and randomly chosen clones scared for ploidy
an mcubate urther to determine PI gmentation: T emmdence of haploid clones
rose from a negligible level to 14 % arter 26 generations (Fig. 6B). All clones deter-

% of cells yielding
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mined to be diploid retained the wild-type ,o_lgmentatlon. All thoge first determined
to be haploid, on subsequent incubation fell irto one or another of the four segregant
cla&ses descrllbe% above (Tatile 1). . R

ytological gbservation also revealed, in the later samples, an a ?reuable inci-
dence of tripolar and tetrapolar mitotic figures. An example of the former in
telophase 13 shown in PI. 1. A considerablé number of binucleate cells was also
detected. Strain . also displayed these anomalies.

Haploidization of metastable strains

Table 2 summarizes the results of an experiment with strain i-2a, After 23
generatlons of sustained exponential ?rowh the . incidence of haploid mitotic
Igures rose_sl_lqhtly_a_nd the Incidence of cells that yielded haploid clones increased
from a negligible initial level to 6%. Another metéstable strain, 1-47, in which the
rlrbajorlty (t)'f Cells are haploid, yielded a large proportion of haploid clones after only

generations.

Table 2. Haploidization of strain i-2a
A. Incidence of haploid and diploid mitotic figures

gerl}le?ét%ns di?)‘loo'id halgfdid has/f’oid
% 14
23 34 9 2%

B. Incidence of stahl 5haploid clones

A A TR Y

A T

DISCUSSION

The data jndicate that conversion of diploid and metastable stocks of Dictyo-
steliym discoideym to the stable haplophase occurs during growth and, in the ahsence
of clonal re-isolation, there Is a progte_sswe Increase In"the proportion of stable
haploids. Under certain cultural conditions this progess is facilitated by selectjve
agvantages enI]oyed by the haploid segregants, possibly because of the tncovering
of recessive alfeles aftécting growth rate, = T S

The mechanisms of diplgidization and haploidization in Dictyostelium discoideum
are unkpown at present. The existence of heteroz?/?ot_lc strains like h-1 forces the
conclusion that at least some diploids arise by celf fusion and karyogamy. Several
mechanisms of haploidization can be envisaged. An orthodox meiotic”reduction
Mmay Qccur such as Pr_oposed by Wilson (1953) and Wilson & Ross (1955g. Cyto-
logical support for this process is suggestive but equivocal. Vegetauv,e réduction
division by means of tripolar and tetrapolar mitoses s a second p 33|b|l|tI¥. Experl-
mental support for this includes the tri- and tetrapolar mitotic figures encountered
In haploidizing cultures (see PI. 1)nand observations of ternary and quaternary
fissions by time-lapse cinematography (Sussman, Sussman & Enriis, 1960). A third
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possibility is a flecemeal loss of chromosomes from the diploid b non-dlsgunctlon
or other ‘means. In this case the haplophase would be' preceded by transitory
aneu lOIdY lasting over several generations, The latter has been observed in at least
one fungal group, Aspergillus (Kéfer, 1960). At present it is impossible to choose
among tese hypotheses.

Support by grants from the National Institutes of Health (C-4057) and the
National Science Foundation (G-12900) is gratefully acknowledged.
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INTRODUCTION

Galactose is converted to rilucose in Escherichia coli b}/ a series of inducible
enzymes determined by genes Tocated in the ‘gal region’ of the chromosome, Three
enzymes and their corfesponding cistrons have beertidentified (Morsg, Lederber
Lederberg, 1956a, b Kurahashi_ 1957; Kalckar, Kurahashi & Jordan, 199
Ledererg, 1960: Soffer, 1961). These catalyse the reactions described by the
equations given below:

Gal+ ATP gy Gal-I-P+ ADP

eprmerase
UDPGal st D UDPG

U;APresent address: Biological Laboratories, Harvard University, Cambridge, Massachusetts,
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The followin(]] abbreviations are used: gal, D-Balactose; gal-l-P, D-galactose-1-
Bhos%hate; G-I-P, a-D-glucose-I-phosphate; UDPG, uridine d hospho?Iuc,ose;
DPGal, uridine d I:[;hothogaIactose; NAD, nicotinamide-adenine dinucleotie;
NADH. reduced NAD; ADP, adenosine diphosphate; ATP, adenosing triphosphate;
?alactokmase or kinase, ATP:D-qalactose-l-phosphqtransferase (EC 2.7.1.6);
ransferase, UDPglucose:a-D-galactose-|-phosphate urldylsyltransferase (EC.2.7.7
12); epimerase,” UDPglucose 4-epimerase ﬁE.C. 51.3.2). UDPG Brophos-
phorylase, UTP:a-D-gIucose-I-Phosphate uridylyltransferase (E.C. 2.7.7.9).

|t"was recently shown also that lack of tfie ‘enzyme UDPG pyrophosphorylase
results_in an indbility to metabolize galactose (Fukasawa, Jokura & Kurahashi,
1962). The gene controlling this enzymé is not located in.the ‘gal region™—nor is the
enzYme inducible by galactose. An oEerator locus within the™gal fegion’ (Kalckar
etal. 1959; Lederherg; 1960; Buttin, 1961) and a repressor locus outside this region
rgsp?,r%slgle for the control of the galactose enzymes (Buttin, 1961) have also been
Identified.

|t has been shown that the majority of kinaseless mutants are constitutive for
the remaining enzymes of the galactose sequence and.that revertants to galactose
fermentation‘are again induciblé. In this case constitutive synthesis can be inhibited
by methyl-/?-D-th|08a|act03|de (MTG), an nhibitor of induction for the galactose
efizymes; (Buttin, 1961). Constitutivity associated with fack of Kinase was there-
forg attributed to internal induction by a substance which in the wild type Is in-
activated by a functional kinase r(Jordan et al. 19621. The induction achieved by
the addition of D-galactose or D-flcose corresponds to an Increase In enzyme corf-
centration of onlya few fold; internal induction may be responsible for’the high
basal enzyme concentration even in the wild type. _

One exceptional, inducible, kinaseless strain was found in our laboratory
FYarr_noIm_sky & Wiesmeyer, 1959). This strain, w3092a, though inducible during
anrlthmlc growth, is nE enotypically constitutive in stationary phase. We pre-
viously reparted (Yarmolinsky, Jordan & Wiesmeyer, 1961) 4 phage-produced
alteration 0f enzyme inducibifity i this strain. It as found that treatment of
w3092a With phage, to effect prophage substitution, resulted in a change to con-
stitutive enzyme production in logarithmic (I1_rowth phase. Subsequent work has
shown, however, that our _orlg?mal Interpretation was erroneous, In these experi-
ments one uncontrolled variable was systematically introduced: the type of colonial
%owth Lrom hich moc&ﬂa were ta\ﬁn for the agr0¥vth of assag/ cultures. ILaEpffars
that a physiological moarfication, which may last for many génerations, takes place
Inw309ﬁa durlng copfluent rowth on solid medium. The hature of this modifica-
tion 15 the subject of this paper.

. o METHODS .
Materjals and meéhods, |Tclud|n23trams of Escherichia coli k- 12, were essentially

as described 1n Jordan et al, (192 _ _

Growth media. Tr Ht ne broth: 1% Difco Bacto-Tryptone with 0-5% NaCl.
1:5% agar was added for trx\ptone agar. _ _

Minimal agar: medium A" (Hartman, 1956). A salts medium with NH4t as

nitrogen source and 1% glucose as carbon source—with 1-5% agar.
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EMB agar: eosin-methylene blue agar (Campbell, 1957) 1% galactose was added
to make EMB gal agar.

Enzyme assay. The assay for epimerase, a modification of the method of Kalckar
et al. (1959) was performad on Tysozyme-disrupted or?amsms as follows. About
107organisms were mixed in the ‘cuvétte with an equal volume of a lysis mixture
(K. Péigen, personal communlcatlor%) (-3 mg lysozyme/ml. in 0T M-fris(hydroxy-
methyl)jaminomethane-acetate (pH 8-0),. conitainin 75x10 3M ethy Iene amlne
tetradcetate. The reaction mixture, conswtmg ofl cmo €S '% Xcme pH
l;mole UDPGal (WlesmeYer & Jordan 1%] mole NAD and 100 unlts

tromln er, Maxell, Axelrod & Kalckar, 1 fJDPG dehydrogenase, was
added to'the ysed or%msmsmmedmtely Itwas found that cells prepared in this
Wal%ha negligible NADH oxidase activity.

ost of th eassays reported in this papér were performed by, the above method.
I these cases, sgecmc activity was calCulated using ogtlcal density of the suspension
of organisms at 650 m /jasa measure of protemn. T obtain units comparable to those
previously published, it was estimated that an optical density at' 650 m/t of 50
corresporided to 1-0mg. protem/ml. Thus the unit used here; /;mole UDPG/hr/
Brgv?ggsl; 5, s roughly equivalent to /;mole UDPG/hr./mg. proteln the unit used

RESULTS AND DISCUSSION

For some time we were puzzled that the conversion of Escherichia coli, w3092a
to the constitutive state occurred only during prophage substitution experiments.
A close scrutiny of the protocols for such experiments finally revealed only one
variable which correlated with conversion to constitutivity—the type of growth
from which the inoculum for the assay cultures was taken. It seemed highly
unlikely that differences in the origin of the inoculum could account for our findings,
but a compilation of all relevant data seemed to bear out the hypothesis. This is
presented in Table 1. It is seen that, under the conditions described, in about four

Table 1. Effect of origin of inoculum on epimerase inducibility in

strain w3092a
Confluent colonies [solated colonies
"No. . . No. No. . . No.
Solid medium cons%?utlve inducible  constitutive inducible

o I
l\m}mzﬂ glucose 8
i R e e
U ot

inoculated ¢ ¥res w? etween 0 g onstit t|ve and'in uc| are defined as a spe
activity ratio of + gal/ —ga growncultureso < 2-hand > 2% respect |ve

out of five cases, cultures derived from confluent colonies behave as if they were
constitutive, while cultures derived from isolated colonies are inducible. While
results for epimerase only are reported here, experiments in which transferase was
assayed indicate that this enzyme behaves similarly. Furthermore, the method of
cell disruption appears to be immaterial. Initial experiments \ armolinskv &f @
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1961) employed sonication and yielded results comparable to those obtained later
with lysozyme.
Wit ﬁ¥s encouragement, the eerrlment shown in Table 2 was performed. A
culture 0fw3092a WAS streaked on gar to obtain isolated colonies. Some of
these (column A& were used directly as indcula for cultures to be assayed, others
were first restreaked on EMB plates to obtain confluent growth (column B). Clearl
all strains under column A, derived from isolated coloriies, are inducible, while all

except one under column B, derived from confluent colonies, are constitutive.

Table 2. Effect of orlgm of inoculum on epimerase [evels in

strain w3092a and its reversibility on Solid medlum
U U
Tyl e s R
Mis o wM | gy ST
- m %%f@i =

40117 13119 ﬁ%g -
ee 1 ol

T“rﬁs%” e ““Y flesghen! ”“‘f%%ﬂ%%?ﬁ*é?e%o? aons growth 1 iyatone brath

me aactose was absent (present) In the rot tre, The source of the

|n cu um or eac rot re |3| |ca1 hy the colu nhea e cu tures esc ihed 1

anere romtose es r|e co um n romt te an
stre ng ouf on artoo tam coomes |m|EI t [tures o eo umn

wele erived bQ’P mthe con uep Hwn ﬁo umn tu es on t? the Indicate med
R romt ata mt s colu ere |a 0o (nhi mop ngrge synt esg
?Iuc se| this strain, W092a gucose efrect is. opserved in liquid cultures (Jordan etal. 1

ts absence here may be due to deplétion of glucose inthe medium.

|t was of interest to find out whether the phenomenon was reversible and whether
it was medlum (e endent Conceivably the medium could contain a repressor of
enzymes ynthesis to. which strain w3092a is sensitive and which 1S locally. depleted
conf uently gfrowmg cells. Such a repressor mlght not be present in minimal salts
edium, Pus were therefore picked from the streaks of column B and re-
streaked 0 ob ain isolated or confluent colonies on EMB and minimal glucose aPars
Column C indicates that the phenomenon IS fully reversed by growth as isofated
colonies. Columns D and E show that minimal solig medium gwes essentjally the
same resyls as enriched medium. 1t 1s therefore unlikely that & repressor from the
medium IS invojved.
Galactose might be formed endogenously in strain w3092a from UDPG by
reversal of the reactions cata|¥sed Dy epimer se and transferase and cleava%e of the
gaI-I-P. Under conditjons of confluent growth 1t might accumulate in this way,
ausing induction, while in the case of |solated coloriies 1t could diffuse into the
medium. As pointed out above, w3092a increases its level of epimerase when grown
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into stationary phase in liquid medium as it does in confluent growth on a solid
medium. This may also represent internal induction operating in w3092a during
post-logarithmic growth.

Internal induction has been shown to occur in other kinaseless mutants previously
studied (Jordan et at. 1962), in both post-logarithmic and logarithmic growth phases
by demonstrating that MTG could prevent constitutive enzyme synthesis. The
results of a comparable experiment with strain w3092a are shown in Table 3.
Suspensions of organisms from confluent growths on EMB or tryptone agar have
high concentrations of enzyme even though no galactose is added. However, when
MTG is present in the agar, or in liquid medium during subsequent growth of the
culture, the enzyme level becomes low. Similarly, the increase in enzyme concen-
tration on going from logarithmic to stationary phase is prevented by MTG. The
results therefore bear out the hypothesis that constitutivity in w3092a is the result
of internal induction in each case.

Table 3. Reversal of constitutivity in strain w3092a by the
inhibitor of induction, methyl-f-v-thiogalactoside (MTG)

(RSP 2 BERETESs

| i
Confluent colonies On EMB agar ﬁl : ]
On Tryptone agar %@1 — —
On Tryptone agar+ MTG %00 - -
Logarithmjc cult ived On EMB agar - - -
A e o g i éj qa
SR
On Tryptone agar lé . %3 %8
Cultures derived from a slant ~ log. phase 1-7 19—3 ﬁ
post-log phase 5 17 :
|:or assay of confluent colopies t%ell suspensions were made in t%ptone broth. Logarithmic

culfures refers to cells.grown about three.generations in tryptone bro

*{Eaﬁactose or Ulstagwere present urir?g growthaln%ra/tﬂ.
It should be noted that cultures derived from confluent growth on a stock slant
are not constitutive. ThIS ai)pears to be related to the a? of such slants. It has
been found that after several days storage at 4°, confluently g(row_mg 0rganisms no
longer are constitutive after growth in broth. Previous to” experinients nvolyin
prophage substitution gYarmollnsk et al, 196]3 the ingcula for the growth 0
w3092a culfures had been taken from slants stored several days in the cold. Since
freshly made solid cultures of w3092a were first used routinely in the course of the
Prophage substitution e,xPerlments, we observed the dependence of enzYme coneen-
ration on the growth-history of the inoculum at this time, and mistakenly attributed
the alteration’in enzyme concentration to the treatment with prophage.
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The high enzyme concentrations observed after internal induction on solid
medium may bé retained through man¥ generations of logarithmic géowth, 8
illustrated in Fig. 1 A suspension of con Iuent_l%grown organisms from EMB agar
was inoculated into tryptone broth with or without MTG and maintained in [og-
arithmic growth for 15generations by successive dilution every third generation. 11
seen that in the absenCe of MTG the specific activity of epimeraseremained high
for about 5 generations and then decreased slowly to’reach a stable, low level after
12 generations. In the presence of MTG the enzyme activity decreased more rapidly
reaching after only three generations a level equal to the lowest level attained in the

12

-
o

©

Sp.act. of epimerase
(umoles UDPG 'hr./OD650 5)

~
[ N U SRS SRS WO NN NN SN (NN SR SN TN NN N . R R B
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Logarithmic Post- Logarithmic
logarithmic
Generations of growth

F*g. I]I Kinetic O{decreas? of epimerase acﬂgm after intenal m?uct on. Asus enilo
0re Wfﬂwe r(?m Cﬁn luent ¢ Iomﬁs on %a arand inoculated into broth + 10-
m-MTG. At the end of the 3rd, 6th, 9th and 12t ner%tlopst e cultures were dilute
tenfold to maintain them n lo arthch rowth. After the [oth ge Sratlon the cu tureé
ere%.loweéi t0 g0 Into post-lodarithmic phase (until an o.q.650 0f 10 was attained) a
then dilyte lto esume ogarlt IC qro th -— dashed horizonta] line represents the
average basal enzyme Tevel in this strain during logarithmic growth in tryptone broth.

absence of MTG and finally. levelling off at about one-half this value. This indicates
that in this particular stréin there’s a slight degree of internal induction even in
logarithmic phase. _ _

\fter the fifteenth generation the cultures were allowed to overgrow, until an
optical density at 650 iz of 1-) was reached. At this point they weré'again diluted
and NPermltte to resume logarithmic growth. As seen in the figure, in the absence
of MTG the enzYme concentration rises sharpl d,urmg post-logiarlthml_c growth.
If the cells are allowed to continue post-logarithmic growth, for Tonger times than
in the experiment illustrated in Fig. 1, coricentration3 of epimerase two- to three-
fold higher than those attained on’solid medium may be obtained.
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Upon suspension of cells in fresh medium after ?rowth into stationary phase, the
specific activity of epimerase falls exponenUaIIV 0 the basal level at the rate ex-
reg\t/\?t if internal induction ceases immediately upon resumption of logarithmic
Upon suspension of organisms in fresh medium after confluent growth on solid
medium, however, the specific activity of epimerase remains high™ for about five
generations and_ then decreases at a on-exponential rate much slower than that
Observed after dilution of stationary phase liquid cultures. This result sug(%ests that
during confluent growth on solid medium internal inducer accumulates to a con-
centration re umnq_ several_generatl_ons of growth to be diluted out helow the
threshold concentration required for induction. _ _
. The observation, that in stationary phase cells epimerase concentrations are
initially higher and f){et decrease more raplaly upon suspension In fresh medium than
In cells grown eon uentlﬁ on solid medium, seems paradoxical, [t may be that
?rowth conditions affect the synthetic capacity of the'culture or the rate of elimina-
lon of the presumed internal“inducer.

Table 4. Independence of the @ character and lack ofgaladokinase

TN s

Strain -gal +10 M-gal  +gall-gal

W3(%92a - X
k_from w 3092ak g . :
Average of other K .strains — = *
Averaae 0¥ gap+ strains — — .%*

538%}/05” atteg%;%%mr aetg %? Jgg gﬁhgtwgipfgagf cultures derived from overnight cultures.

If the organisms are ?rown in broth contam_lnlg MTG_after growth on_ solid
medium, thelr epimerase fevel decreases more rapidly than if they are grown in the
absence of MTG, but not as rapidly as would he expected if MTG immediately
Inhibited the induction of epimerase completely. This suggests that MTG acfs
comﬁeutlvely with the ,Pres_umed Internal inducer and cannot Inhibit enzyme
synthesis completely until this inducer has been diluted ouf by growth.

Strain w3092a arose spontaneously .in our |aboratory fromangther kinaseless
strain, w3092, which appears constitative in all (irowth phases. This suggﬁsts that
expression of inducibility In w3092a 1S the result of a mutation other than that
leading to loss of kinase aCﬁIVIt . ?ne would therefore ex(g)ect that other kHw seless
strains derived from a galactose-fermenting revertant of w3092a Should be In-
ducible. This was found t0 e the case. The révertant w3092ar (described in Jordan
et al. 1962|) was treated with 0-02 % 2-amino purine accordln? to Demerec (1960).
Of the galactose-negative mutants obtained, two were kinase ess_bK the following
criferia.” They were transducible to galactose fermentation at high frequency b
Wlld-t;pe transducm? phage, but only at low fre uency_bx transducing phage frofh
w3097a. The gal + cofonies obfained t_IowfreEu ncy With w3092a are presimably
the result of crossing over within the cistron. Furthérmore, phage lysates from the
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presumptive kinaseless mutants yielded many more gal +colonies on epimeraseless
or transferaseless indicator strains than on the kinaseless w3092a. The appearance
of some gal +colonies in crosses of the new kinaseless strains with w3092a indicates
that neither of the new strains_carries a mutation identical with that in w3092a.

Epimerase assa%s Were Performed on the new kinaseless. strains, derived from
w3092r. Table 4 shows that epimerase Inboth of these strains is inducible, mdlcatlnq
that the mutation permitting inducibility to be expressed is a character independen
of the mutation to kinaseless.

This work was supported by PHS research grant E-3832 from the National
Instltute of AIIer%Y and Infectlous Diseases, Public Health Serwce and ?rant
9 from the National Science Foundation and was submitted YE e Jordan
redoctoral fellow of_the National Institutes of Health, in partial fulfilment of
re uirements for the Ph.D. degree at the Johns Hopkins University.
his 15 contribution No. 375 of the McCollum-Pratt Institute.
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INTRODUCTION

The problems associated with citric acid production by fermentation have been
reviewed by Foster (1949) Johnson (1954) and Perlman &Sih (1960) In fermenta-
tions with Aspergillus niger, the amount of growth must be small and the medium
must contain only very small concentrations of trace metals. These conditions pre-
sent a serious problemwhenattempting to carry out this fermentation onanindustrial
scale. A major difficulty experienced by all workers is associated with inconsistencies
in yield. In attempts to solve these problems, strains tolerant of trace metals have
been selected (Bernhauer, 1929 Doelger & Prescott, 1934 Bernhauer, Knobloch &
Iglauer, 1941), or substances to inhibit growth have been added to the medium.
Gardner, James &Rubbo (1956) used X-rays and ultraviolet irradiation to produce
mutants with a higher tolerance of trace metals, Per|man (1943) Gerhardt, Dorrell
& Baldwin (1946) Bernhauer, Rauch & Gross (1949) and Martin & Waters (1952)
used potassium ferrocyanide to decrease the trace metal content of beet molasses
media to inhibit growth and increase the yield of citric acid. Moyer (1953) found
that methanol, ethanol and isopropanol decreased growth and increased citric acid
production from cane and beet molasses media. The present paper describes the
selection of a potentially high-yielding mutant of A. niger strain 24 and the effect
on the yield of citric acid of adding various lipids to the fermentation medium.

METHODS

Orﬂanlsms The parent culture was As éJeI’gI”US niger Wisconsin strain 124 atce

(Perlman Kita & Peterson, The mutant used in the present WOTk

strain 2-44, was selected after ultraV|oIet (u.v.) irradiation of the parent
2 G. Micrab. xxx
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culturel. Stock cultures were maintained as freeze-dried suspensions of spores in
ampoules.

nﬁ) ediaforfermentations (Table 1), Four different media were used for shaken flask
fermentations, two_for the scr_eenln? mutants after u.v.-irradiation and twq for
testing the effect of [ipids on yield of citric acid. The media used for testln? lipids
were Modified from those reported by Shu & Johnson (1947, 19484, b). Al media

b
were initially at pH 3; medium was dispensed in 50 ml."portions in 506 ml. conical
flasks and altoclaved at [100for 10 min.

Table 1 media used in shakep-flask citric_acid fermentations by Aspergillus

niger mutant 72-44
Mutant screening Liid tsting
con,\s/lt?tdulgnts L?nV\éttgfsce le%gttarlasce Medium A Medium
L (@1t
iursr sg 4HO 14@g 145_8g 14&)_8g 14?_%
MBS T R
(mg./1) (mg./l)

woor BB R

The sucrose was Al grade commercial cane sugar (Colonial Sugar Refineries,
Australia). A 14% W/V_?SOlUtIOﬂ was passed through a cation exchange.resin Zeo-
carh 215 (Permutit Co.) in the H+ form, and the effluent was tested for residual trace
metals. It was found to contain (emg.ll.g:_Fe++, 0J ; Cut+, 0-05; Zn++, 0-05. The final
concentrations of trace metals are listed in Taple 1 A.R. grade chemicals were used
for all media and no attempt was made to urlf}/them further. Pyrexglasswarewas
used to handle media and solutions of defined trace mefal contet andl was cleaned
In the usual way, washed in 10% 1v/v) solution of redistilled concentrated HNOs,
and then rinsed three times with glass-distilled water.

In most cases lipids were added to media before autoclaving. To avoid oxidation,
some of the highly unsaturated lipids (e.g. linseed oil, tung oil, linolenic and linoleic
acids) were added to the sterile medium just before inoculation with spores.

Conditions of cultivagion. All cultures were grown at 30°, All fermentations were
carried out in shaken flasks. The shaker was housed in a warm room at 30° and was
rotated at 210 rev./min. with g 2 in. amplitude throw, The table of the shaker haa
clips to hold 500 ml. conical flasks which were tilted at 15° to the horizontal to
|m6nr0ve mlxmg. The sulphite value of these flasks, containing 50 ml, of solution, was
(-6 as aetermined by the method of Cooper, Fernstrom & Miller (1944).

Inoculum preparation, A stock freeze-dried culture was transferred to a beer wort
algar slope. (When sporing wgorously, the orqanlsm was subcultured to_20 similar
slopes, When these Were Spo mg they were Stored at 4° until required, The Spores
were then suspended in a ‘1/10,000 (v) sterile solution of Soaxit (sodium didctyl-
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sulphosuccinate; W. Hermon Slade & Co., Homebush, New South Wales, Austraha&
and s?re_ad over the surface of beer wort agar inan 8 In, Petri dish. To achieve goo
sporulation It was necessary to raise the lid'of the Petri dish about 0-5 cm. The spores
from the plate were harvested in sterile Soaxit, counted in a haemocytometer and,
{r?uslawﬁ ?Ieats Seen 7x107and 2 x 10sspores were used to inoculate 50 ml. of medium
_Estimation of citric acid, Routingly, the yield of citric acid was measured by
titrating a 2 ml. sample of culture fluid against 0-25N-NaOH (phenolphthalein ds
indicator), and expressed as g. anhydrous citric acid/200 ml. of culture fluid. To
determing whether the titratable acidity was due to citric acid alone, spot tests for
oxalic acid were made according to Feigl (1960), citric acid was determined colori-
metrically according to Marier & Boulét (1958) and chromatograms of the culture
fluids were run with'two different solvent systems, butanol + aCetic +water (Smith,
19613 and butanol +f_orn§c+sod|um formate + water (R. S. D. Read &N. F. Millis,

personal communication, _ S

Estjmation of sugar. ugar was estimated before and after fermentatin usmg
Schatter &S_omoqyl’s reagent 50 (1933). For the initial sugar determination, th
sucrose was,inveried by heatm? a 1ml. sample at 100° in 5ml. of O-Ln-HS04for
10 min. Acid inversiori was ng necessar)( for residual sugar determinations.

Estimation ofmould growth. The amount of mould growth was estimated by deter-
mining the dry Wel_gh% of mycelium formed. The contents of a shaken flask were
transférred to ‘a weighed Watman faﬁer No. 541, washed three times with water
and the mycelium dried at 60° for 24 hr. before weighing. When the fermentation
was carried out In the presence of lipid, free lipid was removed by thoroughly wash-
ing the water-washed mycelium with ethanol before dr¥|n o _

Estimation of oil utilization. 10 eXtract the oil after Termentation the mycelium
was removed by filtration, washed with water and the filtrate and washings com-
bined. The volume was reduced to one-tenth by vacuum distillation, The conentrate
was mixed with 10vo. ethanol and held overnlq_ht at 4°, The polysaccharide pre-
cipitate which formed was removed by centrifugation and washed with ethanol. The
Stfjfpernat_ant fluid and the ethanol washings were combined and the ethanol distilled
off. The lipid was then extracted from the aqueous residue with ether. The removal of
the polysaccharide, was necessary to avoid the formation of emulsions at the ether
waltterr én]gletl‘(jace which occurred when ether extraction was attempted directly on the
culture fluid.

The mycelium was dried at 60° for 24 hr., ground to a fine powder and lipid ex-
tracted with ether in a Soxhlet. The ether was distilled from both extracts and the
residue weighed after drying over phosphorus pentoxide,

Estimation ofjodine valye. ] ne lodine Value of peanut oil samples was measured by
Hanus’s method as described in official Methods (1955), _

Estimation of peroxide value. TNE Peromde value “of peanut oil samples was
measured by the iodometric method of Jacohs (1958). B

saponification. Maize oll was separated into a saponifiable and a non-saponifiable
fraction by refluxing with ethanolic KOH as described by Hilditch (1956).

24 2
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RESULTS

The results reported here are the avera]ges of duplicate fermentations. The diver-
gen%:e hle(t)v(%ere]rlr the yields of citric acid in duplicate fermentations was not more than
I colction of mutant 7244 o Aspergillus niger

The soores of the parent strain Aspergillus nrger 12-4 were haryested from beer
wort, filtered to rem ve clum 5, counte In a haémocytometer and standardized at
1- 2 x 10Bspores/ml. Onem of seoresuspensron was placed ina 4 in, Petri dish on a
rotating table 12 cm. below a u.v. famp (Sterilamp, 2537 A, Westinghousg) for
10 mrn Sm oreswerethen spotted outon ﬁaperas described by James, Rubbo
ardner 956 exceptth atthe paperwassoa ed for 3) mrn |named|um contarn

|n|3 cane sugar (Al grade commercial): 1-00, K th

187 NH %20 Fett; 20, Cu, 1OZn++ mI 2100 0f0-5%

v) bromeresol ?reen |n ethanol. Thrs medrum Was selected n Pla e of molasses
usedb James etal., since the zones of acid pro uctronwere more clearly defined and
the. concentrations of trace metals morea curately known. About 40,000 colonies
which developed on paper from irradiated spores Were msRected of these 120 were
selected as potentially better producers ofcrtrrc acid than the parent. These selected
colonies were %rown on beer wort atgar dl oroes and the spores tested for the yield of
citric acid I |ns aken-flask rermentations in two media, ong with a high-trace metal
content and the other with a lower-trace metal content (Table 1). Mutants which
yielded well in both media were tested twrce more and when they behaved con-
Sistently they were retained as stock cultures. Final ?/ mutant 72-44 was selected as
the most promising and used for all work reported in this paper.

Table 2 Yield of citric acid by two strains of Aspergillus niger at 7 days
R tts”h44
Growth medium

Meime  1E K

A compa |s nofthe yields obtained with straing 72-44 and 724when grown n

media A and B are shovin in Table 2. The mutant 7244 gave about 5¢. more citric

acid/100 m Lth drdtheparentstrarn Thesu erorr |n |eId ththé m tantwal

not as marked en both strains were rown nt [ese ceo peanut or Detal

oft eco |t|oRs offerment tion Whrch ead to hrghyrelds ofcrtrrc acid with mutant
wr e the subject 0 another paper.

Number of spores needed in the inoculum

Early in the studg of condrtrons necessary for the accumulation of citric acid in
shaken flasks, copsiclerable varjahjlity was eXperienced unger conditions which were
apparently dentical. Some of this variability was traced. to the number of sn]ores
used in the inoculum. Fig. 1 shows the yield of citric acid from Medium A when the
spores in, the Inoculum were varied, I’ two separate experiments, from 1x 10®to
X 10850 ml. of medium. Fig. 1 shows that the yield was best when the noculum
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size was between 7 x 107 and 2x 10s spores/50 ml. medium, Subsecwently it was
found that the yield of acid was always poor when inadequate numbers of spores
were used or when the germination of adequate numbers of spores was inhibited.

Effect of the addition of lipids on the citric acid yield

Following an observation that peanut oil increased the yield of citric acid in
aerated and stirred fermentations, a systematic investigation was made in shaken
flasks of the effect of various lipids on’the yield of citriC acid. In any. Series of fer-
mentations contalnln([q test lipids, controls'were included with no lipid added and
WI'[hZ%_(V/\Q peanut oil present. Generall the_testll?|d_vvas added to medium A
gtu% rggglsum Was used for some tests, and the yields of citric acid were determined

Olee

Yield of citric acid (g./100 ml.)
a2 o
T T
°
[e] [
o ®
o
o
e ©|e
[co) BN J
O
.

1 1 1 ]
108 107 108 10°
Spores/50 ml. medium
Fig. 1. The effect of the number of spores of Aspergillus niger 72-44 in the inoculym
0 t%e yield ofcmtnc acﬂJ in s%a&enpcufture. E)D: gxpenm nt 1;é:exper|ment 5

Table 3. Lipids which inhibited growth of Aspergillus niger mutant 72-44 at 7 days
adgﬁ(t)ion” Lipid Pf%],u\t//?/”
Lipid added anogy ... Ciic acid fglo0 i)
20

Natural animal oil: mutton bird No growth

Saturated fatty acids: ﬁ 2
Propmmc ,utx 1

A
el G e e

*
Pic’ Isovaeric
Gy ).
finde aino%cp(ll%)? )
Unpinel S fee
% . qdecengc(’Z}, AT 213)005-10 4584 Nogrowth  6-5-10-4
Glyceride: tributyrin 20 51 No growth 80

* Figures in parentheses refer to the number of carbon atoms in the preceding fatty acid.

005-10  50-8-4  Nogrowth  8-4-10-4

It was found that some lipids either inhibited spore germination completely or
allowed very little gro_vvth of the mould, and_no citric acid was formed at 7 days,
These lipids"are listéd in Table 3. The f&gures in parentheses indicate the number of

carbon atoms in the preceding fatty acid” Saturated and unsaturated straight-chain
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fatty acids contamlnP from 2 tg 13 carbon atoms were inhibitory to growth. Some
lipigs allowed norma _grovv_th of the mould but gave no Improvement'in the yield of
citric acid. These are liSted in Table 4. The figures in parentheses indicate the number
of carbon atoms in the preceding fatty acid.” Other lipids, listed in Table 5, allowed
growth of the mould with increased yields of citric acid.

Table 4. Lipids allowing growth hut not increasin7g citric acid yield by Aspergillus
niger mutant 72-44 at 7 days N
ganut 0l

lifon  Linid (355 1)
Aot Citic acid (@00 .
Lipid added ooy Cired (ghoom)

Naatfiﬁl %eggﬁ?laete%'?ét% g goon 240 50 50 8

Chacgo - urated fally acids: s 0510 5085 60-65 82
Natural animal oil: cod liver 2-0-100 52 2-6-5-2

| mineyal oils; liquid paraffin, light
i e

icatin
Saturated fatty acids; fridec ?ic(3*, myristic
MﬂlRweggia?i%gxﬁs,@a’cI?i%l{c%&ﬁ)%lg)’ (505 484 52 65104
Stearic, 12 OH-stearic, 9,10-0i-OH-stearic (18) &2%‘

20-100 60 20-6-5 95

. . (%. viv)
Unsaturated fatty acids: 14 pentadecenoje (15),
Ipnsoqelfc, Leno emtg, %Cclmsolellc El , erucic (525 ) 0-0/- 0/ 50-8-8  28+4  T7-0-107
Vaccenic (18) 0-& b, W)
Esters of fatty acids: ethyl stearate, ethyl -
clee. metyl noleste” 00 473 4990 74005
Glyceride: monoricinoleate 10 -3 58 10-3

(%. wiv)
0-05-40 740 40-7-0 92
* Figures in parentheses refer to the number of carbon atoms in the preceding fatty acid.

Tables 4 and 5 show that the I|P|ds which increased the led of citric acid were
natural |Ils high jg un alurated atty acid, gl}/cende_s Wit ﬁt least one CI8 un-
saturated rattyacid and oleicacid itseff. Natura] oilswith ahigh content of saturated
fatty acids, saturated fatty acids and fatty acid esters were not effective. Of the
CI8 unsaturated fatty acids tested, only oleic acid (one double bond) was active;
lingleic and linolenic &cids Stwo and three double bonds, respectively) Were not able
to improve the yield of citric acid. In later experiments ¢ mpann? oleic acid and
Beanut oil, oleic Sometimes increased the citric acid yield as effectively as peanut oil,

ut more commonly peanut oil was_superior. _ L

In further exPerlments, natural oils which improved the Yleld of citric acid were
treated n different ways and the treated oils tested. The yields of citric acid were
estimated after 7 days. Peanut ol was dialysed for 4 da saﬂamst mediym A and
then used in a fermentation. Maize ol was fractionated (Hilditch, 1956) and the

S&S{)itan ester: polyoxyethylene oleate (Tween
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unsaponifiable fraction, glycerol and the mixed fatty acids from the saponifiable
fraction were tested. Pednlt oil samples were hydrogenated to give fodine numbers
of 75 and 52 and these oils were compared in fermentations with'the orjginal peanut
oil, iodine number 9. Peanut oil with fodine number 52 was added 24 hr. after
inoculation, since germination of the spores was inhibited when this_oil was added
with the inoculum. The results of these fermentations, are shown in Table 6, which
shows that the activity of the ail lay In the saponifiable fraction, that no activity was
|ost with dialysis and that there was little loss in the ability of peanut qil to increase
the citric acid yield until the iodine number had been detreased to 52.

Table 5. Lipids increasing citric ag{d7 }ggl% by Aspergillus niger mutant 72-44

Lipid (%, viv) .
difon 3040 w00 R

Citric acid g./100 nil.
* Lipid added !
Natural %I:S
Vegetable .
gfiafﬁm leie 70% Wv
mongp ﬁn medium B 11-2 .
nsee 56
1z¢ 78
Ive 98
eanyt %1
pik B
R 0% (W) 0 o
Elgeostearic 509
ﬁ"r?gea%ed(ﬁrﬁwéﬁ) \ \
A
Ui 30% (s CAlp 2
pgl ethenoid 40 % (wiv)
Ol 500% (i) e
o B i
Lipid (%> viv)
| “05 14 20"
GIBcendes

U N B
: 80 -

roleate . .
g)(rll]eaﬁecdg-is&gagp eanut oil
A A

Fatty acid
%Xsﬁﬁlir ted
Oleic ?18) 60-7-9 662 7899 8199  9-4-109

Tl

10 ) ) 111 11-5
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Effect of 2,4-dinitrophgiiol

Several fatty acids including oleic acid are known to uncquple gxidative phospho-
rylation and t0 increase the respiration of isolated mammalian mitochondria (Press-
man & Lardy, 1956). Since oleic acid and natural oils high in oleic_acid were the
only lipids effective In mcreasm% the citric acid yield, it séemed possible that these
substances might be uncoupling the rate-controlling effect of é)hos_pho_rylanon in this
fermentation, “This would allow more, rapid respiration and oxidation of reduced
ridine nucleotides and so Increase citric acid production. The effect on citric acid
?_eld of 2 4-dinitrophenol, a typical uncoupling reagent of oxidative phosphorYIa-
jon, was therefore tested. 2, -DIHI'[FORhenol Was added 1o a series of flasks at two
concentrations on different days of the fermentation, The yields obtained, after
» days are shown in Table -, which shows that 2 4-dinitrophénol at 10-s. did not

increase the yield of citric acid; at 107}, the yield was decreased and growth
Inhibited.

Table 6. Effect of different treatments of maize and peanut oils on their ability to
Increase the yield of citric acidfrom Aspergillus niger mutant 72-44 at 7 days

. Yield of
Lipid added Ameuntarie - il
No additi -
Pga%utloli?rgjialysed 4 days Q 8%
Peanut oil not dialysed : @
o.addi.ﬁion
aize ol 8

P PXQPQOP  FIFIG  QO—NGT QO
OO POUTIRNOLLD —~JCoO OUTIOO PO

é
Unsaponifiable fraction of maize oil <%§-Vfév)
0}

Glycerol {0

0
Saponifiable fraction of maize oil 02 )
No addition.
eanut aif, iodine numbper 58 ﬁ
R e 0 D
S0 st mocupatwn) 24 86

Effect of biotin.  Since biotin is able to substifute as a 5%ro_wth factor for un-
safurated fatty acids in some micro-organisms (Nieman, 19 0) it was tested for Its
effect F&l citri¢ acid accumulation. Over the range (-2 to 40-Otg /1. 1t had no effect

on yle _ T
Amount of oil required and time of its addition

Peanut, maize and olive oils each gave good yields of citric acid when added at the
2%(v/v2|n medium A Table 8 shows thé rﬁsut at 7da sf?ISowm the addition of
various amounts of oil. These results show that above 2% (v/v) there was no further
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marked improvement inyield. For subsequentwork 2% (v/v) peanut oil was selected
since peanut was the cheapest effective oil. In another experiment, 2% (v/v) peanut
oil was added on different days after inoculation and the citric acid determined after
7 days, It was shown that the oil could be added and give an increase in the citric
cid f]eld.elther.on he day of inoculation or 48 hr. after inoculation; added later

than this it was ineffective;
Table 7. Effect of 2,1-dinitrophenol on citric acid yield by Aspergillus niger
mutant 72-44 at 7 days~

Day.of chr?cldagllc
Addition adg}{ion (9.5100 mﬁ

Nil _

il 20

S el %M % '

o I

l§_4m : I

(AN %)

Table 8. Effect of different amounts of ve?etable oils on_the yield of citric acid
with Aspergillus niger mutant 72-44 at 7 days

Oil added
’%EW%HB%)Sf VA2 i aditlthoo m) O

%. viv
%% %
0
5 &
The mycelial growth form was affected by the concentration of ail. In the absence
of ail, the best Vields of citric acid (6-7 g.100 ml.) were associated with small fine
pellets 1-2.mm.” in diameter, while larger pellets 3-4 mm. or porridge-like growth
Were associated with poor yields of 4 ¢. cifric acid/100 ml. |n the presence of 2%
(v/v) ail the pellets were about 1-0 mm. in diameter, with the highest yields associated
with pellets less than Imm. in diameter in a fermentation mash of very low vis-
ﬁ%%'%] In addition, at the end of fermentations which yielded > 9-5 ﬁ citric acid/

some of the oil remained free in the medium as firm oval pellets of about
4x3 mm. with the consistency of margarine.

Utilization of oils

Microscopic examination of the mycelium showed the oil to enter the hyphae
within 24 hr, of its addition, where it was clearly defined in droplets. The amount of
ol used by the mould was determined by adding a weighed amount of peanut oil to

LA |
| RRRAATAE
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medium B in each of six flasks, The flasks were harvested after 7 days, Rooled and
the fermentation liguid, m;icehum and solid oil pellets extracted with ether as out-
lined In Methods. The results are set out below:;

il added X
Ol 1gecoever?d from:
f”e‘{ceeh”% iguid @@2
sop(]m pewets -
Total recovery 1-73
Recovery (%) 24-8

In_this experiment, the addition of Zq. 0il/100 ml. resulted in an inrease in citric
acid yield of 2 9/100 ml., with 25% ofthe oil recovered, Other experiments showed
that ol caused’no significant increase in dry weight of mycelium.

Properties of the recovered oil

As already indicated, the free oil which remained after fermentation was markedly
chan%ed in 08hy5|cal properties when the yield of citric_acid had been increased by
110 3./200ml, In experiments where the yield of citric acid was unaffected by
added Qil, the ail remained fluid to the end of the fermentation, indicating that the
change in the physical properties was associated with its effect on citric acid yield.
Changes in the melting nEomt of ails can be caused by various changes in the fattrx
acids of the oil, for example,_a change In chain lengtti, the number Rosmon or cort-
figuration of double bonds (Devel, 1 572. I addition, oxidation of the double bond
to, form epoxy acids can also decrease the iodine number. In an attempt to deter-
mine the chages which had occurred during fermentation, the iodine number of the
Peanut oil was determined by Hanus’s method, before and after fermentation; it was
ound to be decreased from 95 to 72 in the recovered oil. This change might be due to
saturation of double bonds or to other changes indicated above. The poSsibility that
oxidation reactions were responsible for the decreased iodine number was tested b
Eﬂeéteﬁ%gnmg the peroxide values of the original and recovered oils as outlined In

The natural and recovered oils had similar peroxide values, indicating that the
decreased iodine number was not due to oxidation reactions, Preliminaryinvestiga-
tions bR/ gas_chro_matography of the original and recovered oil indicated that the pro-
portiort Of linoleic acid was decreased Trom 42 to 22 mole % during fermentation
While stearic acid was increased from 3 to 9 mole % and the oleic’acid increase
from 42 to 52 mole %. 11 1S clear, therefore, that the recovered peanut oil was con-
siderably more saturated than the orlgmal 0“. Wh?g tr*e recovered oil was tested in
a new férmentation, 1t no longer incréased the yield of citric acid.

~ Lipid as sole carbon sourcefor citric acid production
To determine whether peanut and maize oils could act as the sole source of carbon
for acid production 2 ml. of oil were added to 50 ml. medium containing inorganic
salts at the concentrations listed for medium A in Methogs. These rhedia Were
inoculated and incubated statically or shaken for 7 days. The dry weight of mycelium
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and the citric acid yield were then determined. The results are given in Table 9, which
shows that while these oils were adequate for growth, they did not replace sucrose
for citric acid production.

Table 9. Ol as sole carbon sourcefor citric acid production by Aspergillus niger
mutant 72-44 at 7 days

. Dry wt. Yield of
Qil added Grgw.th m %I\m m}hec aci
(4%, VIV) condition (9./100ml)  (g/200 ml.

Peanut gﬁat‘i(c 0- 5 01

e aken 8 E 01

aize C -
gﬁ%ﬁien 1- 5 gi

Purity offermentation products

Tests for the presence of organic acids other than citric were made as outlined in
Methods, No acid other than Citric was detected in any fermentation in the presence
ﬁ]fetlr;eagsfg%cctelve lipids peanut, maize, almond and tung oils, and oleic acid; nor In

DISCUSSION

Previous reports of substances which improved the yield of citric acid when added
to fermentation media have shown these substances to beinhibitory to mould growth.
In the present work on the effects of lipids on the yield of citric acid by Asperglllus
NIGEr mutant 72-44, the lipids which improved the yield were not inhibitory to
growth; they could, in fact, act as the sole source of carbon for growth. There seem
to be four possible ways in which lipids might act to increase the citric acid yield.

(1) Physical effect

The surface tension of liquids is altered by the addition of lipids, and it was
formerly thought that, in fermentation media, lipids improved aeration efficiency.
Deindoerfer & Gaden (1955) showed, however, that lipids decrease oxygen transfer
in media. In the present work it seems unlikely that the lipids which increased the
yield of citric acid were doing so by virtue of any physical effect, since only a few of
the lipids tested improved the yield of citric acid; and yet most of the lipids have
similar physical effects.

(2) Source of acetyl co-enzyme A

It seemed possible that /*-oxidation of the lipids could provide additional acetyl
co-enzg/mg A (acetgl C0A) for citric ,afld formation and so mcre%sf the glel?. Peanu%
oll entéred the mycelium of Aspergillus niger mutant 72-44 readily and only 259 0
the added oil was recovereq after” fermeritation, but the addition of lipid’ gave no
Increase in the dr we_lght of mycelium. 1t was possible then that the lipid was pro-
viding acetyl coA units for citric acid formation. However, saturated fatty acids
like palmitic and stearic acids, oils with a high content of saturated fatty acids and
the most highly hydrogenated [t)eanut oil did not |mProv_e the yield of citric acid
and these Iipics afl provige acetyl coA units on A-oxidation. Although maize and
peanut oils could act as the sole’source of caroon for growth, they did not replace
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sucrose for citric acid production. Improved citri¢ acid yields in the presence of
lipid could be accounted for by improved sugar utilizatign. These findings do not
support the hypothesis. that the lipids acted as additional sources of acetyl coA In
improving citfic acid yields.
(3) Hydrogen acceptor

The only lipids active in this citric acid fermentation were oils with a hl?h content
of unsaturated fatty acids or the unsaturated oleic acid. The changes obsefved in the
oils as a result of'the fermentation indicated that hydrogenation of constituent
unsaturated fatty acids occurred. This su?gested that the Unsaturated fatty acids
were acting as afternative hydrogen acceptors to oxygen during fermentation, thus
allowing the mauld to metabolize actively for longer and so improving the yield of
citric acid. The importance of oxygen in dll mouldsubmerged culture fermentations
has been stressed repeatedly (Finn, 1954; Arold & Stegl, 19582). When Shu $1953
u_sted pur_ed oxy?éen Instead ofalr in a citric acid fermentation he obtained an increased
citric acid yield.
. Several gbservatlons in the present work support the theory that the effective
lipids act as hydrogen acceptors. No saturated tatty acid or 0||sh|?h In saturated
fatty acids were effective. In fermentations with partially hydrogenated peanut oils,
peanut oil with an iodine number of 52 gave no Increase in yield, but ol with an
lodine number of 75 was almost as activé_as the natural peanut oil (see Table ).
Hilditch (19473 showed that when peanut oil was hydrogenated, the component fatty
acids were hy ro?enated In a definite order, governed Kth'e number and arrangeé-
ment of the double bonds in the fatty acids. He found that in decreasing the ioding
number from 93-3 to 71-6, the linoléate content was decreased from 26to 3% and
that the oleate content rose from 56 to 77%. In the %Jresent work, then, it seems
probable that the peanut oil with an iodine number of 75 had a high content of oleic
acid and gave a large increase in yield, and that it was not until the iodine. number
\lNas decretased to 52 that the oleic'acid content was so diminished that the il was no
onger active,

e hydrogen acceptor theory explains Wh_¥ saturated fatty acids and oils hagh in
safurated fa Yamds did not improve the citric acid yield dnd why oleic acid was
effective. On this theory, however, It might be expected that lingléic and linolenic
acids would also improve, yield, but this was not found to be so. Their failure may
Phave t%een du(ei to steric differences caused by the larger number of double bonds n

ese two acids,

Trump_;r & Millis (1963) found that when NHANO3was present at 2-7 q./l. then
[Z)eanut ofl did not |m,i)r_ove the yield of citric acid, but at concentrations Tess than
-1 (h;./l. addition of oil increased the llleld' The dry weight of mycelium remained
unc anq,ed at all concentrations of NHANO3in the presence or absence of il. This
observation Is difficult to reconcile with the P\Ydro en acceptor theory unless it is
postulated hhad} at hlgher concentrﬁnons of NHANO3 the nitrate also acts as an
alternative nydrogen acceptor, oil then being ineffective.

(4) Uncoupling of oxidative phosphorylation

. In the citric acid fermentatjon one oféhe factors which improves the yieId_ofaci%
is a low phosphate content in the medium. This leads to"low concentrations o
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adenosine diphosphate (ADP) and inorganic phosphate in the mycelium, Although
grov_vth in 3 high-yielding citric_acid fermentation is limited, the Conversion of suqar
0 citric acid 1g?roceeds rapjaly. The rate of respiration would be inreased if the rate-
controlling effect of phosphorylation were uncoupled from respiration. In many cells
the concentrations of inorganic phosphate and ADP govern the rate of respiration
and thus the rate of oxidation of the reduced pyridine nucleotides and citri¢ acid
formatign. Scholefield (1956) found that octanoiC and decanoic acids were active as
uncoupling rea?ents._ ressman & Lardy (1956) found that myristic acid and the
unsaturatéd fatty acids with cis bonds, oleic, linoleic and. linolénic acids, were also
active as uncoupling reagents in mjtochondrial preparations. |t seemed possible
therefore that in the Citrjc fermentation b¥ Asperqillus mPer, the lipids mlght acthy
uncoupling respiration from phosphorylation. This would result in a faster rate of
respiration and_an improvement.in Citric acid accumulation. While this theory
exPIaln_s the activity of oleic acid, it cannot explain why linoleic, linolenic, myristic
octanoic and decanoic acids, which are also active uncoupling reagents, did not
increase.citric acid yield by A, mger. Similarly 2,4-dinitrophenol did not improve
citric aC|_d¥|eId thoulgh It 00 Is an active uncoupling reagent. It is always possible
that the intact mycelium was |mRermeabIe to the intfective reagents. This does ot
Seem [irobable since 2,4-d|n|troB_ enol at 10 4mand saturated fatty acids with less
mage" l?mcarbon atoms all inhibited growti™and must therefore Have entered the

%f the possible explanations of the mode of action of lipids in the citric_acid
fermentation by Aspergillus niger, it seems that the hydrogen acceptor theory is the
one to which fewest obgectlons can be raised. More definitive experiments neéd to be
done with cell-free systems to determine whether or not unsaturated lipics can act as
hydro?en acceptors-and, If so, how specific the reaction is with respect to the struc-
tlire of the acceptor fatty acid. The addition of athoprl_ate lipids to the fermenta-
tion medium offers a corisiderable advantage for citric acid production on an indus-
trial scale. This study, and others to be published, have shown that lipids improve
the citric acid yield by 20-50 % in a wide variety of media. Lipids do not eliminate
variability in yield, but the lowest ¥|e|_ds in the presence of lipid.are increased cop-
siderably"compared with the lowest yields in the aosence of lipid. In addition, In
aerated and stirred fermentations lipids act as effective antifoam aﬂsnts. The addl-
tion of lipids to fermentation media for citric acid production is the subject of a
patent application by the University of Melbourne (E1)960).
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for giving us 10 gallons of peanut oil and other lipids and"for the dnalyses by gas
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SUMMARY

~ The nutritional requirements for high conversion of sugar to citric acid
1& aken flask rermentatlo_ns were Investigated for the mutant strain

-44 of Aspergll_us nlger. Single variable and factorial experiments were
used to determine the effects of nitrogen, phosphorus, magnesium,
manganese, copper, zinc and iron on the yield of citric acid. When 2% év/v)
peanut oil was added to the fermentation media it markedly improved the
{ﬁlﬂ) %f citric acid. Two media were T vised which yielded on average

-1U-0 g. anhydrous citric acid from gzsugar, with occasional yields

as high as 1 g Both media ined £% (v/v) peanut oil and th
following trace metals (mg./L): FC&-]F%, Cu2+U-9, Zn2+U-1. In medium A
the major i’]bl_tl‘lents were (g./ld: g?n—exchange f%t/lﬁed cane sugar, ,
KH204 1-U, MgS04.7HA, -2, NHANO3 l1-0/, in medium B
bgé'"): ion—excharlgf purified cane sugar, 14 , KH204 U-9, MgS04.7HD,
11 , NHANO3 1-4.  Interactions were found between: zinc and iron,
nitrogen and iron, nitrogen and phosphorus. The implications of these
itrc d t N1 and phosph Th lications of thes

findings for the fermentation of crude sugar substrates in citric acid
production are discussed.

INTRODUCTION

. Conditions which control citric acid accumulation in fermentation with Asper-
gI”US NIOEr have been reviewed by Foster (1949), Johnson (1954) and Perlman &
Sih (19 ) Published work shows that there are considerable variations in the
conditions which different workers have found to be optimal for citric acid accumu-
lation, that the mould strain is of great importance and that the yield of citric acid
from carbohydrate metabolized by A. NIQET is extremely sensitive to trace metals,
particularly under submerged culture conditions. Even under supposedly identical,
ideal conditions, the yield of citric acid is variable. Previously, characterization of
the cultural conditions which lead to high yields of citric acid has been based on
experiments where single components of the medium have been varied and the best
concentrations determined. The difficulty with this experimental design is that
frequently the best concentration of the component under test is dependent on the
concentrations of other components in the medium.  An example of this was found
by Shu &Johnson (1948) who showed with strain 72-4 of A. NIJEr that the optimal
concentration of KH 204 was twice as great when trace metals were limiting as
when trace metals were not limiting.

Our laboratory has been attempting to define the conditions which will allow
the production of citric acid by ASPerg ﬁ|US NIGEr in submerged culture fermentation
of Australian raw materials. This paper reports an investigation of the conditions

%5 G. Kicrob. xxx
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which lead to high yields of citric acid by the mutant strain 72-44 of A, niger. The
media constituents”were Investigated In some experiments with single variables
and in others with a factorial design with multiple variables. Millis, Trumpy &
Palmer (1963) showed that certain Unsaturated lipids mncreased the yield of citric
acid from cane sugar with mutant, 72-44. Peanut ail. which is an active lipid in this
system, was included in fermentation media to see whether this affected the optimal
concentrations of other media constituents and to defermine the concentrations of
media constituents which give maximal increases in citric acid yield in the presence

of ail.
METHODS

Organism. The mutant 72-44 of Aspergillus niger was used for all fermentations.
The mutant was selected after ultraviolet irradiation of the spores of strain 72-4 of
A. niger (... 11414) as described by Millis et al, (19632._ Stock cultures were kept
as sporedsuspensmns freeze-dried In ampoules and working cultures on beer wort
agar media, _ _ . _

gInoculum, fermentation techniques and determinations of fermentation products.
The pre?ara_tlon of the spore inoculum, the conditions for shaken flask fermen-
tations, the lon-exchange treatment of cane sugar used for medig, the methods for
the determination of su,%ar, citric acid and dry weight of mycelium, respectively,
were as described by Millis et al. (1963). , _

. Design of factorial experiments. For most experiments, three nutrients were
mvestéated at three concentrations, making twent¥-seven_ fermentations/experi-
ment. This allowed the effect of each concentration of a nutyient tq he estimated in
mnte_ fetrmentatlons containing three different concentrations of the other two
nutrients.

Medium for single variable exR_erlments with trace metals. The major nutrients of
the fermentation Tedium in which the trace metals, were varied were at the fol-
Iome/Iconcentratlons 9./I.?_:‘ 140, 1on-exchange purified cane sugar; 1-0, KH2(4;
0-25, MgS04.7HA); 1-87, NHANO3 Trace mefals, when not under test, were at the
following congentrations (mP./I.): Fe2+, 2-0; Cuzt, 0-3; Zn2, 0-1. The medium was
at [B)H 3. This medium wilbe referred to as medium A,

eanut oil. Refined and deodorized peanut oil (Kristal Brand, Marrickville Mar-
garine Co,, N.S.W., Australia), was added to appropriate media at 2% (v/v) before
the medium was autoclaved.

RESULTS

_ Yield of cit-ic acid o

I all the cane suglar in 100 ml, of medium were converted to citric acid, 14 g.
sucrose would yield 157 dg anhydrous citric acid. In hlgh_-yleldmg fermentations
however, between 1-0 and"1-5 g dry wt. myeelium/L00 mf. is formed and this would
use between 1-8 and 2-/ g. sugar_. ssuming all the sugar in the medium 15 utilized,
between 11-3 and 12-2 . s_ugi I is, therefore, available™Tor conversion to citric acid.
This could theoretically yield 12-7-13-7 g. anhydrous citric acid/200 ml. medium.
In the presence of oil, Aspergillus niger mu-ant 72-44 has on ten occasions aylelded
as high as 13, citric acid/100 ml, "and on numerous occasions has yieldea 12-
12:5 [%./IOO ml. but the aver_a%e yield in shaken flask fermentations was 10-10-5 q./
100 ml. under conditions which were favourable for citric acid accumulation. A yild



Citric acid production by an A. niger mutant 383

of 10 q citric acid/100 ml. represents 71% conversion to citric acid of the sugar
added'to the medium but, of the sugar available after the growth requirements have
been satisfied, 83 % has_been converted to acid. This is, owever, a low, estimate,
since between 1-0 and T5 g| sugar is unused, at the end of a fermentation which
|elds_10_?. citric acid/100 ml. Ir'this paper, yields of citric acid above 95 ¢./200 ml,
that is, if more than 68 % of sugar added to the medium is converted to citric acid)
are considered high yields.

N
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Fig. 1 Fffect oft the yield of citric acid and th . liumwith
M b et Ao o
or 2% (v/v) peanut ol; X ------ results in the absence of peanut oll.

Single variable experiments with trace metals and peanut oil

The effect of each of the trace metals iron, copper and zing was tested in medium A
by chan mq the concentration of one of these metals while the other trace metals
were held at the concentration of medium A. Media were dispensed in quadrupli-
cate and peanut oil added to one half of these flasks, The effect of manganese was
tested in the presence of oil, After 7 days, the yield of citric acid and_the dry weight
of mycelium were determined; the résults are shown in Fig. 1 The most con-
spicuous feature of these fermentations was the high yield of citric acid at very low

25-2
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concentrations of zinc and the sensitivity of this yield to small additions of zinc.
The fermentations also showed that Aspergillus niger mutant, 72-44 gave consider-
ably higher yields of citric acid at hl?h concentrations of zinc, copper, iron and
manganese s compared with the yields reported by Shu & Johnson (1948‘) for
the parent strain A. niger 72-4. Like the parent strain, however, mutant 72-44
yielded citric acidl best at low trace metal concentrations. L

Figure 1 also shows that peanut oil greatly increased the yield of citric acid at all
concentrations of metals, except at the highest concentrations of irgn, but the
concentrations of trace metals which gave the best yields of citric acid were the
same in presence or in absence of oil."The oil had little effect on the dry-weight
yield of mycelium, and at these concentrations of major nutrients, the dry-weight
yield was [ittle affected by trace metals, although there was a tendency for increaded
growth with high concentrations of iron.

Factorial experiments with major nutrients

To determine the best concentrations for citric acid accumulation, of the major
nutrients, nitrogen, phosphate and magnesium, a factorial experiment mvolving
twenty-seven media was designed to test three concentrations of each of the threg
nutriénts. The concentrations chosen lay clos to those already in use in medium
since these were known to give good yiélds of citric acid. The Sugar and trace meta
concentrations were as in"medium A. A similar set of twenty-seven media was

Table 1 Effect of major nutrients and ofpeanut oil on yield of
citric acid from Asperglllus niger mutant 72-44 in 9 days

NHANOs concentration (g./1)
" 094 1-87 210
KH2 04concentration (g.1.)

0% 05 10 05 05 10 05 05 10
Yield of citric acid (9/100 ml.)

oo BOHOE R BB W W R Y
CCENP I R O
s 19 B oW o4 oM oHoBOH Y

* Italic numbers = results in the presence of 2% (v/v) peanut oil.

Prer%ared and peanut oil added tq each medium, The yield of citric acid from these
ermentationsat 9 days is shown in Table 1. As inthetrace metal experiments, there
was an Improvementin citric acid yield.in the presence of peanut oil at all ntrient
concentrations tested. The mean” citric acid _Yleld In the presence of oil was
10-4 ¢,/100 ml. compared with 7-9¢./100 ml, in its absence. The means of the yields
from’the three concentrations of éach nutrient showed that the best yields in the
presence of oil were obtained with 19./I.): MgS04, THA, 0-15; KHP 04 either 05
or 0-25; NHANO3 1-87. There was al30 a definite interaction between nitrogen and
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phosphate; see Table 2. Clearly, increasing the phosphate depressed the yield of
citric acid much more at the gwest nitrogen_concentration than at high fiitrogen
concentrations, Irrespective of the presence of peanut oll.

Table 2. 1nteraction between nitrogen and phosphorus affecting the
yield of citric acid by ASpergillus niger mutant 72-44

NHAN 03concentration (g./1.)

094 18T (210
+0i - =0l +0il Qi +Qi =il
Kgglj}lﬂg) Mean yield of citric acid (g./100 ml.)

BoH oA W B

Table 3., Effects ofmaé'or nutrients on yield of citric acid b Aspergillus
NIQEr, mutant 12-84 in the presence of peanut oil at 9 days

NHAN 03concentration (g./1.)
1-40 1-87 2-34
KH2 04 concentration (g./1.)
0- 05 070 030 05 070 030 050 070
Yield of citric acid (g./200 ml.)

o tdl BB oFE BB OB OB R
Nﬁ% RSN T N« I B B
o OB O 4 "B BB B

* Top figure of each pair represents value in one replicate experiment.

The mean dry wt. aﬂeld of mycelium of the twenty-seven fermentations in the
resence of oil was 1-30 g./100 ml; and was very similar'in its absence, 1-26 0q./IOO ml,
he dry wt. yield of mycelium increased with increasing phosphate (1-04-1-54 g./

100 ml; in the presence of oil, and 1-12-1-35 g./I_OO ml, In'Its absence), but otherwise
the different concentrations of nuirjents had little effect on mycelial dry werght.

In further factorial experiments, the three concenrations of riutrients Were sfaced

equally apart and close to the concentrations which gave best yields in the first
factorial experiment, All the fermentations were carfied out in the presence of
P_eanut oil, and to estimate the variahility between factorial experiments at different
Imes, the whole experiment was repeated with a newly-prepared inoculum and
medium. The yielas of citric acid from these two replicates after 9 days are shown
In Table 3. Here, the upper flglure shown in each treatment belonqs t0 one experi-
ment. These results were analysed statlstlcally(_. As the concentrations of each
nutrient were equally spaced on‘a linear scale, estimates were made of the linear and
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the quadratic trends associated with the variations in yield at these concentrations.
The mean square due to error of the experiment was 0-589, and the interactions
between pairs of nutrients and hetween the three nutrients Proved to be not signifi-
cant, The difference between replicates was, S|?n|f|cant at the (-1 % level, as Wwere
the linear effects of each of the major nutrients, Magnesium showed a quadratic
effect significant at the (-1 % level. The main effects ¢an be seen in Table 4 where
the means of each level of each nutrient are shown tqgether with the standard
error (. ) and the ... of aifference. The problem of variation of yield under
supposedly similar conditions will be referred to in a later section.

Table 4. Means of the effects of major nutrients on yield of citric acid
trom ASrgillus niger mutant 72-44 in the presence of peanut oil

MRt o Mbhy  Td B B9
Ciesfhon) 85 H&

(e ) S Noo an)

)
) g
NSO tomy 8 &%
el mlee ] bgise - o
s6. (difference) : 8]2%

s.e. = standard error.

The factorial experiments indicated that the yield of citric. acid would be im-
Proved in the presence of I_EJeanut oil by using the foIIowm% major nutrient concen-
rations g./I./): MgS04.7HA), 0-15; KHP04 0-3; NHAND3 1-4 These nutrients,
plus 14 % (w/V) 1on exchange purified cane sugar and trace metals at the following
concentrations” (mg./L.): Fe2+2-0; Cu2t 0-3; and Zn2+ 0-1, will be referred to a5
medium B subsequently.

Factorial experiments with, trace metals and oil

In Fig. 1, the yield of citric acid in mediym A was reported for various, concen-
trations of each of four trace metals. . Factorial experiments were demgned in which
the major nutrients were as shown in medium B and the concentrafions of three
trace metals gron, zllnc coP erl) Were varied S|m¥ltane0usl?/ In the ljpresence and
arbsbelncg of peanut ofl. The resufts after 9 days of fermentation are summarized in

able 5.

An analysjs of variance was done on the results of fermentations in the presence
of peanut’oil. The error was 0-205, and the effect of different concentrations of
coprPer and the Interactions of zinc and copper and iron and copper were shown to
be'not significant. The effect of ditferent concentrations of hoth zinc and iron were
significarit at the Q-1 % level and the interaction of iron and. zinc was significant at
the 5% level. In the iron and zinc interaction, increasing zinc depressed the citric
acld yield and increasing iron Improved it byt the improvement with increased iron
iNatSe gr%atTegkt) l\évt%en zinc Was higher. These effects can be seen in the table of means
isted 1 .
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The, results of fermentations in the absence, of peanut oil were not analysed
statistically, but inspection of the means of the citri¢ acid yield at the different frace
metal conCentrations shows similar trends to those just discussed for fermentations

In the presence of peanut oil_excepting that there is no evidence of interaction
between iron and zinc (Table 7).

Table 5. Effect of trace metals and peanut oil on the yield of citric acid
trom ASpergillus niger mutant 72-44 at 9 gays

Zn2+ concentration (mg./l.)
005 01 02
Fe2+ concentration (mg./l.)

01 20 40 01 20 40 01 20 40

Cu Yield of citric acid (g./100 ml.

o B oW OR 8 W H OB H OB

iy % O0W & B W B 4 o

wid o # o &8 4 d b R
* Italic numbers = results in the presence of 2% (v/v) peanut oil.

Table 6. Means of the effects of trace metals in_ the presence_ofpeanut oil mi
yield of citric acid by Asperglllus niger mutant 72-

Fe2+ (mg./l.)

R R )}

( n%ﬁ) \,(ield of cit.ri_c acid (g/x00 mI..)

A

it R RV R T B
ooy R

N

tandard error mar%mal. gans):

tandard error S Within ta ,e : -

tangarq error (qiferent marginal, eans%: -
ITrerent means within table): (-

tanadard error
. A comparison of Table 6 with Table 7 shows that peanut oil was most effective
in increa |nﬂ citric acid yield Wh(fn the iron con ntra?ons vY]e_re hlgchest between
2and 4mg.J1.). It was then decided to test the, erfect of even nigher concentrations
of iron in the presence and absence of oil. The highest concentration of copper in the
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factorial experiment was less.than 1 mg./l. and this had no effect on yield. In the
second factorial experiment, it was decided to Increase the concentration of copper
as well as that of iron to, determine whether oil increased the citric aciq yield at
higher copper concentrations. Since the yield was o greatly depressed g Zinc
fermentations were carried out with only two concenfratioris of zinc (0-05, 0-10
m?_.ll.). The major nutrients were as in medium B and the citric acid yjelds were
estimated after termentation for 9 days. These results are shown in Table 8

Table 7. Means of the effect of trace metals in the absence ofgz)eanut oil on
the yield of citric acid by Aspergillus niger mutant 72-44

- _F.?_Z.Jf.(@g_{l__) ..... Means
01 20 40 ofZn

n Yield of citric acid (g./100 ml.)
(mg/l)

F b %oy @

oo 8 i
5 60 68 64 6

il o“#ec_?ﬂi
hoB

Table 8, Effect of frace metal concentrations and of feanut oil on the yield
of citric acid from Aspergillus niger mutant 72-44 after 9 days

Zn2+ (mg./L.)

C
005 Fe2+ (mg.1) H

40 80 120 40 80 120
( r%%lr) Yield of citric acid (g/100 ml.)

oo B W B8 OH Y
RO £ { L (S
ot H Ok

—
oD

So s Luds dodo

;
¥
78 % W
numbers = results in presence of 2% (v/v) peanut oil.

An analysis of variance of the citric acid yields in the presence of oil, given in
Table 8, indicated that at these higher concentrations of trace metals there"was an
interactjon between zinc and iron Significant at the 1% level. Neither of the other
Interactions, nor the effect of co;r)]per, was significant. The analysis of the means of
the effect of iron and_of zinc in the Prese_nce of peanut oil is shown in Table 9. The
Influence of peanut oil on the yield at various trace-metal concentrations can be seen
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in Table 10 which showts the mean of the effect of each metal concentration in the
presence and absence.of oll.

Qil improved.the citric acid yield in all treatments. The yield was unaffected hy
8 mg. copper/L, in the presence of ol but was depressed by Copper above 4 mg,/l. in
the absence of ail. As in the presence of oil, an interaction between zinc and jron
occurred In the absence of oil; the upper concentration of zinc depressed the citric

Table 9. . Means of the effect of zinc and, iron on the yield of citric acid by
Aspergillus niger mutant 72-44 in the presence of peanut il at 9 days

Fe2+ (mg./1.)

080 N ofzna
(I%aﬁ) | Yield ofmtr!_c_yd (0100 ml)
5

0 & B B ¥
o%e:%nzi 918 1002 8-68 9-49
* ().
gIEI of%i%fr’erence 0-49
* s.E. = standard error.

Table 10., Means of effects of trace metals and of peanut oil on the yield of
citric acidfrom Aspergillus niger mutant 72-44 at 9 days

+0il  -Oil +0il  -Oil +0il -0l

Yield of citric acid Yield of citric acid Yield of citric acid
s ol o Aol o IFg.?lOO i

- - 133 0-0 9-12 - 4- - T-
4R BB oBoH R
Mean-foil = 9-5: mean—oil = 6-7.

acid yield markedly when iron was Preater than 4 mg./1.; at the lower concentrations
of zinc higher amounts of iron could be tolerated. At the higher zinc concentration
(0-10 mg.L), oil improved the citric acid yield at all concentrations of irgn to a
greater extent than when zinc was at the lower concentration (0-05mg./L.). At

-12 mg. iron/L,, 2-3 mq. more citri¢ acid 100 ml. were formed in the presénce of il
than in'1ts absence, butthe actual citric acid yield decreased when iron'was increased

from 8 to 12 mg./1., even in the presence of oil.

Factorial experiment to testfor interaction between
major nutrients and trace metals

The previous experiments indicate that there were,interactions between major
nutrients and between trace metals_influencing the yield_of citric acid. [t is also
clear that zinc is a particularly critical metal Tor Aspergillus niger mutant 72-44,
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It was thought possible that major nutrients and trace metals may also interact, and
If S0, that ‘this sug?ests changes in major nutrients which would improve the
tolerance of the mutant to trace metals, and. in particular to zinc. This possibility
was Investigated in a factorial experiment with Six media components each at two
concentrations. The experiment was demgned as & half replicate of the full factorial
experiment, and was arranged In two randomized blocks, each of sixteen media. The
concentration chosen lay on either side of those found optimal in the earlier factorial
experiments. Peanut oil'was added to all media and the yields of ciric acid estimated
after fermentation for 9 days, Statistical analysis of the citric acid yields indicated
that the block effect and all interactions except that of NHANO3with iron were not
su{;mﬂcant. With the_nitrogen and Iron interaction, .the higher concentration of
nitrogen combined with thé higher concentration of iron deCreased the citric acid
yield; whereaswith the lower concentration of nitrogen, increasing the amount of iron
0id not depress the citric acid yield. The effect of KHP04was significant at the

Table 11 Effect of six components of the growth medium on the yield of citric
acid by Aspergillus niger mutant 72-44 in'the presence of peanut”oil at 9 days

. ean yield  Standar
Medium ,\c/lwﬁnc}élu%

0r o
component  (g./200 ml. dle#erence Significance
MgSO4/.lZH20
M 0-44 0-263 None
0-2 9-93

khgod
P ow os o

m
100 0283 ;
§ 007 T
Ust
i
L NV S v
10 518

Table 12 Interaction o/NH4X03and iron on yield of citric acid by
Aspergillus niger mutant 72-44

NHAO, (g/1)

------------------- Means of

T Ve
. , i acid (0. |
(mge.ﬁ) Yield of citric acid (g./100 ml.)

£ ik i 817
Means of
nhdo3 993 9-43 9-68

s.. 0f difference = 0-322; significance =g °0-
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5% level, while the effect of zinc was significant at the 1% level. Both of these
nutrients gav_e bett?r citric aC|dl¥|eIds at the lower concentrations. These results are
summarizéd in Tables 11 and 172

Variation in citric acid yield

Within any one factorial experiment, there was no doubt that the major nutrients
significantly affected the yield of citric acid. The concentrations of nutrients used in
medium B were always superior to those used in medium A in the factorial experi-
ments. Later, on several different occasions, medium A and medium B were com-
pared in the same experiment and there was 0 consistent difference IN citric acid
yield; sometimes medium A was even superior to medium B. This can only mean
that unrecognized and uncontrolled factors can so affect citric acid yield that, if
these factors are favourable to high yields, then the nutrient differences in the two
media are not significant. |f the uncontrolled factors are unfavourable to high citric
acid yields then medium B is superior to medium A.
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clric acui n ence of peanut oil; X ------X Tesidua suéar
peanut oll.

. During the, mvestlgatmn, three different dried cultures were used to prepare
inocula and different batches of sugar were used. It was possible that these factors
were responsible for some of the ‘Variation; fermentations_ were therefore made
in medium A and medium B to test this rROSSIbIIIty. No significant differences were
found hetween the citric acid yjelds from the two media when tested for all com-
binatigns of suga_r batch and “inoculum source. It should be pointed out, how-
ever, that this variability was from %-5to 13 g. citric acid/100 ml., that 1S, variability
between good yields and yields very close t0 what is, theoretically, possible.

Sugar utilization

With a yield of citric acid of 100-10-5 ¢/I00 ml., there was residual sugar. of 1-0
and 1-5 .7100 ml., which was decreased t0 less than 0-2 /100 ml. as the Citric acid

\eipeer ildgsorﬂliggr mutan
i rf)resence of 2% (vIv)
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yield increased to 13 /00 ml. Fermentations in the presence of oil had a faster rate
of sugar utilization and a Jower residual sugar than those withqut ail. In Fig. 2, the
rate Of citric acid accumulation and sugar ttilization is shown in the presence of o,

as compared with the rate of citric acid accumulation in the absence of il,

Purity offermentation products

Although all citric acid yields reported here are calculated from total tifratable
acldity, frequent tests were made to. ensure that only citric acid was being pro-
duced. Spat tests were mace for oxalic acid (Fe_:]gl, 19 02, chromatograms were run
on culture fluids (Millis et al. 1963) and citric acid'was estimated colorimetrically by
the method of Marier & Boulet (1958). In these tests, no acid.other than citric'wés
detected, and the agreement between the colorimetric and titratable-acidity est-
mations varied between 98 and 103%. These tests were made on culture”fluids
contamlngnpeanut oil, oleic acid and a high content of trace metals as well as with
media with low trace metal content and o lipid present.

DISCUSSION

Accumulation of Iar%_e amounts of citric acid is the result of metabolic mal-
function of Aspergillus niger in a medium of low pH valug with a high sugar content
and carefully controlled”concentrations, of other nufrients; and"the amount of

rowth must be limited. This has been clearly shown in these investigations where

e best yields of citric acid were always associated with mycelial ellets about
(-5 mm. in diameter suspended in a culture medium of very low viscosity, virtually
free from mycelial fraFments and with less than 1g. dry wt. myceliym/100 ml,

Multiple nutritional deficiencies. can cause limitéd growth; the nitrogen, phos-
phorus, zinc and iron concentrations are particularly important, At very low
concentrations of zinc, 9r0wth was severely limited, but once the zinc content was
Increased above (-1 mg./l., further increases have no effect. At higher zinc concen-
trations, iron, nitrogen or phosphorus then limited growth. Medium B had a low
nﬁﬁgen a(rjld phosphorus content and this contributed to the growth-limiting effect
of this medium.

Although growth must be limited, this of itself is not sufficient to give hi h_}/]lelds
of citric acid. Low concentrations of certain frace metals are also requiired, With this
mutant 72-44 of Aspergillus niger, citric acid yield is particularly Sensitive to zinc
but less so to iron, copper and”manganese. The interaction_between iron and zinc
offers some ((prportumty of |_mpr0vlr(1]g tolerance of zinc, since higher concentra-
tions of zinc do not depress citric acid’yield as greatly when.combined with higher
concentrations of iron. In addition, higher concentrations of iron do not depress.the
citric acid yield whep the concentration of zinc is very lowA The interaction of jron
and nltrog%_en also offers a means of overcoming the depressing effect of high jron
concentration, A hl?h Iron concentration does not decrease the citric acid yield if
the nitrogen. concentration is low, _ _ _

The addition of peanut ol to the fermentation medium has shown.an improve-
ment of 2-3 ¢. citric acid/100 ml. with a wide variety of media. Ol improves_the
yield most markedlﬁl when trace metal concenfrations are high, partlcularh( irgn
and copper. Low phosphorus and high magnesium media also respond well to oil.
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At 0-05 mg. zinc/L, yields of 10-11 g. citric acid/L00 ml. were obtained at 20 mg.
ron/1. When iron was at 001 mtq.ll. and zinc greater than 0-05 mg./1., oil gave no
improvement, Ol was not effecfive with 2-7 . o more NHANOJL (yields in these
media were h'IPh In presence. and in absence of oil).

The varigbility of citric acid yield shown in this stud% when everK_care was taken
to standardize procedures indicCates. that all factors which affect this yield are not
yet known. The diversity of known individual factors and interrelated factors which
affect citric acid yield make it scarcely surprising that no one medium emerges
clearly as being optimal for citric acid production. This work does, however, allow
some eneralizations to be made about the behaviour of Aspergillus nlqer mutant
(2-44."This mutant is more tolerant of hlqher concentrations of frace metals than is
the parent, but It 5r|e,|ds citric acid best at low concentrations of trace metals. Zinc
I the most critical single medium companent. Mutant 72-44 will yield citric acid
well in the presence of ol despite a relatively high content of iron"and cog)r?er 6N
long as a major nutrient [ike nitrogen or phosptiorus 1s fow. |t seems then, that
several different nutrient deficiencies can lead to the accumulation of citric acid. |f
a natural crude sugar is to be used as a substrate for this fermentation, then it would
be profitable to a d_Beanut oil to all fermentations and to select samples of, crude
sugar as low as possible in nitrogen and phosphorus where trace metal deficiencies
aré not so critical, and to see that there Is sufficient iron present to minimize the
depressing effect, of zinc on citric acid yield. The proger explanation of the hquhly
complex interactions shown in this study must await a full biochemical investigation.

We are greatly indebted to Mr W. B. Hall (Division of Mathematical Statistics,
C.S.ILR.O., Parkville, Victoria, Australia), for the planning of factorial experiments
and their statistical analysis. The technical assistance of Mr M. Grinbergs and Mr R.
Bearlin is gratefully acknowledged. Grants from the National Health and Medical
Research Council of Australia and the University of Melboume Research Fund
provided financial support for one of us (B.H.T.).
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INTRODUCTION

For storage over Ionﬁ periods freeze-drying is a method often used for the main-
tenance of bacterial cultures, Although there are numerous reports about technique
and conditions for freeze-trying, there 1S little quantrtatrve information ahout
viability and_ the stability of trdits over a Ion% period. Changes In Interests and
techniques Wrthrnagrven laboratory, as well as'the personnel turnover through the
years, disfract from and render difficult long-term stud%/ he present paper sum-
marrzes viability data on 12 species which have been stored in'the dried state for
10 years,

METHODS

Methods of preparation of the desiccates. Escherichia colj 69L-15, Aerobacter
oo an Pro teus vulgaris Were cultrvated at 35° on a shakrng apparatus for
4hr.in 1 S )( east-extract rt Ac tobactermehano um American T R
CuIture Collectio Cg 9844was cu trvate at 21° on the she T<erfor2da srnt
same medium conarr\mg % (WIV) glucose. |crococcsalbusa nﬁ)syc roprrc
Pseudomonas P, (1S0lat asacotmrnant rom a re rrgerate room), were culti-
vated at 27° on'the shaker for 1 day in nutrient broth (Baltimore Biological Labora-
torjes). Pseudomonas chlproraphis (from W. C, Haynes, North Regronal Research
Lab., US epartmentongrrcuIturea Wascultrvatdat 27° onthe haker for 1 day
madefrned liquid medugn deveOﬁ % % & Postowsky 3 Pseudomonas
aerugrnosa was cultivated_under the same conditions exce tt et erature Wwas
35°, Serratia marcescens ATCC 274 Wascultrvated at 27° on he shaker orlda Ina
Oefined liquid medium devised by Bunting (1946). Vibrio costicolus (from N.
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Gibbons, National Research Council, Ottawa) was cultivated at 27° on the shaker
for 1 day In 1% (wiv) Trypticase (Baltimore B|oIo%|caI Laboraories) containing
2% (wiv) NaCl (these ingredients were autoclaved. separately). Lactopacillys
bifidus 20-32 and L fermenti 69L-3 were grown at 37° in static culture for Lday in
yeast-extract + Tr Ptlcase + glucoge + calcium carbonate broth, y

The media used for counting viable organisms were of the same composition as
the corresponding liquid media which had been used to grow the organisms initially
but,contained 1-5% agar. Plates were incubated at the appropriate femperatures
until development of ood colonies (12 hr. to several days, depending upon the
particular organism). o _

Preparation of organisms for storage. FOrty ml. of a liquid culture were centrj-
fuged, the supernatant fluid decanteg, and the pellet of organisms taken up in 8 ml.
of doube-strength skim milk (prepared from the Difco dehydrated proguct). The
suspension was; ell mixed and dispensed in 0-2 ml. portions Into sterile cotton-
plugged ampoules ﬂlo mm. digm._x 35 mm.). All but two of these ampoules were
placéd at —60° in ethanol + solid C02 Viahle counts were made on the two unfrozen
suspensions as follows. Each ampoule was ca_refuII,Y wiped with 95% ethanol, air
dried. and aseptically placed into_a sterile milk-dilution bottle containing 20 ml.
0-8596 NaCl and several marbles. The two bottles were vigorously shaken tntil, the
ampoules were well pulverized. From these 1/100 dilutions furttier serial dilutions
were prePared and samples plated on appropriate nutrient agars.

Two of the frozen ampoules were thawed (at room temperature% and assayed as
described above. The other ampoules were removed from the —60° bath and quickly
[_))Iac_ed In a jar (at room temperature) connected to a vacyum dpump assembly.

rying from the frozen state was at 70-100ji Hg and continued overnight. The
anipoules were then removed from the jar, P_Iaced into phials (14 mm, diam,
x60 mm.), the ends packed with asbestos fibre, and the phials sealed under
a pressure’ of 70-100 ji'Hg. Two phials were opened immedi teI(Y and the viahle
counts made.. The other phials were stored at 8 for various periods up to 10years.
The results will be expressed as total pumber of viable or%amsms/ampoule.

Several strains of a large ?1-2-5/|x5-20 Il) Gram-negative obligate anaerobe,
which had been isolated from faeces of turkeys (Harrison, 1949) and which will be
referred 10 as Bacteroides Sp, Were handled” somewhat differently. Growth was
washed from agar slopes with double-strength skim milk and several tenths ml,
dispensed into ampoules (7 mm. diam. x 80 mm. tubes with 1L mm. diam. hulbs at
the distal end). The susgie sions were frozen at —60°, dried directly from the freezing
bath overnag tat 70-100 g ng (Model 103 PM, F. J. Stokes Corp., Phila, Pa.
US.A), and”the ampoules “sealed without being disconnected from'the manifold:
Storage was at room temperature. Species,of Lactobacteriaceae, were |y0PhI|I_Z€d In
the same way. Viable counts of these organisms were not made; it was noted simply
whether the tontents of an ampoule, wiien decanted into suitable broth, produced a
growing culture. A detailed physiological study before and after (Stevens, 1956)
storage of the Igo hilized Bactéroides 1ogré;%msms was undertaken by the methods

alreadly outlined (Harrison & Hansen,
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Table 1 summarizes the viability data for 12 hacterial sPecies. Freezin9 (with
subsequent thawing) caused ittle,"if any, decrease in count.

RESULTS AND DISCUSSION

On the othe

397

hand,

subsequent manipulation (either drying or exposure to oxyﬁen of the air after

?reat

drylnrq; Lion & Bergmann, 1961? caused decrease In count, T
Y. amon

Qngevity of t
different species. The dea

e response differing

the species. Semilog-time plots of the data are useful to predict the

ﬁe dried susPensmns and to demonstrate the relative sensitivity of the
hrate may decrease with time, thus a survival curve may

Table 1. Viability of bacteria after freezing, drying, and storage in

the dried state*

(All assays represent the total number of viable organisms by colony count in the ampoule.)

Species

Escherichia coli

albu

o 40x10s 3-8x108 -

« 32x 109 2-8 x 109

ot %°Suspended in double-strength skim milk, frozen

i After storage for
Initial  After  After  feeeme

count freezing drying 1week 4 weeks “gweeks 12 weeks
82x109 9-2x109 5-6x109 9-4x 107 8-2x 108 4-2 x 108 3-4 x 108
9-4x 109 8-6x109 9-8x 109 5-4x 108 1-8 x 109 8-2 x 107 1-2x 108
7-4x 10 1-4x 104 2-2x 104 7-6 x 104
8 —  2-4x104 8-6x 103 7-8x 104 5-2x 103
20x10s 3-4x10s 3-6x 108 1-4x109 8-8x 108 3-4 X108 3-6 x 108
4-8%10s 2-8x 109 2-6« 108 1-3x[109 8-8x 10s 5-0x 108 2-8 x 108
5-6x10s 60x10s 2-4x 10s 2-0x109 1-Ox 10s 1-4x109 1-8 x 108
80x 10« 5-2x10s 3-0x 10s 2-4x 109 1-5x 108 1-1x 10s 1-4x 103
8-2x 108 7-6 x 10s 5-4x 107 3-2x 107 5-6x 107 9-6xI07
5-8x 108 7-2 x 10s 5-4x 107 2-8 x 107 4-2x 107 7-0 x 107
4-4 X109 4-4 x 109 2-0x 109 2-2 x 109 1-Ox 109 1-9x109
485109 50x 109 2-6 x 109 5-8x 108 9-6 x 108 1-4x 109
5-6x 109 7-6 x 109 1-1 X109 1-3 X109 1-2 x 109 4-2 x 108
7-8x 109 1-1xI010 1-3x 109 3-2x 108 5-2 x 108 4-0 x 108
- 30 X109 3-2x10* 1-Ox|08 1-5x 10s 8-6 X|07
4-4 109 2-2x 109 6-8 X107 1-0xI07 1-1x 10s 3-0 XIO7
8-8x109 8-2x 109 2-0x 10 1-9 x 10« 1-Ox 105 6-6 X10s
1-0x 100 1-0x10103-2 x10 1-3x 105 1-9x 105 6-OX 105
6-8 X10
30 x 109 3-2x 109 6-Ox 10
9-4 x ﬂ&( 8-8x 10s 1-8x 10
1-0xI09 8-4 x 108 1-6x 103

48 x 109 4-2x 109 2-6 x 109 2-
4-2% 109 4-8x 109 2-6x 109 1-8

2-2x10s 38x10

X 108
x 109
x 108
x 10s

8-0x 10
1-2x 10
9-8x 10
9-Ox 10

= —uS I

4
0
8

5.
B
8-
34
8

O

07
107
107
108
109

0-

36

3-8x108 1-4x108 2-

1- I-

-

109 2-
a

2
8 X100 4-4x 108
0

X
X
X
X X 100 14109

10 yearsN

2-2% 108
1-5 x 10s

<2-0 X101
<2-0 X101

2-2x 107
2-6x 107
1-2 x 10

9-0x 107

<2-0x101
<2-0 XI01
3-6 x 10s
8-8 x 10s
3-6x 108
4-2 x 108

1-5 X108
2-0x 105
2-0 x 10%

4-6 x 106
5-2 % 106

2-2x107
1-4x 107

1-3X109
1-8x108

t -60°, dried at 70-... . Hg and stored

have a_continuously de_creasingf_slope. URon extraﬁ)olation from the 12-week (or
|

8-week) and 1

0-year points we

nd that t

e ampoules_containing the Vibrios and

Acetobacters can be exPected to become sterile within several ‘decades, whereas

(assuming constant death rat
viable organisms after centuries, of stora
upon the number of o
means of death rates.

%

rate) most ampoules can be expected tq con|
storage. (Of course, the longevity will depend

[rqr?nlsms initially gresent.) We can compare sénsitivities by
us, the numbers of years required to cause a mere ten-fold

fain some

G. Microb. xxx
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decrease in count are, respectively, 100 (for e scherichia coli), 3,9, 40,1, 40, 25, 5, 25,
35,17, and many 100 (for micracoccus alius). There appears little correlation with
phylogeny, although members of Pseudomonadaceae (Acetobacter, Vibrio, Pseudo-
monas) are among'the most sensitive, (vibrio cholera also does not tolerate Iyophi-
lization well according to Rhodes & Fisher, 1950; Stamp, 1947) Appréciable
variation In sensitivity” occurs among different tgenera of Enterobacteriaceae.
Although it may be possible to retain viability of a suspension in the dried state
for very [ong periods, it might be unwise to allow too great a decrease in count to
take place. "Unequal selection of different genotyRes within the population might
occur, thus the mass characters of the culture mignt be altered. Indeed, the reason

Table 2. Final pH values of broth cultures of two Bacteroides strains before Iyophi-
lization and after Iyophilization and storage at room temperaturefor 5years*

Strain 21 s Strain 28-30
GISucteJ?(t]rlate Begogref Aggr! Be7f%ref Aft_e7rJ
EEER
o : : gé 8
osit‘té? i 4 ;
| SN T
| TN
i .
BERR
ACl0%E : i ﬂ: :
e 4§ b
G ég EE %é 2;
R0 SUbstrate i 67 70 §:6

—n

edium of 1% trypticase,

trates were sterilized .
0 |?se fan melibiose whic
alic figures,

o 1R NI TSI 5 A2
autoclawqumfe qsalm lum except xylose, araninose, maltose, ce
wetreljterl ed |5raHon |g}n| Icant fermentation IS indicated by It

e o
why lyophilized material appears to maintain its characters so well may be because
the usual holding period (a few years) is relatively short as compared with the
potential longevity of the suspension; thus the decreases in count may not have
been great enough to bring about much selection,  Storage at higher temperatures
increases the death rate (Weiser & Hennum, 1947; Proom & Hemmons, 1 :
Heckly, Anderson & Rockenmacher, 1958; Heckly, Faunce & Elberg, 1960), thus
selection should occur more rapidly. However, changes in physiological traits of

ed data



Bacterial survival during freeze-drying and storage 399

lactobacilli, including the anaerobic L. bifidus, streptococci, betacocci, and pedio-
coeci stored for 5 yedrs at room temperature have not been encountered. Sharpe &
Wheater (19552 found little alteration of characters of lactobacilli Iyoghmzed and
stored for 6 months. On the other hand, with some unusuallylar?e Bdcteriodes spp.,
lyophilized and stored in an identical manner, pronounced alterafions were observed.

able 2 presents the fermentation spectrum of two strains of Bacteroides before
|K0phl|l2a'[I0n_ and after lyophilization and storage. Losses in the ability to ferment
the 3%olyhydrl_c_ alcohols and di- and tri-saccharides have been sustained. Strain
28-30, In addition, had lost the abﬂnr to ferment galactose and, more surprising,
had gained the ab|||tY to ferment glycerol. The énd-products from glucose fer-
mentation were not altered: for examiple, lactic acid remained the principal end-
Product and the zinc lactate remained the laevorotatory ispmer. Morphology,
emperature requirements, and gross growth characteristics also were unaltered,
Quantitative viability studies were not made on these ampoules, but it is I|ke|¥ that
great decreases in count had occurred, because after three additional years storage
all ampoules had become sterile, A pleomorphic_Bacteroides strain. 29-9, also
lyophilized, did not survive even the 5-year period. Thus, some Bacteroides appear
much more sensitive to lyophilization” than the lactic acid bacteria.

Table 3. Viability of hacteria after freezing as pellets
After storage for (weeks)

Species T‘*(T)p' lcnolltjlr?tl 1 2 4 8 "
Fherchia ol i Do e B B - B
womois oy fple ik 10 i i 0
st 55 3 gk (0 W 0
e g g R 4 1 G B
s g g v BB B TR

. Frozen storage as pellets is suitable for some hacteria that are sensitive to I?/o hi-
lization. Brotfi cultures are centrifuged, the. broth decanted, and. the_centrifuge
tubes cont_amm% the pellets placed directly in the deep-freeze unit, Results are
presented In Table 3. Quantitative experiments have been undertaken with this
method only qver a 12-week period, but it is noteworthy that survivals may be
Detter than"with lygphilized material during this interval (Table 1). Storage as
thick water suspensions may_also be satisfactory, since many bacteria aré not
atfected adversely thereby. “For example, it has’ been observed repeatedly that
Escherichia coli titres are”not diminished as a result of freezing and thawing in
distilleq, water ?Harnson, 1956: Clement, 1961; Lion & Bergmann, 1961).
Freezing agar slope and buit cultures at —22° gives good results and is con-
venient, but & %uantltat_lve viability study of this méthod has not been carried out.
It is Important ha%toxm (f_nd-pr?ducts stich as a(:l%ar? |n|m|z%db u&ng \?I C0se
concentrations In the medium ot 0-25% or less. The following bacteria een
2
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maintained frozen for 2-3 years with no detected changes in morphology, cuIturaI
characteristics, or physioldgical traits; 10 speues of Streptococcus, including 14
strains of StrePtococcusfaecahs 7 species of Bacillus, 6 species of Lactobacillys, 3
species of Acetobacter Zspeues of Microbacterium, 2 species of Propionibacterium,

species of Sarcina, 3 species of Betacoceus, 2 species of Micrococcus, Chromo-
bacterium, Pediococcus, Proteus, Escherichia, Aerobacter, AIkallgienes Pseudo-
monas and Saccharomyces, Anaerobic Bacteroides and Lactobaciilus have been
stotr%d under aerobic canditions successfully for a year with no change in characters
note

This research was initiated on Contract no. DA-18-064-CML-478 from the
Chemlcal CorEs Biological Laboratories, U.S, Army. Technical assistance was pro-
vided 3/ ucille Kantzes and Gordon W. Wehrle. Later Portlons of the work
were aided by grant E-1197 from the National Institute of Allergy and Infectious
Diseases and”Institutional Cancer Grant IN-25 from the Americai Cancer Society.
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INTRODUCTION

The P gslolor% of z %ospore formation in Rhizopus sexualis gSmnh) Callen and
some oth ers ot the Mucorales is being studied in this laboratory (Hawker,
Hep en & Perkins, 1957, Hepden & Folkes, 1960; Hepden & Hawker, 1961;
Hawwker & Hepden, 1963). U publlshed observatlons with the Tight microscope
sugaest that chemical changes occur In the gp ae before conju?atlon A study of
the Tine structure of the hyphae, as revealed by the electron microscope, was there-
fore made to assist mterpretlng exi)erlmental results Additional observations have
been made with another homothallic species, Rhizopus homothallicus Hesseltine &
EHIS gHesseItme & Ellis, 1961) and with a single strain of Rhizopus nigricans
ren

METHODS

f Rhle]pustsexuaIls Was rown 0?]3% malt agarfordZ4fP]( at 2'[ﬂ0 Rd homfothallllcus
or 30 hr § 0f youn ag Were picked o rm e edge of a colon
dP xed ?mmledlatep Ays(l)ngl% tl}/ﬁ o? hyphePe #( rom an oder culturge of . homoy
h llicus Was
t aThceursnetﬁo s of hxatlon dehydration and embedding outlined below were based
on information supplied by Dr E. H. Mercer of the Chester Beatty Institute, and on
a recent pubI| atlon Mercer & Birbeck. 1961).

leatlon }/P ae Were either ga) fixed in Luftsgermanganate 2% HQ
(Luft. 1956) i mare Igerator for 20min., centrifuged for 10 min. and then washed i
cold distilled water, or (b) fixed by a dual fixation method described by Thyagarajan,
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Conti & Naylor (1961) as follows; Luft’s permanganate diluted to 1-5 % with buffer
(pH adgusted to 740), for 10 min. at room température, washed with cold distilled
water, followed by fixation i osmium tetroxide, 1-0% (pH.7-2) for 70 min. n a re-
frigerator, centrifuged for 10 min. while still in the osmic fixative and washed with
veronal huffer. . .

De ){ ration. . After fixation the hyphae were left for 15 min. in 30, 50 and 80 %
alcohol successively and were finally left for L hr. in absolute alcohol. _

Embeading. Surplus alcohol was drained off and the tuft of hthae ently.dried
with filter paper and placed in a 50/50 mixture (v/v) of alcohol and “Araldite’ (a
Pro rietary epoxide embedding medium) for 1 hr. The hyphae were.then Eassed
hrough two changes of araldite mixture (without accelerator) and left in the second
of these overnight. They were finally (Placed In gelatine c%%sules containing araldite
to which accelerator had been added, and were left at 62° for 2-3 days until the
araldite had hardeped, o _ ,

Sectioning. Sectioning proved to be unusually difficult owmtl; to the exceptionally
tough walls of the hyphae. Sections of these, fungi were cut on a Huxley ultrd-
microtome ﬁCambr,ldge Instrument Co.). A diamond knife proved unsatisfactory
and a new glass knife'was used for every set of sections. The microtome was usuall
set to cut sections 0-05 p thick, but the actual thickness probably varied from (-
to 01 fi. A few thicker sections {0—15 /Ig of Rhizopus homothallicts were cut.

The sections were tloated on 0% acetone an cau?ht on small copper 8,r|d_s of
the usual type. Owing probably to the tough nature of the cell wall it was ifficult
g(éc%e()tn%rg?%rly hségetched thin sections as the araldite tended to tear away from the

Electron n}{i%roscopy. The sections_ were examined and Photographed with a
Phillips E.M. 200 or ‘occasionally a Phillips E.M. 100 electron microscope in the
Department of Physics, University of Bristol.

RESULTS

The main obg'ect of the investigation was to determine the structure of the cyto-
%Iasm of vegefative hgphae In young cultures before the onset of reproduction.
bservations were also made of the Structure of the nucleus and cell wall.

The cell wall

The cell wall was seen only in section. It consists of elongated elements laid down
tan%entlally, %lvm/g It a stridte apgearance,gPI. 2,11g. 8). The wall varies in thickness
from 005 10 05 /17 It is assumed that thickness is correlated with distance from
the hyphal tip, so affording.a means of estimating the relative physiological age of
the fiyphae. There i no Visible difference in sfructure betweert the outer older
rtions and the inner newly formed layers of the thick wall of a mature hypha.

0
Pl\/all structure was similar in both speciés of Rhizopus studied.

Cell contents
Nuclei, The nuclei are relatively large bodies (c. 1-25-2-2 p diam.B approxi-
Taﬁeilyzglﬁgo%g or ellipsoidal but shawing minor irreqularities in outline (P1. 1, figs. 1,
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The internal mass of the nuclei shows_no clearly defined structure. There is
usually a denser patch which, by comparison with Suitably stained |%repara_tmns
ﬂevﬁigu er the light microscope, Is assumed to be the nucleolus (PI. 1, fig. 1.

The nuclei are surrounded bﬁ a clearly defined double membrang interrupted b
P_ore_s (PI..2, fig. 5%. Occasionally the nuclear membrane is seen to be In direct cop-
Inuity with membranous inclusions in the cytoplasm, The nuclear substance was In
direct contact with the cytoplasm through pores In the nuclear membrane.

Although the presence of paired nuclei sug?ests that nuclear division occurs fairly
fre%uently, there isno Indication that discrete chromosomes are formed. Robinow
(1957), from a study of stained material of Mucor hiemalis, M.fragilis and Ph%co-
myces blakesleeanys by the Ilght microscope, concluded that ‘“division of the chro-
miatinic elements Is direct and involves neither spindle nor metaphase plate.’

Mitochondria. Numerous _clearlﬁl defined mitochondria are present in hyphae of
aII_atqes. In transverse sections they are usually more or less circular or"broadly
elliptical EPI. 1 1igs. 1,2, Pl 2 f|Ps. 5, 7) but In longitudinal sections ofyoung h(}/phae
many of them aré elongated (PI. 1, fig. 4; PI. 2 |é; 62. They are surrounded by a
double membrane, the mner layer of which is infolded to form a var mg number of
cristae. |n relatively thick sections these are seen to he lamellae and are frequently
arran(ied_ In groups of two or more roughhf parallel plates. In youngi hyphae there
are refatively few cristae and they extendless deeply into the central matrix of the
mitochondria than do those of the mitochondria of 0lder hyphae. The rangSe of size
of the mitochondria is similar in all parts of the hyphae (i.2. 0-4-0-7 y x 0-5-0-8 y).

Intact hyphae stained with toluidine blue and examined under the light micro-
scope show numerous mitochondria (PI. 2, flgs. 11, 12) and confirm the electron
microscope findings relating to size, shape and distribution. _

Vesicles, tubules or cisternae; possible Golgi bodies. The cytoplasm also containg
sparsel}/_ distributed irreqular vesicles or tubules (PI. 1 _fl%s\. 2, 3; Pl 2, figs. 6, /)
resembling the cisternae Seen by Blondel & Turian (1960) inAllomyces. Occasmn_all;r
these are grouped together but are not so reqular in arrangement as the typica
Gol |_apﬁar_atus seen’in plant cells by Buvat (1958) and othérs. _

nidentified spherical hodigs. In Some sections there are gro_léps of irreqularl
arranged spherical bodies with homogeneous contents. These did not stair blac
with osmium fixation and their nature"was not determined. o
. Oil drops andfood vacuoles. Numerous homogeneous gilobose bodies, stained black
in material fixed with osmic acid, are thouqht_ to be oil drops. They occur as clear
white patches, of reqular outline in material fixed with permangariate only (Pl. 2
fig. 7). Material stained with Sudan I1] and examined under the light micrascope
contains, oil drops of similar size and distribution, .

Stellate vacuoles (Manton, 1961) containing amorphous material are also present
(PI. 2, fq. 1). TheY resemble the storage_vacuoles in conidiophores of . Stilbum
zacoloxanthun McAlear & Edwards (1959). The nature of the stored material s not
known,_but suitably stained hyphae under the light microscope show the presence
of cona?erable‘ uantities of %y(i?%en :

Cytoplasmic ‘membranes’. A'thin dark layer, the Elasmalemma, a earmg‘ 8 a
merbrane consisting of qne or more layers, can bg seen enclosing t cytog asm.

Similar fayers (tonoplasts) surround the vacuoles. The plasmalemma is not always
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in close contact with the wall and may show a crinkled ed(IJe SPI. 2 fig. 8). The
curious structures termed lomasomes by Moore & McAlear ( 96g and thought by
them to be characteristic of funﬁn Wwere not seen, although' occ S|0na||¥ vacuoles
could be_ seen In contact with the plasmalemma and a parentlg about to break
through it (Fi .1%. Large vacuoles, present only in mature hyphae, have areglular
outlineg FgFng. ? ut smaller ones in younger hgph,ae have wregular or stéllate
shape (Pl. 2, fig. 7). All are surrounded by a distinct ‘membrane’. Often one
vacu%le Is invaginated by another, suggesting'that the surrounding layer is a definite
membrang.

In addition to the plasmalemma and the membranes surrounding the vacuoles
there I a complex system of memprang-like layers in the endoplasm. These are
most clearly marked In sections which, from the’ extreme thinness, of the cell wall
must have een taken at or near the tip of the hypha, probably from the zone of
extension growth just behind it, In many such sections (both transverse and longi-
tudinal) a”complete or almost complete sinuous ‘cortical membrane” could be
traced, separating an irregular central core from a peripheral zone (PI. 1, figs. 1-4;

Fig. 3).

gfhe core is always less dense than the é)enlﬁ)heral layer and contains all.or most
of the nuclel and felw mitochondria. The peripheral zoné 1S often crowded with mifo-
chondria (Fig. 3). The presence of such zoning is confirmed by observation of living
hyPhae_ by phase contrast (PI. 2, figs, 9, 10). _ ,

n slightly older hyphae, as judged by the rather thicker cell walls, the ‘cortical
membrane™is no_longer continuous but 1s broken and tends to envelop small
stellate vacuoles (PI. 2 fig. 7). In still older hyphae, with relatively thick walls, the
small vacuoles coalesce and may extend acrossthe central part ofthe hyphae, leaving
only a shallow peripheral zong"of cytoplasm containing nuclei and numerous mito-
chondria, neither of which show Signs of deterioration (Fig. 2). The vacuoles of

hae at this stage still show contents thought to be food Teserves, probably
(I] cogen. In very old hyphae the vacugle occupies a still Hreater volume and no
fonger’ contains reqularly s_P_aced material but Is apparently empty or conains
irregular masses of unidéntifiable substances. The peripheral cytopldsmic residues
In stich h)Bphae are irregular and mitochondria and nuclei are disforted. They remain
recognizable, however, even after the endoplasm shows signs of disintegration.

DISCUSSION

No complete study of fine structure in a member of the Mucorales has %et been
Publlshed, altho qh the structure of the wall of Phycomyces blakesleeanus has been
nvestigated (Roelofsen, 1959) and a single electran m| crograph of a section of a
hlyé)ha of a species of Syncephalastrum has been published by Moore & McAlear
Sw 613. A few funql from_ other groups have been studied,” notabl Allomgces
acr gy_nus (Blondel & Turian, 1960), Neurospora crassa (Shatkin & Tatum, 1959
and various yeasts (Thyagarajan et al. 196]: Kawakami & Nehira, 1959). Th
structure ofthe hyphae of Rliizopus sexualis differs from that of other fun?| studied,
chiefly In the greater development of ‘membranes " in the cytoplasm of the goung
hyap e, Th|ﬁ mﬁ not be a real difference, since other studies may not have include

stch young hyphae.
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The general structure of the nuclei, mitochondria and other cytoplasmic in-
clusions resembles that described for other fungi, _

The most interesting feature in the anatomy of Rhizopus is the separation of an
outer zone containing numerous mitochondria_from an inner core containing nuclel
and a few mitochondria in the region of extension growth of the hvpha. These zones
appear to be separated by a membrane, often of tWo or even three layers. [t is not
certain whether this is 4 true membrane or merely the effect of two surfaces in
contact. Such a_division 1S of particular interest in view of the observation of
Arthur (1897) with Rhlzolpus nigricans, confirmed by Schroter (1905) and Buller
(1933), of the‘occasional presence of particles moving in a directioh opposite to that
of the main stream within the hyphae. These authars describe a broad vacuolated
axial stream of protoplasm_ and a_sheath-like peripheral return current of non-
vacuolated protoplasm moving basipetally. This observation has been doubted by
some later workers and it has lieen suggested that such a streaming of protoplasm in
opposite directions In one and the same hypha at the same timé resup?oses the
existence of 4 cytoplasmic membrane separatmq the two streams o cKtop asm. We
examined living hn)hae_ under the ordinary light microscope and by phase contrast.
In mature parts of the ||V|ngi htha streaming was rapid, but at any particular fime
was In one direction only, 1nthe region of extension growth near the aPex of the
hyphae, however, str_eamm,? was ustially slower but some particles could be seen
moving towards the tip, while others wefe moving away from it. The particles were
of a size comparable with that of mitochondria, The peripheral particles moved in
jerks as if they were encountering obstacles. Plate 1, figs. 1-4, ndicate that such
obstacles may well exist in the form of folds of the ‘cortical membrane’. The great
concentration of mitochgndria in the perltpheral 70Ne SU %ests that these may be
actively engaged in the linear extension of the cell wall. The internal arrangement
of this part'ofthe hyPhae and the observations on particle movement are consistent
with the hypothesis that food material and nucler move up the centre of the young
hypha and that mitochondria may accumulate at the tip and then move Slowly
down the peripheral layer. Their progress is impeded by folds of the membrane and
it may be that during this slow backward proglress they are concerned in the
addition of new material to the growing wall. Buller (1933 reported the presence
of small moving particles in the”peripheral stream. In older parts, of the hypha,
where the membranes arg not continuous, the cytoplasmic streammg IS unidirec-
tional at any particular time. Particles flowing 11 this stream togethér with small
vacuoles are a'p arentl Hnlmpede_d by any resistant stru%ture, In"contrast to those
movmg nearﬁ_ {iwe tHo, IS 1S again cona{}ent with the observed structure of older
hyphae In which continuous cortical membranes are lacking.
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fixing, embedding and sectioning the material and Mr G. A, Bassett and Mrs J. Dyer
of the Physics Department, University of Bristol, for takln% mang/ of the electron
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EXPLANATION OF PLATES
Rhizopus—electron micrographs
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INTRODUCTION

Many classifications of the Gram-positive and catalase -positive cocci have heen
suggested. Some authors place all organisms i masrn%e group or enus others Into
fwo or more genera, The classification of Shaw, Stitt & Cowan (1951) proposed com-
bining aIIorgamsms In the genus Staphylococcus. . Evidence for the ore tradrtronal
ﬁs)roac of reco nizing several genera was obtained by Evans, Bradford & Niven
g 60) and Hill (1959). The latter concluded from corputer data that members of

haw, Strtt&Cowansgenus Staphylococcus were better placed into two genera. The
enus Staph %ococcus Wag retained for those organisms which formed” acid from
ucose aero ically but did not possess &pink pigment. The genus Micrococcus was
re -Introduced to Contain the pink- P igmented organisms andthose types unable to
form acid from glucose. Evans eta 9552 suggésted a different classification hased
on the observation of Evans (1947 148()) ha coa ulase- posrtrve staphylococcr to-
gether with some coagulase- nega ve, Gram- posr Ive and catalase-pasitive coccl,
Could grow an form acid from glucose anaerabically. They proposed that the two
genera Sta ¥ococcus and Mrcrococcus should be_ reCognized and separated on the

||tyote rmergenustogrowan to produceacid anaerobically. Thisclassification
forms the basis of that follovied in the maost recent edition of Be eg s Manual 1(1957)
It was criticized by Thatcher & Siman (1957) who found that all their isolates ormed
srmrlar amounts of acid both aerobrca lt/ and anaerobically, and. more recentl g/ Cy
arvre Higg eavei who reported finding coa%ulase ositive staphylo 0cCl
which wer unable to attack glucose anaerobically. | have been unable to confirm
either of these observations andm results hased on a study of 1250 isolates agree
with those of Evans et al. 819552 e object of the present work was to classify’the
aer1obrc Gradmdpotsrtrve and catalase-positive coccl found on bacon, human and pig
surfaces, and dus
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METHODS

1250 isolates of Gram-positive and catalase-positive cocci were freshly isolated:
920 of these isolates were from bacon. The bacon was macerated aseptically and
plated on tryptone %{east lucose salt aqar gT_YGSA)[ containing 6% (wiv) sodium
chloride (Cavett, 19 22. lonies from plates incubated at 30° for 3 days Were sub-
cultured on to nutrient agar plates and tested for catalase by using 3% {wiv) hydro-
gen_E)_eromde (Society of American Bacteriologists, 1957). Single colonies of Catalase-
positive organisms were picked onto slosnes ofeast glucose agar YGA) of the follow-
Ing comPosmon (%, wiv); glucose. 0-5; Evans Eeptone, 0-5; NaHP04 (-5: Difco
yeast extract, 0-5; Lab-Lémeo, 0-5; agar 1-5. These cultures were incubated for 24 .
at 30°and then stored at 5” until required. Coa uIase-Bosnwestagh lococci wereisola-
ted on the selective and diagnostic medium ofBaird-Parker (1902); 152 isolates were
from armpits and hands of 24 volunteers. The skin was subjected to a standardized
washm% rocedure to remove transient organisms (Hurst,” Stuttard & Woodroffe
1960?. rganisms recovered in the wash-water after this procedure were cultivated
on blood agar. 70 isolates were from 24 pig trotters, Isolations were made from
ground-up skin, preV|_ousI¥ washed by the same procedure as used for making isola-
lons from human skin. 108 isolates were from household dust. Plates of TYGSA
were exposed {o air for 30 to 60 min.; after incubation for 3 days at 30°, catalase-
positive colonies were picked on to nutrient agar plates,

Morphology. Smears were macle from nutrient agar plates incubated for 24 hr. at
30° and stained by Gram’s method. The Gram réaction, size and arrangement of
organisms was noted. Hanging drop preparations of 24 hr. nutrient broth cultures
were used for motility tests and for further observations on morphology. The
appearance of growth in nutrient broth was noted. Features of 3-day coloniés (30°)
on nutrient agar were determined by using a x50 binocular plate mlcroscqge.
quentauon 0f colonjes, was noted at'the same time and compared where possiole
with the pigment of similarly aged colonies on milk agar. _

Phy3|olo%|cal fest methods, " EXperiments, were so arranged that the isolates were
subcfiltured as little as possible before testing, Or?amsms stored at 5° were revived
by plating on YGA. Single colonies were further plated on to nutrient a(T;ar followed
by picking into nutrientbroth, These cultures were incubated, overnight at 30° and
used to inoculate the test media qutlined in the foIIowmgf sections. Analar or Difco
products were used unless otherwise stated, and bacteriological grade ‘sugars’ were
used throughout; alsounless otherwise stated the pH value of meédia was adjusted to
hetween pH 7-2 and 7-4. Media were sterilized at 120° for 15 min. Liquid media
were dispensed (5 ml.) in 1 0z. screw-capped McCartney bottles. Tests on solid media
were made in Petri dishes, 6 isolates bemg radwllysge ked per plate. After inocula-
tion, liquid media were Incubated for 14 days at 30° betore tgsting. Solid media were
also incubated at 30° and read daily up 0 a maximum of 7 days. . _

Phosphatase. Ability to Broducep osphatase was tested in the following medium
(%, wiv); Evans peptone, 0-5; Lan-Lemco, 0-5; NaCl, 0-5; agar, 1-5. To 100 ml. the
molten Dasal mediym 45? was added Iml. of a 1-0% Seitz-filtered solution of

henolphthalein diphos hae‘sodmm salt; L. Light, Colnbrook, England; Barber &

Uper 1951%., Inoculated é),la es were incubated for 3-5 days at 30°. It should be
noted that this procedure differs from the origial one used by Barber & Kuper for
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detectrng coa?ulase positive staphylocacci; they incubated for only 18hr. at 377,
The re ease ofTree phenolphthalein as detected Using a drop of 0-880sp. r[y ammonia
c(e In the Ird of each Petri dish. Phosphatase Eroducrng colonies furned deep
Immediately on exposure to ammonia vapour.
Coa%ulase The roduction of free eoa ulase FDuthre 1954) was tested by the
method of Fisk § ackie & McCartney 19 ). Difco dried rabbit plasma was recon-
stituted_and 0-3ml. added to (- mI of an overnight culture in heart_infusion
broth. Tubes were incubated at 37 and read at 1and"3 hr, and after standing over-
Bé httlvaet room temperature. Any degree of coagulation of the plasma was recorded
Acid productionfrom carbohydrates Abilit to produce acid from Iucose aerobi-
cally and/or anaerobical Iy was tested by Hugh & Leifson’s (1953) m tho with the
following medium (%, wiv): NHHZ 04 0-T KCL 0-02; MgS04.7HA), 0-02; yeast
extract, 0L bromatresol prple, 0-004: agar 0-2: pH 7-0. The medium was sterilized
in 90 ml. amounts and 10ml. ofa 10% (w, E /LSertz frItered solution ofglucose added
to the molten base (about45{rmmedra ly before use, twasdrsprense aseptically
Into sterile 6in. x \ in. test twbes which”were two-thirds full. The medium. was
steamed for 15 min. to drive off dissolved oxygen and kept at 5° until set. Duplicate
tubes were stab inoculated throudhout theil” length with a heavy inoculum from
nutrient agar plates, After ingculations the surfacé of one tube of each duplicate was
covered with a 1-2 in, Iayerotsterrlehgurd paraffin. After incubation for 5-10 days
the tubes were examined for acid proauction. The production of acid from carbio-
hydrates other than glucose was detected on plates of the same mineral salt yeast
extraction medium s used for glucose, except that the agar concentratiori was
increased from (-2 to 1-5% d( wiv]. Seitz filtered 5 to 10% Solutions of the carbo-
hydrates under test were added to the molten base to grve final concentratrons
of 0-25-0-5%. After a preliminary trraI with 28 carbohydrates the fol owrng
14 were selected for use: L-arabinose, cellobiose, dextrin, galactose, ametyr
glticcsrgrde - glycerol, inositol, Tactose, maltose, mannitol, raffinose, rhamnose, salicin,

Acetoin production and final pH value rn%Iucose broth. Medrum (%, w
tone, 1-0; Lab-Lemco, 0-3; yeast extract, 0-L; glucose, 20, The PH val ue of he
Inoculated medjum was determined electrometrically after mcubation for 14 days.
The presence of acetoin WTrs detected by the metho of Barritt (1936) and in some
cu tures b[y Bat Smrt s 1941) methad.

Aescull y\l srs Medium ( % wiv):_Trvptone, 1-0: Lab-Lemco, 0-3; yeast
extract, 0 5: aesculin, 0-5: The release of the, phenglic aglycone Was
detected by addrngOSmI of a 1% solution of ferric ammonium citrate, allowing to
stand at room temperature for 1-2 min., and then examining for blackening of the
medrum an oss of quorescence (Barnett Ingram &Swarn 1956).

Starch hydrol srs erum rfytone east extract, 0-1: Lab-
Lemco . starch, 0-02; agar, 5modrfred om Eckford 1927, medium).  Starch
hydrolysis was detected by roodrng with Lugol’s fodine.

Milk agar. The foIIowrng basal medium was made up to four fifths of the finally
required Volume and dispensed in 80 ml. amounts (%, w/v) Tryptone, 1-0: Lab-
Lemco, 0-3: yeast extract, 0-1: NaH P04 0-5: agar, 1-5.. Low fat milk was obtained
by standing milk for 3 . rna45°|ncubatoran skimming off the free fat. The milk
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was adjusted to pH 7-0 and dispensed in 20 ml. amounts. It was sterilized by auto-
claving at 115° for 10 min.; 20 ml. of warmed milk was added to 80 ml. of the hasal
mediym before use. Inoculated plates were examined daily for clearing around the
colonies. After 5 days, plates were flooded with acid mércuric chloride (Frazier,
1926g fo distinguish between true prote,olgsm and clearing of the milk due to solu-
ti|9I(|)z4 tion of the milk protein by alkaliné end products of metabolism (Hastings,

=) (Yolk agar, The following basal medium was prepared (%, wiv): Evans pei)-
tong,"0-5; Lab-Lemco, 0-5; NaCl, 0-5; agar, 1-5.. Oxoid concentrateg e}qg yolk
emulsion was added to the molten base to"give a final concentration of 5% (U/v).
Plates were read as for the milk agar plates. ,

Gelatin agar (%, wiv): Tryptone, 1-0; (Yeast extract, 01; Lab-Lemco, (-3; gelatin,
0-4: agar, 15, "Gelatin' hydrolysis was detected by the method of Frazier (1926).

Ammonia production irf arginine broth (%, wiy): rgptone, 1-0; yeast extract, (-1,
Lab-Lemco, 0-3; NaH P0470-5; i.-arginine HCL, 0-3. Ammonjd was detected by
removing Lml. of culture supernatant fluid and adding to it 0-5ml. Nessler’s

reagent.

queakdown of other aming acids. Washed suspensions of or?a_nisms were used for
detectmg ammonia production from arqmme,, asparaqme, cysteine, glycine, methio-
nine, and serine. Decarboxylation of glutamic acid, Tysine and arginine was tested
by the methodls of Moe[ler (}95&'21 and Carlquist F19 0). Anaerobic breakdown of
arginine was determined by the method of Thornley (1960?_. o _

ydrogen sulphice production. The decomposition of specitic or%amc and inorganic
compourids with HZ formatjon (Qlitzki, 19542)was investigated by Using washed
suspensions of or(I;amsms and the following substrates: cysteine, methionine, thio-
glycollate, thiosufphate, sulphite.

Hippurate hydrolysis. Medium (%, wiv). ,Tryﬁtone, 1-0; Lab-Lemco, 0-3; yeast
extract, OT;uncose 0T: NaHP04 0-5: sodium hippurate, 1-0. |t was sterilizad bY
autoclaving at 115° for 10 min. The release of benzoate was tested by addmg 15ml.
0f50% (v/V) cone, suIPhunc acid to 1 ml. of culture supernatant fliid and Standing
?A rg%m&t%rn era{gE% or 4 hr. Free benzoic acid was precipitated as fine crystals

itrate redt?dtion. Medium g/o, wiv): Tryptone, 1-0; Lab-Lemcq, 0-3; yeast
extract, 0T: glucose, 0T: NagH P04 0-5: sodium nitrate, 0-02. Reduction of nitrate
was determinied by addm% 1ml, each of Gr|es,s-llosva¥’s_reag,ents to the culture
fluid $Re ommended method fSome}X ofAmgrlcan Ba¥ eriologists, 19 Q Results
were read after standing for aout 5min. Reduction of nitrat be¥on Itrite was
tested by adding a knife tip of zinc dust. Production of ammonia from nitrite was
determined by Using wash dsus(g)ensmns cf organisms incybated for 6 hr. at 30° In
2x 10°5M-sodium_nitrite buffered at pH 7-5 with m/15 sodium cacodylate.

LIpO|¥SIS. Abl|l_tr¥ to hydrolgse butter and lard with the release of free fatt}é acids
was tested bfy using the Jonés & Richards’ (1952) medium. Care was taken to
emulsify the fats by wgorous_shakmq before pouring the plates. When the medium
was almogt sef it was poured into cooled plates (5°) in order fo Prevent separation of
the fats. The h%drqusm of Tweens with the release of free fatty acids was tested in
gsuesrlrJ gt%?gg) edium; Tweens 20, 40, 60 and 80 (Honeywill-Atlas Ltd.) were used
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Ammanjum hosghate utilization, The medium used was that published bX Hucker
(1924). Difco Nobel agar was used to solidify the medium. Slopes were inoculated
with organisms from nfineral-salt yeast-extract agar in order to minimize the trans-
fer of organic material. Inoculated slopes were ‘examined weekly for growth and
acid production: they were incubated for 1 month, _ _

Growth in medjia containing Sodium chloride. Ability to growin a Pe otone medium
containing no added sodium chloride, or 5 or 15% (Wiv) Sodium chloride was tested
by using the media and methods suggested by Pohja (1960). _

Growtn at 10° and 45°. Tests were” carried” out in Stirred water baths with an
accuracy of +0-25° Yeast-extract glucose broth was brought to the temperatyre of
Incubation and inoculated with about 0+-5 ml. of an overnight nutrient broth culture.
Inoculated bottles were_incubated submerged to their necks.

Recording of results. The results obtain2d were recorded on Paramount brand
punch caras in order to compare characters of the isolates. All positive characters,
Weak and strong, were punched out; the strength of the reaction was noted on
Etp]ea rggtredrss The Isolates were sorted into groups, taking into account all their
. Experiments on variation of physiological characters. To avoid defining groups of
isolates on unstable characters, attempts were made to cause variationin‘a collec-
tion of 6 1solates when frequently subcultured. Two strains each of Shaw et al. (11951
subgroups 1, 2 and 3 were resustitated from 12-14 months old, freeze-dried cultures
and” plated on YGA. Single colonies, were picked and replated, The process of
picking and reﬁlatmg was repeated five times, and from the final platings 6-8
coloniés of eac _or?amsm were inocylated into nutrient proth. The brothS were
incuhated overmﬁh and used to inoculate the tests outlined in the previous sections
of this paper. All tests were read after incubatign for 7 days. This procedure was
repeated four times, the first culture of the preceding series being used as the mother
culture for the next series,

RESULTS
Morphology

The 1250 isolates were Gram-positive and catalase-positive cocci which divided jn
more than gne plane, either reqularly to form tetrads or cubical packets, or irreqularly
to form different sizes of logse or”compact clusters. The ability to form Cubigél

ackets appeared to be a stable character produced hoth inhroth dnd on solid media,
he formation of [oose or compact clusters showed considerable variation on different
media, anq tetrads were formed by many straing which otherwise grew as irreqular
clusters. Although the or?amsms were Gram-positive in young culture this character
was frequently lost in cultures older than 48 hr. The organisms were often sllghtly
elongated, and divided by septa formed at tht, anqles, to their Ion? axis; Short
chainis of 34 cocct were commonly present. Motile strains were not found among
theée isqlates. . : : :

Olonies were mainly convex (0-5-2-0 mm. dlamp with an entire edge and a
smooth or s,hgh_tly granular surface sometimes with radial striations. Some or?an-
Isms when first isolated formed hard, wrePuIar colonies clinging to the surface of the
agar, but this property was unstable and fost by most isolates on subculture. Organ-
|sm327undergomg regUlar division and forming cubical packets us(yally Eosse Sed

. Microb. xxx
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characteristic large granular matt colonies. Colonies were white, yellow or or,anqe
plﬁ_mented. Yellow- or orange-pigmented isolates often gave rise to white variants
Wwhich when tested were physiologically identical to their parent types. .

The appearance of the growth inbroth was variable. The anaerobic glucose utilizers
(staphylococci) grew usua_l(ljy as an easily suspendable fine sediment. “Sometimes the
culture fluid became turbid with a tendency to form a ring of growth at the surface
of the medium in cultures older than 48 hr, “In contrast, the growth In broth of those
orgamsms which utilized glucose only aerobically ‘mlcrocogzm mostIY gave a mucoid
sediment which was difficult to disperse; the Culture fluid above these sediments
remained clear. Some organisms qrew as a granular sediment, often with small
colonies developing on the sides of the bottles.

Physiology

Phosphatase. After incubation at 30° for 3 days all coagulase-positive isolates
were stro,nglg phosphatase-positive together With 378 coagulase-negative isolates
which utilizéd glucose anaerobically &nd 4 isolates which utilized (‘;_Iucose only
aerobically. Weak activity was recorde from 4 isolates which did not ufilize glucose
and from"2 which attacked glucose only aero_blcally. _ o

Coagulase. Twenty-two isolates were positive after incubation in the presence of
rabhit plasma for 3fir.; 2 isolates were only positive after leaving for a further 18 hr.
at room temperature, e

Acidfrom carbohydrates. Isolates showed three types of activity in the breakdown
of ?Iucose In the mineral-salt yeast-extract mediam used for the Hugh & Leifson
test: (1) acid throughout the open and sealed tubes; EZ) acid at the surface and upper
Part of the open tube, no acid in depth of sealed tube; (3) no acid, 1.e. no chan?e n
he bromocresol purple indicator, in either the open or the Sealed tube, All coagulase-
positive isolates together with 546 other organisms grew and formed acid _throu%?-
out the open and Sealed tubes; of the remainder, 669 isolates formed acid at the
surface and upper Part of the open tubes and sometimes slight acid at the surface of
the sealed tubes. The location of acid Rroduc,tlon coincided with growth. Growth
was most rapid in the open tubes and when acid production occurred in the depth of
the agar It was accompanied bly growth. Acid production.in the depth of the Sealed
tube Was considered to_take pface under anaerobic conditions and organisms which
showed this activity will be referred to in this paper as anaerobic glucose utilizers,
Pohja (1960) found that m_anY of, his Gram-gosmve and catalase-positive coccl
formed acid weakly anaerghically, i.e, pH >5-7. These would not be detected with
bromocresol purplé as an indjcator of qcid production,

Many isolates Utilized a wide range of carbohydrates besides glucose. These carto-
m(drates were incorporated in an agar medium Since it was found, in agreement with

ll 19592, that a plate test gave clear-cut results. The carbohydrates most fre-
quently attacked by the anaerobic glucose utilizers were: galactose, glycerol, lactose,
maltose, mannitol. “Those isolates Which uﬂhzed_glucose aerobically but nof anaero-
bically also frequently formed acid from L-arabirose, cellobiose, inositql, rhamnose
and xylose. Some organisms also attacked a-methyl D-Plucosme, dextrin, raffinose
salicin and starch; the breakdown of starch was usually weak. Dajly readings of
plates was necessary since acid from some carbohydrates, gartlcularl_y L-arahinose,
was often present only transiently, with subsequerit reversion to alkaling conditions.
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Acid from mannitol was produced both aerobically and anaerobically by those
coagulase-positive staphylococci able to attack this sugar alcohol. In contrast, only
2 olit of 40 coagulase-négative anaerobic glucose utilizers which formed acid from
mannitol aerobically weré able to do so angerabically. These results agree with those
of Evans (1948) and Dr D, A, A Mossel (1962). _

Acetoin and final FH value in glucose broth. Acetoin was produced mainly by the
anaerohic_glucose utilizers; its production usually was accompanied by a terminal
pH value in 2% glucose broth below pH 5-5. Ideritical results were obtained for 100
ISolates when the presence of acetoin was tested for by the method of Bayritt (1,9362
and the more sensitive method of Batty-Smith (1941).” A larger number of organism
was positive in the phosphate-free 2% glucose medium used in the present work than
In the glucose phosphate medium commonly used for the Voges-Proskauer (V/P) test
&I\_/Iackle & McCartneK, 1960). Similar results were reportéd by Abd-El-Malek &

bson §l948) and Shaw et al. (1951). It was necessary to incubate for at least
14 days o avoid missing late_acetoin producers. _ _ ,

Aesculin. Aesculin was mamI){ thronsed by those isolates which were acetoin-
neganve and utilized glucose onfly &erobically. _ S

ffects in milk agar, egg-golk a?ar and gelatin agar. Most isolates which utilized
glucose anaerobically caused clearing of millk in mitk agar plates; many of these also
Cleared egrgn Yolk and hydrolysed gelatm. These activities were generally weak or
absent from the other isolates, although some packet formers were'actively gelatino-
Iytic. Clearing of milk and eqg yolk was due mainly to solybilization of thie proteins
by alkaline end products of metabolism since treatment with acid mercuric chloride
(Frazier, 1926) resulted.in a decrease or d|sagﬁearanc_e of the clearing,

Decomposition of amino acids and hydrogen sulphide production. “Most isolates
Produce ammonia when grown in arg_mme broth. All coaqulase-positive isolates
ormed ammonia from arginine anaerobically in Thornley’s (1960) medium, whereas
only 5out of 24 coa%_ulase-ne ative isolates which formed ammonia aerobically were
als positive anaerobically. Washed suspensions of 12 of 20 isolates formed ammonia
from arginine, 15 of these also formed small amounts of ammonia from serine; no
ammania was detected from asparagine, cysteine, qu cine or methioning, Glutamic
acid, lysine and threonine were not deamjnated, Traces of hg/drogen sulphide were
formed from thiosulphate (7 of 20 isolates) and from cysteiné (9 of 20 1solates) but
not from methionine, thio-glycollate nor Sulphite.

Hj Hourale was hydrol sed\Ry most isoates.

Nitrate reduction: Nifrate was reduced Iyr_nost isolates: gas was not detected.
Many isolates which utilized glucose anaerobically reduced nitrate to ammonia
whereas most of those isolates which utilized glucose only aerobically or did not
attack glycose, ﬁdgcefi mtr?te to nitrite.

L|Pol s1s, and hyarolysis of Tweens. Lard, butter and Tweens were hydrolysed by
most gfthe isolates which utilized glucose anaerobically. Tweens 20, 40 and ©) were
more frequently attacked than Tween 80. The remaining isolates, r%;enerall did not
attack fhese stbstrates except for some phosphatase and acetoii producers, and
some of the or %msms which did not f?rm am? from c?rbohelV r,aLes. .

Ammoniym pnosphate utilization. Eleven of the isolates which ufilized glucose
anaerobically grew weakly on the ammonium pho%ohate medium and formed small
amounts of acid after inctbation for 21-28 days. Forty isolates which formed acid

27-2
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only aerobically from glucose, g{rew and produced, acid between 7 and 21 days.
Several Isolafes grew weakly on the medium but falled to form acid. . |

Growth in the presence 0f5% and 15% sodjum, chloride, All isolates grew in Pohja’s
51960) medium without added sodium chloride with exception Of 2 coagulase-

egative Phosphatase-posnwe isolates. However, growth of many of the anaerobic
glucose utifizers was weak. All isolates grew in the™presence of 5% sodium chloride
and most in the Rresence of 15%. : . .

Growtn at 10 and 45°, With the exception of 5 isolates all the coa?ulase-ne?atwe
orgamsms which formed acid, from glucose anaerobically did not grow at 10°,
Growth at 45° was a more variable chiaracter but most of the isqlates grew at this
temperature. In contrast, allbut 21 of the isolates which formed acid only aerobically
grew at 10°, and with the exception of 38 isolates, did not grow at 45°.” Most of the
coagulase-positive isolates grew at 10 and 45° as also did some of the packet formers
and"isolates which did notattack glucose.

Examination of instability of some physiological characters

Sixcultures of Shaw et al. I(1951) subgroups 1,2and 3 which were freeze-dried and
examined about 1 year later, showed Only minor changes in Phy3|olog|cal reactions
on retestm?. Noné of the sfronply positive characters was lost althdugh one sub-
group J1solate had lost the abilityto attack xylose and hydrolyse casein. However,

oth of these characters were wedk when the iSolate was tested before freeze-drying.
One isolate apparently gained the character to form acid weakly from Tgalac 0SE.
Further apparent changés were noted when the strains were subcultured frequentl
and tested over a period of 1 month, Series of colonjes picked from the subgroup
and 2 strains reduced nitrate to nitrite or a more reduced end product, and Showed
change in ability to form detectable ammonia when grown in arginine broth. Some
ofthése colonies also apparently became able to proglice acetoin. This was associated
with a terminal pH %reater than 5-51n 2% glucose broth; cultures havm%_a_fmal H
of 45to 5 contained acetoin. The acetoin-negative cultures became positive when
retested with the incubation time extended from 7 to 14 days. Similarly, variations
In end-products of pitrate. reduction and the productign of ammonia ffom arginine
were eliminated bg longer incupation. Thus tests on end products of glucose, arginine
and nitrate metapolism should he performed after 14 days incubation to avoid
negative results due to weak activities

Grouping of isolates

. The isolates examined could be divided into, 3 main groups. Group 1 contains 570
isolates which utilize glucose anaerobically: it corresponas to the genus StathIo-
coicusasdeflnepbyEvansmBTr eg'sManual 195,72. embersofgroup 2 (6771sola esg
only utilized glucose aerobically or not at all: this group corresponds o the genu
Muirococcus a5 defined bg Bergey's Manual 51957 . Group 3 contains 3 packet-forming
ISolates corresponding to the génus Sarcina Goodsir, _ _
Group 1 (Staphylococcus RoSenbach emend. Evans). 1t was possible to recoqmze
65ub?rougs within this %roup. The main characters of these are shown In Table 1
complete characters together with those of groups 2 and 3 are tabulated in Table 3
Group 2 (Micrococcus Cohn emend. Evans). Members of this group could be divided
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into 7 subgroups on their thsioIogicaI characters. Their main characters are shown
In Table 2, complete characters i Table 3, _ _
GrouP 3 ?]Sarcma Goodsir). Too few isolates were obtained to recognize subgroups.

Complete characters of the 3 isolates are listed in Table 3.
Table 1. Main characters of subgroups within Group | (Staphylococcus
Rosenbach emend. Evans)
Subgroups
Characteristic | [l hi v v VI
Coagulase + - — — — —
PhoSphatase + + + — — —
Mannitol (aerobic) + — — — — +
_ _ (usually)
Mannitol (anaerobic) s u+aII ) — — — — (usuﬁl )
Aeetoin + Y + — + + + Y
Lactose usually)  (usualy) - !
Maltose + Y + Y — v + v
Growth at 10° + — - — — —
_ (usually) (usually)
No. of isolates 24 354 24 53 19 96
v = variable
Table 2. Main characters of sub%roups within Group 2 (Micrococcus
Cohn emend. Evans)
Subgroups
Characteristic 1 2 3 4 6 7
Acid from glucose  + + + + + +
aerchic)
Phosphatase — — — — _ + _
Aeetoin + + + + — — —
Average end pH 46 51 50 52 55 53 6-5
value'in 2%
wlv t%;Iucose
hrot
Arabinose - — — + v + —
Lactose — v + + + —
(usually)
Maltos ! L (usu-}i-ll VT sy f B
Mann:tol — - + y + + 4 + -
, , (usually)
Lipolvsis v + + — — + v
(usually)  (usually)
Weyss sy - -7 !
Giowtat 17 (usualy) el @soly) - ey (us)
No. of isolates i Y 8 4 75 Y 19 544 Y 4 10

V =variable
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DISCUSSION

The Gram-positive ang c,atalase-gosnwe cocc isolated from bacon, human and pig
skin, and dust can be divided into 3 main %roups similar to the_genera Staphylo-
coceus, Microcoeeus and Sarcing as defined in e_rgely's Manual (1957). The genera‘are
closel¥ related and form a series of morphological and Rhysmlo_gmal types ran%m%
from the hiochemically active small staphylotocci_to the’ relatiVely inactive [arg
sarcinas. Evidence was obtained, in agreément with the proposals of Evans et al.
(1955), that two ?enera, Staphylococeus and Micrococeus, could be separated by the
ab;ht}/ of Staph% ococcus to grow and form acid from glucose anaerobically.” The
3 1solates which formed packets were morphologically distinct from these two
genera although (Ph siologically related to Micrococcus. There appeared to be no
reasonable grounds for igndring the genus Sarcina, s su gested by Shaw etal. 81951P,
since the formation of Eackets appeared to be stable. However, Tt could be possible
to confuse the true packet formers with some of the tetrad-formln? MICrococel unless
hanging drop preparations were examined under phase contrast. Following these
obsgrvations those organisms which grew as tetrads were placed in the genus Micro-
coccus. They were mostly members Of s_ubgroug}?. y

Hill (19 )_su%gested that all non-pink”pigmented Gram-positive and catalase-
Eosmve cocci which produced acid from glticose should be placed in the gienus

taphylococcus, This suggestion was made from a study of only 49 strains andlysed
according to the Adansonian classification as suggested by Sneath (1957). It sets
broad limits to the genus Staphylococcus and résults in Classifying the Unrelated
saccharolytic sarcinas In the samé genus as the coagulase-positive staphpyloc,occr the
non-sacchiarolytic sarcinas would Be placed in the genus Micrococcus, Pohja (1960),
who also used the Adansonian classification, proposed to limit the genus Staphylg-
coccus to Shaw, Stitt & Cowan’s two Species, Staphgloc_occus aureusand S. saprophyti-
cus, the latter being defined to contain Gram-positive and catalase-positive cocci
which formed acetoin from glucose. If this classification were accepted my sub-
group 1] staphylococci, whiCh are acetoin-negative but ferment glu_cose anaerob-

ally (Table 3), would be placed ina Micrococcls subgroup. This classification would
dls_reﬁa_rd the main distinguishing character between staphylococci and micrococci,
which is the fermentative or oxidative utilization of glucoge. e

Separation of staphylococci from micrqcocer on anderobic glucose utilization, i.e.
ability to grow and Rroduce detectable acid in the depth of sedled tubes with bromo-
Creso gur le as an indicator, results in the delimitation ofa group oforgamsms which
are morphologically and, ghysmlogmally similar to Stajgh lococcus aurgus. The latter
IS accepted as type species of the genus _StaPh lococeus (Judicial Commission of the
International Committee of Bacteriological Nomenclature and Taxonomy; Stock-
holm, 1958). 1t appears reasnable to stiggest, therefore, that since anaerabic glucose
utilization, under the conditions mentioried, separates a group of organisms which
are clo el¥ related to the t Pe speclfes of the genus Staph¥lococcus., this Is a better
method 0 separatm? staphylococcr from micrdcocci than the divisions proposed by
Hill or Pohja. Two strains of S. aureus (NCDO 1236,1,238? were described by Garvie
etal 961} as, not forming acid from glucose anaerabically; but both organisms did
s when testeq by the Hugh & Leifson test as described iri the present paper. Some
convergence between the”proposed genera can be seen from the results listed in
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Table 3. For example, some Staphylococcys subgroup 1V isolates were distinguished
from those of Micrococcus subgrouo 1 solely of anaerobic_ glucose utilization, The

presence of intermediate types between génera and speciés must he expected rf
evolutionary concepts are to be accepted "(Gibson, 1955; Lysenko, 1961); conver-

gencies can“be found between almost every genus in bacteriology.

Proposed classification

SiX subgrou S Were reco nized within the genus Stagh%Iococcus Members of sub-
gro%p produ ecoa uase nd beIongto the Species Staphylococcus aureus as defined
haw et al. They also produce phosphatase and are able usually to form
from ma nrto aerobically and anaer brcaIIy Members of subgroup
aIthough phosPhatase posrtrve are well se arated rom those of subgroup™1 b not
forming coagulase or acid from mannrto hese organrsms are found frequently o
human andpgsurfacesand In household dust. They are also found in large nym ers
rnbacon stored at 30° (Cavett, 1962). Closely related to subgroups |1 are members of
su groups \/ which are ghosphatase negative. They are found in similar habrtats 0
grou D L members. ugroupIIIorganrsmsarefoundfrequentgon prgs m ut
were not isolated. from human'skin o household dust. This subgroup atoug
phosphatase-positive and mannitol-negative is drstrngurshed rom su ou Iy
not forming acetoin from glucose or acid from maltose. Subgroup IV members are
unable to produce phosphatase and aIthough acetojn-positive, attack only a limited
ran eofcarbohyd ates. They were isolated from skin surfaces and from bacon. In
r%roug V| are placed those phosphatase-negative staphylococei which form acid
nnitol, usually only aerobically; within this subgroup. 3 types can be dis-
trngurshed on ability o attack maltose and lactose (see definitions).
even sub gboups were recognrze within the_genus Mrcrococcus As prevrously
mentjoned su group 1 memb ers are similar to Staphylococcus sub groufo but are
unaole to form acig from glucose anaerobicall ryn Wh en tested B e descrr e
method, Membersofthrssub%rou D were isolated mainl romdust nd_bacon.
%roup2|s separated from subgroup 1 by forming aci rom lactose. The usua
ave a terminal pH value > 50'in glucose broth and usuall growat 10% t were
mostly Isolated from bacon. Su groupSOrganrsms occur” mainly In ut
vacuum-packed bacon. They are closely related to, members of subgrouprut are
mannitol-positive; 3 types can be separated on abrlrt)( toh drolyse |ard and Tweens,
and to grow and formacid in a medium containing, glucosé and ammonium dihydro-
gen hosphate as sole carbon andnrtro%en SOUICES see definitions). Subgroups 4 and
are clo er related, berng drstrngursh donIy byt eformatron ofacet rn Both of
these subgroup sare “found frequéntly in bacon and sub 51s the predominant
Mrcrococ(cussu gr%uo found rn this product. Sérgrou rs small su ou fo]und
on pi The apility of this subgroup to pro ce osp atase toe rts
other characters cIear separates | fromt eot er. Sub grous see ab e )
group?contarnsa netérogeneous collection of or%anrsmswr roduce rtteor no
cid from glucose and no detectable acid from other carbohydrates. Members of this
subgroup were isolated from all sources studied.



422 A. C. Baird-Parker

Relationship of proposed classification to previous classifications

Staphylococcus aureus constitutes a well-defined s€ecies when defined on ability to
form coagulase (Evans & Niven, 1950; Shaw et al. 1951); it corresponds to my Sub-
group I. The recorqmuon of other speces of staphy_lococ_m and micrococgl Is contro-
versial. Shaw etal. (1951) said that their classification ‘like all other classifications of
cocel is arbitrary and artificial’. Hill (1959) concluded that, S. sa%roghyncus of
Shaw et al, contdined a natural group of or?amsms corresponding toS. eprdermidis
éBerge 's Manual, 195/7). My results.do not support this conclusion. First, S. epi-
ermils, as defingd, i always mannitol-negative whilst S. saprophyticus, to guote
Hill, is often positive, Secondly, it does ot agJ)ear that or?ams_ms classified in
S. saprophyticus constitute a natlral %ro_up. Accarding to my oupmgthefollowmg
subgroups would belong to S. saprog ticus: Staphylococcus Su dgro_up_s I, 1V, Van
VI and Micrococcus subgroups L, 2, 3 and 4. The two most dissimilar subgroups,
Hamel Staphéﬂococcus s% %roug |1 and Micrococcus sut%gr%uw, show a greater
Iversity o, Characters than between many members ofShaw, Stitt & Cowan’s
S. lactis and S. saprophyticus. For example, Micrococcus subgroug4(8.sapro§)hyt|-
ous, Shaw et,alg Is more closely related to Microcogcus subgroup 5 (S. lactis, Shaw
etal.) than eithér Staphylococcus sult_)ProuP |1 and Micrococeus subgroup 4 are related
to edch other. In agrement with Hill (1959) my results show that S. lactis is not a
natural group; this species contains my Staphylococcus sub?roup 1] and Micro-
coocus subgroups 5and 6, organisms which are’very different (Table 3).
Org{amsms corresponding to Staphylococcus roseus of Shaw et al, were not isolated
from'the habitats studied.” However, examination of NCTC strains of this species
|18é% ted that it would be better named Micrococcus roseus as suggested by Hill

Staphylococcus afermentans of Shaw et al. (1951) was not reco,gnized 85, Species
name by Hill (1959) and he did not regard it as a valid group. Thi§ conclusion agrees
with the present work. Members of the Micrococcus Subgroup 7 are most closely
related to'S. afermentans. However, this subgroup contains a miscellaneous collec-
tion of morphological ang ph¥5|olog|cal fypes which possess the common character
of forming little"or no detectable acid from,carbohlydrates. Too few isolates have
been studied to suggest better division of this subgroup. . . .
Definitions of spécies. of staphylococci and migrococei in editjons of Bergegs
Manual have been critjcized by Aba-El-Malek & Gibson 81948 and_by Pohja (‘1 60).
I a?ree with many of their crificisms, partlcularl¥ regarding the difficulty’in _glng
to Type isolates dccording to the somewhat contradictory Characters given In th
Bergey's Manual. 1t was impossible to relate with any _de?ree of certainty m
Micrococcus subgroups to species of micrococci recognized in the Berge¥s dnua
although the Staphylococcus subgroups could be mostly placed inong or the other of
the two species recognized in thé 7th edition.  Staphylacoceus aureys,is similar to mt\j/
subgroup | and subgroups I1, 111, IV and V belong to S. epidermidis (Winslow an
Wirislow) Evans. The characters of subgroup VI fit none of the species recognized in
Berge s Manual although the two menibers of this subgroup which utilize mannitol
anaérgbically would ap arentlal be placed with S, aurelis, The phgsmlo%mal charac-
ters of the tetrag formers fitted none of the species of Gaffkya recognized in Bergey's
Manual. Two of the Sarcina isolates corresponded to the Species Sarcina lutea.
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NOMENCLATURE

Staphylococcus aureys appears to pe the only species about which there is ge_neral
agreemént as to its validity; most of the other'so-called species of staphylococci and
micrococci are not true species. It is suggested, therefore, that at présent species
names other than S, aureus should not bg used and that non-pathogenic staphylo-
coccl and micrococei should be classified into subgroups along the lifes proposed in
the present paper. To define more clearly the subgroups recogmzed In this work
| have followed the procedure used by Shawetal. (1951) namely, To separate essential
characters of the proposed subgroups from the usual or variable characters.

Definitions
Group 1. Staphylococcus Rosenbach emend. Evans

General characters. Reqular, small celled (0-5-1-5/1) Gram-positive and catalase-
Posmve cocci which fornt acid anaergbically from glucose and grow as com%ac_t or
opse clusters. Usually acetoin is produced 4s an endl product ofglucose metabolism
with a terminal pH value less than 50 in 2% glucose brath. Acid s formed usually
from glycerol, lactose and maltose. Mannitol'is utilized aerobically and anaerobi-
cally by coag(ulase-pr_oducmg strains and usually only aerobically by other organisms
which “attack mannitol.. Acid is not usually formed from a“méthyl-D-gluicoside
arabinose, dextrin, inositol, raffinose, rhamnose, salicin or x;glose. Aesculin and
starch are not usually hydrolysed.  Many organisms are phosphatase-positive.
Proteins, hippurate, fats and Tweens are usyally actively hydrolysed and ammania
produced in arginine broth. Nitrate is usually reduced beyond nitrite. Ammonium
phosphate Js not utilized as sole nitrogen source. Growth can usually occur in the
presence of 15% sodium chloride and"at 45°. Usually no growth at 10° with the
exceBtmn of some coaqulase producers. .

Su %roup | - (Staphylococgcus aureus) essential characters. Coagulase-positive and
phosphatase-positive; usually form acid from mannitol, aerobically and anaerobi-

cally,
C%her characters, Acid from glycerol and maltose, usually from galactose and
lactose, ang sometimes from dextrin and salicin; acetoin produced in glucose hroth.
Nitrate reduced beyond nitrite. Ammonia from arginine produced hoth aeropically
and anaerobically. “Egg yolk always cleared and usually casein and gelatin hydro-
Igsed; usually lipolytic o lard and butter. Tweens are hydrolysed by most strains.
rowth occurs in the presence of 15% sodium chloride and usually at 10° and 45"
Sub?roup [1: essential characters. Phosphatase-positive and ‘acetoin-positive,
C0a uase-negatlve and_m?nmtol-neganve.
her chardcters. Acid from é;lyc rol and maltose, usually from galactose and
lactose, and spmetimes from dextrin. Nitrate usually reduced béyond nitrite.
Arginine ysually only attacked aerob|call¥ with the refease of ammonia. Usually
casemolg/m hydrolyse %elatm, and may also clear eqg |¥olk. Lipolytic and usually
hydrolyse Tweens. Gen raIIypoor%gowth n media With no added sodium chloride;
no growth at 10° but usually growih at 45°, g ,
bgroup 111; essential Characters. Phosphatase-positive, coagulase-negative;
no acid from maltose or mannitol ; acetoin-negative,
Other characters.  Acid from glycerol and Usually from lactose and galactose.
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Nitrate reduced beyond nitrite; ammonia_from arglntne Caseln and eqq oIk are
cleared and gelatin”hydrolysed.” Most strains are_li o%/ttc and Oy rolyse"the lower
Tweeins Pootrhgrc%vyéh in the presence of 15% sodium chloride; no growth at 10° but
usyally growth a

Sun rgu V/: essential characters. Acetoin-positive, phosphatase-, coagulase-,
|actose- dmanntto nedattve

Other cnaracters. Acid from g dycerol and somettmes galactose. Some strains may
form acid from matose andh rolyse fats and Tweers,

Su b%roup V' essential characters, Acetom -positive, acid from lactose and maltose

osR atase- and coagulase negattve no add from mannitol.

Other characters. Acid from % yeerol and sometlmes from galactose. Nitrate
usually reduced beyond nitrite, Césein usually cleared but egggolkand gelatin not
usually attacked. Butter and lard are ydrolysed and ustally Tweens. Many
stratns do not grow in the rEtresence of 15% sodiym chloride,

Sub grouP VI essential ¢ aracters Acetom -positive; acid from mannitol (usually
aerobic only), phosphatase- and coagulase negative.

Other characters. “Acid from glycerdl and soretimes from galactose; aesculin may
be fydrolysed. Strains differ a5 to ability to utilize lactose and maltose and by the
use Of these characters 3 types can be séparated:

Type  No. ofisolates  Lactose Maltose

N R
3 - !
Most strains form ammonia in arginine broth and reduce nitrate to nitrite or amore

reduced product. Many stratns are’inhibited by 15% sodium chloride; most grow at
45° hut not usually at™10

Group 2. Micrococcus Cohn emend. Evans

General characters. Variable sized (0-5-3-0/t) Gram- Posmve and catalase- gosmve
cocel forming irreqular clusters or tetrads.” Acid from glucose, It at all, only
aeronically,
Acetom Is produced by some strains; terminal pH value usuall;r dreater than 5in
%Iucose broth. Most strains form acid from arablnose lycerdl, Tactose, maltose,
manfitol ang xylose. Some form acid from cellobiose, dex fn, ?alactose inosttol.
raffinse, rhamriose, salicin and starch, Aescultn 1S usuaIIy hydrofysed. Few strains
are phosphatase- posmve asetn e%g Xo and gelatin”aré_hydrolysed by sqme
stramsbutgenera only weak| nd, TweenS are hydrolysed by some Strains.
Nitrite .is usual the end pr duct of nitrate reductton ome ‘strains utilize
ammonium P sg hate as sole nttri) en source, Most grow In the presence of 15%
sodium chlofide and at 10°: usually'no growth at 45
ubgroup 1: “essential characters. Acétoin-positive. No acid from mannitol or

Other characters. Terminal pH value usually less than 5-0 in glucose broth. Acid
usually from glycerol, maltose and sometlmes from xylose aestulin hydrolysed b
some strains.”~ Casein and eé; YO be cleared. UsuaIIy nitraté redlced o
nitrite or amore reduced prodtic Some trains are lipolytic; Tweens are not usually
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hgdrolysed. M%?t strains grow at 45° but usually not at 10°; many are inhibited by
15% sodium chlorice. o

Subgroup 2: essential characters. Acetoin-positive, acid from lactose and maltose.
Othér characters. Acid from glycerol and galactose. Nitrate usually not reduced,
r'TcIJFt)OalYt)l%bm generally proteins only weakly attacked. Usually growth at 10° but

Subgroup 3: essential characters, Acetoin-positive, acid from maltose and mannitol.
Othér characters. Acid from glycerol, usually from lactose and sometimes from
galactose and xylose: aesculin”Hydrolysed by some strains, Three types can he
recognized on the hydrolysis of lard and Tweens and ability to grow and form acid

on a'medium containing ammonium dihvdrogen phosphate’as sble nitrogen source.

No. of isolaes ydrolysisof AW0”3° Ia%n
Type examine Lard Tweens putlllgatlon

1 %a + + -
% + - +

Subgroup 4 essential characters, Acetoin-positive; acid from argbinpse.

Qthér characters. Acid from glycerol and mannitol and usually from lactose,
maltose and xylose; sometimes from cellobiose, galactqse and inasitol. Aesculin
usually hydrolysed. Nitrate reduced bg most strainis to nitrite. Proteins usually not
attacked.” Lard and Tweens not hhydr lysed. Grows at 10° but not usually af 45°.
Some strains utilize ammonium ptosphate. _ _

Subgroup 5: essential characters. Acid aerobically from glucose; acetoin-negative.

Othér characters. Acid from glsycerol and usually from galactose, lactose, maltose
mannitol and xylose: sometimes’ from dextrin arid cellobiose. Aesculin hydrolysed
by most strains.__Nitrate usually reduced to nitrite. Usually no hydrolysis of casein,
e?g yolk or fat; Tweens not hydrolysed, Usually growth at’10° but not'at 45°. Some
strains grow and form acid in Hucker’s ammoniim phosphate medium.

Subgroup 6: essential characters, Phosphatase-positive; acid formed aerobically
from g ucose, arabinose and mannitol.

Qther characters. Acetoin-negative; acid from galacto_se, glycerol, lactose, maltose,
salicn and xylose and_ sometimes from cellobioge, raflingse and rhamnose. Tweens
and fat hydrolysed. Growth at 10° and sometimes at 45°. _

Subgrodip 7: ‘essential characters. Unable to form detectable amounts of acid from
glucase in the described Hu?h & Leifson test (above), .

Other characters. Usually farge-celled wreqular coccl or tetrad formers. Gelatin is
usually throlysed and casein”sometimes Cleared. Some strains are actively. I|Po-
lytic and }/drolyse Tweens, Most grow at 10° and 45° but are unable to grow'in the

resence of 15% sodium chloride.

| wish to thank Miss B. A. Smith for her valuable assistance.
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INTRODUCTION

Interest in the Memnronella -Stachyhot ty)/s group of fungr centres around jts
capacity to utilize cellulose as a major°carbon source and hence to_damage ranrics
made_of plant fibres (Whrte Yea er & hotts 1949). The physiology™of these
organisms is known onyrnsetc outIme ut the_biochemistry of Some gluco-
sidases of a strain of Stach bot s tra (4, Defence Standard Latoratories (DSL))
Was studred by Jermyn (196 ) egroup IS characterized by the morphology
of imperfect forms thouoh a perfect form in the PyrenoomyceteS was reported for
Stac (ybotry]s soda (Booth, 1957). Two genera hdve been’ constructed, differen-
t|ate ont ebasrs ofthe shape and arrangement of the comdra The single sRecres
emnrone la, M. echinata produces prédominantl ly spheror al spores |n chains
whereast etyBe specres of Stachybotrys, S. atra, forms mainly ellipsoidal conidia
which may be borne in slime. However, Zuck (1946) established that some mono-
pore cultures produced conidia of both types, indicating that the genera are very
closely related. None the Iess cultures of the Memmonella type examined In the
coursé of the present work were read |Cy |st|ngeurs ahle ytemore ranular
appearance of their colonies and the predominance of spheroidal catenulaté spores.
he taxonomy of the group remams very mdefmlte since |soIatCes bel%ngmg to
28 Microb. Xxx
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both genera have not been subjected to rigorous comparative examination. _B|sbé
19437 1945) reduced some species of Stachybotrys to S non)Amy, and later Bisby

IS (1949) defined a new species, but these authors, though recognizing the nior-
phologicalaffinities of Stachybotrys and Memnionglla, did not Teach”any con-
clusion concerning their taxonomic relationships. One of the factors which has
hindered taxonontic studies Is the great variability in colonial morpholo?_y which
oceurs with changes in cultural conditions, and” the present investigation was
de3|?ned to provide a sounder basis for such studies. o

Stock culfures are usually Propagated on potato ?Iucose media but it has heen
found in_ this [aboratary that these media do pot Tavour sporulatign, especially
among Stachyhbotrys isolates. The further finding that addition of ammoniun,
nitraté or phosphéte salts to potato extract media modified morphogenesis in a
strain of Stachybotrys atra led to the adagtatlon of the gdefined media of Marsh &
Bollenbacher (1946), Perlman (1943) and Jermyn (1953) for surface culture. The
trace element concentrations common to these media were retained but the con-
centrations of ammonium, phosphate and glycose were varied in the experimental
media, on which the microscopic and colonial morphologies of cultures of standard
ISolates were Investigated.

METHODS

Media. All defined media contained the following comji)onents @./I.E agar (7Difco
Bacto-agar), 10: M%04.7H20, 10 CaCIle;OZ; FeS04.7HA, 0-UL; 7nS04./HA,
0- 002: "MnS04.4H2), 0-001: biotin, 2x 102" Glucose, NHACL and KHPO4 were
added at concentrations indicated In Results, _ _ _

Inocula. Cultures were pro agated on a defined medjum (optimal for sporulatlonj
where possible; it comprised the basal comgonents WI.: NHAC, 0-1, KHPO4
1- 0; and a strip of cellulose paper (Whatman no. 1). When the fungus did nof grow
on this medium yeast extract (05 %./I.) was added as a supplement. Test slopes
were inoculated ith spores; hgphal ransfer was used only for non-sporing cultures.

Test cultures. Cultures weré prepared on slopes (7 ml. medium in 19X 150 mm.
test tubes plugged with cotton wool) which were incubated in closed glass containers,
During most of the period of incubation they were kept in the dark. They were
examined macroscopically and microscopically on maturity (usually about 10 days).

RESULTS

Morphogenetic responses to variations in concentrations of NH4CL, KZHP04
and glucose were examined in the following isolates: Memnionella echinata, 24003;
Stachgbotrys atra, 49534 (Commonwealth Mycological Institute: i ). M. echinata,
11973 (American TSype ulture Collection; s tcc). S. subsmglex 42309; Stachy-
botrys sp., 39834: S." atra, 42311; M. echinata, 15377 (in : S. atra, 9182 (; ccc):
S. parvispora, 62338; S. lobulata, 11716 . The isolates are listed according fo
the intensity of sporulation shown n these tests; macroscopmaIIP/ visible sporula-
tion qraded from Very intense In isolate 24003 to barelx perceptible in isolate 9182;
|bn I%)i 8}830%%%38 and 11716 sporulation was so sparse that it could be detected only

yA single exper!mental design was used; the three nutrients were introduced at
three cOncentrations each, (0-1, 10, 10 g.l.), in factorial combination. Each
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isolate was tested once. In respanse to this grid of treatments all ten isolates showed
the three foIIowmg morphologlcal phases: (i) sterile swollen hthae (i), sterile
filamentous Mhae n2 filimentous hyphae bearing sporopnores. ~ Cultures
consisting chle [y of swollen cells were compact, pale and showed no macroscopically
visible sporu lation, whereas those contalnlnfq filaments showed aerial hyphae and
deeper colour. The compact colonies varied from off-white to salmon pink and the
filamentous colonies from pale buff to deep reddish brown. The colour of the reverse
and the medium was most intense in those treatment combinagions where sporula-
tion seemed to be incipient in less fertile isolates; those more fertile isolates which
showed sporulation In identical treatments were less hquhly coloured. The most
Intensely sponnd cultures showed sparse mycelium and g figtitly coloured medium:
the t\e\t?nedsgﬁhecr)rlecsla"y Jet black owing to aggregates of conidia supported on up-
Il

he least rertile isolates formed_ glabrous colonies with no aerial mycelium, but
with increasing fertility the coloniés became mcreasmqu matt and showed more
aerial mycelium. In stérile filamentous colonies of 1soldtés of intermediate fertility
there ocCurred occaslonaIIy aerial strands of aggregated hyphae, g|V|n? the colonies
asp| ery Jopearance occose aerjal mycelidm was not profuse but Tormed a fine
layer based on a leather elce In mast colonies there were streams of filaments
pr%ectm 3/from t e pellicle into the medium.

eneath minor variations amongsthe ten tests a regular pattern of morpho-
genettc responses, was discernible. “Since the concentration of glucose determined
main ¥thequant|t y of growth, but not its type, the presentation of the data may be
simplified by con5|der|n the responses at one concentration of glucose. Growth
Was V|rtua y absent at the lowest concentration ofglucose and Was most profuse
at the highest. The effects of the other factors will therefore be considered first at
the latter concentration.

In %eneral the cultures passed from, the sterile swollen Phase at hIPh values
(100, 10) of ammonium chloride: p otassmm%hosphateratto hrough a filamentqus
phase at unity and a sporulation phase at 0-1 to a filamentous Variably sporing
phase at 0-0L; There were also observable effecfs of the apsolute values, of the cor-
centrations of nutyients. The tendency to. swollen cell formation varied direct]
with ammonium chlonde and Inversely with phosphate concentrations. Sﬁorul
t|on When it occurre Was always most intense at the lowest ammonium chlgride
an medium ph osg econcentrattons A minor interaction between the effects
of ammonium chloride and ucose onsorulatlon was observed. At the lowest
concentration of ammontum the I%a 0gucose+me Ian hosphate combination
was optimal for s orulatlon at the median level medtangucose(medtan Phos

phate was optimal. Sporulai |on in th|s Iast treatment combination was very Tight
and occurre |nfouro he mor fertile isolates.

As a concrete model the detatled characters of the colonies of Memnionella
& mata 24003 are set out in Table 1 and some microscopic forms in PI. 1. This
isolate groved the most pro lific sporer in the senes of ten |solates tested, and showed
ggreg tes of spores syptca for both Memntone Ia and Stac Kbotrys aR/ﬁ)roxmateI
of the “spores were Stachynotrys type). oroP ores; of Memnignell
Stachybotr sand mixed tpes canbe séen |n |, 2. Less Tertile jsolates Sgd'd not
spore”in the low ammorfium+ high phosphate treatment, and the least fertile

28-2
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(5 isolates) Pored only in the low ammonium + median phosphate combinatign,
which may therefore e taken as the nearest to optimal (termed optimal for
convenlenc combmat}on for sporulation.

The ammonium + phosphate’ treafment combtnatton apparently optimal for
sporin Was tested for Its smtabtltty in propaqlattng the fol owmg |solates on cellu-
|ose: Stachyhotrys atra, 42309 (imi; S. atra Mdsl S. atra lobulata gCentraI
Bureau, voor Schimmelcultures Baarn cbs emntone aec mata 16201 (imi);
M. echinata, 11973 (atcc S atra, 4 thl atra, 9 atcci) S. atra,

v, brevicaule (cbs); M. echinata 24003 echinata 48570 Stach y otrys .
39834 M. echinata, 15377. S. atra, 72155, M. echinata, 45547; (imi); S. ‘atra f.
genuina-, S. atra v. angustispora; (cbs); S. aira, 1169 ( atcc M echmata

Table 1. Colonyform and mtcromorPhoIogy of Memnionella echinata
strain 24003"in relation to concentratiods of NHACL and KHP04

All cultures showed a dense suspension of submerged vertical liyphal filaments.

KHPO04(g/l)
NHACL (g.1.) 01 10
01 Sterjle, swollen Fertile (maximal Fertile (lightly), fila-
“s co F iamehtotti Jrse ento&sgpemce mod.
mat co our suFer ila |y a8, colour
ale colour
10 SteHIe swollen Sterile, fi amehtous Fertile Lghlgg 3 g
s co matt, pale colour nento f( e ICI%ly
mat, co our 100C0Se, e t
some swollen cells
very deep In color
10 Stei le, swollen Sterile, swollen cellﬁ Sterile,* filamentous,
$, compact, Oanact matt, pale HI mented hyphae,

C
gftstemng pale colour colo eep colour
* One isolate (11973) spored in this treatment combination

24287 S, atra 32542 S atra, 49534; S. parwsgora 62338 (imi); 3. lobulata, 11716
atcc); tac (rjy . 24004: S, atra, 42310; S. dichroa, 17506 (imi). The IS0-
ates are liste |n escending order of their intensity of sporulation. wenty one of
the cultures could be propagated on this medium and, except for S. parwspora
spored freely. The last five rolates would not grow on this medium unless It was
sup Iemenhed with yeast extract or when the “cellulose was replaced by glucose,
ang they showed no“macroscopic evidence of sporylatio,

Some’of these standard isolates which had been in cultivation for decades spored
very poorly when first transferred to the cellulose + minerals medium fut steadily
improved n tert|I|t¥ on serial subculture with spores as inocula, . Since 1t was
sus ected that selection was the hasis for this mduced drift i m fertilit 5% the p033|

|I|(tjy enetic heterogenett was checked. Spores from isolate 49534, which is

erateyfert| e after twenty years of laboratory culttvatton weres read on the
optimal medium, and five cclonies showing fertility varying from Gg to 2810 \ere
selected for. serjal culture. These resulting frve sublmes retained” their fertility
charac ertsthcs through everaI subcultures, indicating that genetic heterogeneity
existed In the parent cu ture,
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DISCUSSION

The literature indicates that, among other factars, initial concentrations of
nutrients can determine the extent of sporulation of fungr. High concentration of
nrtrogen compounds has been found to" inhibit sexual réproduction in Allescheria

drr Nen am & Georg, 1948 Gordon, 951and In Coprinus pp, (Bille-Hansen,

ade rn 1956); but where the' effects of carbohydrates have also been
examme gou(gs of nutrrents governed reproduction in a wide varretg of

ungr ester rd & Mitchell, 1947; Buston & Basu, 1948; Basu & Bose, 1950:
rrsch 1954; rIIer&HaIpern 1956 Das Gupta & Nandi, 1957: Morton, 1061).

gresent study suggests however that these effects may depend on the concen-
tratr nospriate, and In consequence there is some uncertainty in assessing the
relative rmportance of nitrogen and carbohydrate nutrition in morlohogenesrs where
the effects of phosghate aré not known. Furthermore, in unpublishéd studies on
Stachrbotrys alra DSLJ we foung that the effects of potassium phosphate o
mycelial growth interacted heavily with those ofmagnesrum sulghate ammonium -f
glicose edrum%1 suggesting,that for comparative stugies the possibility of relation-
Ships between the effects 0f phosphate and magnesrum should not be neglected,
esprecra ly where ammonium is the nrtrogen Source

hose variations in the composition of the mediym used here would be expected
to result in large variations (‘durmg growth? of physico-chemical factors such as
lonic strength, Water availability, so ubrlrt){ Jases, courseof[oHchan ges. Although
the interpretation of the responses in such terns rsnot possible in the resent study,
It should be noted that So eI 1953 found ana %gous phases rnte orphogenesis
OfMycosghaereIIaprnodes to ecear correlated with the pH of the meditim,

an¥ actors other than the concentratrons of the major nutrients have been
found to govern morphogenesis_in fungi; among these are growth factors,. trace
elements, numidity and ght. These actors were not strictly controlled in the
Present rnvestrgatron Some rsoIates ap% ared to require some undetermined growth
actors when clltured with cel uose ontamrnatron on glassware (washed'in tap
water) and in chemicals was relied on to supply trace elements required in micro-
uantities. Furthermore, temperature was fixed at a value set by previous workers

arsh & Bollenbacher, 1946) without further rnvestr ation, humrdrtY Was con-
trolled merely sufficiently to preventdesrccatron an lighting was rrregu a, Never
theless, the isolates examined grew fairly reqularl ?/ in serra cu ture un er the
better defined conditions, and It tan be claimed that heMemnrone aStac botr S
grou may now more certainly be grown as surfage cultures in artrcu ar morp o
ogrcal phases, so facilitating studies on their physiology, genetrcs and taxonomy
Ita Indicate that the app rcatron of sYstematrcaI arranged rds of
nutritiona treatments mrg ht prove more_infomative in taxoriom he use o
single media selected bY 1al"and error. The factorial desrgn permitted hoth rapid
pin- porntrng of the balance of major constituents suitable for sporulatron and
detection of the fundamental contro OVer mor hogenesrs exerte by the balance
between ammonium chloride and otassrum nosp ate However, observations
0N Stachybotrys atra 49534 stggest hat the lines stu led here.may be %enetrcally
heterogeneous with regard to ertility, and the morphogenetic respon es withi
strains’ may therefore be partly a reflexion of such heterogeneity. Furthermore,
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since the historigs of these lines were not known, they were reparded 8s isolates
rather than strains. Gordon (1957) nevertheless showed that_strains (monospore
derivatives) of Allescheria boydn showed an analogous gradation of fertility, an
Jinks (19 g Induced a fading ffertllnr through Serial Culture n a |ine of Asper-
gillus nidulans, by selecting. infertile cells. Such observations stress the need for a
Clear understanding of the interaction hetween nutrition and genetic constitution
of serially cultured™fungi.

The author acknowledges the willin and ca ahle assistance of Miss Christina
Cheers in this work, the advice of Mr W. Ivision of Mathematical Statistics,

SR O% on experimental design, and advn:e on general m cologn:al problems
by Mr L. B. Thrower of the Botany Department, University of Melbourne.
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EXPLANATION OF PLATES
%bﬁgures are phase-contrast photomicrographs. For Figs. 1 and 5, x220; for 2-4 and 6-8,

prate 1 Sterile phases of Memnionella echinata.
Fig. 1. Compact mycelium with swollen cells, M. echinata 11973,
Fig. 2. Unswollen mycelium from culture with swollen cells, M. echinata 24003,
Fig. 3. Swollen cells, M. echinata 24003,
Fig. 4. Separated swollen cells, M. echinata 24003,

prate 2. Fruiting bodies of Memnionella echinata and Stachybotrys atra.
Fig. 5. Mycelium with sporophores M. echinata 24003,

Fi h h t If M. echinata (24003) -with some Sspores
e e TS o, PRy M- eotinata (24009 d

Fig. 7. Cluster of spores produced in M. echinata 24003,
Fig. 8. Spores of S. atra 42311 with sporophore, and with background of filamentous hyphae.
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SUMMARY

total of 3919 brucella cultu as examined for \Y frve bruceLﬂ
esurn a routing test uon rtd ?%

reso ruc rr abor e mrne aII Ve esat
rons nadr jon, a cu ures oxr tIve ep H
aracterrs rco aborus Srr r%p e as (e { rne
conve rona were %e] Io
reso er no blréspa sa rtd ut owe ¥ﬂ
ae a qb Xrtd 0 elitensis and osew
abolic at ernc ract rco melrtensrs rr)rgspec

el 0 Y?GS as.d IOH rn el
T

irme by neu zat wrth anti a e Sera,

INTRODUCTION

In 4 previous Bublrcatron (Morgan, Kay & Bradley, 1960?1 it was shown that a
brucella phage obtained from the’U.S.SR. (Thilisi or Tb phage) when used at a
routine test dilution was able tg lyse cultures of Brucella abortus Buf not of 8. suis.
Some of the B. melitensis cultures examined were lysed but others were not.
Cultures of . melitensis Isolated abroad (U SA Malta) were not lysed whilst
cultures with the biochemical and serolo rca ar;roRertres of B. melitensis 150lated
from cattle in Great Britain were lysed. erefore possible to drstrnﬁursh
between these British cultures and the Medrterranean strarns Four new phages
rsolated in PoIand gParnas 1961) have now become available to us. The purpose of
the present [n Per IS to report on the examination of these phages when tested with
a larger collection of brucella cultures.

METHODS

Phages. In addition to the Soviet phage Th, four other pha%es received from
Professor J. Parnas (Lublin, Poland), wereused: phages 10/1, 24/ 1and 371/XXIX
had peen isolated from carrier cultures OfBruceIIa abortusan g ’9 V from
a culture of B, sujs. Phage stocks were p repare n%/te oube 0a Iayertechnr%ue
Adams, 1959) with a suspension of organisms front a 24 hr. culture of 8. abortus 544

FAOM/HO reference strarn 8 propagatrn cyltyre. The pha es Were suspended
In phosphate buffer (pH 7-2) containing albuniin (Fildes& Kay, 195 I)thesus ension
centrifuged and filtered through Ox0id millipore (0-8'y didm.) filters and stored
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at 4°. All the ghages were used at a routine test dilution (r.t.q.) prepared in phos-
phate butferc ntdining,al umrnwrthB abortus 544 as the indicating culture. The
number of aque ormrna 5oartrc es (pfp)/ml. rnthese preParatrons Was assayed by
the metho of Adams (1959) with B abortus 544. Counts were made after 48 hr.
of incubation at 3°n arr contarnrng 10% (v/v) added C02

Partral Purr fication of phage Th ‘Wwas made bg alternate_low- and high-speed
centrifugation. Phage was centrifuged at 100,000 .in a Spinco centrifuge and
resuspende after two such centrifugations, in albumin huffer.

An antiserum against phage_Th was prepared in rabbits by using as antigen a
crude preparation contarnrn% 2-5x 100pfp/ml. Four injections wefe given every
other day, and a week after the last injection two more were given afteran interval

of 2 days. Blood was collected 10 days after the last injection and the sera Sgitz-
frItered and stored at 4°. Antisera were also prepared in rabbits agarnstthe artially
purified phage Th. Neutralization tests for assessing the K values were made by the
method of Adams (1959).

Brucella cultures Cultures recentl())/ isolated at this laboratory or sent here from
various parts. of Great Britain for routine typing constituted the majority of the
cultures studied. Tests were made as soon as Possible after rsolatron ultures
recejved from other parts of the world were also Studied. The type and countries of
origin of these cultures are given later in Tables 1 and 4. All cultures were typed
by"conventional methods (as recommended by the World Health Organization

xpert Committee on Brucellosis; Report, 1953); details ofthetechnrque and media
have already been Publrshed (Morgan, 1961),

Media, Serum glucose agar AMorgan 19 0% was used for the growth of cultures
and as the hasal medium for the propagation and plague-counting of phage. F
the double agar layer technrque the top layer consisted of nutrient agar+ 0- 5%
A 3 glucase™and 0-7 % (wiv afq

FOrToutine t prn? growth from 48 hr. slopes was suspended in buffered saline
ER )and a loopful Streaked across well-dried serum glucose agar plates. When
e rvep ages were used

—_—

three cultures were streaked p ates were dried with the

lid partly open for Zhr. at 3r°. One drop of each phage suspension at jts
rouPrne Yes dilytion Z{rtd ) Was sgotted on the 2u|tures fllov%ed topdry and the
plates incubated for 48 hr. in air+ 10% (viv) CO

RESULTS

Phage greparatrons containing between 2 and 6x 10]1pflo/ml were obtained,
rtd arations contained approximately 1x 107pfp/m Plagues were not
o serve w enBruceIIasurs 1330 Or B. melitensis 16m Were used as lawns; but lysis
of B suis th ougn not of 8. melrtensrs occurred at the highest dilutions of phage (f0-1
an 10-2 withnigh titre stocks).

In Table lare grven the resuIts of testing with phage, at a routine test dilution,
3919 bruceIIa cultures. Of 3775 cultures isolated In Britain, re resentrngerucerra
abortus type |, B, abortus tyB | (dye- sensrtrve the varret)Aw iCh S B. abortus
biochemically and culturally but melitensis seroorca and evarret isolated in
Great Britain from cattle which has the brochemrcal cu ltural and seroIo ical pro-
perties of B. melitensis, 3736 cultures (s8-8 %) were lysed by all the phages used.
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Many of the cultures that were not lysed were rough; the remainder had been dis-
posedl of before tests for roughness were made. _

Qf 144 cultures received“from abroad, all 23 strains of Brucella abortus Il
(thionin-resistant) were lysed and none of 22 cultures of B. suis. Fifteen of 37
cultures of B. melitensis Were lysed by phage, thus resembling these cultures with

Table 1. The lytic effect of brucella phage at its routine test
dilution (r.t.d.) on 3919 brucella cultures

No. of cultures

Species or type Examined  Lysed Remarks

B. abortus type | and type Il 3454 3423 Britain
E. aBortus type ”Il %hlonin-lresistant) pA 23 Gerlr<nany, Uganda and Turkey
. ghorfus t , inati 4 4 T

|_nabgtrhu_?ngr%espemflcu_ste?agg utme.itmg e

Bioche |callg/ B. a&oriMs/serologically 65 65  Includes 3 cu turels thatlwere
B. melitensi %y?sensmv seralqgically B.
Bi jcally B. melitensisjsero\ 13 7 4 'erlteanIS( n(t;am% d
iochemically B. melitensisjsero\o- rkey), 1 (Germany) a
glocaqu B. abortus J F}%ﬁ?}%%@mjl &setf.n 7y()ruﬂ<ey])
B. melitensis isolated from cattle in 256 248 BritaiH. The 8 not lysed were
BBrnlwtealli?ensis (foreign) 3 15 1510u8 rmany), 1 (Uganda) lyse
' ’ JA ricg?, ! ﬂ\flsﬁgﬁ% 1 FU.SV.A.(;;

sg ermany), 2 (Malfa) not

B. melitensis (foreign), b |uti- 4 6 (T lysed.
natmbem tl)og1 mB ()speléltf?cggeyal 5%%%29%2 Sl’y Z{ZM ,Segnd 8
B. suis type | (|4 cuISurgs), B. suis 2 0 D(gnmari, U.gA, Switzerland,
gpceu Ilthrglsé cultures), B."suls type 111 ermany and Singapore

the biochemical and serological proE)erUes of 8. melitensis isplated from cattle in this
country. Six cultures that'were cu turallyﬁand biochemically 8. melitensis hut were
B. abortus serologmallg were [ysed by g age, as also were six cultures that were
B. melitensis but Which agglutinated ih botf “abortus "and ‘melitensis *monospecific

Sera, . . .
. Inevery case a culture was either lysed by all five phage preparations or by none;
In o casg was a culture lysed by one or two Bha es and not by the others.

The effect of using phage at r:t.d. and at 10,000 X r.t.d. was examined on a small
numper of cultures™of ech of the thr(ﬁe main Sé)_TCIeS; the results are jn Table 2
Strains of Brucella abortus Were lysed Vboth_ llutions, B. melitensis Dy neither;
the strains of B. suis showed complete [ysis with 10,000 X r.t.d..but no lysis with
r.t.d. With these B, aborus strains, resistant colonies developed in the area of Iysis
on incubation for four days but resistant colonies did not develop with B. Suis

str%ms . . .

0 determine whether this apparent |YSIS 0f Brucella_suis Was caused by phage or
by, some_ toxic fa,ctorgs) present in the Tysate, phage Th was Ramally urified by
differential centrifugation. The results (Table 3) show that the partially purified
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Ehage containin 65x10u pfp/ml. caused lysis of B. abortus and B. suis but not of
melitensis. At the r.c.q., only B. abortls, cultures were lysed. The supernatant
fluid obtamed after h|g|h speed centrifugation caused no”lysis of B. Suis nor
B. melitensis but caused ysis of B. abortus because of the Tpresence of undeposﬂed
phage (45 x 10spfp/m 1 Attempts. to propagate phage Tb with B. suis asP

pa atmg culture In solid and liquid media) Were unsticcessful, the filtrate either
gﬁve 0 ysis of B. abortus or B. suis or only a very weak effect on B. abortus with
e und|Iuted preparation.

Table 2. The effect of using phage at routine test dilution and
at 10,000 x foutine test dilution

Lysis by phage*
Th 1011 24111 212/XV JMUXXIX
. 10,000 x 10,000 x 10,000 x 10,000 x ( 10,000
Strain RTD. RTD. RTD. RTD. RTD, RTD. RTD. RTD. RTD. RTD.

B. abortus b4 (FAO/ CL. CL CL CL CL CL CL CL CL CL
WHO reference

str |n

B %qESr%H% i EL: o o O o o L R O O 1
B m 6en5|s 16 L. NL NL NL NL NL NL NL NL NL
g HO re?erence

B. merf tensis 177 NL NL NL NL NL NL. NL NL NL NL
B. %18 %e:ie(?eg:céO/ NL. CL NL CL NL CL NL CL NL CL.
Sraln

Bl NE & NE OEE NEOEE ONE EE NE K

* CL. = Complete lysis; N.L. = no lysis.
Table 3. The Iytic effect of partially purified phage Th

Species*
B. .
, B. ahortus litensis ~ B. sui

Phage preparation ER4 melleemn S 1353uols %Eé 0l}?r]eesr
P&a 8 npl uﬁed stock preparation CL N.L. CL CL.
PWe Tba r0L1 5ne test dilution CL N.L. N.L. N.L.

t 2 cent L L L L.
Ppua tloTrg paar b)é g”{eerdl% centri- CL N.L CL CL
65X 1 / [
P&5ge Tb mallgypurlfledktd CL. N.L. N.L. N.L.

S%J;etrr?{atant of %a&ogg co#lecte after CL. N.L. N.L. -

* C.L. = complete lysis; N.L. = no lysis; — = test not done.
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The results obtained by using phage at the two concentrations on further cultures
are presented in Table 4. Cultures"that were lysed by phage at « . o were also
lysed bZ phage at 10,000 X - « «. All the cultures of Brucella syis showed lysis bg/

hage at 10000 x - « « but not at - ..« On the other hand, of 31 cultlres of
B. melitensis Which were not lysed at . . .. none was lysed at 10,000X, .« These
included B. melitensis, cultures with the biochemical and cultural characters of
B. meJjtensis but which agglutinated in both monospecific abortus and melitensis sera
as well as cultures that were biochemically B. melitensis but abortus serologically.

Table 4. Comparison of the Iytic effect of Brucella phage at
routine test dilution and at 10,000 X+ .t .a.

Particulars of lysis Particulars of cultures

Lysed by phage at r.t.d. and at 10,000 r t.d. %8 cujtures og‘B. abqglés.%ﬁelrzsis includ-

cultyres of ‘Britis
ma strains from Germany, ltaly and
1

anda
4 cufti&lrjerg,so? EBaggr%tsu% tgg ?Illll)ut agglu-

tmqtmgsm botﬁ mon(ﬁ %Iflcae(g?tus bt

3cu iur 10 fmlcay

Ser 09IC%|X elitenss .

1 culture JCenLIC y B. mellte{ms but
agglutinating In both ‘monospecific sera

LtheRthl)gl phage at 10,000 r.t.d. but not lysed 22 cultures of B. suis

Not lysed by phage at either concentration 1 g%ture 0fB. melifensis mcIudmgWFlO/
reference culture 16m) and otners

rom Malta, Mexico and Ger anY ,

15 cultures of B. melitensis bu ?ggflutl-

5
L e < (o
ures of B. mel ochemically bu

3§bu rgthqu Istegp%glca”)e/ndl fom Eermany an(s

Table 5. The neutralization of 5 Brucella phages by phage antiserum

K value using phage.
antiserum produge% agamst

T
Tbc uh ege p%ﬁﬁ?i '
Phage preparation purifie

Tb 4§2 1

A

A i 145
The results of peutraljzation tests of the five phages by a phage antiserum
roduced In ranbits agamst crude and parnallg §ur| led phage Tb are given in

able 5. The results Clearly show that the five phages are Very closely” related
antigenically.
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DISCUSSION

B}/ using the conventional methods of sRemes differentiation in the genus Brucella,

most cultures can be placed into one of the, three Species—s. abortus, B, melitensis

or B. suis; but over the years, an increasing number of cultures has been found

which show some properties of two species, e.%]. those which are B. abortus Djo-

chemically but B. melitensis ser,olo?l ally: cultures which are B. melitensis bio-

chemically but B. abortus _serologlcal e/ cultures which are B. melitensis except that
roduce HZ or require added CO2for growth (Stableforth, 1959)

the .
%pstudws of oxidative metabolism Meyer & Cameron (1961a, b) and Meyer
(1961) showed that each of the species of Brucella Showed a characteristic metabiolic
Pat_te_rn and that biotypes within the species also gave the metabolic pattern charac-
eristic of the species, Many of the cultyres used in the present paPer (Brucella
melitensis from Britain as well as ra,ct|call¥ all the cultures received from abroad
have been examined for their oxidative metabolic patterns (MeYer, 1962; Meyer
Margan, 19622. These studies showed that, without exception, all cultures with the
oxidative metabolic pattern characteristic of B. ahortus, irrespective of their bio-
chemical and serological proPernes as determined by conventional methods, were
lysed by phage at rt.d. Cultures which showed the oxidative metabolic pattern of
B. melifensis, Irrespective of their serological properties, were not lysed by r?ha e at
r.t.d. There is, therefore, no correlation between susceptibility to lysis by phage and
serological and biochemical properties as determined by conventjonal methods.
By usmg_two dilutions qf phages it was possible_to divide the cultures into species
Correspon mq with oxidative metabolic patterns. The apparent lysis of Brucella suis
by concentrated phage has not heen reported previously; that such lysis was not
due to some toxic factors Rresent in the I¥sate_was shown'hy the results obtained by
Rarually urifying thepa(I;eb centrifygation, Replication of phage in B. suis
as not"heen observed and the apparent Iytic effect flo,ooox,r.t.d.max be due
to lysis from without. The number of cultures of B. suis examined was, however,
small ang the observations need to be extended. _ _
From the host [an?e tested on a large number of cultures, all five phages studied
\é\aetrg égepntmal. This close similarity was confirmed by neutralization tests with phage
ISerum.

The author is grateful to the following for sending Brucella cultures from abroad:
s M, Doguer Turkey), Dr W, Wundt (Germany), Dr O, Scheu %G rmar}y;,
Dr D. Strauch (Germany), Dr M. Seeleman (Germany); Dr X. Bilhlmanh (Switzer-
Iandg, Dr G. Gargani (Ifaly), Mr P. D. L. Guilbrice (Uganda) and Dr H. Bendtsen
ﬂl/?e marlw,a!so 0 various colleagues in this country who sent us cultures and to
r C. F. Williams who was resporisible for typing many of the cultures.
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SUMMARY
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INTRODUCTION

The transition from a dormant bacterial spore to a dividing vegetative form used
to be termed germination. However, recent resgarch has shown that this transition
may be divided into several distinct stages. The term germination is thus now
resérved for the first stage, and the transformation of the germinated spore into the
vegetative form I called outgrowth £Campbell 1957) or post-germinative develop-
ment gLevrnson&Hyatt 1956), Germination involves_loss Of resistance to heat
and other injurious agjents, loss of refractrvrty when examined by the phase-contrast
mrcroscope{ Pulvertaft & Haynes 51) decrease in optical densrty ofsuspensrons
and increase in stainability of cells (Powell 1950 decrease |n er%t e 10
loss of dipicolinic acid, calcium and a non-dialysable mucopeptide Powe Strange,
1953) and the initiation of respiration (MurreII & Scott, 1958). Germrnatron s
induced by simple nutrients and may be differentiated from outgrowth by certain
Inhibitors (Murtv & Halvorson, 1957 Halvorson, 1959), TemReraure requirements
for germination are often different from those for outgrowt EMoI 1957: Wolf &
Ma moud 1957). Outgrowth Includes four stages occuring in the fol owrng order
SWel |n% emergence from the spore coat, elongation of the mertqent organim, and
finally Uivision ofthe elongated organism. Each stage Is characterized by different
requrrements For exampl® ox genu take becomes detectable durrng germination,
mcreasesrn rate durrn swellrn Nd INCreases strIIfurther after emer? nce (Mandels,
Levrnson Hyatt, 1956). Phosp ates are re uired early n the outgrowth process
f_yatt Levinson, 1959), but sul g ur only becomes gssential later on (Hyatt &
evinson, 1957); different metal ions are toxrc to different stageé ol\r;I ouggrowth

29 icrob. XXX
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(Hyatt & Levinson, 1957). The changes occurring during and after germination
can thus be ?rouped Into"one or other of two major processes, which-are: (i) the
breakdown o spore structure; (||2 the srnthests of new vegetative cell matérial.
These two, processes have been intensively studied, but the swel,lmtt] of spores has
received little attention. We have therefore studied changes in the volume of
spores quring qermmatlon and outgrowth and related these changes to the stages
of development.

METHODS

Cultures. The Organisms used were Bacillus cereus nctc 915 and B. subtilis m3,
a laboratory isolaté. Both conformed to the descriptions of these species given by
Smith, Gordon & Clark (1946). _ _
Production and cleaning.of spores. Qrganisms were grown at 30° on Oxoid potato
extract agar reinforced with 1% (w/v) yeast extract %Dﬁco?}and adjusted to pH 7.
When sporulation was complete and Iysis of the sporangia
SPOres WWere was

) ad occurred, the freed

hed off the agar with cold water and washed a further three times
with cold water t()jy centnfugln?. Suspensions were cleaned by repeatedly centri-
fu#_mg and discarding the uppermost layers of the pellets (Long & Willianis, 1958).
Efficient cleaning was necessary because an¥ cell debris contaminating the sRore
suspensions Intertered with measurements of volumes of packed spores. Further-
more, the packed volume of cell debris in suspensions which had not been cleaned
was variable; for instance It dlecreased when suspensions were heated, probabI%
because of disruption or coagulation of cytoPIasmm debris. This did not qccur wit
cleaned spores. ~ Spore suspensions werg stored at 4° in water and activated by
heating at 70° for 30 min. before use, to ensure rapid germination,

Expérimental technique. Sloore suspensions (7 ml.(‘} were warmed to 37° and
rapdlg/ mixed with an equal volume of yeast Sqlucose broth (YGB) also at 37°,
At the same time, a stop-watch was starfed. Samples (25 ml.) were removed at
intervals and rapidly pipetted into bottles precooled in ethanol and sglid C02
mixture and then stored in ice water until rec%ured. This cooling procedure effectively
arrested the development of spores and enabled optical measurements to be madg.,

A drop of the same suspension was spread on a prewarmed microscope slide so
that it quickly dried.. This was stained by a modified Ziehl-Neelsen stain (Powell,
1950), and viewed with a light microscope. Another drop of the suspension was
viewed with a tphase-contrast microscope. The two microscopic methods and
measurements of the optical densnc}/ of susgvensmns at 580 m/E were used to deter-
mine the extent of germination and outgrowth, ,

Measurement of packed cell volume (pcy). SamPIes were centrifuged at 2000g
for 20 min. af 4> and the pellets dramed? ach pellet was then emulsified in 0-5 of
1-0ml. of saline at 4° con ammg 2 drops of capryl alcohol/100 ml, to prevent foam-
mg. These concentrated samB es were drawn nto M.SE, caémlla,ry haematocrit
tubes and centrifuged at 2/0 8for_ 15 min. at 4¢ In the M.S.E. microhaematocrit
centnfuqe head (Measuring and Scientific Equipment Ltd., London, SW. 1), The
Ien%th ot the pellet and thetota liquid ,Iength In"each caénllarg tube were measured
with a travelling microscope with vernier Scale. The packed Cell volume (pcv) was
FX resse%i a? a%b usm% the formula; pcy = length of pellet (mm.) x 100/
ength of pellet + length supgrnatant fluid (mm.)
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Photomicrographic measurements, SUspensions of spores (about 107/m|.} were
dried on Lin. square no. 0 cover glasses. These were placed on flat pads of yeast
glucose agar (about 1 mm. in thickness) on 1x 3in, m|cro_sc0|oe slides in a micro-
50 estaPemcubator_at 37°.. Agroup of spores was immediately brought into focus
and photographed, first under phase-contrast illumination then under light field
illumination. At intervals photography of the same group of spores was fepeated
s0 that the successive stages of development were recorded. The micrographs were
enlarged and printed at final magmﬂcaﬂons 0f X 3840 (Bacillus subtilis) or x 2400
(B. cereus). Lengths and hreadths of phase and light field photographs of individual
organisms were measured, In addition to meastiring cell size,"an estimate of the
stdge of germination reached by each spore was made from Ifs appearance under
phase-contrast illumination. Thése were recorded as. ﬁ_l) phase bright ungerminate
spore; (2) first sign of Phase darkening; (3) germinating but not fullhl phase-dark
spore; (4) germinated ullﬁ phase-dark spore. . Measuréments of each spore_ were
plotted against time, and the stage of germination was related to change in size.

RESULTS
The effect of spore concentration on swelling

Figure 1 shows the effect of spore concentration on the increase in packed cell
volume (pcv) of Bagillus subtilis slpores In mediym which was not agitated (1.e.
aeration was soIeI%/ by diffusion through the liquid surface). Spore_concentration
was expressed as the initial pev of thé suspensions. The concentrations used were
roughly doubling. The curves show that the rate of swelling was mverselg dependent
on the spore concentration. The rate of germination was such that 98 % of the spores
had germinated at all three concentrations within the first 25min. The initial
increase of about 20% pcv, which occurred within the first 25 min., was not de-
creased by increasing the spore concentration and swelling began at the same time
as germiniation, without a Iag Phase. These results su%;ge tedthat there m|ght be
two phases of swelling, the fifst occurring synchronously with germination and not
deﬁzendent on spore “concentration, and the second 4 #ost-germmanve swellmg
which was dependent on spore concentration. Since the suspensions used wer
concentrated and not well aerated, oxygen was the obvious choice for the role of
rate-limiting nutrient.

The effect of aeration on swelling

The increase in pcv of Bacillus subtilis Spores under conditions, of good and poor
aeration Is shown'jn Fig. 2. With a constant spore concentration 4-5% initial
pcv) the Increase in pev depended on. the aeration rate. (Germination was not
affected by poor aeration, 98% germination occurred in 25 min. in_each case.
However, with poor aeration gstatm culture with a small surface areg), aIthou%h
germination occurred rapidly there was only a small increase in Pcv of about 20%
and no ost-?ermmatwe swelling; after 80 min. no outgrow_h was observed.
F|?_ure2 herefore shows that the étfect of spore concentrati n(Flg= 1r2was Jueto.a
deficiency of ox%/gen rather than of any other nutrient. Germination swelling still
occurreq when thé o_xy?en tension was further lowered by b,ubblmg nitrogen through
the medium. Germination was therefore always accompanied by an jncrease in pev,
and this Increase could be differentiated front the post-germindtive increase in pcv.
292
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Increase in spore volume also occurred during the germination of Bacillus
cereus oo 94D Spores and could be measured hotor_nmrographlcal%. However
the presence of exosporia around these Spores made the increase in pev that occurred
during germination swelling appear refatively smaller. This fact coupled with the
error of the Ipcv techniqueresulted in variable measurements. Post-germination
and pre-emergence increase in pcv was readily detected.

The effect of nisin on swelling

Nisin is known to allow spores of sensitive organisms to germinate but to prevent
their outgrowth gCam 0ell & Sniff, 1959). The actual stage of outgrowth jnhibited
IS coat rupture, and Since Bacillus subtilis IS sensitive t0 nisin It was of Interest
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to find what effect pisin had on spore swelling. Figure, 3 shows the result of incuha-
ting spores in a well-aerated medium containing an'inhibitory concentration of nisin.
The nitial swelling occurred as, before, accompan m,g germination of the spores,
but nisin was effective immediately after %e miration; for no post-germinative
swelling occurred. This again suggests that the small constant germination-swelling
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Is distinct from the swelling of the germinated spore, which occurs before emergence
of the vegetative forms,

Germination swelling observed microscopically

F|gures 4.and 5 show length and breath measurements of typical Bacillus subtilis
and B. cereus spores hefore d_unr{yg_and after ﬁermmatmn. Photograﬁhs taken with
Phase contrast and Tight-field illuntination both revealed that duririg the change from
the refractile ungerminated sRore to the non-refractile qermmated spore, cell Breadth
increased by about 40 % whilst length increased only slightly (about 5%). The
change in shape can be seen in PI” 1 and 2 and CorreSponds to the increase
In pcv measured during germination. It is also noticeable that the increase in
breadth of individual spores occurred rapidly and at the flrst_sqn of germination;
Eledsglerr]gylrfgth?-swelhng takes place concurrently with germintion and does not

y follow it

DISCUSSION

Powell (1957) reported that swellm% qceurs after phase darkening and therefore
after germm,aﬂon. Rode & Foster (19b0) stated that the ?ermmatlon process itself
Is characterized by slight swelling. Black & Gerhardt (1962) also referred to
several other authors who have reported swellin durm?,germmatlon. In the present
work we have attempted to correlate these observations by describin swellmg
quantitatively and by relating it to the germination process.. In.what follows th
results are discussed in relation to the facts known about germination. _

The sudden increase in size and change in shage of sPores durmg the very first
phase of germination indicates that the Spore coat must become elastic very early
Inthe Rrocess, 8. durmﬁthe loss of dipicolinic acid, calcium and s%ore mucopeptide
since these events all foflow closely the fall in optical density of the suspension and
other changes that collectively consfitute germination. IS weakemn? of the spore
coat, for instance by partial Iysis with enzymes, the event that starls the progess
or is weakening of the coat d subse%,uent event? The synchrony of %ermmauon-
swelling with Other changes that define germination suggests that the former is
more probable. Strange & Dark (19574 ) described enzymes which attacked
spore coats. |f the mucor?epnde released early in the germ,ma lon process is derived
from the spore cqat, the earI%/ enzymic wegkening OF this structure seems likely.
Furthermore, nisin prevents the rupture or Iysis 0 sgo,re coats during emergence
but does not inhibit germination or germination swelling.  OF coursé’ changes in
spore shaPe and volume do not necessarily Involve weakening of the spore”coat,
but mlqh reflect_chan(t;es In the properties of some underlymg structure, such as
the cortex, This js a structure Inside the spare coat and surr undmg the central
core. Lewis, Snell & Burr (1960) suggested that the core might haveé a low free-
water content because it is Squeézed rgl %y a contractile cortex. This presupposes
that an early event in Permmatlon would' be loss of stren_%th of this structure,
perhaps by Iysis with release of hexosamine-containing peptides. Takagi, Kawata
& Yamamot g%og have shown that the cortex Is disrupted early in the germina-
tion process, o this structure could equally well be enzymically weakened rather
than the coat, and allow the core to swell. “In any case, hydration and swelling of
the core could then be reflected in swelling of the spore and a change to more spher-
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cal shape as it became turgid. Some internal structure becomes visible in light-field
photographs of Bacillus subtilis spores early in_the germmatlon process (PI. 1)
and s probably the core and cortex (Powell,” 1957; Robinow, 1960). The core does
not obvigusly Swell in the first few minutes of germination; however, the structure
surroundmg It, which may be the cortex, does increase in thickness (PI. 1).

In_ contrast to germindtion-swelling, pre-emergence (post-germination) swelling
requires good aeration and an exteral energy . Source. Pre-emer%ence swelling 1S
therefore “probably due to synthesis, coupled With uptake of water and s similar
to the eIon%atlon process. Since Bacillus spores can germinate anagrobically (Roth
& Lively, 1956) and many species can outﬁ_row In fhe absence of oxygen ta give
viable vegetative forms, pre-emergence swelling must be able to occur anaerobically
but aftera lag, Nevertheless, pre-emergence swelling needs external energy sources
under anaeroDiosis. . o ,

The prime event in ge_rmmatmn IS usuall;{ assumed to be somethm(I] that causes
a change in the permegbility of the dormarit spore. Murrell & Scott (1958) demon-
strated the permeability of dormant spores 1o water. Black & Gerhardt (19623
showed that dormant spores_are permeable to water ?ermmatlon stimulants an
non-germination stimufants. They listed the evidence for'an increase in permeahility
during germinatign and demonstrated |tforg%lucoseand water inBacillus cereus. ThUS
germination swelling is robabIY due to water uptake for rehydration of the spore,
which 1s widely assumed to contain little free water, and is thérefore an inseparable
part of germiniation. As germination stimulants are utilizeg in almost undetectaple
amounts (Harrell & Halvorson, 1955) and respiration is only just detectable during
germmanon Murrell, 1955) there may be an endogenous energy source and af

lectron acceptor taking the place of oxygen e.g. dipiColinic acid (Dor &Halvorson,

1961), Thus although the breakln% of thé |mrﬁ)ermeab|l|t¥ barrier ma% be metaholic,
germination swelling is probably Solely a consequence of physical rehydration.

We are grateful to Mr A W. Knight for technical assistance.

REFERENCES
Blafk,s. H. &Gerhardt, P. 196?@3 P Emeability of bacterial spores. 111, Permeation
C i %mﬁ t?_g?_rmjnl?rt]lo? 337)8 : ter"gﬁs' ore erminatiw—definitio nd methods of
a%tlle)ﬁiilse’iln'SpBres, pjig E .alc)y ) Hzgvorson, ashington B Aver (fnst.
CaBmap(iiIel qél c%gha r% Sﬂiféé(ii. E. 2%59). Effects of subtilin and nisin on the spores of
0sloluble re %@H’ﬁgég h r{é?ne nuc 58{?82'%%? | {Csocl)?lﬁ%a(jldiglcrtn ftlf%.o e
Hale¥ﬁ1rirs]grib 'n'{)ut X)&% 03|tum0 |bn| lon of bactérial growth. 1V, Dormancy,
ng_rel_l,wllg g(H glvor, c'm,fﬁ.' S%’ udies role of L-alanine in the ger-
minatjo 1of poreso?Ba flgs el ﬁ Bact. 69, 275, L
Hyatt, M T. &L evinson, H. é g]}) Ulphur requurement for postgerminative develop-
ment %ac lus megaterlﬂng gg J.dﬁ%ct. 4 . .
H)aae\t/'élo. ! OLfevgrse(S)rbT : ’I@ 9.atet|”|ﬁ%tlon (E);Ephosph S in the postgerminative
Lev'nsorrl),nﬁ.ts,é?'l at RM @5% N rréla%ibn_o?'régpiwtdrg ctivity with ephase
Efg a%rI% eerlE?gcttlol;{zaE@ rowth in Bacillus megaterium as influenced by manganese an



452 A. D. Hitchens, G. W. Gould and A. Hurst
Lewr }ﬁelgd ﬁ;ﬁ{ L fg c% r&f%: %r H K 96({)? Watersgzermeabllrty of bacterial spores

Lon illiams, od o removal of vegetative cells from bac-
teria spoge[gregaratrons
Mandels

vinson f
%ermlnatron . hevinse att, M £1956 Analysrr]solo0 frte]gr{atron during

rinatior en ar%emen osfl(s) oes acr lus megaterium-a ungus Myro-

Bacrllrrlrlls ?—Irelﬁ% tem (Fv atuneSAharactenstrcs of spore germination and growth of

Murrell, \(/}(/Eé rwa cteri ore Mono rar} nrverstg/ofs ney.

Murrell, Scot Z} epermeabr bacteria pore ater.
0

Tth Int_Can |crob|o Stoc
Murty 8% qfectofen mernhrblt s on the germina-
m Bacillus cereus ar termrna IS spores. °J. Bad.

tron gbrd resprratron S0l scfgrowt f

Powell E.O (1957) The gppearance of bacterial spores under phase-contrast illumina-
lon., a

Powell, J 1 “Factors affecting the germrn tr nof [ck suspensions of Bacillus
subtilis jpo_re In aIanrneRsoErr % Micro

Powell, tr 5

|cai) changes occurring during the ger-
mination of acje épores Bro

Pulvertaft, Ha nes, ) denosine and spore germination; phase-
. contrast &t |e Mr r
obino

ctenals ores_their development and germina-
n Te |a a reat ure%n§ Function, V(ﬁ gtruct re. E&

|o
E lﬂrs?!‘us A Y { rgg kﬁ Academic Press
Rode, L. Foster ec anrcal germination of bacterial spores. Proc.

A
RO:t(r)rrEde’r\fa%er&go‘erévc%n drﬁ% Ilﬂ 2£1956 Ger Ination of spores of certain aerobic bacilli
|th !\Fnﬂ Gordan, EZHIS:" rar'k F[% 1946). Aerobic mesophilic sporeforming

acten Publ. LS, D no
%A@S%LDgrk %5%”0 1 waIII IC enzyme associated with Spores of
-

aCI US Species, J. gen Mcr
Strange F%p%céBD ] F. g6 trc e%\gmes at sporulation and spore
q;r il tron In acr ECIES.

I0
Y Cg ectron oscope stydies on plfra-
II‘?SECtIOﬂS (\)I¥ spores oft heac &%rl bT N¢0Up Wit spemame erence to H]e sporuFatlon
he

and rination” proc ss
Wolf, %e Q ahmoud g%m{rﬁron and enzymic activities of Bacillus

spores at [0 wtemperatures J ap I Bad

EXPLANATION OF PLATES
The scale marks represent 5fi.
p1ac. 1 Germinating spores of Bacillus subtilis
Figs. 1L Phase-contrast photographs
Figs. 5-8. Light-field photographs
Figs. 1, 5. Ungerminated spores.

Figs. 2, 6. First signs of germination and swelling after 3 min.
Figs. 3, 7. Core and cortex visible after 6 min.

Figs. 4, 8. Spores fully germinated and swollen with core and cortex clearly visible after 10 min.
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P1ate 2. Germinating spores of Bacillus cereus

|s914 Phase-contrast photographs.
0s. 15-20. Light-field pho p ogap
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Figs. 10, 16. After mn germlnatmg sporesareswelllng
Flgs 1117 At

& 12 18 After8mn
Flgs 13 19, After 13min,

Figs. 14, 20. After 18min. all spores have germinated. Core and cortex are not etectable
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INTRODUCTION

Alpha toxin is a substance, presumably protein, found extracellularly in cultures
of Staphylococcus aureus Capacity to produce it is closely associated with patho-
emcn?/ and * |t I probably the most important and certainly the best known of the
Staphylococcal toxms Van Heyningen, 1950). Preparations of alpha toxin (a) are
haemo tic in vitro, (b) are lethal for small iaboratory animals, (¢) produce necrotizing
Ie3|ons oIIowmg njection into the skin of rabbits; and (d) cause smooth muscle to
undergo contraction and loss of function. The effects are commonly attrlbuted toa
smgeproduct ofgrowth but rigorous proof for this belief aPpears to be lack m&;
urification of alpha toxin has been carried out by Wittier & Pillemer 142§
Turpin, Relyveld, Pillet & Raynaug {1954) Butler 9592 Robinson, Thatcher
Montford (1960), and Goshi &CIuﬁ&%O) but n no instance have the products
satisfied the usual tests of homogenelly. .In order to define more clearly the nature
and properties of the toxin, its purification and characterization were’ undertaken
once more. In the course. of the work, two other Protems unrelated to alpha toxin
were isolated in_ crystalline form. Their properties, so far as they are known,
will also be described.

METHODS

Strain. The Wood 46 strain of Staphylococcus aureus, kindly supplied by Dr A,
Thai, was used almost exclusively.

M easurement of haemolytic act|V|t Preparatlons of toxin were diluted in saline
solution (/13 NaCl) huffered at P 70 with p os]g hate (Im/15 containing 0T %
(wiv) bovine serum albumm as stabilizing agent. To Lml. of ‘each of a series of
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dilutions increasing in stePs of about 30% was added 1ml. of a twice-washed
suspension cf rabbit red blood cells. The concentration of the red cell suspension
used (about 0-7 %, viv) was adjusted so that a sample, after haemolysis with
saponin and adding an ‘equal volume of diluent, gave a Beckman absorbance at
545 m/i of 0-80. The mixtures of toxin dilutions and_red cells were placed in a 37°
water bath for 30 min,, and then centrifuged briefly. The colour of the haemoglobin
In the supernatant fluids was com‘oar_ed visually with that gf standard haemoglobin
solutions, and the dilution haemolysing 50 % of the red cells in the suspension was
determined by Interpolation. A unit of'haemolysin is defined as that amount which
gt%%tes half'the haemoglobin in the test red Cell suspension under the conditions
Suspensions of red cells prepared from different rahbits show wide variation in
sensitivity to lysis léy alpha toxin. For example, a toxin gre aration tested against
red cells from three different rabbits titrated at 335,000, 274,000 and 117,000 hiemo-
lytic units/ml., and a second toxin r%%aratmn tested against the same three cell sus-
pensions gave 18,700, 14,700 and 6,500 haemolytic units/ml.. An indication, of the
Variability of red_cells from different rabbits can be found in the observations of
Timmerman (1937). To make all titrations comparable, a standard toxin prepara-
tion, stable when ‘stored under ammonium sulphate, was titrated with each un-
%(ﬁeog\{gn gggdthe results corrected according to the deviation from the fixed value of
Protein. Protein was estimated by reading absorbance at 280 m/i in a Beckman
DU spectrophotometer, with optical cells of 10 mm. light path. Because none but
the crudest 2prepa_ratmns contained a significant amount of material absorbin
strongly at 260 mfi, no correction for absorbance at this wavelength was afgnhe L
gggo%?ntgén concentration was assumed to be directly proportional to 280 m/i
Specific haemolytic activity. On the assumption that alpha toxin is a Brotem,
sRecmc activity was expressed as haemolytic activity/unit absorption at 280 mf,
the latter being called for convenience an “optical unit’. _ _
Lethal, activity, Twofold dilutions of toxin were injected intravenously into
Swiss mice (20 823 Not less than three mice were used for each difution. Thé toxin
was diluted in 0-85% (wiv) sodium chloride solution containing 1 mg. gelatln/ml.,
gggret gswégtcﬁgon volume ‘was 0-25 ml. Mice surviving for less than 24 hr. were
Starch gel electrophoresis. The method of electrophoresis and protein staining with
Amido-Black 2 described by S_rmt}nes &955) wan) use(?. d ;
Ouchterlony plates. The technique described b}/ Ouchterlony_{,l958) was Used.
Analytical procedures. Nitrogen was estimated by a moditied micro-Kjeldahl
Rrocedure; phosphorus by the method of Lohmann & Jendrassick (1926); “carbo-
algidrate b% means of the ‘anthrone reagfent (Carroll, Longley & Rog, 1956); amino
|

ds by the Piez & Morris (1960) moditication of the Stein ‘& Moore method.
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RESULTS
Preparation ofpartially purified alpha toxin

Cultivation of organism. The medtum and cond|t|ons of cuIt|vat|on were, with
sllt‘;htmodlflcatlon those devised by Dr A. Pinsky and sown him to yield con-
sistently safisfactory titres of aIpha toxm in 1960-61 when hewasa oStdoctoral
fellow in this laboratory). The Importance of east dialysis diffusate f rtome -
duction had been demonstrated by Bramann &Norlin 15121 Medium of the follow-
Ing composmon was used: dtalysate diffusate of yeast extract 2600 mI acid hydro
tySed casein, 64 Hlucose thiamine, 04 mg.. nicotinic acid, 3-7 mg.; water
to make_ volume 4900 L ThiS Mg s adjusted fo pH 7T, and distributed
among six 21 Erlenmeyer flasks, and sterilization carried out for 20 min. at 123°
(17 Ib7 steam ressureg The diffusate of yeast extract was prepared by dlalysmq
I the cold and with occasional mixing, 1 Lofa 40% §WIVR solution of ygast extrac
Difco Laboratories, Detroit, Michigan) against 4 1 of distilled water, “After 6 days
the contents of the dial ¥5|s sac Were discarded, and the oufsl éte solution gdttfusa e)
now having a volume of approximately 2-6 1 was used as indicated abov

Table 1 Ppurification and recovery of Staphylococcal alpha toxin

ecific
Total 8
haemo? tic a&mti Xf Recoyery
Volyme Qunlt f hemoy t|V|ty
me ha mofysm) Optltp ? unit) (%)
Stage 1. ﬁujéure supernatant 3000 215X 1 il 100
Stage 2. Extract of crude ammo- 113 1-70 x 10k 235 62
nium sulphate precipitate
Stage 3. 0-6 satura hed ammo- 102 1-68x10« 440 6l
nium sy atg preﬁ BI
tate extrdgcte Wit
s u[]ate ammonium
Bect f 235 113x10 2,300
4 E -
Stege xt&g}cetdo 3?5?95e3 nd X ’ i
cnrl uge
Stage 5. Continuous- flfw electro- 67 1-05x10« 11,000 3B
Phoresm pooled toxic
ractions
Product. Fﬁ]rst ammontum sul- 5 0-08 x 1« 13,7001
recipitate
Eﬁcon&) onium sul- 5 0-31 x 10k 9,600J
ate prempltate

The inoculum was preparedb washmg the cocc of an overnight broth culture
of Staphylocogcus aureus Strain Wood 6, and suspending them in"0-5 vol. of sterile
saline. The flasks were inoculated WI'[ (-3 ml. each, and incubated 15-18 hr. at
3icon arotary shaker o eratmgi at 220 cycles/min.

Purification”of toxin. The cuftures were chilled, pooled, centrifuged 30.min. at
8000 rev./min. and the cocci discarded. The supernatant fluid (stage 1, Table 1)

LD
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was saturated by addition of solid ammonjum sulphate, and allowed to stand over-
night at 4°, All subsequent steps were carried out in the cold.
he ‘preupnate Was recovered by stirring . into the saturated culture. Super-
natant fluid_15 gf |powdered cellulose”and filtéring, through a large coarse sintered-
glass filter. The Tiltrate was discarded, the precipitate emulsified in 40 ml. Q-03 Ji-
erate huffer BH 8-6) and stirred for a few minutes. Following centrifugation for
10 min. at 10,000 rev./min. the supernatant fluid was decanted, and the precipitate
extracted three more times with 40 ml. portions of the same buffer. The four
extracts were combined (stage 23 and the residug discarded. _ ,
The pooled extract was made approximately (-6 saturated with ammonium
sulphate by addition of 42 9.,sol|d ammonium sulphate for each 10 ml., and stirred
or 25 min. Following centrifugation for 10 min, at 10,000 rev./min., the _su_Per-
natant fluid was discarded and the precipitate stored overnight. The precipitate
was extracted five times with 20 ml. portions of (-4 saturated dmmonium sulphate,
aIIowang tfor esgch extraction 30 min. with intermittent stirring. The extracts were
0gled (stage 3). . o .
d %e xtrgact )was brou?ht to (0§ saturation by dissolving 1-4 P ammonium sul-
Phate for each 10 ml, After standing for 25 min. with occasional stirring, the mix-
ure was centrifuged, and the clear supernatant fluid discarded. The prech,nate
was dissolved in 3ml, 0-03 M-horate butfer (pH 8-3) and with the aid of additional
small amounts of buffer totallmrq 2-5 ml., was quantitatively transferred to a eello-
phan sac. The solution was dialysed overnight against 61 distilled water. When,
after dialysis, the volume excegded 25ml., it was, reduced by pervaporation to
-25 ml."The small amount of precipitate which formed during dialysis was re-
moved by centrifugation and discarded sta%e 4), ,
After adding 0-3ml. of 0-04% (wlv) phenol red, as a marker, the solution was
fractionated by means of a Spinco Mode| CF curtain electrophoresis apparatus
Beckman Instruments, Inc., Belmont, California) according to the following con-
itions: bufter;_o-os M-borate (pH 8-3) containing /5000 ethylenedmmme elra-
acetic acid (EDTA); paper: that supplied by Spinco; buffer level at feeder curtain:
6-5 CM., Feed-tab cut above drip-point no, 21, sample feed rate: about 1ml./hr.;
drip-point collection rate: abcut o-5 ml./tube/hr.; temperature 3 mm. from curtain
8" p%eggal difference: 400 V. between electrodes; current: 13mA.; duration of
run; ZU-oUqr. . : . : :
he distrinution of P_rotem as measured by light absorption at 280 m/i, and of
t(fxm haemal t|cg ac IVItY of the 3 fractions resultm% from continuous_flow
electrophoresis aré shown in Fig. 1 1t can be seen that the alpha toxin activity
coincides with the major protein'peak. As a routing, the alpha toxin was recovered
in concentrated formhy pooling appropriate fractions and dialysing against 75 %
saturated neutral ammonium stlphate.” In the present jnstance; thé five fractions
obtained from grip-points no. 17to no. 21 were pooled (stage 5) and then dlalalsed
agamst two changes of 60% saturated neutral ammonium' sulphate, 200 ml,
each. After 7 days, the silky precipitate which had formed was separated by
centrifugation ana'suspended in 5 ml. of 60 % saturated neutral ammoniym sulphate
solution™(first Qrempnate). The supernatant fluid was dialysed over_mgght against
200ml. of 80% saturated neutral ammonium suIBhate. he precipitate which
formed was separated and suspended in 5ml. of 80 % saturated neutral ammo-
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nium sulphate fsec,on,d ]preci itate). The two precipitates are, desiqnated ‘partiall

urified alpha toxin’. The recovery and degree of purification af each stage are
Ehown?n Tgbfle 1 Y Y d J

4 —{ 20,000

3F @ © - 15,000

Extinction
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|

5,000
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Fio. 1. Continuous-flow electrophorefic pattern of stage 4 magerial showing distribution
Sé%a[lﬁhzzob%lgirgfeS@aemolytlc %C'[IVIty p(SO‘I(! mrclse,%g and o% protein as extinction at
il .

Analysis ofpartially purified alpha toxin spectrophotometrically, ultracentrifugally,
by starch-gel electrophoresis, and immunologically

The product obtained by the for_e%om? procedure, dialysed free from ammonium
sulphate, yielded a faintly Yellowm solution whose ultra violet (u.v.)-absorption
curve resembled those usual g/ q!ven by proteins. |t showed a maximum at 277 m/i,
a minimum at 247 m/i, and & slight bt definite shoulder at 290 mji. _

Examination in an analytical Ultracentrifuge of a solution contamln%?-S optical
units of parnalr%/ urified alpha toxin/ml. 0-03M-borate buffer ng 8-3) revealed:

a) amajor confponent accounting for 85 % of the area of the pattern and having an
value of 3 Svedberg units; (6) aminor component accounting for 15 % and having
an SDvalue of 12 Svédberg units ﬂ? ) Bg/ means of a separation cell, a portion
of the major comPonent was fsolated free from the minor component, [ts specific
haemolytic activity was, within experimental error, the same as that of the starting
material. These observations indicate that the major component was toxin,

Starch-gel electrophoresis of (-5 optical unit of partially purified toxin, followed
by proteif staining with Amido-Back revealed two bands on the cathode side of the
arigin Fig. 2b). The heavy-staining band was estimated to account for roughly
90 % of'the total protein; the light-staining band for 10 %. The position of the heavy-
staining band coincided exactly with one previously identified as alpha toxin from
among many bands present in electrophoretic patterns of unfractionated crude
mixtures of sta hg/lococc,al extracellular proteins fBernhejmer & Schwartz, 1961)
The 125 componént, which was subsequently isofated, yielded no stainable band
when subjected to starch gel electrophoresis. _ _ _ B

An Ouc_hterlong_ late (Fig. 4b) in which one optical unit of partially purified
a%pha foxin was diffused against commercial antitoxin known to contain“a variety
of antibodies against staphylococcal proteins, revealed only two antigens: one
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expressed by a heavy line of precipitate and identifiable with a pure alpha toxin
line (Fig. 4¢): a second which was expressed as a faint line and presumably the
same material as the 10% component demonstrable by starch gel electrophoresis.

Fractionation and, analysis ofpartially purified alpha toxin by means of
zone electrophoresis in a density gradient

. The fore_goin%observations are interpreted as indicating that the toxin prepara-
tions obtained Ty the procedure described have a purity of 70-85 %. They were
studied further By means 0: zone electrophoresis In a sticrose density gradient, a

technique shown not onlgl tq be cagable of considerable resolving power but one
which Is also useful prepdratively (Bernheimer, 1962).

!

Fig. 2 Fig. 3

E‘gg b &8&%@”‘8&'&2@%@6@3 oo W St o gk e e o
i%.

pénc&ecepetgghj%j“g}] of starch gel electrophoretic patterns. Arrow jndicates. origin;
e s AT e i
not_fshowq ut can be seen In Fig ?l _omFe afer cifed. éS OPIIC unit fo? par a[]h/
Eu6|_ Sleéjp% gz’a toxmf )2,_ - olotlc | unit'o aI[Bh ,, toxin, d, 0-5 optical unit of A-protein,

protein
Ninety-six optical units of parhallg purified alpha toxin were fractionated in the
agparatus designed b;vaen_sso_n (1960), using the general conditions described earlier
(Bernheimer 623. [he distribution among the fractions, of toxin as haemolytic
actwﬂhl, and of protein as optical units, is sfiown in Fig. 5. Seventy-seven % of the
Input haemolytic activity was recovered. Aside froni the small protein peak at

unit o
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Fraction 260 and that at Fraction 110 which appears to represent a small amount
of toxm adsorbed to a finely divided precipitate, the protem between Fracnons 160
an 240 | |s d|V|3|bIe mto four zones, namely, from right to left in F |§] alpha,,
a1p a,, alpha,, and alpha,. The mean specific haemolytic activities of e ractlons

tnese 7ones were 15000, 14,700, 9500 and 250, respectively, FDlaI sis of the frac-
tlonsofal pha,, against 0-03>F- borafecontamm 0: 1209 DTAfollowed by ammonium
hate greupﬂaﬂon was accompanied ly 8-fold increase in activity; from
th| It 15 concluded that an ap gremable patofthe protein of the alpha,, zone con-
sisted of inactive toxin capable of activation).

fo s

4, Premgmn react|ons in Oucht derlon ate after 5 da Centre well: 01 mI

Fi
an%toxm hg Seru rg% crude staphylococca extrc IuIar prote|
escrl P s¥ em elmer hwartz (1 il on]e t|ca unit of p r|
a toxin (sta ? IC m} 5a ioxm un|
alpha,, toxm , 10XIN ptical unit of'a a,,toxm

05 ot it of S, B
Starch gel electrophoretic patterns done on samples contamm? (-5 optical unit
revealed 4 single heaV|I -stained alpha toxin bang at the same Jocus or all four
varieties of toxin. [n addition, alphaaand alpha, showed a very faint band on the
anode side ofthe]ongln The Iaéterwas nﬁt conmstentl %emons rable and |t% rigin
1. onscure,  Alpha,,, ‘alpha, and alpha,, showed a fairit but distinct band (beta”of
Fig, 30 sllghtly 0 the right of the heavy band; the pattern for aIphaOcan be seen

In
ﬁe results of agar diffusion analysis (Fig. 4) were in the main consistent with
30 G. Micrab. xxx
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those obtained from starch gel eIectroRhoresrs AI&)haashowed a single heavy line
of precipitate, AIRhaG alpha, and alpha, produced a similar line qrvrng a reaction
of 1dentity with that of al ha,, but alpha, showed a second, fainter Ime which in
time tended to merge with ihe heavy line.

Besides havrnP similar specific haemolytrc activities, aI?haa alpha,, and alphac
are potent lethal” agents ( abIe 2). The Tatio of haemolytic, to lethal potency of
culture suBernatan fluid ap a, aIpha,, and alpha,, are, Within experrmental error
|dent|ca u that of al a |s somewhat out of line with the others. The fractions
of alpha toxin, when | ,ece Into the skin of rabpits, induced the formation of
necrotic lesions identical in appearance with the cIassrcaI description (Elek, 1959
of dermonecrosis assocrate with a g ha texin. About 1/tg. of partially purifie
alpha toxin contained in (-1 ml. gel trn saline produced in°r2 hr. a lesion 20 mm.
In"diameter, as did also the samé weight of alpha,,. Alpha,, in the same amount,
produced a lesion of about half this diameter.

Table 2. Comparison of haemolytic and lethal activities of staphylococcal
toxin fractions

Mouse /|_|?5o Units of haemolysin

Toxin preparation dose Mouse LD50 dose
Airra | 7
A na % 1%
Cullture emat 1 1
rgrrg su00 a§ 2 17
St 80

The foreqorn? results are mterPreted as meaning that four specres of molegules
are demonstrable in partially puritied alpha toxrn when it is subjected to analysis by
ensrtgr gradient eIectro horesis. They are alpha toxins, which exhibit different
electr phoretrc mopilities, butthey ar antrfrenrcally identical, and they are denti-
cal, or near¥so in their broo ical (lethal, haemolytic, dermonecrofic) activity.
However, a Tifth secres of mo ecuIe Was detectable by starch %el electrophoresis
and \Ir(vas antigenically distinct from toxin. Its refationship, if afly, fo alpha toxin
IS unknown.

Further examination of alphaa. Because the comPonent desrgnated alpha,, aR
peared to be a homogeneous su%stance except for a trace of contaminating protein,
and because it ha gropertres identical with those classically associdted with
alpha toxin, it was examined further. 1t was prepared by eIectrophoretrcaII frac-
tronatrnlg Cpartragpurr led toXIn masucrose density %ra dient, combining 8p

riate fractions, dial srng the pool against 9-03M-horate buffer to remove SuCrose
and precipitating wrh7 A)saturate neutral ammonium suIPhate |t was stored
und er ammonrum SU g hate, and portions were dialysed free from salt as needed.
A solution h avrng an bsorbance t 280 m/i of 1-00 contained 109 fig. N/ml., 13,000
haemolytic unitsiml., and 600 mouse LD50 per ml.

One of the features characteristic of alpha toxin as distinct from other staphylo-
coccal haemolysins is the sensitivity of rabbit, and to a less extent of sheep
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erythrocytes to its action, and the relative resistance of red cells of certatn other

Same

reparation of alpha
red ce? rt)t

ade up to.co

ariimal species, (Elek, 195% In Table 3 are shown the results obtained when the
toxin was tested a%alnst suspensnons of d|verse tgges of
ain the same concentra

lon of haemoglobin. It can seen

that the vanatton in the sensitivity of the red cells to toxin was very great indeed,
and in general was in agreement with the experience of earlier workers,

Table 3. Sensitivity to alpha toxin of red

Specific. 10, toXi
haer#nol fic Jg ulre
Sacetévgyoﬁ r";S to cause
Animal p|n categ hae?t%)o/f’ysis
Rabbit 14,900 0048
%%USE 2,400 0- 29
nt’an %09 v
62 11-5
Gumea pig 62 115
P
1 e | 20 b
sl o —zo,ooog 5
< —10000 3 § 10T
é 05 PV g § o
= W I
[ T T tat [ TTT T VT I T T T T T T T TTTTTTITTT T
o] 50 100 150 200 250 300 5 10 15 20 25
Fraction number Fractto_n number
Fig. 5 Fig. 6
nsn radient electrophoretic pattern of arttal urified alpha to
So Jd circles %tét as extinct |onpat ZSbnﬁ 0 rH %e é g toxin sEaemoﬁ(/tlc
ct|V|ty rr |n caes startmg zone Anod 0le (Sartl g2 ne
orae a|n|n /5000 EDT uch t)enftf C‘W\gl)% f)v
Sa Qecor&sn%do 2-20m ate uffer contalnl g % optical
un|ts ofpartlally pur|]1:|ed foxin an (]1 ugi f o
ratign of 12.S component (small peak) from. sta ococcal alpha toxin
gge pea%J yu(itracentn?ugatldp nin suérose dgnsn& gradient py P

Examination of 0-6 % t
fuge (Beckman Instruments, Inc
Identical with that of Fi
nated with the 12S com
0Xin

t was evident, th

gonent that had heen detected earlier |

blood cellsfrom different animals

wiv) solution of alphaa in a Spinco Model E ultracentri-
Belmont ahforma) revealed a pattern essentially

aawas contami-
partially purified

therefore, that a

it

Separation of the 125 componentfrom alpha toxin. Zonal yltracentrifugation in a
sucrose density gradient was carried out according to conditions similar to- those

30-2
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described by Martin & Ames (1961). One ml. of a 1% (¥V/V8 solution of partially
purified toxin was IaYered ona 27 ml. linear gradient of 5-40 % sucrose contained
Ina2b boy 75 mm. polyethylene tube. After centnfugaﬂon for 20 hr, at 25,000 rev./
min, a hole was punchgd irf the hottom of the tube and 27 fractions ofelljoprommatelg
one ml. each were collected and estimated for protein, As shown in Fig. 6 the 12
comgonent seﬁarated from the alpha toxin. The fractions comprising tfie 125 peak
possessed no_haemolytic activity while those of the_al/oha,toxm peak had the ex-
Pected activity of 12,000 to 13000 haemolytic units/optical unit, One hundred
I~ of the 125 companent, qr roughly 100 times as much as the LD 50 of alpha toxin,
did not kill when injected infraven uslgmto mice. Electrophoresis, in starch gel,
of & mgch 8s 500 pg. of the isolated 12'S component, followed bwrotem staining,
revealed no band. A solution of 125 material containing 1 mg./ml. had a 280 mit.
ansorhance of 0-60 but the u.v, absorlotlon spectrum showed o well-cefined peak
at 280 m/i. nor elsewhere. It is concluded from these findings that the 12.S'sub-
stance Is Prqbably not a simple protein and that it is unrefated to ,aljl)ha toxin. .

Characterization of 125-free alpha toxin. For further characterization, partially
purified alpha toxin free from 12S component rather than the aIphaacomP_onent WS
used. This cnojce was made because alphaa represents only about one-fifth of the
active material of partlall)é purified toxin and'it may not e representative, in all
respects, of the whole. 12:5-free toxin was preé)a_red y ultracentrifugation in suc-
rose, density gradients as described in the precedin paragraRh._The ractions com-
anmg the' major peak were pooled and. dialysed overhight in the cold against

oraté buffer to remove sucrose. The toxin was then saltéd out by dialysing the
solution, in fwo steps, against 20 vol. of neutral 85 % saturated ammonium sulphate.
The precipitate was stored under ammonium sulghate and dialysed free from
ammonium sulphate as needed, against borate_buffer. _ _

Ammoniym sulphate precipitated alpha toxin consisted microscopically. of very
small granules which were slightly biréfringent but which exhibited no yniformity
of shape. When the ammonium stlphate precipitated toxin was dissolved,in borae
buffer ng_ 8-3) and dialysed in the cold against the same buffer to a final toxin
concentration of 2% ﬁ\]/v/v), there developed'a Pre_mpjt_ate having a silky sheen. The
particles comprising the precipitate were nearly invisible when examined by ordi-
na[Y I|%ht microscapy, but were seen by dark field to consist of feathery lenticular
units that were rela |veIY_ uniform, in Size and shape. After Washm? I safurated
ammoniun ,sulghate, solution and dissglving in byffer, the resulting solution had the
S%Ta% gﬁgmﬁc ctivity as had been found earlier for highly prified toxin”pre-
: Solutions of toxin buffered at pH 8-3 retained full activity for several weeks when
stored at —15° but showed mgmﬁcant loss when stored formore than 2 weeks at 4°
The toxin could be kept for at least several months unger ammonium sulphate at
4° without loss, Highly dilute solutions underwent rapid loss of activity but theY
could be effectivelystabilized by gelatin or bovine serum albumin at™ 1 mg./ml.
D|all¥5|s of 0-1% (w/v) solution agamst cold distilled water was accompaniéd by
marked loss of acf Vlt}f and the loss was not prevented by m/5000 EDTA.

Ultracentrifugal analysis of a 0-6 % (w/v) solution of toxin revealed a single com-
ponent havinga sedimentation constant of 3-0 Svedberg units, The molecular
Weight, as defermined by the Archibald method (Schachman, 1959) was 44,000;



Staphylococcal alpha toxin 465

this is an average of 42,930 at the meniscus and 45,150 at the bottom of the cell,
The toxin contained less than 0-025% P and Jess than 1% carbohydrate (as glucose):
its amino acid com'oosnmn IS shown in Table 4

Absence of proteolytic actlvny |t has been suggested that alpha toxin is a proteo
lytic_enzyme (Robinson et al. 1960). By the casemd estion method of Kunitz
§147 the amount of tr|chloracet|c aC| squbIe I-absorbing material liber-

ed from 10 mg. casem y 00yg. of parna ypunfled alpha toxin, or of the alphaa
comPonent was ne ligible, Under the same’condlitions one-fiftieth this weight of
crystalline trr)[/]psm erated a measurable amount of acid soluble 280 m/i- absorbmg%
materla Similarly, partially purified aIPhatoxm in a final concentration of 10 yg
ml. neither liquefied 1% tge atln nor clotted milk. 1t is concluded that alpha toxin
does not cause significant proteolysis of the substrates tested.

Table 4. Amino acid composition of staphylococcal alpha toxin

Constituent mg./16 mg. N Residues*

Cysteic acid 0
Taurine 0
Urea , 0
Methionine sulphoxides 1-77
Hydroxyproline 0
Aspartic acid 13-2 44
Glutamine and asparagine 0
Threonine 6-15 23
Serine 5-22 22
Glutamic acid 7-15 pal
Citrulline 0
Proline 191 7
Glycine 3-90 23
Alanine 2-52 12
Cystine o 0
a-Amino-n-butyric acid 0
Valing 3-22 12
Methionine 1-92 10
Isoleucine 3-78 13
Leucine 4-34 15
T%rosme 3-84 9

enylalanine 3-62 10
Ornithine 0
Ammonia 2-76 71
Lysine 7-68 23
Histidine 1-37 4
Arginine 3-89 10
Trgpto phan 9

hanolamine 0-21

Unidentified peak no. 1 0-176f
Unidentified peak no. 2 0-252--
Unidentified peak no. 3 0-292-J-

* Residues calculated for molecular weight 44,000; j Uncorrected leucine equivalents.

A- and X- Rrotems As by-products of the purification ofalphatoxmtwo proteing
de3|%nated and were obtained in crystalline form. A was isolated on several
oceasions by di n%/sm g against coId 60-70"% saturated neutral ammonium sulphate
the fractioris comprising'the small protein peak to the right of alpha toxin (Fig. 1).
It consisted of cottony"aggregates of fing needles. Protein X was isolated i two
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instances only, both times by dialysing the protein of or near Fraction 11 {Flg. 1)
against cold 55% saturated acid” ammopium suIRhate' It consisted of sronglg
birefringent neelles. Each protein gave rise to a characteristic band on starch gel
electrophoresis (Fig, 3d and 3g), protein A to a band on the cathode side of the
origin, and protein’X to a very faint band on the anode side. Both showed u.v.-
absorption spectra characteristic of proteins. In an Ouchterlony plate with a com-
mercial staphylococcal antitoxic serum, protein A yielded in 3 weeks a single faint
band of precipitate. Intravenous injection into mice of about 100fig. of either pro-
tein was followed by no obvieys manifestation of flness. Neither protein has thus
farvt\lgﬁn identified with any cf the known extracellular products of staphylococcal
growth,

DISCUSSION

The foregomg results indicate that staphylococcal alpha toxin is a protein and
that its physical and chemical properties do not differ uniquely from those of
many other proteins. Assuming a nltro%en content of 16 %, the amino_acids and
related compounds recovered from acid hydrolysed toxin accounted for 82 % of the
weight of the toxin. The apgarent ahsence of tystine Is notable, Usm% the same
f|qure for nitrogen content, 1 mg. of pure toxin is calculated to have 19,000 haemo-
Iytic units, and since cultures™ contain as much as 1600 haemolytic units/ml.
most.or all of the activity appearing to be aIBhag It follows that 11."of culture can
ontain as much as 84 mg. toxin, 1.e- about 2% of the dry weight of the cocci that
produced it. The concentration of toxins in bacterial filtrates in general has been
estimated to be from 5 to 20 mg./I. at most (van Heyningen, 1950). Many of the
earlier reports on the purification of alpha toxin do”not contain sufficient, detail
about methods to allow repetition of the work, and in most instances no indication
has been given of the yields obtained refative to the amounts of crude toxin started
with. The resent_Pap_er describes methods which permit the preparation of toxin
of about 70% puri X In yields of about 40 %, and without the need for industrial
facilities, and procedures are described whereby further purification can be achieved.
Three kinds of preparations were studied:”(a) ‘partlaIIY purified toxin’, (b).an
electrophoretic fraction of (a? demgnated alphaa, &c) ultracentrifugally purified
toxin derived from () demgna ed 125-free toxjn. Al ho,u%h none of fhese prepara-
tions proved z0 be comRIe_t ly homogeneous when examingd by a sufficient number
of ph)fswal methods, their State of heterogeneity is operationally definable. The
Pﬁrna I){ purified toxin contained two minr gomﬁ]onents which aprPear () lfe un-
elated 1o toxin: a protein designated beta ana demonstrable immunologically and
by starch gel electrophoresis, and a substance designated 12S that was démon-
strated ultracentrifugally. To?ether_ the¥ account for most of the impurity. Aside
from these substances, dlpha Toxin itselt seems to be heterogeneous inasmuch as it
Is partially resolvaple into several components by means of density grad|ent
electrophoresis. So far as these have been studied, thie electrophoretically séparable
components do not differ from each other in an ,very,stnkm(i fashion”as regards
their biological Proper,tl,es, but further studY of this point would be desiraple: The
results support the original and subsequently much discussed su% estion of Burnet
(rl929) thatlethal, haenjolytic and dermonecrotic effects are cause Y a_smPIe toxin,
he slowest moving electrophoretic fraction, alphaa, was physically isolated and
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although if was free from the heta |mpunt36|t still contained 12S material, Similarly,
ultracentrifugally pure material can be obtained but contaminated with beta.

Aside fron its gross blolo%n:al effects, virtually nothtnP IS known of the mode of
action of staphylacoccal alpha toxin. Contrary {0 an earfier sugdestlon itd oes not
Bpear to be d roteoI ftic enzyme In view 0f the rapidity with which it brings

out cell amagh ang |n view of |ts remarkable lytic actlon on red blood cells, as
d|st|nctfromd| theria, tetanus and botulinum toxins which have neither of these
properties, perhaps the best hypothesis is that it alters or disrupts cell membranes.

The authors wish to acknowledge with thanks the help of Dr Jo-Yun Tung Chen
and Dr R. C. Warner who carriéd out the ultracentrifugal analyses, and that of
Miss Patricia M. Norton who carried out the amino acid analysis. We are also
Indebted to Dr Elaine L. Updyke and to the LederIe Laboratones for spedmens of
sera. This work was supporte in part b ¥ Rrants rom the Life Insurance Medical
Research Fund, the National Institute ot Allergy and Infectious Diseases and tne
National Institute of Arthritis and Metaholic D|seases U.S. Public Health Service.

FoIIowmg completion of the manuscript of this paper, there a peared several
publications concerned partly or wholly with the unftcatton of staphylgcoccal
alpha toxin. Madoff & Weinstein (1962) obtalned by metal-ion reC|p|tat|on
column chromatodraphy and curtain eIectro hore3|s ghl actlve unstable
product WhICh %tededasm gle I|ne In Quchterlony 1ates nd two bands when
examtne eans of starch ?_ eectrophoresn Kumar & Lindorfer (1962)
and Kumar Loken, Kenyon & Lindorfer (1962) obtalned by means of curtain
electrophoresis alone, alﬁ atoxm In a rPunfled state There are, however several
discrepancies between the results of t latter authors and ours. . Their product
contained significant amounts ofcar oh ¥ drate and a asedtmentatlon constant at

-6° of 1-4, While our alpha toxin | |s free rom car oh P/ drate an asasedtmentatton
constant at 20° of 3. Data on the kinetics of haemo 3|s Induced by partially puri-
f|ed alpha toxin were reported by Lominski & Arbuthnott (1962).
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INTRODUCTION

The taxonomic position of organisms belon an to the rrckettsra and psittacosis-
lymphogranuloma ?roups 15 controversial nrewes 1952, Bedson, 19592l Al
athogenic forms o these organisms appear to be obligate intracellufar parasites:
no unequivocal evidence has been obtained that they multiply i cell-free media.
In this respect these organisms resemble Viruses, but In other important properties
they are quite distinct Trom them. Viruses may be regarded as biojogical entities
which contain protein and either deoxyribonucteic aci éDNAP or ribonucleic acid
;RNA) but not both (AIIrson&Burke 1962), and they do not multiply by binary
ission; instead, the virus nucleic acid and |orotern canstituents replicate ‘more gr
less independently and are [ater reassembled (see Cohen, 1957; Schafer, 1959).
Furthermore, viruses, unlike bacteria, are msensttive to penicillm, chloramphepicol
and tetracyclings; in contrast the rrckettsra and psrttacosrs Iymgh % ranuloma
organisms contain both DNA and RNA (Allison & Burke, 1962), and are sensitive
to"these antibiotics Hurst 19531 As Iscussed below it seems highly probable
that at least some tfygrcal rickettsia and psittacosis-lymphogranuloma’ organjsms
rep licate by brnar Ission, alt ough there 1s uncertainty about the exact mode of
refp lication’ of othér members of t Psrttacosrs Iymphogranuloma group In view

these difficulties there is a need for independent evidence to Relp clarify the

* Present address: Twyford Laboratories, Ltd., Twyford Abbey Road, London, N.W. 10.
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affinities of nckettslae and psittacasis- IYmphogranquma organisms. A contribu-
tion might be made Kstud y of their cell walls, the composition of which has come
to be récognized as characteristic of different ?roups of organisms. All the bacteria
so far studied (Eubacteriales and Actinomycetales, exclu |n? permanent L-forms)
have been found to possess cell waIIs which contain refatively rigid mucopeptige.
An essential componento muc |pepu elsmuram|c acid (Cummins & Harris, 1956;
Work, 1961). Some, but not all, muco Ptl es also contain diaminopimelic acid.
These two components, typical of bacterial cell walls, have not been folind in proto-
708 0r fungl, although both have been shown to accur in some blue-green algae
(Work & Dewey, 1953; Frank Lefort & Martin, 1962).

Evidence s presented, in this paper that bacterium- I|ke cell walls are present in
rickettsiae and psittacosis-lymphogranuloma organisms. A new and highly sensitive
teohmque for detection of muramic acid is also presented, A prelimmary account
of the results with nckettslae has already been pubhshed (Alllson &Perkms 1960).

Jenkin (1960) menuone tepresence of muramlc aC| in the e|ne neumonms
organis O(a member of the 1pslttacos|s ymR ogranuloma group), alth ouo
technical aetails were |ven he resultso these and other stucies suggest that
rickettsiae and psﬂtacous Ymp olgranu oma or%amsms have evolved frofbacteria
by adaptation to intracellular repfication; this Conclusion is discussed.

METHODS

Rickeftsiae orgamsms feverrg (nCoueIIa ) burnetii); theN|neM|Iestra|n|soIated
by Davis & Cox'(1938) in Montana; number 0 9£)assages IS Unk nown Scrub typhus
R tsutsugamushi, Karp strain, |soIated in 1943 from the blood of an American
soldier i New Guinga (Derrick & Brown, ~1949); material from 101st yolk-sac
assage was used. Rocky Mountain Spotted Fever, R.. rickettsii (Maxcy, 1929)
ittertoot strain after an"unknown number of passages jn quinea pigs and eIg;gs
Epicemic typhus, R. prowazekil, Madrid . attenuated Strain, isolated i 1941 du %
an epidemic in Madrid (Clavero & Perez-Gallardo, 1943); material in the 267t
yolk-sac passage Was used,

Pslttacos|s dymnph%%ranuloma organlsms Psittacosis  (Orithosis) P %9eon
strain 1solate from as|c pigeon in New York (Smadel, Wall &
943) material from a 42nd yolk sac assage Was use Mouse pneumonms N
Hampstead  strain, |soIated by AndrewesS (see Andrewes & Horstmann,
and assalged In mouse lungs. e|ne pneumontis, strain isolated by Baker 1944g
used after” an unkngwn niimber of 0lk-sac Eassages Trachoma, straip TE-5
|soIatedb T"ang, Chang, Huanrq ang (1957) and passaged in the yolk sac.

Prep arauons ot organisms. AlForganisms excegt Mouse prieumonitis were propa-
?ated In yolk sacs of embryonated €qgs, inoculated at 6 days and harvested after a
urther ays of incubation at 35°. Tests for bacterial contammauon \were negative.
The volk sacs were homogenized in Ten Broeck grinders, centri Ped at 2000q for

10 min. and the supernatant fluids centnfuged at 25,800qfor 2 hr. af 2°. The deposits
were resuspended in Gey’s sahne solution and used for preparauon of cell 'walls
or for chemical analysis. Mouse pneumonitis organisms were grown in mouse
embryo cell cyltures grepared 85 described bg Allison & Armstrong (1960). They
were harvested after 5 days of incubation at 36°, homogenized and centrifuged &s
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d(e)ﬂgréggsd above. Control material was prepared in the same way from uninfected
/ Viruses. Concentrated suspensions of vaccinia and influenza viryses were also
examined. Vaccinia virus BUster e%g-adapted strain) was grown In the chorio-
allantoic membranes of embryonated”eggs (Westwood, Phipps & Boulter (1957).
The membranes were homogenized and Centrifuged as already described, The titre
of the final preparation was 8 x 109pock-forming units/ml., from which it is likely
that the number of virus particles was of the order of 10u/ml. (Kaplan & Valenting,
1959). Influenza virus (strain Mel 19532_ Was Tgrown in the chick embryo. Allantoic
fluid'was harvested 40 hr. after inoculation of 0-05ml. of seed virus suspension into
the allantaic cavity of 10-day chick embryos and incubated at 35°. Centrifugation
was at 38,000g for 30 min, THe deposit was resuspended in 0-05M-tris saline (pH 7-0).
The.number of virys particles in the final suspension, estimated from the haemag-
glutination_end-point gDonaId & Isaacs, 1954) was 8x 101 particles/ml. _

Preparation of cell walls. These were prepared by a technique_like that described
bg Schaechter et al. (1957h). Suspensions of Rickettsia burnetii were incubated at
45° with 1%_|(1WIV)r sodiym deoxlycholat_e In 0-IM-tris buffer (gH 7-06 for 4 hr, with
constant stirring, The ceII-waIIBe arations were centrifuged at 50,000g for 30 min.
and resuspended in O-IM-tris bufter (pH 8-0). In someexperiments the purified
cell walls were incubated with lyspzyme in the presence of ethylenediaminetetra-
acetate under the conditions describéd below. _ ,

Detection of muramic acid, After extraction of lipids, suspensions of or%amsms
were precipitated with 5% (wiv) trichloroacetic acid, Much protein was removed
at this sfage by incubation wit pehpsm (Lmg./ml. in 0-05n-HCY) and then with
trypsin (L mg./ml. 0-05I\_/I-phosg ate buffer, pH 7-6); these enhzymes do not
dissolve bacterial mucopeptides g ummins. & Harris, 1956). The residues were
h droIXsed In sealed ampoules with, 4N-hydrochloric acid at’ 105° for 4 hr, After
rémoval of excess hydrochloric acid in vaclio hexosamines in the hyrdrol sates were
concentrated by chromatography in a column of Dowex 50 (H+). The hexosamine
peak was transferred to a”charCoal + Celite column, and glucosamine was eluted
With water (Perkins & Rogers, 1959). Substances eluted b 10%(v/y3_ethano| In
water were supjected to” paper ¢ romato?raph In bufanol + Lyn ine + water
(6+4+3 by vol.) Asample of the material elutéd from the expected position of
muramic acid was submitted to the Elson-Morgan test as described by Rondle
&Morgan (1955% except that, to increase sensitivity, the final volume in thé reaction
mixture was 1-5ml. Absorption curves were drawn from measurements with the
spectrophotometer (Unicam S.P. 5002 using small cuvettes with a 2 ¢m. light Aqath.
Muramic acid gives a maximum absorption at 510 mg or, on standing overnight,
505 mll_FCru_m ton, 1959). » o

|dentification of microgram &uantltles of muramic acid, When the samﬁle of
material tested bY the Elson-Morgan reaction gave an absorption curve with a
maximum well below 530 vug, suggesting that miramic acid might be present, the
remainder of the material was treated as follows. To a sample dissolved in 20_?].
water was added 25 q\. pfyndme followed by 0T, (l;\. |- UC-acgtic anhydride gpem Ic
activity 1-7 mc./mmole) from a graduated capilfary tube rgtotal catpautg - A,
The acetylation reaction was allowed to take flace at room temperaturé for Ih
The sample was then dried in vacuo over soda-lime, and 0-2 ml. of 10% aqueous
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acetic anthrlde, non-racLoaetive) was added and removed in vacuo; this step was
repeated three times. At this stage 50 jug. Araeetylmuramic acid was added as a
carrier, to the sample and also to & control tube which had been treated in the same
way throughout. The samples were transferred to the origin of aPer chromato-
ram and fun in butanol + acetic amd-?-water (63+ 10+ 27 by vol.). _In this solvent
-acety|-muramic acid runs twice as far as A-acetylglucosamine. The position of
A-acetylmuramic acid was determined from a méarKer strip bY using the spr_aK
system of Partridge (194,82 except that the final heatmg after spraying wit
hrlich’s reagent was omitted. Radigactivity in the_correSponding regionof the
chromatogram was detected by radioautography. The radioactive Tegion was
eluted and counted on a planchétte with an end-window counter. _
Under these conditions samples of 0-2, 1 and 10fig. (0-8, 4, and 40 x 10-3/imole)
of muramic acid onglnally present before the adaition of carrier gave final counts
of 61, 295, and 3022 cqunts/min., respectively. Since the counting efficiency was
such that Lfic. gave 2x 105 counts/min., this corresponded to a 45% over-all
yield of labelled A-acetylmuramic acid. o
In some experiments the samples of radioactive AFacetylmuramie acid were
converted to a Mo_r%an- Elson chromagen, which retains the_acetgl ?(r_oup, bg heating
In a sealed tube with aqueous triethylamine at 100° for 8 min. (Perkins, 1960a). The
rea?ent was removed In vacuo, the samfle transferred to a paper chromatogra_m
(sofvent w-butanol + pyridine +water; 6+ 4+ 3 by vol.) and run overnight. Thé site
of radioactivity was found by radloautograﬂhg' subsequently the %osmon of the
chromogen was determined spraym% with Ehrlich’s reagent in butanol (Part-
ridge,. 1948). When the resulting purple spot coincided exaCtly with the area that
contained radioactivity, it was oncluded 'hat the parent labelled-compound was
indeed muramic acid. = _ ,
. Conversion of muramic acid to a substituted pentose. Samples of the material
isolated from chromatograms and suspected to be muramic acid were heated at
100° for 30 min, in sealed ampoules with linhydrin in aqueous pyridine (Stoffyn
&Jeanloz, 1954). Authentic samples of muramic acid were treated in the same way.
The reaction mixtures were dried and run on paper chromatograms in butanol +
pyridine +water qvernight, together with markers of the four pentoses. The dried
paPer was_spraYed with p-anisidinc hydrochloride (Hough, Jones & Wadman, 1950).
ncubatjon of resjduesfrom_cultures of Rickettsia burnetii with lysozyme. Samples
S_m?.) of the residue obtained from cultures t%}/ treatment with”fat_ solvents
frichjoroagetic acid ang Broteolyn,c enzymes, as described above, were incubated
In tris buffer (pH 8-0, 0-02m), sodium chloride (0-02m) and eth¥lened|am|netet,ra-
acetate (IO-OOZm) for 2hr. at’37°, with or without I_ysoz*me of final concentration
50 /lg./ml. The residue was removed by cent_rlfu?anon at [1.000g and the samﬂles
concentrated in vacuo to 0-25 ml, The reaction for A-acetylhexosamines was then
done as described by Aminoff, Morgan & Watkins (1952),"except that the heating
period was 12 min. since it js known'that the lysozyme digestion products of muco-
neptide give the h|%hest yield of colour under these conditions (Perkins. 19605).
A _urP_Ie colour with an abs,orgtlon maximum at 585 my was considered to be
Indicative of the presence of liberated A-acetylhexosaming’ end-groups.
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RESULTS
Incubation of Rickettsia burnetii with tysozyme

. Purified cell-wall preparations of Rickettsia burnetii Were digested with lysozyme
in the presence of ethylenediaminetetra-acetate. This treatment led to the dis-
appearance of cell walls recognizable as such in the electron microscope, The con-
ditions used were like those under which lysozyme will digest the walls of some
Gram-ne?anve hacteria (Repaske, 1958). No précipitation Was observed, so that it
seems unlikely that aﬁgrega lon in the presence of the highly basic protein lysozyme
was responsible for the disappearance of the cell walls.” Under suitable conditions
the cell'walls of some Gram-positive and some Gram-negative hacteria are attacked
lIJE){ egg-white lysozyme with liberation of material which gives a positive Morgan-

son reaction for -acetrl-hexos,ammes. This reaction is due to the liberation of
regucing groups of the walls (Perkins, 19606; Salton & Ghuysen, 1960). Since other
evidence sugﬁested that muramic_acid was present in r. burned, We attempted to
determine whether preparations from this organism could undergo a similar reac-
tion with lysozyme, When these. preparations were treated with lysozyme (as
described in Methods), material giving an absorption maximum at 585 my in the
Margan-Elson reaction for N-acefylhexosamines was obtained. Although bacterial
cell-wall mucopeptides containing muramic acid are not the onlg polymers hydro-
lysed by lysozyme (for instance Chitin, a /2(I-4)-linked poly A- cet%glucosamme,
IS attacked to"some extent as Berger & Weiser (195/) stiowed), the" result with
R. burned S af least consistent with the other evidence for the présence of muramic
acid described below.

Chemical evidence for the presence of muramic acid

So far as is known myramic acid is_.a compound which is specific to the muco-
peptides found in bacterial cell walls. Thus, when an organism is shown to contain
muramic acid it is reasonable to assume that it possesses a cell wall which contains
a mucopeptide resembling that of bacteria.  Preparations of rickettsiae and the
psittacosis-lympho-granuloma group of organisms were therefore examined for the
Presence of muramic acid. Hyarolysed sarfiples were fractionated as described, and
he material likely to contdin muramic acid was subjected to the Elson-Morgan
reaction for amino'sugars. After colour development the tubes were allowed to stand
overnight, and the [ight absorption then measured over the range 490 to 540 mijl.
Absorption curves typical of muramic_acid were found in specimens derived.from
several of the organisms studied (see Table 1), as shown,in the curves in Fig, 1.
these_refults Su ge%ted t_halt muramic _a?d Was gre_send; in We preparations. The
chemical identity”of the jsolated material was examined furtner, =

The N-acetylated derivatives of hexosamines are comBounds which yield the
characteristic Morgan-EIson reaction; this reaction can be used to detect their
presence on chromatograms. The material isolated from the rickettsiae and psitta-
cosis-| mpho%ranu_loma or%amsms and suspected of being muramic acid was there-
fore converted to its AFacetyl derivative. Because of thie small quantities of sub-
stance available, the reactign was performed with [-4C-acetic_anhydride of high
specific activity and the identity of the labelled material with non-radioactive
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jY-acetvimuramic acid added as carrier was traced chromatographically. The radio-
activity due to_the abelled acetyl group ran in the same position as the AFacetyl-
muramic acid detected by the Morgan-Elson reaction gable 12 Further confirma-
tion that radioactivity zresent In"the region corresponding to 1V-acetylmuramic

100 -
m...
-
s
g MWF
20
0 1 1 J
480 500 520 540
Wavelength (m/t)
1 Ab% rption qurves, of su stn smt rgfa Eeactlon Sam les were
tr atedb rPJoce ure of Ronle or an the’fina reactlonmlxt were
owedt sta overnlght gfore prgpara 1on ft ea pt|or1curves ¢ — ycos—
amme A, muramit acl maena from R. urnetu —, material from
mouse pneumonms Nigg) organism.

acid was indeed due to this com(g)ound was obtained as follows, V- acetylhexos
amings heated with alkali at 100° yield the chromogens of the Morgan-Elson
reaction (1934), the chief of these bemg the compound:

”C_C/"NH -COCH,
[T

H(oh °
CILOH

gKuhn&Kruger 1957), which retains its acetyl group, . Heating iV-acetylmuramie
cid with alkali’ proddces the same chromogen” (Perkins, 1960a). I, “therefore,

material contammg radioactivit Ev due to an"acetyl group can be converted by
heating in alkali t0 @ Morgan-Elson chromogen which 15 also radioactive, it is
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probable that the original compound was an N-acetylhexosamine. If, also, this
material came from chiromatographically isolated N-acetylmuramic acid then it Js
almost certain that the compound ong;nall, acetylated with radioactive, acetic
anhydride was muramic acid. The radioactive spots of iV-acetylmuramic acid
described above were eluted from the paﬁer and heated with agueous triethylaming
to Produce the chromogen, which was then run on another chromatogram. In all
Instances this P_roc_edure gave a radjoactive spot which coincided with ‘the chromo-
en, thus confirming that the radjoactive acetyl grou&) aé)paren,tly belongmg to
[V-acetylmuramic acid on the first chromatogram'was indeed combined in an“acéty

hexosamine. No other type of acetyl compound would be converted to Morgan-
Elson chromogen in this'way. The résults of this test are shown in Table 1

Table 1. Testsfor muramic acid applied to organisms of the rickettsia and
psittacosis-lymphogranuloma groups

R. burneti showed conversion, to substituted pentose by ninhydrin.
Chemicall test as described

n the text
Conversion to
: radloa?twe
Elson-Morgan iV-acetylmuyra-
. reaction for Jnhc acl
Organism muramic acid and chromogen
Riﬁkebttsia N
. pburnetil . + +
R. tsutsugamushi + +
) trIC e|t%r}1|flmseri) i '
R. [Yr%wa eki 4 '
33|ttac03|s-lxm[ﬁhogranuIoma
group organisms
Psittacosts .. + +
M(iuse neumonitis (Nigg) + :
Fre nhe ngumomﬂs + +
rachoma + +

+ indjcates a positive reaction. A point indicates that the test was not applied, usually because
of lack ogtotai mgterla. + mglcatespa Wea[l reaction only. PP y

.. Since the validity of this work largely depends upon the Posmve chemical
identification of small quantities of SubStance isolated from the orgamsms in
question, with authentic muramic acid, when sufficient material was available a
further critical reactign was performed. When 2-aming-2-tleoxyhexoses are heated
with ninhydrin they lose their reducing groups; the -CHNH2" group at C2is con-
verted to°an aldeh de_Proup, so that'the corres ondln% pentoSe results (Stof{)yn
& Jeanloz, 1954). Simifarly, muramic acid yields a product which is presumatily
2-0-carhoxyethylarabinose. Samples of the” substance suspected to be muramic
acid and sdmples of the authentic compound were treated.in this way, and the
final products run on a rRaper_chromatogram. Spraying with lg)-amsmlme hydro-
chloride revealed that murami¢ acid and the test mdterial both yielded *slow
running spots of the same colour In the same position (E,dree = (-46). This
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result gave additional chemical evidence for the identification of muramic acid
isolated from rickettsiae. The results obtained in the chemical tests for muramic acid
applied to the organisms examined are given in Table 1. They show that muramic
acld is present in the rickettsiae and in the members of the psittacosis-lympho-
granuloma group. of organisms, s In bacteria. The same tests aPplled to, yolk-sac
Preparations, uninfectéd tissue cultures and vaccinia and influenza viruses all
gave negative results.

DISCUSSION

The observations, presented show that a bacteriym-like cell wall consisting of
mucopeptide containing muramic acid is present in rickettsiae and rr\),sntacoms_-
lymphogranuloma organiisms. Preparations of cell walls of Rickettsia typhi (mooseri)
Rave béen shown to"contain amino acids, glucose, glucuronic agid and Igalactose
Schaechter et al. 1957h), aIthough these components are not confined to the muco-
eptides of bacterial cellwalls. JEnkin (1960) reported the presence of muramic acig
In cell-wall preparations of memngoPneumom_ns virus, The presence of a cell wall
of bacterial type is also evident in electron micrographs gPIotz Smadel, Anderson

Chambers, 1943 Wissig, Caro, Jackson & Smadel, 1956; Stoker, Smith & Fiset,
1956; Armstrong, Valentine &Fildes, 1963). In air-dried preparations of suspensions
of psittacosis-lymphogranuloma organisms the cell wall hasa characteristic appear-
ance like the brim of a hat lying flattened around the shrivelled central mass of the
orgamsm. In ultra-thin sections the cell wall appears as a distinct |ayer oufside
the delicate cKtopIasmm membrane of rickettsiag and psittacosis-lymphdgranuloma
organisms, These cell walls resemble close%y those seen.in ultrd-thin Sectigns of
bacteria (Glauert, Brieger & Allen, 1961). The free acidic grouRs in the cell wall
might account, at least in E)a_rt, for the well-known basophilid of the organisms when
stydied by conventional staining tech_m%ues. The fate of the cell wall durmg intra-
cellular réplication of the organisms is not yet known. 1t is widely accepted that
rickettsiae undergo hinary fission in the cytoplasm of infected cells, as shown bg the
t|me-,IaBse cinernatographic studies of Schaechter, Bozeman & Smadel. (19574).
I this be so, it Is reasonable to suppose that a typical and intact cell wall is present
throughout the cycle of rePI_lca,tlon of rickettside,

The situation 1 less certain in the p3|ttac03|s-l¥wmphogranuloma group. Bedson
F1959) concluded that the or?amsms pass through g series of developmental forms
arger than the 0-2/t elementary bodies when multiplying bPl binary fission. On
the other hand, electron mmrograrlﬁh of thin sections of cgls Infected with high
multiplicities of psittacosis organisms (Tajima, Nomura & Kubota, 1957) and tracho-
ma or?amsm,s( rmstrong et"al, 1963) indicate that an early stage of development
IS the Tormation, of comf)aratlvely Iar%e hodies or plagues. In the first 24 hr. after
Infectjon no definite cell walls surrounding the small invading organisms are seen,
and although the photographs are difficulf'to interpret unambiguously, the appear-
ances suggest that there_ma%/ be an intimate association of ‘the or?amsms with
one anoffier and even with the host cell cytoplasm. Later newly formed small
bodies with discrete cell walls appear in large: numbers and seem tg Undergo typical
binary fission. One interpretation of these findings is that the relatively r|,%|d cell
walls are tem_poranIY lost during the early 0phases of intracellular replication, the
organisms being analogous to the L-forms of bacteria, and correspondingly pleo-
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morphic. With the re-formation of cell walls later would come the_reqular appear-
ance of the ‘elementary bodies” which are stable and highly infectiots.

Another argument has _been_Eresente_d to sup%ort the view that the psittacosis
organism un erqo,es,a virus-like. replication.  Tanami, Pollard & Starr (19%1)
showed that multiplication of psittacosis organisms in tissue-culture, cells was in-
hibited by 5-fluoro-2-cleoxyuridine (FUDR) and FU (5-fluorouracil). From the
effects of adding FUDR and'FU at different times during the course of development
they concluded'that synthesis of psittacosis DNA preceded synthesis of psittacosis
protein by about 7 hr; They therefore sug?ested that psittacosis DNA replicates
mdependen,tI%/ and is later incorporated info newly formed organisms. However,
several points about this Investigation make tfiese conclusions unco,nv_mcm(I].
In the first place, the inhibitory effect of FUDR was annulled by uracil in on
slightly_higher concentrations tfian by thymidine. This is difficult to reconcile wit
a specific FUDR inhibition of thymidylaté synthetase isee Rich, Saslaw &Eidinhoff
1960) .. Furthermore, the conclusion of Tanami et al. (196) that psittacosis DNA
synthesis occurs relatively early is at variance with the observations of Becker

ashiah & Bernkopf (1962) that most DNA %ynthems (incorporation of labelled
thymidine) occurred late in the intracellular developmental cycle of the related
trachoma organism. o _

There Is arnother Igune different inhibitory effect of these drugs which may account
for such results, FU gowerfuIIY inhibits not 0nl|¥ RNA and _grotem synthesis
Tanami et al. 1961), but also the synthesis of the mucopeptide component of
acterial cell walls, which takes place through uridine, intermediates, (Rogers &
Perkins, 1960). Thus the inhibition by FU of the formation of smal] infectious ele-
mentary bodies of the (Psmacosls orﬁﬁxmsm, desomte accumulation of large amounts
of RN ngStarr, Pollara, Tanami & Mogre, 1960: Pollard, Moore, Tanami & Starr,
1961) ., may well be because mucopeptide cell walls are required for this process.

Penicillir is another compound known to act on bacteria by inhibiting the syn-
thesis of cell-wall mucopeptides (see Ro?ers 1962), 1t has been suggested that this
action 15 specifically due to a structural relationship between P_emcnlm and
N-acetYImuramm acid (Collins &Richmond, 1962). Thus the observation that penj-
cillin also prevents the formation of infectious elementary bodies, of the psittacosis
organism (Starr et al. 1960; Pollard et al. 1961) may be ‘due to its specific action
82&2? asynthe3|s of mucopeptide structures containing muramic acid like those of

Ia.

In view of these and all the_other,fmdmgs mentioned above it seems difficult
to escape the conclusion that rickettsiae and psittacosis-lymphogranuloma organ-
isms have closer biochemical affinities with Gram-negative bacteria than withthe
animal viryses, Perhaps they have evolved from bacteria b% loss of certain enszes
necessary for independent replication, and so have beco eobhgiate Intracellular
parasites. Bacteria such_as Mycobacterium lepraemurium are also restricted to
Intracellular replication. The apparent inabili Cy of suspensions of rickettsige to
utilize glucose, even though they metabolize tricarboxylic acid cycle intermediates
(Bovarnick & Sngder,, 1949: Price, ,19532,,suRports this su gest,lon. There Is a
substantial body of opinion that all rickettsiae have evolved from insect parasites,
and among the rickettsiae which infect insects there seems to be ng sharp line of
dlst|3nlct|on between intracellular and free-living forms (Steinhaus, 1946).

G. Microb. xxx
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We are indebted to Drs P, Bradstreet, E. B. Jackson and J. Marshall, and to
Lederle Lahoratories, Inc., for providing suspensions of some of the organisms
studied, and for electron micrographs of preparations.
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The Examination of Sulphur Auxotrophs: A Warning

By J. R. POSTGATE
Micrabiological Research Establishment, Porton, Salisbury, Wiltshire, England

(Received 28 June 1962)
SUMMARY _
Trfurrgenrarreaa"r A5y sastiity of certan ioloaically Impartant
au otrophs IS poInted

In the early stages of the brologrcal utrlrzatron of i morganrc sulphur sources
the compoungs involved are gften relativel ey unstaple. In the conditions used for
the exammatron of their specrfrc brologrca ffects the compounds themselves, even
wh en Initially Pure may undergo chemical, change by réaction with other com-

pounds ingrow medraorthe oxygen of the air, for Example. Many jnorganic sulphur
compoun S, particul arY those Which ivolve intermediate oxidation states of
the sulphur, are unstable (see for example, PoIIard & Jones, 1958 and exchange
reactro sreadrl occur hetween these compounds and organic-SH or-SS-compounds.
Such hazard sare familiar to many workers in the field of microbial suIBhurmeta
bolrsm(‘ 0. Vishniac & Santer,1957; Szczepkowski, 1958). Deductions about meta
bolic pathivays which involve such sulphur compounds and are based on growth and
metabolrc experiments, Partrcularythose of long duration, should be made circum-
spectly. Experiments of this kind should incluce controls to assess the stability of
the compounds in.the test conditions used. Some publications concered with the
metabolism of microbial mutants which require “sulphur compounds (Parathro
trophs) have not explicitly described such cantrols. A short remainder of some of
the experimental hazards involved in studying the biological activity of sulphur
compounds may not be unhelpful.

Sulphite, Ana )/trcal rade sodium sulphite containg sulphate which may reach as
much as75mo|e |noI opened bottles (Postgate, 1952), S Iutronsaerated at physio-
logical pH values oxid |zes ontaneously {o su Iphate: “Tor examPI mSO|U tion

of sodium sulphite (Na 250 In Rhysrolo ical salrne buffered with osrﬁ) hate fell to

07maftersakrn inair for 1hr” at 37" and to 0-022m after 20 hr. The autoxida-
ticn of sulphite |scata¥sed bymetalsmcludrn some (Cu, Zn)thatarenorma ‘trace’
?onstrtdents of microbial. megia. CoRner IS known to b’ cataly trc(aamsactrve a%

“9%/ (Travers 1931); its effect is antagonized by certain anti-Oxi some 0
wh |c g Crose may e present in microbial media,
Metabisulphite. atso the 1on SAGs exist In the solid state and in strong solu-

trons Go Ing, 1960) b utbecomemdrstm%urshablefrom sulphites in solution because

Ysrs ofthe |on to sulphite and Disulphite, Buffered to neutral pH values,
met bisulphite yields the same fonic species as does sulphite. Commercial meta-
hisulph |te preparatrons usually contain sulphate, though in smaller proportions
than ‘sodium sulphite preparations.
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Thiosulphate. Thisionis reasonabh{]stable around pH 7, Below pH it hydrolyses
rn a complex manner to yre sulphite, free sulphur dioxide and pentat lonate;

phur and HA mag/ apresent among Its acid drolysrs products (Pollard &
ones 1958I)1 in aerated alkaling conditions it oxi |zes 0] sul hate. At neutral
BH values thiosulphate reacts with thio| groups (uch as will epresent In many
iological extracts and microbial inocula) to"yield free HZ, organrchulphonrc
acids”(e.q, cysterneSsul honate + HZ s formad from throsu Ephrte and cysteine)
ang possrblyp lythio-homologues of these (Szczep OWskI,

Tetrathionate. “This underges reactions  like hrosulphate wrth thiol groups,
yielding sulphite in place of H5,

Dithionite (*hydrosulphite’). The dithionite ion SA)j is extremely unstable in
solution; in air,” autoxjdation to sulphite takes placg rapidly (atpH 7a 0Lm
solution’ of commercial sodium dithionite was free from this ion after_1q min,
shakrn% in air at rogm temﬁerature) Even in the absence of 0 %/gen dithionite
solutions are unstable and hydrolyse to a mixture of thiosulphate,” sulphite and
free sulph Sodium dithionite is‘only stable in the anhydrous form; commercial
prepara rons rarely claim to be pure.

po xylaie. The ion S02exists out of solution oan as the cobaltous salt. Sodjum
form dehydesxdphoxylate 15 a half ester and |e ds osu hoxy ate on n solution.

Sulphidg. The sulphide ion at pH 7 is larg e z ydrol se to"free HZS (van Niel,
1931 which asadas evaporates rapidly from Solution. For example, when a drop
of 0 [M-Na2s solution was Raced on the surface of ag%ar buffered at pH 7-3, no
suLohrde was detectable with lead acetate at the site of the drop after 15 min. at

In air, Where evaporation is slow, sulphide solutions photo- oxrdrze to form
sodrum throsulphate trace metals catalyse formation offree sulphur. Inthe author’s
experrence ana ytrcal rae Nab even when stored in black hattles, has always
contarne Sulphate. grmrcro es which have no, specialized inorganic sulphur
metabolism eél( easts 5ohaerotrlus ) oxidize sulphide to free sulphur (Skerman,
Demantjev & Skyring, 1

Cysteine. For completeness | recall the well- known fact that ¢ npsterne autoxrdrzes
in air to cystine at values below pH 2; even at refrigerator temperature (4°) slow
autoxrdatron 10 c)()strne takes place in acid solution over aweek ortwo this autoxrda
tron Is catalysed Dy metal ions (Cu, Hg).

sterne -sulp honrc acid. This subs ance has recently assumed |mportance in

%%este pathw 3/3 of synthesis of sulphur- contarnrng amino acids. In solution it

rgoes a hydrdgen ion-dependent dissociation of the general type:

2RSSOH " RSSR-f2HSO3

(Cecil & McPheg, 1955 Cecil & Wake, 1962).

Cysteinesulphinic and Cysteinesulphenic acids. These compounds are subject to
slow spontaneous hydrolysis (rate d endrn on Hvalu to leld drsu hr es and
rnorrilanrc sulphur- ontarnrn? anrons suc ssup hite FSsee darn Such
reacfions ares ecral cases of RSSR fRSH e qurlrbrra whrch pro-
ceed rapid g/ an spontaneously a ysrologrca H values and temperatures
gKoltho tricks & Kapoor, 155) EldAarn & Pifl (1 b6) recorded that cyste-
AneYOand glutathione establrshed such an equilibrium’in 1-25 to smin. at pH 7-3
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. Polythionates having 3, 5 or 6 sulphur atoms are difficylt fo obtain pure and are
mdﬁferentlg stable In aqueous solution. Sulphane monosulplionates (Schmidt, 1957)
probably do not exist in aqueous environments. _

puIrDe|th|onate (S2"), sulphate, cystine and cysteic acid are stable and may be obtained

DISCUSSION

The data ?uoted above, except those with specific citations, were obtained from
text-hooks of chemistr e.g. Sidgwick, _19502. Obviously, In experiments mvolv_mgi
the use of these compaunds withbiological Systems exposed to air In phy3|oIoP|ca
conditions of pH value and temperature, rigorous controls are needed to evaluate
their stability, and conseciuently the significance of anz biological effects observed.
Such controfs have not always been mentioned in published work. For example,
Clowes (1958) incyhated sulphide, sulphite, cysteine or dithionite in air at 37° in
media_in Petri dishes, used substances which contained sulphate as Impurity
és_ulphne, d|th|on|te2 for competition experiments involving_ labelled sulphate, and

Istinguished results with metabisulphite from sulphite “in a buffered system.
Nakamura (1962) incubated suhohﬂe, thiosulphate, sulphice, cysteine or cysSteine-
S-sulphonic acid aerobmallx for 8days with spores of Aspergillus hidulans in physio-
logical conditions, Hockenhul| (1949) accegted sodium formaldehxde sulphoxylate
as a source of sulphoxylate; Shepherd F19 8) examined some highly autoxidizable
sulphur derivatives by a procedure involving incubation in air fof 48 hr. at 37° with
media in Petri plates.” It would be invidious to discuss the relevance of these criti-
cisms to the scientific valug of the papers cited since in some cases the authors may
have been o well aware of the hazards mentioned that they felt it unnecessary t0
mention that they included aPproprJate controls, _

The purpose of this note is to remind workers in the field of sulphur auxotroghy
that the hazards listed above are real, and that publication of explicit controls to
take care of them is necessary if experimental work on sulphur auxotrophy is to be
accepted as significant.

| am grateful to Dr F. H. Pollard and Major L. H. Kent for reading and com-
mentingon this contribution.
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SUMMARY
G(lc nd certar othr suaars ac Ier te:d roi%en su ghr
o c Hrh] cserne R/V\{# ed cesoi sch?r co
es} which had been. grown in resenceo
0r Some 0t su ars rnE ta{n

orma 10 trce elll
%s 1cos
e rno con eme rum ro uc ron
reu he ac ron 0 cMst(er ede ¥ e cera
s g ra samrnas ruva
esu uras so ma ave unct rone parn [%uco esse
uction o oneor reenzymesconcern Cysteine egr ation.

INTRODUCTION

The ability of glucose and other fermentable carbohydrates to s press the
formation ofa variety of inducible enzymes in hacteria is we estab ished, alth ouq(
the mechanism_has not been elucidatéd fuIIY gCohn&Horr ata, 1959: Magasani
1957, Magasanik, Magasanrk&Nerdhardt 950: Magasanik,. 1062: Pardeg, 1961
Pardee & restrde 1961). During_the course of an rnvestrgahon of the production
fh)(drogen sulphide from L%sterne it was noted that the presence o glucose in
tryptone hroth cultures of Esc erichia coli (Strain, Crookes) noresuma ly“nhibited
thie induction of cysteine desulphydrase, an rnducrbe enzyme (Fromageot 1951)
whereas glucose sl muIated h dro%en sulphide gro uctron from c?/sterneb
induced grganisms (cf, Desnue e& romageot 1939). This report will descrrbethese
effects of glucose and certain other fermentable carbohydrates and will fresent

some evidence for nutritional requlation. of the production of the enzyme(s) which
liberate hydrogen sulphide from™L-cysteine.

£ine S Sse SrOO Ia]nh ﬂ? W ICF]a Cograe
§¥t f1on F %f nsu EIP SOI}ICagtheI €. ésl se acc? ld eé

METHODS

Mrcro -0 [%anrsm Escherrchra coIr strain Crookes (a«. 8739),

uture era Two basal media were used: (r)amrneral salts defined medium
(Davis & Mingioli, 1950) to which glucose generaIIy050 wiv) and/or mgno-
Sodium glutamate (05 or 1-0%, vv/vgweread ed: and(if) a cru decomplexmedrum
containing (%, wiv) Bacto-tryptorie (1-0) and KZHP 4(0-12). The media were
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drs ensed in 250 mI quantities in 500 ml. Erlenmeyer flasks which were stoppered
8auze wrapped cotton and autoclaved for 20 min. at 121°. Glucose was auto-
cave separately 8 aN agueous 10% (wiv) solution and, when needed, added
aseéatrcaII}/ to the sterilized medium. L-cysteine. HC1 was sterilized by filtration
freshly regared aqueous solution throulgh a UF sintered glass filter’and added
aseptically (005 or 0-1%, wiv) to the sterremedrum rior t0 inoculation. Other
modrfrcatrons of the_ media will be described in Results. The medium was
adjtlrstted to the desired pH value with sterile NaOH or HCL, just before in-
oculation,
roductron and preparatron of organisms. Stock cultures of Escherichia coli were
marntarne ymont mrftransfer onnutrrenta ar sIoPes The inocylum for 250 ml.
of medium was hr. culture grown at 37° in-a medium of the same
composition as that In.the flask. The inoculated flasks of media were rncubated at
37° under static conditions, generallyforl -16hr. The organrsmswere arveste |y
centrifugation for 30 min. at 18007 and resuspended in Sml. de-ionized wate
After a Second washing in de-ionized water the grganisms were stored Inthe packed
state at 4° for no moré than 4hr. prior to assay for cysteine desulphydrase actrvrtY
Further washing or prolonged storage, especilly in‘the unpacked state, markedly
decreased an}r desulphyd r se actrvr(%
ssay for n su phicee proaCction. One vqume of a freshl a/ predared con-
centrated bu ere substrate solution (16 or cys erne
005>r M 804 adjusted to pH 64 h0IN ) was. mixed wrth
four vol umes of was e 0 é;anrsms resuspended from the packed state in de-ionized
water to a density of 0-7 15mrg werg BIrcateSmI uantities of the
substrate-organism suspensionwereplaced in Pyrextubes(12 x 100 mm.) with rubber
stoppers to minimize entrance of air and inCubated at 37° in a water bath. At
Intervals tubes were removed, 0-25 ml. of a 40 % (wiv) solution of NaOH was added
to_ferminate the reaction and the stoppers were replaced, The tubes were gently
grtatedf r 20min, at room temperature, and the cell-free supernatant fldid ré-
vered after centrifugation for 10 min. at 28 OOd The supernatant fluid was assayed
forh drogen sulphidg within 2 hr, by a modification of the method of Delwiche
5f§ 121l ofthe suPernatanthur was mixed with 2 ml. of N-NaOH, 4ml. lead
acetate reagent (Pb acetate, 1-0q.; glacial acetic acid, 2-5ml.. um arabic, 259
distilled water to 11) was added'and the resuItrng rownrsh yellow colour was
measured promptl in a Klett-Summerson_ photo&lectric colorimeter (filter 542
previousl #uste to_100 % transmission with g reagent blank. The readings wer
compared with those of an alkaline sodiym squhrde solution standardized bY lodo-
metrrctrtratron (Bethge, 1953). Overalrmrte range n concentratron ofsu phide,
a plot offolorrmeter readrngsa arnst (Mesu ghrde le dedastrarg tline. Th eagsag
v-as simple and reproduciolg (re rcatesa redwr in Timits of + 1% tw-0-thirds of
the time), being sensitive to C-1jig. HA/MI. substrate solution.

Assay for ammonra roductron Portrons of the same washed suspensions as
emﬁtlo yed ort e ass n?/o hly rogen sulphide were tested on occasion for their
ability to prod uce am onra om L-Cysteine: In such experiments the reaction was
termrnate with 0-25ml. of 50 % w )Strrchloroacetrca Id. Ammania was released

K2C03 solution, absorbed in éw/v) boric acid contarned In Pyrex micro-
diffusion dishes (64 mm. diameter, 15mr. deep, 37 mm. diameter centre well),
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and titrated with 0-002n-HCI (Conway, 1950). The distilled water and reagents
were checked for any traces of ammonia and" a suitable correction applied When
necessary. _ , .

_ Terminology. The term cysteine desulphydrase will connote the biological forma-
tion of hydrogen sulphide from L-cysteiné, although other pathways of sulphide
production from cysteine may have finctioned under certain conditigns (see Discus-
sion). Cysteine deSulphydrase activity was expressed as (/¢ 9.HZS produced/mg.
dry_cell /hr.?] estimated from the amount of product formed over a period of tinie

during which not more than 20 % of the cysteine sulphur appeared as sulphide.

RESULTS

Optimal cultural conditions for cysteine desul hlydrase activity, Although cystine
and cysteine are present in Bacto-tryptone, suppfementation of the tryptone’broth
with L-cysteine. HC1 encouraged désulphydrase production (¢f. Kallio & Porter,
1950). Preliminary experimenits showed that organisms of highest specific actwﬂK
were obtained from tryptone broth (a) devoid 0f glucose, (0) supplemented wit
0-1% (whv) L-cysteing. HCL, (ca, adjusted to pH 55 and (d) incubated at 37° for

-16 fir, In the defined medium, ,cwte,me—or possibly sulphide. arising from
degradation of this amino acid—was irhibitory to growth when serving as the sole
ener%/ source, . although the meagre number of or?amsms_ which appeared after
several days of incubatfon at 37° had good desulphyarase activity. Supplementation
of the defined medium con_ta,mm% L-c?/s_teme 0-05%, wiv) withglucose (0-1%, wiv)

artially overcame the tOXICItYO cysteine. Monosodium glutamate or aspartic acid
0-1 %, “wiv) su(Pported excellent growth_ In the cysteme-supplemented defined
medium, but dig not produce orgamsms with good cysteine desulphydrase activity
unless the medium was fortified also with glticose. “The initial pH”of the defined
medium was generaIQ/ adjusted to 6-0-6-4, bem([q not as critical toward formation
of c?/steme desulphydrase as was noted for tryptone broth. ,

Effect of test conditions. [n addition to thé nature of the culture medium, the
composition of the substrate solution in which washed cells were suspended for
determination of desulphydrase activity was important. Sincg the enzymic gesulp-
hvdration of cysteine IS an anaerobic process, the presence of ox_y?en or oxidative
processes may fead to non-enzymic loss of sulphide and cysteine, or influence the Bath-
way of dissirilation (Kallio, 1951, Tamiya, 1954). Incubation in the small runber-
stoppered tubes, almost completely filled with " substrate + organism suspension,
apPare_ntIy maintained conditions sufﬁuentlyanaerobmfor(l;oo activity. Flushing
with mtroqen before incubation resulted in no improvement of activityor stability
ofthe desu phgdrahse dsystem. Additions fo the buffered substrate ?fm?rcap_toethanol
or ascorbic’ acid had ‘no detectable effect, while sodium thlog ycolate  increased,
after a delzg,the yield of sulphide, possibly by non-enzymic degradation of thio-
glycolate( litzkI, 1954|2. On the other hand, reduced gluthath;one lowered the

utput of sulphide, Although the cysteine godesyl hgdras
Baadd|t|onsofp¥ndoxme yridoxal orpyridoxal phosphate to the substrate solution
had no effect on the, desulphydrase activity of induced cells. (Likewise, additions ofB6
tq the culture medium had"no effect on inductjon.) In agreement with the reports
of a number of investigators, arsenate, cyanide,” monofodoacetate and azide, at

IS a derivative of vitamin
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concentrations of 10~3m in the substrate solution, were found to be inhibitory
t0 cysteine desulphydrase.. Fluoride also.was highly mhibitory, although it has
beeri reported to have no influence on this enzyme In cell-fre hver preparations
(Fromageot, Wookey & Chaix, 1940).

Table 1. Effects of glucose in the medium and in the cysteine substrate solution on
L- cysteme désulphydrase activity of Escherichia coli strain Crookes

gaﬂ S were Porown in the media mdlc%ted and ‘;ested for desul dra e act|V|t
? susPens ns in the presence or. absence 0 80%13 gsee ??Z\ j Results
rom two Separate experiments, one of whic testedaara series of glucase concen-
trations.
Glucose present during test (» « 10~9)
O VIR i,
Growth medium il Enal . Py YR
+Cyste - - — = = 30 -
Tgiong - cseeme 2l 2 Wm0 se 50
Same -+ glucose 57 53 6 - - - - - M4 —
? Loe, WV%
Defi ed+cyse|ne 6-4 6-4 6 - - - — — 90 -
mvl\; glutamate
0/

-4 - - - _  _ 600 —
s&e%gch o) 0 WD mamom ™
nltlal H at time of inoculation: final = pH at time of harvest,

f 10 HZS/hP Img. washe J ry cells. d

Tahle 2. Effects of various sugars on activity of L-cysteing desulphydrase

T T L A Sl T
notfghedck% dp¥8trelpnuer|tsy ution; see Methods). The sugars were reagent grade and”were
N?etgerﬁtoé L?H ar Glucose in medium (%, wiv)
st 0 OHBt  oit
ntrol - 21-4
i A B
eiciose 8 i
ucrose 1 570

* Imt g}ﬂra]ttlmeofm(?culatm = 5-5; final pH at time of harvest = 57.

| Wiafoll g =

Influence of Iucose and other sugars on the formation and activation of cysteine
desulphydrase. gar essoﬂts presence in the growth medium, glucose (54 x"1(}-6m
or more mcrease the desulphydrase actlvny of washed Escherichia coli recovered
from me 13 sup %emented with L-cysteine “(Table 1). The stimulatory effect of
glucose of desul (P drase activity was of the same order as that of sucrose’or fructose
while xylose and galactose were slightly stimulatory (Table 2). The presence ofglucose
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in the medium, however, either enhanced (defined medium) or inhibited (tryptone
broth) the formation of the enzyme (Tahle'1). The latter effect was detectable at a
?Iucose concentration of (-01% (wiv) (Tablé 3) and was essentially duplicated by
Ive other sugars (Table 4).

Table 3. Sensitivity offormation of c%steme desulphydrase to glucose in
tryptone bro

Organisms rown apne brot |n|t|al H Of?or) contammﬂ various, con-
i” di }

Eentr tlons 0 a}r]] sws susesm P actwﬂg ne huttered
-Cysteme solution (wit withou ucose see Methods). Activity
expressed as Ql-ba /c HZ& r/mg was eddr organisms).
Activity in L-cysteine solution

Glucose, contamlﬁg gf cgse concentration

oncentatlon mg./ml.)

In meai . ;

(%. /) Final pH 0 1

IR

Table 4. Ef ect of various s tgars in tryptone broth ypon L-cysteine
desulph ydrase activity of EScherichia coll
isms , were -cysteine-fortified tr broth _containing 0

row ti ton 0
the |% cateq U arg é\? 5 Washeé suspensi 8 For activity in the bu'f]ereé
L-cysteme solution (see Met o

Concn. of sugar

Sugar in medium (%. whv) il Final Qnjsf

Control 56 58 46-2
Fructose 5 4 8 -4

Galactose 161
Lactose

Sucrose 20’

y
i
Glucose 8
i
i
0-

o oD oD oD o o !
O DU DU OUT DU DU
Q1 QI GIGT GG AT GG
1 S i oy GIoT1 oo
G SHE SHS &b dods A1

oopooqooo\lpcop\l

f
Xylose 0
T

The observed stimulatory action of glucose onthe cysteine desulph draseact|V|ty
of mtact pre- mduced orga |sms coul be mterpreted 85 a need for dn exogenous|
su plied source of energy for maximal absorption of substrate. Eschenchlac

Was grown |ntede| tYste|ne+glutamate+g|ucose medjum: the org amsms

disti

Were washed once with distilled water and e I]oosed to vibrations o a Ra}/t eon
9 KC Sonic Oscillator (Model S-102A, 50 W., frequency maximal, plate voltage of
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18) for various measured times while bem? cooled with jce water. Plate counts in
a nutrient agar were macde of portions of the suspension removed at each time
interval; the Temainder of each sample was diluted with the buffered substrate and
tested for cysteine desulphydrase activity. Activity declined ramdlz In particulate
as well asin the supernatant fractions; viability paralleled rather Closely loss
In enzyme activity as determined in the presencé of glucose, In the absence of
glucose, enzyme actjvity was found to decline more rapidly than loss in viability

uring the first 8 min, of sonication (Table 5). Nevertheless, at every interval of
treatment, especially during the first 6min., glucose enhanced the apparent activity
of cysteine desulphydrase. “Similar results were obtained with cells grown in trv[o-
tone-cysteine broth. These data suggest that glucose activation of cysteine desulp-
hydrase operates within the cytoplasim.

Table 5. Effects ofglucose on desulphydrase activity of sonicated Escherichia coli

Qrganisms were grown in the defined glutamate + glucose + cystejne megium, wash
snlc%te,dS an tefslhgd %r activity In t%egpesence angase ?e ? lucose gsee,Met?\ofsj
The mitial pH ofthe mediunm wés 5-8; fina as>-L Viable r(?nlsmsr mamm%eassteé

H
2 7 TR LG A o el L
Activit)é Iin L-cvsteine soWon ?or]tslzining

Period of , . ucose at cone. of (mg./ml. Degree of

T T
LRSI 9., . :
oHimy nmy o Hoy
Dol pe %
y iég 0 ?0/23 3 ?26 h S %7

* Ratio of activity in presence of glucose toitfﬁat in absence of glucose. . . L
f. Fdl% res in ga{e)r/]t eEes |n§|categpercent|le viability or actl\%ty remaining after indicated
perio L‘,trieb%m n

t Negligible activity.

Sincethe cysteine desulphydrase reaction produces equimolar amounts of sulphide,
ammonia and pyruvic acid (Fromageot, 1951 Meister, 1957), simultaneous
anallysm for more than one of these prodiicts might indicate whether cysteie desulp-
nydrase was solely responsible for the Product_lon ofhydrogen sulphide by L-cysteine-
Induced suspensions of Escherichia coll. Pre-induced washed organisms were there-
fore suspended in the buffered cysteine substrate solution at 87 and desulphydrase
activity assayed by measuring”hoth hrdrogen sulphide and ammonia evolution.
The ratio of HSNH3was consistently véry close to 1-0, Glucose (05 mg./ml.
buffered cysteine substrate solution) or a-ket glutanc acid (05 mg./ml.g howvever,
upset this Tatio and altered the rates of appedrance of the two products: glucose
accelerated the rate.of production.of both products and raised the ratio of H2S:NH3
(on occasion to as high as 1-5), while a-ketoglutarate slowed down the reaction rates
and lowered the inifial (20 mm.g ratio. A mixure of glucose and a-ketoglutarate
moderately accelerated” production of sulphice and” ammonia and raised the
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HZA-NH3ratio, especially during the first 20 min. of incubation é_TabIe 6). These
deviations might result from interposition of other enzY_me(s) leading to release of
sulphide and ammonia from transamination or de[g_rada jon products of L-cysteine.
One such mechanism could yield alanine (see Discussion) but alanine was not
detected by paper chromatography of vacuum-distilled concentrates fromactive
cell-substrate preparations exposed to glucose. - Control StrIFS clearly. resolved
L-alanine and L-cysteine. No attempts were made to detect glutamic acid in pre-
parations exposed to a-ketoglutarate.

Table 6. Stoiche_iomet(rjy of hydrogen sulphide and ammoniaformationfrom
~L¢ysteine and' the Influence of glucose and oc-ketoglutarate
ine medium Einitjal

Organisms were grawn. in the defined IuF ate -fglucose + cyste
R e e
L-c&ste ne's qu on)\alnm 0- mgs. a-Keto utarlmm ag or é@cose dper mL’. éee
M otdlsdatn Resuts%. ctm%expre sed as «mole NH3or HA torma/mg. dry cells over
EICEE Hme: Activity in the presence of;
Incuba- a]-Keto-
g

telﬁg Product Keto utiarate
Lzmm.g formed Control Ratio* galutarate Ratio Glucose Ratio glucose  Ratio

0HE = ) om {0 I
ook W om w0 w
* Ratio HB:NH3

Efficiency of enzyme action. Tryptone-grown organlsms were able to convert from
85 to 95 % of cysteine su_llohur 10, Sulpnide, regardless of the presence of glucose In
the substrate solution, while sulphide producedtrom cysteine by organismstecovered
from the defined quco_se+Plutamae medium never exceeded, in the absence of
?Iucose, an 80% conversion..In the presence ofglucose, the latter organisms converted
ess than 65 % of the cysteine sulphur to sulphide. Prolonged incubation of these
preparations resulted in the gra ual formafion of a profounced yellow colloid
material, most intense in the depth of the tube, which disappeared within 30 min.
after unstoppering. the tube. No attempt was made to jdentify this chromogenic
material, but it might have been pol sulghlde formed through degradation of fi-
mercaptopyruvic acid (Hylin & Wood, 1959), _ o _
In‘e[]ac 10N ofglucose and organlc mfrog_e In the mediym nmducglon of cysteine
desulphydrase. Because glucose exerted different effects In the two basal media on
the hy ro?en sulphlde-Producmg competency of Escherichia coli, the influence of
various relative amounts of amino nitrogen and glucose as nutrients on the indug-
tion of C)(stelne desulphydrase, was examined, “One such exRerlment (Table 7)
indjcated hat_([;Iucose as a constituent of the medjum enhanced the resultant desulp-
hydrase activity of ,or%anlsms_ from the defined cysteine-glutamate medium, but
on!y I the orgahic nitrogen mixture 1(Casnone, lecog was omjtted or very limited
during growtf. Glucose activation of the system lessened as the amount of amino
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nitrogen in the medium was raised. Highest activities were obtained with organisms
grown in media containing Casitone, but not more than 0-01 % (wiv) glucase, pro-
Vided activity was determined in the presence of ﬁlucose The omission of gluta-
mate from thie medium had no apparent effect on these findings.

Table 7. Inter- reIatronshrg between casein Evdrolysate and glucose in medium on
cysteine desulphydrase formation by Escherichia coli”during growth

The varru drcate amounts and combrn ations of an.en ymrc casein hydrol safe

gags one, 5] %wre Incor m thega ined”monosodium gluta atg
WiV + st(e 1.(0 Eg\a aa medium. QOrganisms, were teste
oractrvr%aswasF sus |osrnt uffer cserne olufi f thandwrthé)rét
cosena e Resu ts§ Initia nHl o me a Was

Actrv ty expresse Ql-sﬁ] hr/mg washed dry organisms

Addition fo medium c%h%hhhg:? Pc%ys}teﬁcesﬁrr‘affdn
Casitone Glucose Firlr_al RelatiVﬁ , A

(%. wiv) (%. wihv) p growt

T O

.
i eg ‘.

oWl 4t W

* Scale reading of Klett-Summerson photoelectric colorimeter with filter no. 42,

Effects ofglucose on the cysteine desulph drase activity of other strains o/Escherichia
coh Three stock (ATCC 9637, 10795, 10586) and three wrld strains of the colon
acr lus were grown in tryptone broth, with and without gl ucose su%p ementatron
ang |nte ene gucose+g|utamate medium, L-cysteine,H 50, WIV) Was
added to_both media. In every case glugose enhanced cysterne desu [Phydrase acti-
vity whrle being Inhibitory to_prodction of the enzyme If present in tryptone
roth Glucose Enhancement of actrvrtY Was %reater In organisms recovered from
tryptone broth (apout 34—to > 100-fold) thah in those grown in Iucose fortified
tryptone broth about3 to 14-fold). Secrfrc activities ranged fro
II /hr./mg. washed dry orPanrsms rganisms grown In ducose su |plemented

tone Broth were fess active, than organrsmsfom plain Tryptone broth, such
d ifference being ?artrcularly striking when desulphydrase activity was measured
In the presence of glucose

I\Jl\Jh\l O
o/ — O—ico

0 1

OXO

DISCUSSION

Two routes of cg/sterne desnlphydratiop are known: ( g the classical pvridoxal
gos hate-de end ntrnducrblec terne desulﬁ gdrase 3/ |ding hydrog en sulphige
nd the unstable a-aminoacrylic acr which hydrolyses to ammania an pyruvrc
acid (Fromageot, 1951, Meister, 1957; Singer & Kearney, 1955); (i) de- or
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trans-amination reactions yielding an amino acid and an intermediate, /i-mercapto-
vrjvic acid, which is decomposéd b a desulphurase to pyruvic acid and sulphur
Hanson & Mantel, 1953; Meister, Fraser & Tice, 1954). Sulphur produced by the
atter reaction is reduced to sulphide by thiosulphate, glutathione, cysteine; efc.
(Hvlin & Wood, 1959; Sorbo, 1957). The /J-mercaptopyruvic acid desulphurase is
constitutive, has no requirement for vitamin B6and Has no effect on L-Cvsteine,
Hydrogen sulphide may also be produced from cysteine through elimination of
ammonia with the formation of an intermediate that is neither a-aminoacrylic or
[-mercaptopyruvic acid (Suda, Saigo & Ichihara, 19b4). o

While it IS tempting to claim that a ‘glucose effect’ on XEt another inducible
enzyme has been demonstrated, the diversi %/_ofthe aforementioned paths by which
Escherichia coli can Rro_duc_e hydrogen suIP |de from cysteine obscures intérpreta-
tion of the results. The |nh|,b|to(r]y effects of glucose in amino acid-containing media
on the formation of ‘cysteing desulphydrade’ might be a result of repression of
either the lafter enzyme or of CYS_teme- yruvic acid transaminase. In either case
formation of sulphide from cysteine wodld be impaired and the assay employed
would not distinguish which mechanism was operative. Moreover, a dilémma arises
in d|st|ngU|sh|n% between ‘basal’ cysteine desulpt&ydraﬂon and that which is seem-
ingly activated Dy glucgse. Conceivably, cysteine degradation, with an intermediate
product %)yruwc acid) common to ‘oné from gltcose dissimilation, might be
repressed %/ glucose when a good supply of amind acids encourage more vigorous
synthesis.of enzymes concerned with' glicose degradation than was possible™in an
amino acid-limited menstruum. _ _ _

Tie concegit of active transport_of amino acids (Britten & McClure 1962;
Christensen, 1955; Edelman, 191, Gale &Folkes, 1953; Kleinzeller & Kotyk, 1961
Roberts ¢t al. 1955) encour,age,s speculation that an exogenously suppliéd energy
squrce facilitates the assimilation”of L-cysteine. thereby maximizing the activity
of cysteine desulphydration. Kun, Bradin & Dechary (1956) reported that the
degradation of cystéine to sulphide by Endamoeba his ol?mc_a Wwas completely de-
pendent upon concurrent glycolysis while producing sulphide from cysteiné. To
date, a cysteine permease Has not been reported, aIthou%h lucose s stron%I
Inhibitory to the induction of /|-?alact03|de ermease (Cohn & Horibata, 195
and indifferent in the induction 0 tr¥ptop_ha permease (Freundlich & Lichstein,
1960). Since somcall;i disrupted cysteine-induced or%_ams_ms were stimulated by
glucose to produce suilphide from cysteine, glucose activation may operate at sug-
celh.lar barriers, some of which are Known tocontrol enzymic fungtion (Gross, 1959;
Siekevitz, 1,955())._ Delwiche (1951) noted that most of the cysteine desulphydrase
activity resided in the particulate fraction of Escherichia coli _

Becduse the pathway by which hydrogen sulphide is produced from cysteine was
obscure in this study, experiments in” which glucose and a-ketoglufarate were
shown to affect the rates of ag(;)earance and rélative amounts of ammonia and
h dro%en sulphide from washed cysteine-induced organisms sugqest that more
than One mechanism was operative. Both tql_ucose and a-ketoglutarate might
encourage transamination reactions with cysteine to result in the formation” of
1J-mercdptopyruvae and alanine gtransammatmn with pg/ruvate) or %Iutamm acid
(transamination with a-ketoglutarate). While glucose raised appreciably the molar
ratios of sulphide to ammoniia, alanine could riot be detected in the reaction mix-

32 G. Microb. xxx
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tyres. On the other hand, a-ketoglutarate lowered the ratio of these products and
slowed down their rate of appearance, suggesting the intervention of some mechan-
Ism other than transamination, Metaxds & Delwiche 9955) reﬁ)ort_ed a-Keto-
|utarate to discourage sulphide formation from L-cysteine in alumina-ground
scherichia coli, an effect aftributed to competition for a limited supply of pyri-
doxal phosphate. Glucose activation of the sulph|de-produc_|ngz syster studied
Probab_ly was a result of cysteine-pyruvate transaminase activity Since it raised
he ratio of sulphide to ampionia and; in Some cases apgarently caused the accumu-
lation of sulphur and (Pol sulphide, evidence of />-mercaptopyruvic desulphurase
activity (Hylin. & Wood, 1959), Further work is needed to unravel the apparent
glucosé activation and repression effects and to establish the nutritional role of
amino nitrogen and glucose in cysteine catabolism.

This investigation was supported in part by grant E-353 from the National Insti-
tutes of Health, U.S. Public Health Service.
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SUMMARY

soIWtrgn caon(tngmn aarr -(rie sorI 8 erued wrtth Inera a%
Boncen'tratran r] r aﬁ% alapon’s ep é/d %Pq (j
ecamer[rrbma in eso Wa reper an the -

cam mrnrm
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P reg s?rarns ?the genu P dom nas hrbrtr ar urre thJ
grc oroproplonate, Were Is ate rom usat acke
IC ?ro ropIonate' when a owed to

svnmrcpeg asr ar requrremen were
rsolated rom pasture Sils th alapon.

INTRODUCTION

Audus (1951), Walker (1954), Theigs (19553 and Jensen (19572 showed that man
of the indigendus micro- organrsms of solls could break down herbicides, In the at-
sence of leaching, Theigs g bh) attributed the disappearance of Dalapon in the soil to
the action of Dalapo ﬁ posrng organisms, as the rate of decomposition was
Preater In sorls of higher bacterra numbers than in_ infertile soils. He found simi-
arrtres to th X pattern of 2 4-dichlorophenoxyacetic acid (2,4-d) disappearance
ob serve udus (1

ensen {957 rso ated mrcro organrsms of the &genus Agrobacterrum from sall
and found them able to attack Dalapon. Magee & Colmer ﬁl959 isolated erght
micro- or?anrsms able to decompose Dalapon srx tentatrvely classified as species of
Agrobac erjum and two of Pseudomonas. Hirsch & Alexander ﬁ1960) isplated a
number of bacterra and specles of Streptomyces, Nocardia, Penicillium‘and Asper-
tngIus that could attack Dalapon. The present investigation seeks further evidence
or the degradation of dichloropropionate in the soil By micro-organisms.

METHODS
SorI Sorl for erfusion was taken from three adjacent lots of pastureland,
eac rea; they had never been treated With Dalapon and had been

un er rass for several years Soil from one plot was samPIed and removed to the
a ora r¥ The two rémaining plots were sprayed with  aqueous solutrons of
or 8 consecutive months from summer to ear P/ tsA)rrng, one at 10 [o./acre,

Dalapon
end of the 8-month

the, other at 5. Both treated plots were sampled a
period.

* Present address: Tasman Vaccine Laboratory Ltd., Upper Hutt, New Zealand.
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In samplin? the soil, adjacent 6 in.-deep sods were du?1 and the top Lin. of tyrf
removed.” After air-rying at room temperature between layers of newsprint, the
10-4 0 mm. crumb fraction was collected by mevmg.

was as follows: MgS04.7HZ)

Perfusion fluid, and apparatus. 1he perfusion flui
g, CaCJ2 109, NaEII-O%., K P0450g., (NHA2504 5-0|%;., eCI3.6H2)
10-0'mg., distilled water to L1 |t was adjusted to pH 6-8 and whien prepared in
bulk steamed for 2 hr. daily for § days.

The perfusion apparatus was similar to that used by Audus (1948).

Dichloropropionate. The source of crude dichloroprpionate was alagon (W.R.
Mullison, private communication) ang added sq that the final concentration'in the
perfusion fluid was 0-2%. Pure sodium 2,2-dichloropropionate was prepared as
described by Macgregor (1960). o

D|chloroEro jonaté was assayed colorimetrically. Samples were assayed for
pyruvate (Friedman & Haugen, 1943) following autoclaving for 40 min. at 120

Soil perfusion

Untreated sojl. Soil crumbs from the untreated plot were perfused with the salt
solution containing an estimated 2 m(]; dichloropropionate/ml,, until no dichloro-
propionate could be detected. The soif perfusate was then drained off, the freshly
perfused soil left intact and the reservoir replenished with fresh perfusion flyid plus
dichloro rogmnate. Perfusion was recommenced and continued until the dichloro-
prorr])lon te became minimal. (Sterilized soil crumbs were perfused with and without
dichloropropionate addition.) o , _

Auxotrophic micrg-grganisms requmnq dichloropropionate were isolated b
streaking a Icopful of the"soil perfusate an 1o solid medium. This was a 2 % washed-
agar el of the_perfusion fluid with sterile d|chloro§rop|ona,te rubbed. into the gel
befor€ inoculation, After incubation for 5 days at 28°, colonies were picked off and
Inpculated into tubes of the perfusion fluid ¢ ntamm_? dichloropropionate to 0-5%,
wiv. The tubes were examined for growth after simifar incubation. ,

Inogulated soil. Sterilized soil crumbgs were brought to maximal moisture-holding
capacity with ,dlchl?ropropmnate; erfusion fluid”and inoculated with a V'é"%loy
turbid suspension of each strain isolated as above. Perfusion was continued for
4 days. After this perfusion, all strains were re-isolated in pure culture.

Treated soil. . S0Il crumbs from the plots of land sprayed at 5 and 10 Ib./acre
respectively with Dalapon, were perfused and micro-organisms with a dichloro-
propionate’requirement isolated,

RESULTS

Untreated sojl. By plotting the concentration of dlchloroProplonate in the Pe[-
fusate of the first-pertused soil against time, two phases of disappearance of di-
chloropropionate were noted: ?alag phase [asting 9-10 days: (i) active dichloro-
gropmnate removal lasting a further 6-7 days. These occurred in all perfusion
X ergmegts, a|th0ligh Jhe. Ime for each phase varied with the soil (Unperfused,
reperfused or Inoculated soil). _ _ -

_ Regerfusmn of the initially unperfused soil resulted in more efficient removal of
dichloropropionate. The lag phase was decreased to 1-2 days with complete removal
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Fig. 1. Untreated soil. The disappearance of dichloropropionate from various perfused
soils. aA— A, Unperfused soil+ dichloropropionate; « —e+. reperfused soil+ dichloro-
propionate; A—A, O— O, sterilized soil + dichloropropionate.

Fig. 2. Inoculated soil. The disappearance of dichloropropionate from the perfusates of
sterilized soilinoculated with micro-organisms with a requirement for dichloropropionate.
A—A, Soil inoculated with isolate A; « — soil inoculated with isolate B; m— m, soil
inoculated with isolate C; x — x, uninoculated soil.
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Fig. 3. Treated soil. The disappearance of dichloropropionate from the perfusates of
treated soils. A— A, Soil dosed at 5 Ib./acre of Dalapon; * —«, soil dosed at 10 Ib./
acre of Dalapon.
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after a further 4-5 days F,|g. 1). Inhoth the perfusion qunPerfused and reperfused
soil, sterilizing the soil failed to minimize d Chloropropionate. _

Inoculated Soil. The d|se(1Ppearance of d chloropropionate from the inoculated
soils followed the trend of disappearance from the reperfused soil. However, after
4d§KS, dichloropropionate d|sa8p_eared In cnlv two sojls (F;g. ). .
_ Three micro-Organisms exhibiting a requirement for ‘dichloropropionate were
isolated. The)/wereGram-neganve motile rodswith single Polar flagellaand measured
|-5-1-0x 0-57(. They were Unable to grow anaerobically and snowed growth at
30-35°. A zone of Dlue-green fluorescénce occurred around the growth™ on Difco
nutrient agar. All three iSolates hydrolysed gelatine, produced an alkaline reaction
in litmus milk but with no clot formation, and Rroduced nitrite from nitrate. They
did not digest cellulose or produce indole. Although growth occurred in glucose-,
|actose- and maltose-peptone media, no acid or gas was produced after 4 days
Incubation, . Slight variations in colony morphololgy occurred on Difco nutrient
agar and dichloropropionate agar. These charactefistics suggest that the strains
ma_P/ be closely related members of the genus Pseudomonas (B&rgey’s Manual 1957).

reated soil. The pasture soils treated with Dalapon were sampled 20 days after

the last spra;pnq. No residual dichloropropionate was detected and it was therefore
anticipated that dichloropropionate added to the fluid perfusing these would be
removed in_less than 20 days, No dichloropropionate was deteCted in either soil
perfusate after 16 days perflsion (FI?. 3). _

Seven micro-organisms were isolated _from treated soils and shown to have a
requirement for dichloropropionate. Five were Gram-negative rods and two
branched in young cultures, and formed a pellicle in Difco nutrient broth.

o

DISCUSSION

The kinetics of the disappearance of dieh'oropropionate from the untreated ol
gerfusate are consistent with the h)( othesis that a soil enyichment causes some
segment of the microbial population 10 proliferate, It then adapts to the conditions
Imposed b}/ the enrichment material (Audus,. 1951). The graphs illustrating the
r?mo_val of dichloro [0P|onate from the various perfusates reflect the growth
of suitably adapted micro-organisms. _ .

Ten mmro-o_rgamsms have been isolated Iurmﬁ; the course of the mveshgatlon
that require dichloropropionate for growth. perfiaps as a sole source of carbon.
These mjcro-or amsms,&r_esent an jnteresting facet of ba tenﬁl metabolism in
view of the structural similarity of dic Ioro?r Pmnate to other halogenated fatty
acids, e. trichloroacetate, iotloacetate anl fluoroacetate. The sife of deliald-

enatjon”of the dichloropropionate molecu e has recently been investigated b
sch & Alexan erQl%(B. d Y gated Dy

| wigh to acknowled?e the heIFp given bg Mr F. A. Meeklah in condycting field
trials. Thanks are due To Mr E. Facer for constructing the perfusion units.
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SUMMARY

whrclfrtovrr?ed'eo rr%e\rrs Wwere pre alr(ed nr‘(raom or anrs sof Para ? urelia
b %reec 40 rﬁr.r rg&r Al Zﬁ%f
g cacrdel gor anisms gr wrtg'tersot I aB IIe crne

8?“03"16 anJ eyl h 8|T ar € Id OUﬂ
roeIn orin eacr F {&C 10NS Was eﬁermrne in ?]scrn
le er. P, aurell Was crnern[ tenuc IC

corporate
grmsa nof{HaC“’ ﬁa%%%rc wewrfr Oé“rﬁ’ewas e er‘en ?P n
by the.macro Ine was fou mIn co
o urine a rrrm |ne rihosides were both m emacro
nucleus and cytoplasm

INTRODUCTION

Suggestive evidence, that Paramecium aurelia mrriht be unable to synthesize
its purine and[lJ rimidine bases came from nutritional studies by Tarantdla & Van
Wagtendonk g SQB who reported that this organrsm had an absolute %rowth
reqUirement for ribosidic purines and pyrimidines. A similar requirement was
earlier rePorted for the closely related species P. muUimicronucleatym (Johnson
1952; Miller &Johnsan, 1957). “Investigations by Soldo &Van Wagtendonk 19612
the nitrogen metabolism of p° aurelia emonstrate therncorpora on of some of
ribosidic i)urrnes and pyrimidines into nucleic acids and the failure of the incorpora-
tion of gycrne into tiese compounds. The significance of the mabrlrg {0 utrlrze
?chrne S'3 precursor for purine synthesis was not emphasrzed Autor drogra IC
echniques have also been utrlrzed ostud severa acetso urrne and Byrrmr Ing
metabolism In p. aurelia (Berech ag ten on Kimball
&Perdue, 1961@ However no comparatrve stu r)n/o fthe ateo t e urrne DIECUrsOr,
glycine, and the preferential sites of the ultimate incorporation of purings and
pyrimidines has heen carried out.

METHODS

Stocks and their maintenance. Stock d-40 of syngen 1 and stock 51 of syngen 4
fParamecrum aurelia were examrned An these ‘experiments. Stock d-40"Is a
derrve stock, omozz/gous for the recessive gene mil, limiting 1t to the production
of mating type | (Butzel, 1955). Stock 51 Is'a sensitive stock, homozygous for the
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gene K, which has Iost the cytoplasmtc particle, kappa (Sonneborn, 1946). Both
Stocks were mamtame axenically at 27° in the medium described bh/ Soldo 1612

The isotopically-labelled com unds thetrspecmc activities andt edosatie evél
In each medium are shown jn_Table I Glycine was obtained from The California
Corporation for Biochemical Research, and the other compounds were purchased
from Schwarz BioResearch Incorporated.

Table .. Isotopically-labelled compounds used
Concentration

n medium
Isotopically-labelled compound Specific activity ()tcurlees}JmI.)

Car ero(ﬂﬁeycine é [7[ fe/rrﬁﬁmole 133
Y Jquanosine [ -
%%”g {1

Autoradiographs, The organisms_were grown in the presence of each isptopically
|abelled compound for 3to days. The orPantsms were haryested by centrifugation,
washed 4t|mes with a sterile baked lettlice infusion, adjusted to a pH value of
6-9 (Sonneborn, 1950), fixed to prewously ‘subbed” slides (Comar, 1955) and allowed
to ry In air. . Staining was by the Dippell-Chao modification of Delamater’s basic
fuchsin technique (Sonneborn, 1950). " Eastman Kodak nuclear emulsion NB-2
was used and processed according 1o’ standard techniques (Pelc, 1947). Exposure
times ran?ed rom 10 to 14 days

Assaystor radioactivity of the protem and TCA-soluble fractions. Organlsms Were
concentrated from the isotopically-labelled medium bY centrifugation and washed
4t|mes in the sterlle baked lettuce infusion, The final 1-Oml.. ot centrifu ate was
om%;emze and ane ual volume of 10%8 /gtrtchloroacettc acld (TCA) a

|xture was heated for 15 min. at 90°, Cooled, and then centrifuged at (° and
? 10 min. The supernatant fluid was oured offand saved. The sedtment

was extracted with an additional 2-0 ml. of TCA solutjon and recentrlfu% ed, T
two supernatant solutions were combined and extracted several times wit d|ethyI
ether in order to remove TCA. The sedtment from the TCA extractions was dis-
solved in 1-0 ml, of 2% ( w/vr) NaOH solution and heated |nab0|I|ng water bath for
15m|n Th radmaetlwt% the TCA S0 ng and 1nroteln fractions was determined
In a [ricarg Scintl Iat| Counter by adding C-01 ml. of each preparation to the
standard solute (Ott, 19

Determination of the resence of nucleic acid in the TCA-soluble fraction. Before
counting the TCA- soluﬁle fraction in the Tricarb Counter, the presence of nucleic
acid was ascertained by determining the absorption spectrum at 254-260 my in
a Beckman moael DU. Spectrophotometer.

RESULTS AND DISCUSSION
autoradtogr J)hs show that orgamsms qrown in the presence of isotopically-
lah eI ed glycine d| not incorporatethe lanél into the Feulgen-positive material
of the macronuc eus (PI. 1, sig. 1); scintillation counts (Table"2) also showed that
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no radioactivity was present in the acid-soluble fraction derived from these organ-
isms. In contrast, the labelling of the cytoplasm was very heavy and the protein
fraction was highly radioactive. These findings indicate that the organisms were
unable to use glycine for the formation of the purine bases of the nucleic acids,
but that this amino acid was involved in protein synthesis. This is in accord with
the observations by Soldo & Van Wagtendonk (%61) and demonstrates that in
Paramecium aurelia there is a metabolic block at the formation of glycinamide
riboside. These data therefore explain the long known need for preformed purine
ribosides as essential nutrilites for this organism.

Table 2. Radioactivity of nucleic acid and protein fractions
A\_/erage of eight

: 10 min. 2ounts/301 ml,
Isotopically-labelled _ sample + standard
compound Fraction deviation
Carboxy-#C]glycine Protein 53,081 £322
: / lgy TC.A-soluble
8-14C]adenosine TCA-soluble 12,649+ 79
8-11C guanosme TCA-soluble 38,004 + 101
2-" C]Cytidine TCA-soluble 9,610£116
* |Vithin the limit of the background count (172-211 counts/10 min.).

The inability of Paramecium aurelia to utilize glycine makes this organism
dependent on preformed purines,. Tarantola & Van agtendonk,%l959) found that
the free bases were not metabolized: therefore the Pu Ine ribosides were ysed in
these experiments. Adenosine and quanosing were taken UP by the organism, as
shown by the autoradiographs (PI. 1, figs. 2, 3%._ The label was found over the
macronucleus and the ,cIytopIasm. The Tadioactivity found in the TCA-soluble
fraction (Table 2) confirms” these autoradiographic™ observatigns. - Adenine and
quanine are constituents of ribonucleic acids and deoxyribonucleic acids, and the
Bresence, of the label in the macronucleus and the cy o,Blasm IS to be expected.

, aurelia thus appears to possess the enzymes rewonm le for the incorporation
of the purine nucleosides into their DNA and RNA. Whether an P,recursorsbeyo,nd
glycinamide ribotide in the synthetic chain Iea_dmg to the formation of the purine
SKeleton can be utilized by thiis organism remains To_be investigated. _
_Each of the three |sot0ﬁ|cally-la,belled pyrimidine ribosides had different ultimate
sites of localjzation in the organism, In accordance with, the differences jn pase
compasition found in deoxyribonucleic acid and ribonucleic acig. The label of the
pyrimidine riboside, cytidine, which is common to both types of nucleic acid, was
concentrated in the macronucleus as well as in the cytoplasm. No definite distinc-
tion can, however, he made between deoxyrnbonuclem acid and ribonucleic acid on
the hasis of autoradio ra?hlc data alone, This may als app,IP/ to the observatigns
olembaII&Per,due‘ 61), who reported, on the basis of similar data, that cytidine
is 1ncorporated into the macronuclear ribonucleic acid alone, The [abel from the
Plyr|m|d|ne riboside, thymidine, which is incorporated only in DNA was concen-

ated In the macronucleus (PI. 1 f|g. 52; this 1 in accord with the findings of Berech
& Van Wagtendonk (1962). On'thé other hand, the label from uridiné which was
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foung]:-i only in RNA was heavily concentrated throughout the cytoplasm of the cell
(P1. 1, fig. 6). .

It of Interest to note that each member of the Phylum Protozoa sq far examined
has shown an nability to synthesize purine bases, Tetrahymena g riformis (Hein-
rich, Dewey &Kidder, 1953% Paramecium aurelia (Soldo &Van W gtendonk, 1961),
P. multimicronucleatum (Johnson 1952, Miller & Johnson, 1957P among the ciliates
and Trypanosoma mega (Bone & Steinert, 1956) of the flagel ates are dependent
on an £xogenous source of purine ribosides for nucleic acid synthesis. Of these,
T. pyriformis, P, aurelia, and. Trypanosoma mega were unable to carry out the
synthesis of glvcinamide ribotide and it seems probable that the same metabolic
block will be shown to be present in P. mvitimicronucleatum. 1t would seem more
than a chance occurrence that of the four forms examined, all require purings as
essential nutrilites. Perhaps it will be found that a hiochemical distinction of the
Phylum Protozoa will be the inability to form their nucleic acids from simple
BFS%SMS, resulting in a dependence upon exogenous preformed purines for
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EXPLANATION OF PLATE

Autoradiographs of p i lia showing the distribution pattern of the incorporation of
Iabeﬁed glyc?nepand Iabglrlaer(]i1 epcdtrjinr}e%ua{ﬁdlapyr?mid| s. P P

Fig. 1. Organisms of stock 51 grown for 5 days in the presence of [carboxy-lﬂglycine. One
organism is'in division. Note absence of gr_ams ver the stained macronucleus and thedense con-
centration over the cytoplasm. Magnification, x 126 on film.

Fig. 2. Organism of stock d-40 after a similar period of growth in the presence of [8-1C]adenosine.
onl %_art,of one_organism Is shown. Note grains over the macronucleus and"the Cytoplasm.

Maghnification, x 250.
Fig. 3. An organism of stock d-40 grown in the presence of [8-1LCFguanosine. Only part of one
or§angs_m I1s shown. Note similar distribution pattern of the labefto the previous illustration.
Magnification, x 250.

Fig. 4. A stock d-40 organism grown in the presence of_LZ-lllC]cytidine. Part of one organism is
shown. The distributionof label’ls similar to that shown in b and’c. Magnification x 250.

Fig. 5. Stock 51 organisms grown in the presence of [DBI-I]thymidine. The middle organism is
undergoing autogamy. Note dense concentration of label” over the macronucleus and macro-
nucledr fragments. Magnification x 126.

Fig. 6. A stock 51 organism grown in the presence of [H]uridine. The organism is in autogam
Ngte the dense conce%trationgof |abel throgghout the éyt(]plasm. Magniflgcation, X 250. gy
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