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BIKE\'s .IOCR\A1,2,247-258 (1959)

Studies on Poly-/3-Hydroxybutyrate in Bacterial Spores"' ~
I. Existence of Poly-13-Hydroxybutyrafe in Mature

Spores of a Strain of Bacillus cereus and its

Relation to the Acid-Fast Stainability

D, pm linen t of Clie, 1101he, 'ftp)^ ,Inn D epnit, ite, it o1 Errc!eriologj^, R'Sem ch
171,111i!!, 10, MIC! ohm! Di. ;truer. OJnka Uni, e, Fiji, , Of"k"

SU\I\I. \R\'

Effects of organic sol\. ents wcre o1)ser\'cc1 o11 Ihe acid-fast stainaliility of mature spores
o1 Bnci'1111. ; c, I', it. * No. 2. it was 1'0uncl Ihat a tollsidcral, IC anionnt of 1101y-,-hydrox\, butyrate
wcic cxiractablc froiii Ihe spoi"s willI chloioioriit. \vliile Init coinpotin(I was acid-fast iit stain.
Rcmo\. al of the I'Dlymcr always r'siilt, d in Ihc loss of acid-fast stomability of the spores. in-
dicating that tlic 1:01yincr may lie a cheiiiical entity jusponsib!c for this particular stainal)ility
An experiment was made o11 the distribuiioit of Ihc polynicr in sonic disintcgrates o1 the spores
anti inc nossiblc local17atioi} in the snore coals of tlic coinj, onncl are discussed

A1ASAHiKO YONnDA AND ATASAOMi KONDO

(R, cell, er1 101 publica!ion. Dafai, Ibe! 15, 1959. )

INTRODUCT'10\

One or the chat actci. 1stic Iii. opcrtics or I>actci. Ial spoi. es is their acid-fastness
in slain and some spore staining methods such as Moeller's inclhod (1891)
lielicved to be based on this PIopci tv. - Ho\\. cvei, nulliing has so far lieen sho\\, n
on the chemical component I. esponsible foi. Ihc acid-fast staina1)1111y. I)uring the
couisc or oui. inVCstigation o1T 111c chemical coinpositioi\ or mature SPOTcs or a
strain or Bulll!!!., rain{.,. it \\as obseivcd that the extractioiT orlipids from the spores
with ace tonc, all ether-ciliaiiol ITTixtui'c anti chioioForin 11T succession al\va\, s
resultcd in the apnearance of a mass or ITon-acicl Fast Iiodics in the I'esidual spores,
while the lipid ITactioiT soluble in chior010im \\. as acid-fast lit stain. These rcsults
indicated a IJossiblc association or the chiorofoi. in-solu!ilc matei. iai \\. ill\ the
acid-fast stainability or inc spores. 'I'his lead us to study the identity or the
fraction and the I. elation of Ihc nlaterial to the parLiculai' staining IJropci'ty.

A1ATERIALS .\\D \-TETHODS

I. Orgrr"I'm ,Jnrt culll, r"! 111e!froth

A laboiator} styaiit of Bizcil!Mr rel""f No. 21roii. the collection of o11r institute was lised
11/10/1ghout Ihis work. M"!Mie flora. * were litoducec1 o1t a litot}l agar plate by culturing
111e organism at 35'C for a week. Alter inctibation. the whole culture still containing a few
vegetative cells was I\at vested. washed three times with chilled distilled water by centrifuga-

* Aided by a "rant from the Ministry of Edticatioit. Janai,
** An outline o1 this work was reported at the 12/11 Mcetinp' o1 the .Tapanese Bacteriolo, ,I-

cal Assoc. iaiioiT in 111" 1<.\NSAl clistrict. (Octol, er 3,1959)

are
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tion and resuspended in a M/100 phosphate buffer (pH 7.0). The suspension was further
incubated at 35'C with shaking until almost no vegetative cells were detectable. This
aerated suspension was again washed three times with chilled distilled water by centrifuga-
tion at 3,000 rpm for 15 minutes* and tile packed, washed spoie preparation"'* free from
vegetative cells finally obtained, was dried in urict, o ready for. 115e. I'eggt"11"e cellr of the
organism in various growth stages were usually prepared from the dried spores by culturing the
organisms ill CYG mediuilI composed of 0.5 per cent of casein hydrolysaic, yeast extract and
glucose (pH 7.0). The details will be described in a following section

2. DiJintegr"tion o1 JPore$

A dried spore preparation was suspended in M/100 phosphate buffer (pH 7.0) and
thoroiighly disrupted with a sonic oscillator. (KIJBOTA) at 10 KG in the cold until the pre-
paratioil was free from intact spores. *** To obtain an Insoluble spore fraction, the whole
sonicated preparation weie centrifuged at 10,000 x g for. 20 minutes in the cold. The
precipitate was then treated with a crude trypsin (I ing/inI) at 30'C, pH 7.8, for 30 minutes
followed by repeating washings of the residue witli distilled water. The final washed residue
thus obtained was employed as an insoluble fraction of the spores

3. D rj, -toeigh t in Justly eruen t$

The dry weight of the intact spores, vegetative cells and of insoluble residues were
estimated by drying me astired volumes to constant weight at 120'C

4. Staining niethodJ

Moeller's method (1891) with a slight ntodification**** and a simple staining by
Loemer's methylene blue were employed for staining \. egetative cells, mature spores and
insoluble fractions

5. Extractio, ! of poly-,-hydroxybt, tyr"te

Unless otherwise specified, disrupted spores or vegetative cells were used as starting
materials. Thus, a giveiT weight of dried spores or vegetative cells was suspended in a M/100
phosphate buffer (pH 7.0) and disrupted thoroughly by sonic oscillation as described abo\. e
The intact sonicated preparation were then dried ill aacito. ***** Poly-,-hydroxybutyrate was
extracted from the dried material by Lemoignc's method (1940) with the following inodi-
fica. lion : two grams of the material was treated first by extracting the lipids with acetone and
an ether-ethanol mixture (I : 3. v/v) in successioit at their boiling points for. three hours
An exaustive extraction of the poly-,-hydroxybutyrate of the residual spores was subsequently
made with chiorolornT. Since the final chloroform-SOILible materials were found to contain a

variety of alcohol-soluble and also water-soluble materials, they were thoroughly washed
willI ITot water and met}ianol prior to the deter minatioit of their dry weight and the identifica-
ticn of the 'fractions

6. Analj, tica! nie!Aod$ 101 the purified chloroform-Jo!ub!e lyriction

(:hemical analyses o1 the purified chloroform-soluble niaterial were perforn, ed in collabora-

MASAHIKO YONEDA AND A. iASAOMI KONDO

* All the small fragments and granules, if present, originating from vegetative cells were
removed bv, reapeating centrifugations at 3,000 rpnl for. 15 mirintes

** .An electronmicroscopic examination showed that t}lis spore preparation did not contain
aily in orphological units other than mature spores. The details will be described in a
later paper

. ,*** No germination occured during this procedure
**** The steps in the procedure were as follows; I) Staining with hot Ziehl's carbol-basic

Iuchsin. 2 ) Decolourization with 3 % sulfuric acid. 3 ) Contrast staining with LoeHer's
metliylciie blue

+**** For convenience, the following method of drying was sometimes used; heating at 80'C
for 30 minutes followed by storage at 45' for 20 hours. No difference was obtainable
by the two methods of drying



tion with Dr. K. Saito ill Kobe A. ledical College. An elementary analysis of tlle material
was done by the standard combustion method. Brown's method (1950) modified by Dr. Saito
was employed for the paper chromatographical analysis of an alkaline hydrolysate of the
material obtained after boiling for several hours with 0.5 N niethanol-KOH. One dimen-
tional paper chromatography was performed by two runs method on 50 micrograms of test
samples using 71-buthanol saturated with 1.5 N NH, OH as solvent and a 0.4 per cent
solution of brom thymol blue, as colour reagent. Thus, the sample placed on a paper
chromatogram was rtin by a conventional ascending method and, after removal of the
solvent, chromatography was repeated again using the same solvent. Authentic p-hydroxy-
butyric and crotonic acids were also run on the chromatogram as controls.

STUDIES ON POLY-p-HYDROXYBUTYRATE IN BACTERIAL SPORES

RESULTS

I. I^IlectJ of organic soluent5 on the acid/@$1 stdinabili4y of malt, re JPore$ of Bad!jarJ
cervus No. 2

Dried intact spores were treated with acetone, an ether-ethanol mixture <1 : 3,
v/v) and with chloroform in succession, and changes in the acid-fast stainability
of the spores were examined after each extraction. Approximately one gram of a
mature spore powder of Bacillus cervus No. 2 was treated first in boiling with acetone
for three hours' The solvent was discarded and the spores were exposed to the ether-
ethanol mixture at its boiling point for three hours' The residual spores thus obtained
were further treated with boiling chloroform for three hours' Evaporation of the
chloroform solution yielded a thin translucent material somewhat like a plastic
film. The material was easily soluble in chloroform but not in water, acetone, ether,
ethanol or methanol, and appeared to be a single component. The spores treated

Fig. I Chonge, in 3101nobilify of inclure spores of BCCillu, coreu. No. 2 during the treatment
with organic solvents.
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Phofogruph, , 11 Intoct spores.

111 Acetone treated spores.

1111 Spores treated with ether. ethanol mixture.

IV) Chloroform treated spores showing densely stdining forms with methylene blue.

Stained by Moeller', method. Magnification x 1,260.

with these solvents were stained by a modification of Moeller's method (1891).
Thus, smears of the spores were prepared after each extraction step, stained and
examined under a light microscope. Changes in the stainability of the spores
during treatment with these solvents are illustrated in the accompanying photo-
graphs.

The most significant result was obtained by chloroform-treatment. As is seen
in photograph IV, a number of bodies staining densely with methylene blue <a
dye used for contrast stain) appeared after the treatment of spores with chloroform.
These bodies were easily stainable by methylene blue and showed no acid-fastness
in stain. These non-acid fast bodies appeared to be considerably smaller than
intact mature spores.

These bodies increased as more chloroform-soluble material was extracted. No

such change was observable even when intact spores were vigorously treated with
both acetone or the ether-ethanol mixture. Photographs H and 111 show the
stained spores treated with acetone, and acetone and the ether-ethanol mixture
respectively. It will be seen that they stain very much like untreated spores.
However, the red colour of the spores due to carbol-basic fuchsin became much
more intense after treatment with these organic solvents. The chloroform-soluble
material was acid-fast in stain.

TV



STUDIES ON POLY-p-HYDROXYBLTYRATE I\I BACTERIAL SPORES

2. E\'if!eiice of 110b, -,-/u, of luxjibiiO:in/e ill Ina/ifi'e ., 101'"' of' thrilli!J reie!if A10. 2

The I. esults obtained in the pieced ing scction I. evealed that extraction of a
chloioform-soluble material from mature spores always I. esulted in loss or the
acid-fast stainability, indicatin, , that the particular stainability of the spores may
be closely associated \\ith the material similar to poly-p-hydroxybutyrate isolated
from vegetative cells of Bnri/1113 by previous \\, orkers. Examinations wei'e thus made
or the chemical It ature of the chloi. o10rm-soluble fraction. In the present section
the quantitative extraction and chemical analyses or this material ale described.

Two gi'ams of a mature spore powder or Bar(illi!, telei!r No. 2 was treated \\. ith
acetone, an ether-ethanol mixture <1 : 3, v/v) and \\, ith chloroform in succession
by the method described in the section or Md/elml. , inIof IWe/froth. Evaporation or the
chloroform solution yielded appi'oximately 80 milli, ,rams of a thin 11'anSIucent film-
like matei'iai. Although the material appeared to be a single component, it was
round still to contai!t a variety or \\, ater-soluble (ninhydrin reactive substances)
and alcohol-soluble matei. iais. 'Therefoi. e, the material was \\, ashed exhaustive I ,
with I\ot \\, ater and \\, ith methanol until these substances were no longer detect-
able. The dry \\, eight or the final purified material was estimated to be 81 ing.

Chemical analyses \\, ere made or this material. Measurements by the micro-K'el-
dahl and the 1'1ske & Subbar0\\, (1925) methods sho\\, ed that it contained negligi-
blc amounts or nitrogen ancl phosphoi. us. it had a melting point (166-170'C) and,
on heating, the material gave off \\, hite fumes \\, ith an odour charactei. 1stic or
clotonic acid. On papei chi'omatograms in the 2nd run of the method in the
I)receding section, three spots were detectable. T'he RF values (0.18,0.41) of the
two maioi' spots coll'esponded to those or authentic Ii-hydroxybutyric and CTotonic
acids \\, hile the spot (RF; 0.30) in between them \\, as unidentified. Combustion
analysis gave this material an Ginpii'ICal formula or (C4Hij02)IT (see Table I).
Although a minoi' component detectable on the I>apei. chi'omatogram has not yet
heel\ identified, all these plopeities indicate that the chlorofoi. in-soluble material
isolated 11'0m mature spo!'CS or the o1'ganism is a IJolymer or p-hydroxybutyi'IC acid
SImilai' to that isolated nom the vegetative cells or sevei a! SPCcies or Bd, 1/1/11 includ-
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Table I. Analysis of the polymer extracted from mature
spores of Bacillus cereus No. 2

C

ing this particular' o1'ganism (Lemoigne, 1940; Akashi, 1944; Lemoigne a/ n1. , 1952;
Tinelli, 1955; williamson and \\'ilkinson, 1958). The polymer was also dii. ectly extra-
ctab!e from intact mature spores of the organism either by usintr the modification or
Lemoigne's method described above or by exhaustive treatment of the spores with
boiling coloroform. F10\\. ever. as shown in Table 2, the emciencies or extraction
by these methods were 26 per cent o1 much less than the emciency \\. hen dis-

Calculoied

Found

Combustion analysisMe Ihod

55.57

55.80

H

7288

703
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Table 2. Polymer contents of mature spores of Bacillus cereus
No. 2 and the efficiency of some extraction methods

* Dry weight of organisms was eslimoled by drying measured
volumes 10 consioni weight at 120'C

** Directly exirocled in boiling chloroform.

ruptcd SPOTcs were employed as a starting material. Particularly, dircct extraction
in boiling chloroform sometimes yielded only traces of the polymer from intact
mature spores.

3. DiJl, 'ibti!ion of I)obi-p-/oldi'0\jibt!{little in Ihe of ifi'!!/Jigd Iii'e/iaiti/ioi! of Inn/141'e $1ioitJ und
Ihe J/dinabili4y of an infoli!ble Iraciio?I

Since considerable amounts of poly-p-hydroxybutyrate \\, ere found in mature
spores of Bacillus cei'8113 No. 2, the localization of the polymer in the spores was
studied. Insolubility of the polymer in physiological solvents suggested that it
might be localized in an insoluble fraction of disrupted spores. Furthermore, If
poly-13-hydroxybutyrate is the chemical entity responsible for. the acid-fast stain-
ability of the spores, the localization of the polymer and of the acid-fast stainable
fraction must be identical.

Two grams of dried intact spores were therefore disintegrated exhaustively
in a sonic oscillator. and then fraction ated by centrifugation into two parts as
described in the preceding section. The super natant fraction and the residual
precipitate were dried and then the polymer was quantitativeIy extracted with
chloroform. The residue was rapidly dissolved in boiling chloroform. As shown
in Table 2, the polymer content of this fraction was 53 per cent of the dry weight,
while only traces of the polymer could be extracted from the super natant fraction.

Toble 3. Distribution of Polymer in a spore diginlegrofes

Material

Disrupted spores

Inloci spores

Intact spores**

96 dry weight of
the organism

4.1

3.0

trace

Polymer Conieni

Yield 1961

100

74

=9aco
cox.
, 00. E

O :;: S E
"' 'O
' CON

Malerials

O >0_
L.

Super not. nl
1501uble fraction I

* Dry weights of organisms were estimated by drying measured
volumes to constant weight o1 120 C

** Treated with ling/in I crude trypsin

Insoluble
residu es**

% dry weight of*
the materials

Polymer Content

trace

Yield 1961

53

negiigible

co 100



STUDIES ON POLY-p-HYDROXYBl:'L\'R. \TE IN BACTERIAL SPORES 253

The polymer in the soluble fraction may be due to traces of insoluble residuc
\\'I}ich wei. e not pi. ecipitated by centrifugation at 10,000xy for 20 minutes. Stainin
these fractions gave a I. at her striking result. The super natant fraction was easil ,
stainable by methylene I, Iue and the stalll was ITot acid-fast. On the contrar , a
typical acid-fast stainability was I'ecognized of the insoluble 11. action. Moreover,
the stainability was completely reino\. ed by extracting the polymer or the fraction
\\. Ith chiorofoi. in and thc final dark greyislt insoluble residue in the solvent stained
weak purple blue with methylene IJlue.

+. Kill, /if ob. ,cliff/foilJ o11 Ih, 4111/1h, fi. , of lob'-8-/Udi'Dub!!{I^/"/, of IIJ'illg trioie!/! of' Biffi//11\
re!', IIJ A'u. 2 (1)if/ Ihe .,/nil!ing of Ih, I!ob:mri' iJo/died/!'Din I curld/ite fellJ

Althougll ITo reports have appeared on thc polymer in bactei'iai spot'CS, it has
been generally admitted that VCgetative cells of a variety of Bdril!!!$ species contain
large quantities or poly-p-hydi. oxybutyrate. Recently, Macrae and \, Vilkinson (1958)
has showil that the polymer is a major component or "lipid granules" isolated
nom the vegetative cells or Bari!/113 rel'elfJ and of BacilliiJ 111eod/eriii?n. The chemical
nature of the polymer appears to be similar to that described in the present paper.
Thc question the I. efore aiose of \\, he ther these polymers are identical in terms or

Fig. 2 Polymer synthesis during growlh of Bacillus cereus No. 2
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their acid-fast stainability. In other words, did different sources of the polymer
show different staining properties ? Therefore, attempts were made to study the
production of the polymer by ou^ strain during growth and to investigate the
staining of the polymers isolated from the cells at various growth phases.

To obtain vegetative cells at various growth phases, mature dried spores \\, ere
inoculated into a CYG medium containing 0.5 per cent casein hydrolysate, yeast
extract and glucose. The initial pH of the medium was 7.0. The dried spore
powder of Bacilli{J feltttJ No. 2 was suspended in distilled water with Potter-
Elvejhem type homogenizer and heat-shocked at 65'C for 15 minutes. A given
amount of the thick spore suspension corresponding to 50 ing dry \VCIght was then
inoculated into 500 inI flasks containing 100 inI of CYG medium and incubated
at 35'C with continuous shaking for. 1.5 hours' After incubation, the whole culture
was quickly chilled in ice and washed twice in chilled medium by centrifugation.
All spores were found to have germinated. The washed packed cells thus obtained
were resuspended in the medium and a given volume of the thick suspension was
distributed into 500 inI flasks containing 100 inI of CYG medium. These flasks
were then incubated at 35'C with continuous shaking for further 12 hours. At
intervals during the incubation, allquots were taken for measuring the growth
and polymer content. Glowth \\, as determined by measuring the optical density
of the culture at 550 in/t in the Goleman Junior type spectrophotometei. . Polymer
was extracted from vegetative cells by a method similar to that used for the mature
spores. The results are illustrated in Fig. 2.

As can be seen, the organism grew exponentialIy for 2 hours and the growth
rate under these conditions was 0.75. Growth then gradually decreased and
finally ceased after 5 hour incubation. Spore formation occured very rapidly in the
later stages of the stationary growth phase. A microscopic examination showed that
endospores began to appeal. after 10 hours incubation and after a further two
hours incubation, SPOTulation of the oragnism was almost complete. No acid-fast
stainabi!ity \\, as observable in vegetative cells regardless of their growth phase.
However, the veeretative cells of the phase \\, ith a declining growth rate and
particularly of the stationary growth phase stained unevenly with niethylene blue,
while exponentialIy growing cells stained uniformly.

Accumulation of poly-A-hydroxybutyrate began at the phase with a declining
, rowth rate and reach a maximum a few hours before SPOTulation. The maximal
polymer content or the organism was 4.6 per cent of the dry weight. No polymer
could be extracted from exponentialIy growing cells. The stainability of the poly-
mer isolated from vegetative cells at various growth phases were examined. All
were found 10 be acid-fast stainable. Investigation of the production or the poly-
met dunno orowth showed a reductioiT in content at later stages. However, the
decrease \\, as not so marked as that described by I>revious workers'

5. TJta!111e!11 of rege!alit, cellJ ill r!n!ion"o1 liftn, e coil/I a, ,!one rilld all giftei'-e/hallol nil. \/ill'e
and ch"liger 111 Iheii' flailii!Ig

Accumulation of the polymer was maximal a Ie\\, hours before the appearance
of endospore. At this stage of gro\\. th, the cells stained unevenly and no acid-fast

MASAHIKO YONEDA AND MASAOMI KONDO



STUDIES ON POL\' 6-HYDROXYBUT'YRATE IN BACTERIAL SPORES

stainable structures weic dctectable. The polymer isolated from these cells, on
the other hand, 1.0ssessed a typical acid-fastness 111 stain. Thus the articular
staining pi'opci'Iy or the compound seemed to disap, Jeai' \\. hen it was present in
the cytoplasm as the "lipid granules" desci. IIJed IJy \\'eihu11 (1953). \\'illiamson
and \\11kinson (1958) have I. cccntly sho\\. n thc IJi. CScncc of 11 per cent ethei. -solublc
lipicl in the gianulcs. TheI CFOi'e, it may I)e that 11T the ITi'anules a >o1, met-coi'e
is covered by a layci or ethei'-solublc lipid. J\ microscopic examinaiion \\. as theIe-
Lore madc or changcs in the slainalJility of ve, , elative cells heroi. c and after tieat-
merit \\111\ acetone and an cthei'-ethanol mixturc

Vegetative cells haivcstcd 11'0m aiT 811out culluic or Bri, 11/11*' r, ,, 11.1 \0.2 \\CTe
11'calcd succcssively \\ith boiling acetonc and the cther-ethanol mixture (1:3, \,'\,)
101' 30 minutes each. Artci the Iattei solvent had I)eell I'cmoved, smears were
prcj)aicd or 111c final ICsidue, stainecl I^, xiocllci's inclhod and examined undcr
a light microscope. Untrcated cells \\. CTe also staincd I, y thc same ,rocedurc.
Coinpai. 150n of thesc Ileated- and untreated-cells \\'as as expected. Small jink
coloui'cd I'Ddics- that is, acid-fast stainahle- appeal'cd in the treated-cells, which
could not be secn in untreated-cells. Somctimcs, a number or these small bodies
adhci. ed to the outsidc or the cell surface.

DISCUSSION

From the observations desci'Ibed in the IJrcceding scctions. it is concluded
that a polymer or p-hydroxybutyric acid is prescnt as a Inajo^ chemical coinpo-
nent or the insoluble fraction in mature spores or Baril/IIJ r, In!J No. 2. 11 stains
acid-fast and has thc same stainability as the spores. Removal of this coin ound
causes loss or acid-fast stainability of the spores leaving a non acid-fast stainable
residue.

This compound \\, as first recognized when Lemoigne (1927) isolated a chloroform
soluble lipid from Banl!!{J "M" and subsequently identified it. The o1 incr has
since bccn isolated by several workers (Lemoirrne at of . 1940-1950; Akashi, 1944;
Tinelli, 1955; Macrae and \.\'11kinson, 1958) froin vegetative cells of a variet of
species in Barill!!J, and seems to constitute a major constituents of the intracellular
lipid inclusion bodies of the celli (Lemoione of a1. , 1954; weibu11,1953; \.\'1111amson
and \,\'11kinson, 1958). On the other hand, the existence of poly-8-hydrox but rate
in bacterial spores had never been confirmed heroi'e OUT present pa er. 011 the
contrary, 11 was said not to exist in strains of Buri/!IIJ mega/eii'!!?n by a previous
worker <Tinelli, 1955). Ho\\, ever, this is certainly not so in the strain of Ban//IIJ
fairt!r employed in this study. * As is seen in Table 2, mature spores of the or, ,an ism
contain 4.1 per cent IJolymer per dry \\, ei, ,ht. The polymer seems not to originate
from \.\'eibull's "lipid granules", since the granules or similar structui'es were not
detectable in the starting material obtained after repeating washinqs b centrifu ation
at 3,000 rpm for 15 minutes. Moreover, from the result of our experiments on the
distribution of polymer in spore disintegrates, it is clear that poly-p-hydroxybutyrate
constitutes more than half the weldht of insoluble residues obtained b cen-
trifugation. Our electronmicroscopic observations which are now being carr in
on in collaboration with Dr. Fukai and Mr. Nishi, reveal that the insoluble

255

* we ha\, c recently shown that small amounts (approximately 0.37t)
finiteIy exist in mature spores of Baci!!"$ fitbtitiJ subtilis and othei
mets also stain acid-fast.

of the polymer de-
species. The poly-
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residues are mostly spore coats including exosporia. it might therefore be that
the polymer is a main component of one of the spore coats. Some properties
such as its insolubility in physiological solvents and chemical inactive ness seem
well suited to the polymer being a major component of the spore coat.

One of the most SIonificant results in the pi'esent study is our finding that the
polymer may be responsible for. the acid-fast stainability of bacterial spores. As
is well known, the resist ancy to acid-decolourization represents one of the charac-
teristic features of IV!ycobac!81'i" and of bacterial spores. However, nothing is so far
known on the chemical entity bearing this particular property. The present data
however definitely sho\\, that poly-,-hydroxybutyrate may be this entity in the
spores of our organism. Thus the removal of the polymer always results in the
loss of the acid-fast stainability of spores and the isolated, purified polymer itself
shows a typical acid-fastness in stain. Another finding that the distribution pattern
of the polymer is identical with that of an acid-fast stainable fraction in spores
may add a further evidence to the particular role of the polymer. In a preceding
section, it was noted that the intensity of the red-colour of stained spores was

ether-ethanol mixture.greater after treating intact spores with acetone and
On the other hand, the polymer can be extracted from intact spores with chloroform
more easily if the spores are previously treated with these solvents. One can
therefore postulate that the phenomenon may be due to the removal from the
spores of an outermost, non acid-fast layer \\, hich is dissociated from the inner
structure by these solvents. In other words, molecules of basic fuchsin reach the
polymer fraction more easily when the covering layer is stripped off from the
intact spores. However, the true explanation of this phenomenon must await
further obervations using an electron-microscope.

The identification of the polymer in mature spores with that in vegetative
cells still remains to be clarified in terms of their chemical structure. However,
the present study clearly shows that they are identical, at least in terms of their
acid-fast stainability. As mentioned above, the polymer in vegetative cells has been
found to be localized in "lipid inclusion bodies" as the major component, with
11 per cent ether-soluble lipid. The polymer Isolated from vegtative cells shows a
typical acid-fastness in stain as described in the precedino section. Nevertheless, these
inclusions are never stained by Moeller's method, while the cytoplasm stains unevenly
with methylene blue. From these observation it may be concluded that the polymer
of the inclusion is covered by a layer of ether-soluble lipid not stainable by
methylene blue, so that the potential acid-fast stainability of the granules is veiled
by the lipid. The result described in the preceding section indicates that this may
be so. Thus, a successful demonstration of acid-fast stainable bodies in vegetative
cells can be achieved by treating the cells with acetone and an pther-alcohol mixture,
prior to staining. This is similar to the reciprocal observation by Williamson
and \Vilkinson (1958) that the sudanophilic nature of these inclusions disappears
on removal of ether-soluble lipid F1'0m them.

The true structure of a molecule of the polymer in mature spores of our
organism is still uncertain. An alkaline hydrolysate of the polymer gave three spots
on a paper chromatogram. One spot between those of p-hydroxybutyric and
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CTotonic acids is as yet unidentified. However, considerin. the empirical formula
given by an elementary analysis, it may be that the compound is hydroxybutyric
acid. Unfortunately, it is not known whether the unknown compound is a true
constituent of the polymer or only an artifact. This question may be solved by
further cjuantitative analysis or the polymei. .

The maximal polymer coiltent of our organism \\, as 4.6 per cent of the dry
\\. eight. 'This seems to be much smaller than that or reported by other \\, orkers
in other strains or B, itill!!., rel'ei!J and in strains of Bari!!IIJ Inega!eri"111. Diffei'ences
in strain and 111 growing conditions, particularly the pH or the medium (Macrac
and \Vilkinson, 1958) may partially account for the 10\\, production of the I)o1ymer
by oui SII ain. ProductioiT or the polymei. during gi0\^11T sho\\. s a slight decrease
in the contents in latei stagcs, suggesting that a I>art of thc I, o1ymer may be
consumed heroi'e SPOTulation. Since much decrease in polymer' occui'ed before
SPOTulation, It 11as been suggcsLed by pervious \\, orkers that it may function as
one or main storage matei. Ials \\, hich arc used eventually by the cells For. spore
formation. Although such an hypothesis may be valid (Maciae and \,\'11kinson,
1958), ills only a partial cxplanation of the function of thc polymer. As is sum, 'ested
from oui' prescnt data, the I'Dlymei' may Function in bactei'iai spoi'es in plotecting
the spore-coi'CS, being a maioi' coinponcni of one or Ihc coats. This idea will be
discussed in oui. rollhcoming papcr on the localizatioil of the polymei' in its relation
to the in orphological sti. uctures of bacteiial spores.

STUDIES ON POLY-,-HYDROXYBUTYRATE IN BACTERIAL SPORES
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