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Vegetati.ve

 
cells

 
oCBacilltis

 ceretts Strain T  contain  cytochrorne  b-562, a  minor  b-type
component,

 m  addition  to  known  components,  cytochrome  a+a3,  cytochrome  b-557
and

 cytechrome  c-551.  Algo, the spores  contain  low but definite amounts  of  cyto-
chromes

 b-562 ancl  c-55i,  which  werc  oxidizcd  when  the  spores  were  shaken  with  air.

Contents of  cytochromes  a, b and  c per cell and  per cell nitrogen,  and  the activity  of

glucose oxidation  increased during spore  gerrnination and  elongation.  During  the
stage

 preceding fir$t cell  division, cytochreme  contents  per  cell  increased in paralleL
with  the !ncrease of  cell  nitrogen,  whilc  the activity  oC  glucose oxidatlon  decreased.
During

 
early

 exponential  growth, the content  of  cytochrome  b per cell  nitregen  and
respiratory

 
activity

 with  glucose again  increased. 1･Vhen cells  entered  the sporulation
sragc,

 
characterized

 by srructural  changes  inside the cells, the activity  of  glucose oxi-
dation began to decrease, while  that of  acetate  or  succinate  oxidation  started  to increase,
During

 
the

 sporulation  process, the contents  of  the  three  cytochrome  components  con-

tinued
 
to

 increase and  reached  the highest level in cells  containing  cornpleted
                                                         spores,
but

 
the

 activity  of  respiration  with  endogenous  or  added  substrates  was  negligible  in
these    cells.

    Formation or  germination  of  spores  in bacteria affbrds  a  suitable  system  for
$yudying  the  correlation  ofstructural  or  functienal changes  with  metabolic  altera-

tions.
 .Several 

investigators have  compared  the respiratory  system  between
vegetative

 cells  and  spores  ofbacteria  ofthe  genus Baciltus, in particular, B. subtiiis

:x,d. {ile 7e'lg."'g,S.i 8,e .C!LXiiiwa  ･,g, re･, 
a.rgge.e,

 t",i 
".`,',

 i,eP.O.'fi?g.lk･ Zt J,hS,f.R",::"g,fig 7\iO, T
Tochikubo

 (19) demonstrated the presence of  all of  the  cytochrome  componhntk,

cytochromes  a, a3, b. c, ci, and  o,  in spores  ofB,  subtigis.  He  showed  that  concentra-
tions

 of  these  cytochromes  increased during germination  and  subsequent  vegetative

growth, but did not  examine  the change  in the  cytochrome  system  during the
process of  spore              formation.
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cytochrome

 composition  ofspores  ofB.  cerears. Some  workers  (5, I4) reported  that
they    could  not
              detect cytochrome,  while  others  (1, 6) reported  the  presence of

cytochromes
 in spores;  even  among  the  latter workers,  there  are  disagreements about

the  position ofabsorption  maxirna  efthe  cytochrome  spectra.
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    Felix and  Lundgren (7) compared  the  cytochroine  contents  ofB.  cereus  betwecn
cells  in exponential  growth  and  cells containing  fbrespores and  found that  thc  con-

tcnts increased during 
'sporulation,

 but they  did not  examine  thc  changes  in cyto-
chromc  contents  during germination, Thus, although  changes  in cytochrome

composition  during germinatien  were  examined  with  B. subtilis and  changes  during
sporulation  with  B. cereus, no  report  has been published dealing with  the  changes

in cytQchrome  components  during thc  whole  life cycle  ofa  particular spore-forming

bacterium.

    Several workers  have coinpared  th ¢  activity  of  oxygen  vtptake  among  intact
cells  from diflbrent developmenta] stages  of  aerobic  spore  formers. Many  reports

showcd  that respiratory  activity  is extrerr}ely  low in dormant spores  and  that  activity

increases aftcr  the commencement  of  
.crermination.

 However, studies  on  the time

course  of  the  developinent of  respiratory  actiiJity  Iirom spores  to thc inception of  ccll

clivision are  scant>,;  mort.'over  in these  studies  oxygen  uptak ¢  was  n}easured  con-

tinuously  with  cells  gcrminating  in a  fiask containin.v  either  glucose (10) or  nutrient

broth (13), and  the  rate  of  oxygen  uptake  was  not  corrected  for the  increase of  cell

mass.  Still fewer are  studies  on  the  change  of  respiratory･  activity  of' intact cells

during  thc  process of  spore  formation.

    In the  present study,  chang ¢ s in cytochrome  components  as  well  as  in respiratory
activity  with  several  substrates  ofB.  cereus  strain  

fl'
 were  examined  with  cells  harvested

f'rom various  sta.[res of  germination, vegetative  growth  and  sporuiation.  Spccial
care  was  taken  to have a  mass  of  cells  germinating  or  sporu}ating  synchron()usly,

but it was  not  possible to establish  a  condition  in which  cells  gerrninate, divide and
sporulate  synchronously  in a  culture  starting  firom a  single  inocuiation. 

r!'herefbre,

we  examined  the process ofgermination  and  that  of  sporulation  in separare  experi-

ments.

    X'Vith the  methods  used,  more  than  95 %  of  the  spores  germinated, and  the  extent

ofsynchrony  was  about  809,", at  the  stage  of  the  first cell  clivision. In the  series  of

experiments  for sporulation,  inocu]ated cells  reached  the  stagc  of  sporangia,  the
stag'e  of  appearance  ef  a  rcfractilc  spore  in each  cell, with  90 to 959t6 synchrony.

Materials and  methods

    OTgranism and  culture  medium.  The  organism  used  in this study  was  Bacillus
cereus  Strain T, which  was  provided  by Y. Kobayashi of  Hiroshirna University.
The  medium  was  the G-medium,  originally  used  by Stewart and  Halvorson (18)
t'or cultivation  of'B.  cereus  strain  T. The  composition  ofthe  medium  was:  glucose,
4g;  yeast extract  (Difeo), 2g; (NH4)2S04, 5g;  K2HP04,  1 g; MgS04'7H20,
1.6 g; CaC12･2H20, 66 mg;  FeS04-7H20,  1,8 mg;  CuS04･5H20,  IO mg;  ZnS04･7-
H20,  18mg;  MnS04-H20,  IOOmg  per IOOOml  (pH 7.2). In preparing this
rnedium,  (l) the mixture  containing  (NH4)2S04, K2HP04,  yeast extract,  (2) giucose
solution,  (3) CaC12  solution, and  (4) the  mixture  containing  the  other  components,

were  prcpared  separatel>i  and  aseptlcally  mixed  after  autoclaving.  Unless otherwise
stated,  cel]s were  grown  aerobically  at  300C by shalcing  culture  on  a  reciprocating

shaker  at  I20 strokes  per min  with  an  amplitude  of  6 cm.

    Germination. Spores were  heat activated  at  650C for 20min  in distilled
water,  thcn  mixed  into the culture  rnedium,  which  was  kept at  300C, by stirring
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to

 
make

 unil'orm  suspension.  The  procedure  was  iTnmediately fbllowed by  the

 start  ot' shaking  culture  with  either  100 Tnl  of  the  culture  medium  in a  500-ml

 shaking  fiask or  1 liter of  the  medium  in a  3-liter Erlenmeyer flask. 1"he diflerence

 in culture  size  did not  influence the  outcome  efgermination  and  vegetative  growth.
     SPorulation, Three serial  transfer  inocuiations were  made  to obtain  re-

 producible exponential  growth  and  almost  synchronous  sporulation  in the main

 culture.  The initial culture  was  ineculated from  stock  agar  slant  and  incubated for

 about  l6 hr. This culture  was  then  inoculated into the second  culture  to make  1%

 inoculurri. When  cells  in this secund  cu]ture  had grown to the late exponential

 phase (8.5 hr)' and  cell concentration  had reached  an  optical  density value  efO.30,

 5 ml  ol'the  culture  was  transferred  to 1Oe ml  of  fresh medium  in the  500-ml  shaking

 flask to start  the  main  culture,

     Restitag suspensioizs  of' cells  and  sPores.  [I]o prepare resting  cel}  suspensions,

 culture  fiuids werc  chilled  in an  ice bath, and  cclls  were  collected  and  washed  three

 or  fbur times  by c ¢ ntrifugation  with  O,85 9,', sa}ine  solution.  In spectrophotometric
 measureinents,  cells were  suspended  in the  saline  solution  and  either  usecl  as  such  or

 stored  in a  freezer. I'Vhen firozen samples  were  melted  slowly,  the  suspensions  showed

 cytochrome  spectra  identical with  those  of  fresh susperfsions.  In manornetric

 
measurements,

 washed  cells  were  suspended  in O.02 M  phosphate  bufler (pH 7.2).
     Free sporcs  were  harvested 3 days after  thc  start  of  the  main  culture  tbr ex-

 amination  of  the  sporulation  process. "'hen  it was  necessary  to collect  a  mass  of

spores,  the  main  culture  was  performed by  adding  7'O ml  of  the preculture to 7 liter
of  the medium  in a  10-liter bottle, and  then  passing air through  the  medium  for
3 days, At the  end  of  the  culture,  most  of  the cells  had  lysed and  free spores  had
been liberated into the  culture  fluids, Sporcs were  cleaned  of  the  rernainin.cr  intact
cells and  ccll  clebris by diflle}rential centrifu.cration  through  distilied water;  cells  xverc
first sedimented  at  le,OOOxg  for 5 min,  then  resuspended  and  sedimented  at  least

 I0 times  by gradually decreasing centrifugal  force that was  3,OOO × g for 5 min  in the
flnal centrifugation.  Spores after  these  treatments  were  c]ean  asjudged  by micro-

scopic  observations,  and  b>, measurcment  of  Lheir  catalasc  activit>,  which  was
reported

 to be about  59i, in spores  as  in vegetative  celis  (12).
    sy)ectrophotometric analysis.  Absorption  spectra  of  cytoehromes  in intact cells
were

 
measured

 wlth  a  Hitachi two-wavelength  double bcam  spectrophotometer

Modcl 356, using  a  10-mrn light path cuvette  at  room  temperature  or  a  3-mm  Iight
path cuvette  with  a  low-temperature attachment  at  liquid nitrogen  temperature

(770K). Cytochromes were  reduced  with  sodium  dithionite and  oxidized  with
air  or  ferricyanide. In precise measurements  of  reduced  minus  oxidized  difllerence
spectra,  thc absorption  curves  were  corrected  by the curve  obtained  when  both
sample  and  reference  cuvettes  contained  the  same  oxidizcd  ceil  suspensions.

    The  quantities of  cytochromes  a, b, c were  determined from the  height of
a-peaks  of  reduced  minus  ferricyanide-oxidizecl diH'¢ rence  spectra,  measured  at

room  temperature.  The  amount  of  cytochrome  a  (+a3) was  determined  as  the
ingrement  of  absorbancy  to the  peak at  603 Rm  from a  tangent  line connecting

points en  the  abserptien  turve  at  about  580 and  63e  mn,  The  quanLity of  cyto-
chrome  a  was  calculated  on  the  basis of  As rnM  (reduced minus  oxidized)  at  603 nm
to be
     

12.0 (20). Since al}sorption  curves  by cytochromes  b and  c overlap  each
other,

 the contents  of  each  component  were  calculated  from  the  fo11owing equations.
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          Ass7=16  Xb+4.0  Xc

          Assl='6･1 Xb+24  )<c

where  Xb  and  Xc denote the millimolar  concentrations  of  cytochromes  b and  c;

Ass7 or  Assi is the  absorbancy  increment  to the  peak at  557 or  551 nm  frQm the
tangent  line connecting  points on  the  absorptien  curve  at  540 and  580 nm.  The
values  of  l6 and  6,l are  ris mM  (recluced minus  oxidized)  of  cytechrome  bi from

Escherichia coli (4) at  557 and  551 nm,  respectively.  We  used  the  value  ofextinction

coefiicients  for cytochrome  bi, since  the  position of  the a-peak  of  the niain  b-type
cytochrome  of  B. cereus, 557-558nm,  suggests  a similarity to cytochrome  bi. The

values  of  4.0 and  24 are  Ae mM  (reduced minus  oxidized)  of  cytochrome  c from
horse heart, at  557 and  551 nm,  respeetively.  To  obtain  the values  of  extinction

coeMcicnts  of  cytochrome  c, w ¢  measured  the  reduced  minus  oxidized  spectrum  ol'

a  solution  of  crystalline  horse heart c}rtochrome  o (Boehringcr A(annheim), thc

concentration  of  which  was  calcu!ated  firom E mM  of  the reduced  form at  550 nm
taken  to be 27.5 (2).
    Manomet2;v. Manometric  flasks contained  1,O ml  of  cell suspension,  1.0 ml
efO.hi  phosphate  buffbr (pH 7.2) and  O,5 ml  of  water  in the  main  compartment,

O.5 ml  ofO,I  M  substrate  in the  side  arm,  and  e.2 ml  of20  
Ofa

 KOH  in the  center  well,

Oxygen  uptake  was  measured  every  5 to 10min  at  300C. Respiratory activity,

which  was  cxpressed  as  Q02(N), was  ealculated  from the  data of  the  first 40 or  50
min,  since  prolonged  estimation  sometimes  resulted  in a  change  of  the rate  of  oxygcn

uptake.  The  value  ofthe  endogenous  activity  was  subtracted.

    All the  values  of  cytechrome  contents  and  respiratory  activity  of  cells  and

spores  in this report  are  the  means  ofthree  to seven  independent  measurements.

    detl concentration.  The  tota} number  of  cells  and  spores  was  counted  directly

undcr  a  microscope  with  a  Thoma  counting  chamber.  To  make  the septa  of

dividing cel]s  easily  visible,  cells  were  suspended  in cold  5%  triehloroacetic  acid

before counting  (16). Growth  was  followed by the  changes  in turbidity of  culture

solution  in an  18-mm  test  tube with  a  Hitachi EPO-B  photometer using  a  660-nm
filter and  expressed  as absorbancy,  Dense culture  solutions were  diluted to a  range

in which  turbidity  readings  were  proportional to celi  concentrations.  Nitrogen

contents  ofcells  and  spores  wcre  determined  by a  micro-Kjeldahl  method.

                                Results

{:;).,tochrome components  in vagetatit,e  cetls and  spores
    Fig. 1 shows  the reduced  cytochrome  spectra  of  vegetative  cell  measured  at

room  temperature  and  770K. Fig, 5 and  7 show  the reduced  minus  oxidized  diflhr-
ence  spectra,  measured  at  room  temperature,  of  vegetative  cells  frem various

developmental stages.  These spectra  reveal  the  feature of  cytochrome  components

in vegetative  cells of  B, cereus  Strain T. The  peaks or  shoulders  at  600, 445  nm

(room temperature)  and  at  599, 440 nm  (770K) !n reduccd  spectra,  and  at  600 to
603 nm  in reduced  minus  oxidized  difference spectra,  show  the presence of  the

cytochrome  complex,  a+a3.  The  peaks or  shoulders  at  557, 528, 423nm  Croorn
temperature) and  at  555, 520, 425 nm  (77eK) in reduced  spectra,  and  at  557-558,
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    of  cells  i'rom thc  sporangla1  stage.

530 nm  in the diflbrence spectra  suggcst  the  presence of  a b-ty, pe cytochrome  re-

sembling  cytochrome  bi. The  peaks in reduccd,  770K  spectrum  at  55S  and  528 nm

indicate the presence of  another  b-typc cytochrome,  the  reduced  form  of  which

probably  has maximum  absorption  at  about  562 nm  at  room  temperature.  The
peaks and  shoulders  at  551, 52Inm  (room temperature)  and  548, 518, 415nm
(770K) in reduced  spcctra,  and  at  551, 522  nm  in the  difllerence spectra  show  the

presence of  a  cytochrome  c,

    Our  observation  revealed  the  presenee of  cytochromes  in spores  that  had  been
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Fig. 2. Redeeed min:as  oxidized  operence spectrwn of dermant speres. Spores werc  purified by  repeated

diflerential centrifugations  and  washing  with  HCI. Cytochromes  were  reduced  with  dithionite and
oxidized

 with  air, and  the difllercnce spectrum  was  rneasured  at  room  temperature,  The  concen-

tration of  the spore  suspension  was  O,92 tng  cell  nitrogen  per ml.
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cleaned  by repeatecl  diflerential centrifugations.  Since this observation  contradicts

that  by sorne  previous workers  who  reported  the  absence  of  cytochromes  in spores

ofB,  cereus  (5, 14), we  attempted  further purification of  spores  to eliminate  possible
contamination  by cell fragments, by suspending  spores  in cold  O.01 N  HCI  fbr a

few minutes  and  subscquently  washing  them  4 times  with  distilled water  (3).
Spores after  such  treatment  germinated  normally  when  heat activated  at  650C  for

20 min.  Dithionite-reduced minus  air-oxidized  diflbrence spectrum  of  the suspen-

sion  of  a  clean  spore  sarnple  is shown  in Fig. 2. The  spectrum  has peaks at  560

to 562, 551, 530, 522 and  430 nm.  These peaks show  the presence of  cytochromes

b and  c in spores,  The  dithionite-reduced cytochremes  could  be reoxidized  whcn

spore  suspensions  were  shaken  with  air, Further change  in the  spectrum  did not

occur  when  ferricyanide was  added  to the air-oxidized  sample.  Although  absorp-

tion by cytochrome  a  at 600 nm  is slight  in the spectrum  shown  in Fig. 2, a  pre-
liminary measurement  with  a  low-tcmperature spectrum  also  suggested  the  presence
af  cytochrome  a  in spores,

enanges in re,sPiratov) activi(y  and  aytochrome contents  during germination and  vegetative  grozuth

    Curvc  a  in Fig. 3 shows  the  change  in turbidity  of  cell  suspensions  during the

process efgermination,  When  dormant  sporcs  were  heat activated  at  650C  for 20

min  and  transferred  to thc G-mcdium  at  800C, spores  started  germination, and  in

about  IO min  turbidity  of  spore  suspensions  decreased due  to the  disappearance of

refractility  of  sporcs.  The  turbidity  of  the  suspension  remained  unchanged  durin.ff.
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Fig. 3. enanges in the turbidity ql" cell suspensions.  Curve  a.  Turbidity change  during germination,
elongatien  and  vegetative  growth. Spores were  heat aetivated  at  65"C fbm' 20 min  in distil]ed water,

then  mixed  in thc culture  medium  at  O hr, Curve  b. T.urbidity chang'e  during vegetative  growth
and  sporulation.  Details of  the growth  conditions  are  describcd in Materials  and  methods.

Fig, 4, Changes in respiratorv  actie/ity  dering gerrnination, elongation  and  vegetative  growt-h. Dormant  spores

CDS), heat activated  spores  (AS), and  cells  harvested at  varieus  intervals after  the start  er  germination,

were  assayed  tbr their respiratory  activity  with  the  fo11owing substrates.  e, glucose; A, acetate;

O, pyruvatc; [], lactate; A, succinate;  and  C), cndogenous.  For the growth  curve,  consult  Fig.

3 (curs,e a).
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the subscquent  30 min,  and  thercafter  increased due to cell  elongation  and  cell

proliferation. At  I hr after  thc  commencement  of  germination, the  suspension

contained  cells that  had grown longer breaking their  spore  coats,  First cell  division
took place at  2 hr with  about  80%  synchrony,  and  sccond  cell  division at  2,5 hr.
Cells continued  division, and  the  pH  of  the  culture  media  decreased during growth
reaching  a  minimum  of4,8  at  about  4hr, then  gradually increased. According  to

previous workers  (I5), this  stage  of  minirnum  p"  of  the  media  corresponds  to the

commencement  of  sporulation,

    The  activities  of  oxygen  uptake  with  five sul)strates  were  compared  among

dormant  sporcs,  heat-activated spores,  and  celis  harvested at 1, 2, 3 and  4.5 hr after
the  commencement  ef  gerrnination, 

'l"he
 resi.tlt is shown  in Fig. 4. The  oxygen

uptake  of  dormant spores  and  heat-activated spores  was  negligibie,  even  when

manometry  was  carried  eut  with  as  much  as 10 mg  dry weight  ofspores  per flask.
The  activity  of  glucose oxidation  was  apparent  at  l hr after  the  beginning of
germination, decreased at  2 hr when  cells  underwent  the first division and  then

rapidiy  increased during the  vegetative  growth. 
'I'he

 activity  of  pyruvate  oxidation

was  also  high at  I hr and  low  at  2 hr, and  increased to some  extent  during vegetative

growth, Lactate oxidation,  although  the  level was  lower, foIIowed almost  the  same

pattern as  pyruvate  oxidation.  The  oxidation  of  acetate  and  succinate  was  not

apparent  until  the  start  of  cell  multip]ication.

    The  pattern of  cytochromes  in cells  changed  during sporc  germination  and

vegetative  growth. Fig. 5 show$  dithionite-reduced ininus  ferricyanide-oxidized
difllerence spectra  of  cells, mcasurcd  with  the  same  cell  concentrations  (on the bases
of  eell  nitrogen  per rnl), at  1.0 hr and  3.0 hr after  the start  of  germination. The

quantitative changes  of  the  contents  of  each  cytochrome  component,  expressed  on

the  basis of  per cell  nitrogen  or  per cell, in thc  process of  spore  germination and
vegetative  growLh  are  presented in Table  1, I)uring germination ofhcat-activated
sp()res  (O hr to 1.5 hr), three  cytochrome  components  were  rapidly  synthesized  in
the ce]lsj particularly, the  contents  of  cytochromes  a  and  c per cell  nitrogen  showed

a distinct increase during O to 1,0 hr, suggesting  preferential synthesis  ofthese  cyto-

chromes  over  gross pro[eins. From  l.O to 2.e hr during germination, the  amount  of

the  three  cytochromes  per cell  nitrogen  was  almost  constant,  but their amount  per
cell dropped sharply  at  2.0 hr due to cell  divisions. During vegetativc  growth  until

the commencemeRt  of  sporulation,  i.e., from  2.0 to  4.5 hr, tlic content  per cell

'I'ah..!g...!,,.-...A-n-zo.ve..t{
 of c)'toci.!ome.s-.i.e .speres, eaerminated cells and  [,egetative cells

Time  after  start

of  germination
     (hr)

    O.ea

    1,O

     1.5

    2.ob

    3.0

    4.5

Cytochrome cytochr6me

a b c

  (nmolefmg cell-N)

o. oeO.

 38O.
 40O.

 48O,

 50e.

 39

a
 o.o hr: dormant sporel  

-"""'

S
 2.0 hr: end  of' first uell  division.

O. 24O.

 27O.27O.

 29O.

 57O.

 65

O. 028O.

 11O.

 088O.

 090O.

 10O.

 14

 
-i

 

--'b
 c'-'

.. (r].inolgtlOIOcclls)
o. ooO.

 572.

 251.691.22

O. 065O.

 411.521.021,S9

O. oo8O.

 17O.

 51O.

 32e.

 24
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 of  cytochrome  b increased, but cytochrome  c remained  at  an  almost  constant
level and  cytochrome  a shewed  a  tendency  to decrease.

Changes
 in respiratoT;;  actiwity and  op,tochrome contents  duri7ag vagetatiwe  grote/th and  sporulation

    INhen cells, precultured until  the  late exponential  phase as  described in
Materials

 and  methods,  were  inoculated into fresh G-medium, they  grew without

g,g#ls/liii///,
b
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pH  

of
 
the

 media  gradually increased and  morphological  changes  occurred  inside
the  cells. At  6 hr, distinct granular structures  could  be seen  in the  cells.  At about
l8

 
hr,

 
refirEtctile

 spores  appeared  with  90 to 95%  synchrony  in the  cells, which  served
as

 
sporangia.

 At  about  30 hr, cell  lysis occurred  and  spores  were  liberated.

   
The

 
res.piratory

 activities  of  cells from  various  developmental stages  were

measure.d.with
 glucosg, acetate  and  succinate,  [{'he result  is shown  in Fig. 6.

,T.,h.e,.a,pc`ig.X･:.:f,?.:'?･.w,,L".,2zi's,lli?,nyil/ft･,ga,:'x.:x,ee.,".?ng,a.i.R,:?s;s.,IIg,ea.cSi.v,`.'y.:;{f
intensity

 
at

 
4.5,

 
hr,

 
and

 decreased during the  phase of  sporulation.  The  activity  of

?cetate 
or

 
succinate

 oxidation  was  low during  exponential  growth, while  it increased
in

 
the

 
early

 sporulation  stage  and  decreased slightly  during subsequent  sporulation.
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Remarkably,  respiration  with  addcd

negligible  in sporangial  cells,

    Reduced  minus  oxidized

suspensions  from three  difllerent
change  in the contents

The  figure also  reveals  the  shift

of  three  cytochrome  components,

process of  exponential  growth  and  s

of  the  three  cytechromes  were  low in
'1'he

 contents  increased during
transition  from  vegetative  grQwth

Fig. 7. Reduced  mirtus  oxidized  dlfference specira of
cetls at  the eAEPonential  Phase (r.5hr), the stage  of com-
fnencement  of sporulation (4.5hr), and  the sporan.crial
stage  (l8hr). Cytochromcs were  reduced  with

dithionitc and  oxidized  with  ferricyanidc, aiid  the

difi'erence spcctra  ",ere  mcasurcd  at  room  tcmper-

ature.  Cell cencentrations  in optical  cuvettes  were

adjusted  to 1,5 mg  cell  nitrogen  per ml.

substratcs.        'or  with  endogenous  substrate,  ",as

                          diflercnce spcctra  of  the  same  concentrations  of- cell

                            stages  are  show･n  in Fig. 7. 1)istinct quantitative

                     of  cytochrornes  is apparent  among  thc  three  suspensions,

                            of  absorption  maxirna  of  cytochrome  a  (H-aB) from
600 nm  in exDonential  cells to 603 nm  in sporangial  cells. The  quantitative changes

                             expressed  per cell  nitrogen  or  per cell, during the

                              porulation are  shown  in Tablc  2. The  contents

                                cells from the  inid-expon ¢ ntial  stage  (1.5 hr),

                            subscquent  growth  (1.5 to 2.5 hr). During  the

                              to sporulation  (2,5 to 4,5 hr), the contemts  of

cytochromes  b and  c remained  almost  constant,  while  that ofcytochrome  a  decrcased
slightly.  The  contents  ofthe  three  cytochromes  in cells  of  the  sporangia  stage  were

the  highest of  all the  developmental  stages,

Table 2 Amount of aytochromes in

   Time  after  inoculation

vagetattveaells,  sporutati)ag cells

cvlochrefi-e'-""

and  sporarigial cells

in fresh medium

    (hr)

    1.5

    2.5

    4.sa

   l8.ob

Cytochrom}"
 a b c

   (nmele/mg cell-N)

O. 24 O. I4 O. OSS

O. 51 O. 52 O. I2
O.39 O.66 O.I3
O.93 1.47 e.57

a
 4.5 hrb
 18 hr::

 $tart  ot'sperulatlon.

 completion  o;  sporangia

    a b c

...-.".. <IM9.le/10iO.cells)

O. 681.2tlO.

 761.93

tbrmatien,

O. 401.261.293.

 06

O.09O.

 29O.2SL19
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Discussion

    Cytochrome  spect.ra  of  B. ce?'eus have been  mcasured  by Schaefi'er wit.h  strain

Caron  (11-), by  Doi  and  }Ialvorson with  Strain 
rl]

 (5), and  Felix and  Lunclgren
with  Strain ATCC  4342  (7>. These workers  recognized  the presence of  cytochromes

a-F-a3,  b ancl  c with  characteristic  absorption  peaks ofa-bands  at  600--603, 556-557,
550-552  nm  in room  temperature  reduced  or  reduced  minus  oxidized  spectra.  Our
observation  agreed  with  these results,  and  further revealed  thc  presence of  another

cytochrome  b by  the position ef  the a-peak  at  562  nm  in room-temperaturc  reduced

minus  oxidized  spectrurn  of'spores,  and  by  thc  position ofa-  and  6-peaks at  5S8  and

527 nm  in 770K  reduced  spectrum  ofvegetative  cells.

    Reports  about  the  presence or  absence  of  cytochromes  in spores  ot' B. cereus

have  been contradictory;  Nakada  et  al.  C14) and  Dei and  I{alvorson (5) coulcl  not

obtain  conclusive  evidencc  fbr the  presence ofcytochromes  in sporcs,  while  Felix and
Lundgren (6) reportcd  that  

'rriton
 X-100  soluble  extracts  of  membrane  fractions

from  spores  of  Strain ATCC  4S42  showed  cytochrome  spectra  similar  to  those  from
vegetative  cells,  Recently Bahnweg  and  Douthit  (1) ineasured  the  absorption  curvc'.

of  intact spores  ofB,  cereus  Strain T  suspended  in glycerol, and  obtained  a  spectrum

which  shQwed  peaks at  611, 567 and  531 nm.  Thc  authors  inferred the  presence of
cytochromes  a  and  b in the  spores,  but the assignrnent  appears  to  need  reexamina-

tion, since  the  positions of  the peaks are  unusual  fbr thosc  of  cytochrornes  and  the

pigmcnts  were  fbund to bc resistant  to oxidatien.  
'rh

¢  prescnt resu}t  showed  the

presence of  cytochromes  bandcin  spores,  with  absorption  peaks and  shoulders  in
reduced  minus  oxidized  spectrum  at  about  562, 551, 530, 522 and  4S{) nm.  Al-
though  the position  of  the  a-peak  of  b-type cytochrome,  about  562 nm,  diflbrs from
that  ofbl-type  cytochrome  (at 557  nm>  predoniinant in vegetative  cells, the  presence
ef  the  former b-type cytochrome  as  a  minor  component  in vcgctative  cells  was

disclosed by  770K  spectrum.  The reduced  forms of  cytochromes  b and  cin  sporcs

svere  oxidized  by air.  A  preliminary rneasurement  of  770K  spectruin  of  spores

suggested  the  presence of  cytochrome  a  in spores.  Unpublished resuits  by Ankci
and  Hino showed  the  definite presence of  cytochromes  a,  b-562, b-557 and  c  in spores
ofB.  cereas  Strain No.  2. Thus, spores  ot'B.  cerezas appear  to  have  cytochrome  com-

ponents similar  tQ those  of  vegetative  cells.  Thc  possibility of  contamination  by
vegetative  cel!  fragmen'ts in the  spore  sample  may  bc exeluded  by  the  fa,ct that  the
same  spectra  were  obtained  with  spore  suspensions  before and  after  HC)l washing  of

the purified spores.

    The  present results  showed  that there  were  parallel chan.cres  between cyto-

chrom ¢  contents  and  respiratory  activit.y  in some  developmental stag ¢ s of  B, cereus,

When  heat-activated spores  increrminated,  the concentration  of  cytochTemes  a and  c

increased rapidly  with  concomitant  activation  of  the ability  of  glucose oxidation,

During thestage  from early  exponential  growth  to the commencement  ofsporulation,

the  concentration  of  cytochrome  b increased in parallel  with  the  increase of  the

actlvity  ofglucose  and  endogenous  respiration.  On  the other  hand, there  was  no

correiation  between  the  concentration  of  cytochromes  and  respiratory  activity

during the  stage  from the  commencemcnt  of  sporulation  to the completion  of

sporangia,  Remarkably, sporangial  cells, with  the  highest concentrations  of  cyto-

chromes  of  all the  developmcntal stages,  showcd  ne.vligible  respiratory  activity, with
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enclogenous  or  added  substrates.  Apparently, cytochromes  at  this stage  are  not

tUnctional forproduction ofenergy.  During the  laterstage, most  ofthe  cytochromes

in  the  sporangial  cells  must  have been discarded into the  cu}ture  media,  since  free
speres  contained  only  a  small  amount  of  cytochromes.

   . 9ul observation  is consistent  with  reports  by previous workers  that respiratory
activity  increases  during spore  germination. However,  we  noticed  that  the  activitv                                                                       '

ofsuccinate  and  acetate  oxidation  was  negligible  evcn  when  germinated  cells  showed

considerable  activity  of  glucose oxidation.  This observation  agrees  with  findings
by Hanson  et al. (9) and  Goldman  and  Blumenthal  (8) that some  enzymes  in the
tricarboxylic  acid  cycle  are  missing  firem germinatcd  cells  and  young  vegetative

cells.      Goldman  and  Blumcnthal  (8) also  showed  that glucose is catabolized  mainly
by the  Embden-Meyerhof  pathway  during most  stages  in the life cycle  of  B. cereac.s'

T. They further reveared  that the pentose-monophosphate  pathway occupies  a
significant  role  in glucose catabolism  during spore  gcrmination  and  subsequent

elongation,  but the  contribution  of  this pathway is negligible  at  the stage  of  first celi
division, Their observatien  partly explains  our  result  that  glucose oxidatien  was

active  at  the  stage  of  elongation  but negligiblc  at  the  stage  o £  first cell division.
Hoi-rever, the variation  of  the  contribution  of  the pentose-rnonophosphate  pathway
cannot  explain  the  variation  of  the  activity  of'  pyruvate  oxidation,  which  showed  a

pattern similar  to that  of  glucose oxidation.

    The increase of  the  activity  of  succinate  and  acetate  oxidation  cluring the

parly stage  ef  gcrmination  and  the late-cxponential phase probably reflects  thc
increasmg

 operation  of  the  tricarboxylic  acid  cycle,  demonstrated  by previous
workers  C8, 9). The  cause  of  active  glucose oxidation  in the  late-exponcntial phase
(at 3 hr in Fig, 4 and  at  2.5 hr in Fig. 6> must  be elucidated,  since  the  result  of

pi:¢ vious  workers  showed  that both the  pentose-monophosphate pathway  and  the
tr].carboxyHc  acid  cycle  are  almo$t  inactiv¢  at  this stage.  Also unknown  is the

cause  of  almost  complete  Ioss of  elldogenous  and  substrate  oxidation  in sporangial
cells: The  loss is probabiy caused  by the breal<down of  some  of  the  proteins of
respiratory

 enzymes,  concomitant  with  the  breakdowll of  many  proteins in mother
cells to supply  building biock$ for sporc  constituents.

   
The

 author  is gratefu1 to Dr. Y. Kebayashi of  Hiroshima  University  for his valuable  advice,

and
 wishes  to thank  ProE S. Hino efHiroshirna  University for his guidance and  discussien throughout

the   study.
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