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 Table 1. Properties of B. cereus T spores treated

with TCA at various  concentrations

Concn. of  TCA Viability  Befractility Stainability  terminability  DPA  excreted

0 mM  100.0 % 100.0 %  0  %

15 .3 95.0 -  100-.0 - 0

30 .6 92.3 42.9 0

45 .9 92.6 16.5 0

61 .2 63.6 10.0 4.8

150 .0 4.0  ±2  +3 85.3

300 .0 89.0

1.  Treatme  nt of spores with TCA was performed at 40 C for 30  min.

2. +, 55. 2 %; -, 44.8 %.

3. +, 52. 7 %; -, 47.3 %.

Table  2. Effect of chemical agents on TCA-treated

and control spores of B. cereus

ChemicalControlspores
Spores treated with TCA2 at

6.1 mM 30.6 mM 61.2 mM

 NaOH 1 N _3 +4

 2N

HC1 0.27 N

1. Treated and control spores (1 mg) were suspended in 10 ml
of aqueous sodium hydroxide or hydrochloric acid. The suspen-
sions were incubated at 30 C for 2  hr, and then centrifuged.

The precipitate was resuspended in deionized water and their

viability was  measured.

2. Treatment of spores  wi th  T0A was performed at 40  G for 30

3. Insensitive.

4. Sensitive. The  colony count after treatment with the

chemical was less than one tenth of those of the corresponding

TCA-treated and control spores before  treatment.



Fig.  1 . Effect of the pH of  TCA-treatment. 
  Spores were treated with 61.2  mN TCA or 60  eN  AcON 

 at the indicated pH at 40 C for 30  min:  o,  HC1-NaOH; 
 o, TCA;  A, AcOH.



Table  a. Effect of treatment of spores of B. cereus T 

             with TCA-Na  and  HC1 on subsequent  germinationl: 

               Chemical2  t-Value3 

            Control 22.7  Min 

 TCA-Na4 18.6 

      HC1 22.3 

 A. TCA-Na HC1  - 5 

                  B. HC1  + TCA-Na 18.1 

         1. Germination of spores was induced by 0.05 mM L-alanine and 
         0.05 mM inosine in 0.1  M sodium phosphate buffer  (pH 8.0) at 30 C. 

         2. Spores were treated with TCA-Na, HC1 (0.27 N), TCA-Na followed 
        by treatment with  HC1 (A), or HC1 followed by treatment with TCA-Na 

         (B). Each treatment was carried out at 30 C for 30  min. 
         3. The value was obtained from curves of the optical density at 

        520  nm as described in the MATERIALS AND METHODS. 
        4. TCA-Na (61.2  mM) was prepared by  titration of TCA with N NaOH 

         to pH 7.0. 
         5. Not determined.

     Table  4. 

     Effect of various compounds on germination of 

     B.  cereus, T  spored 

 Compound Formula Retardation2 

 Trichloroacetic acid  CC13COOH  +F+ 
 Trifluoroacetic acid   CFsCOOH 44+ 
 Tribromoacetic acid  CBrsCOOH +++ 
 Dichloroacetic acid  CHC12COOH +++ 
 Dibromoacetic acid CHBr2COOH  ++ 
  2,3-Dibromopropionic acid CH2BrCHBrCOOH 

 2,3-Dibromobutyric acid  CH3CHBrCHBrCOOH 
 Acetic acid  CH3COOH 

Propionic acid  CH3CH2COOH  -
 n-Butyric acid  CH3CH2CH2COOH 

 Pivalic acid  (CHs)sCCOOH 
Malonic acid  CH2(COOH)2  - 
Glycine NH2CH2COOH  - 

 8-Alanine  NH2CH2CH2C0011  - 
 4-Amino-n-butyric acid  NH2CH2CH2CH2COOH 

   1. Treatment of spores with the indicated compounds was 
   carried out at 40 C for 30  min. 

   2. +,  ++,  +4+, Effective. Delayed germination occurred when 
' spores were treated with the indicated compound at 30  (+++), 

   60  (++), or 150 mM (+); -, Not effective. Delayed germination 
   was not observed when spores were treated with the indicated 

   compound at 300 mM.



- Table  5 . Protein, hexosamine, DPA and Calcium contents of TCA-

             treated and control spores of B. cereus  T1 

    Spores2 Protein  Hexosarrdne DPA Ca 

     Control spores 66.5 6.9 10.4 1.95 

       Spores  treated  with  .6.1  TC  A 58.5 6.7 10.6 1.60 

       Spores treated with 30.6  T  C  A  ' 57.5 6.8 10.5 1.58 
       Spores treated with 61.2  mM T  C  A 57.8 6.7  10.0  1.57 

          1.  Conteonts are shown as percentages of the dry weight of the spores. 
          2. TCA-treatment of spores was performed at 40 C for 30  min.



Fig.  2 . IR spectra of TCA-treated, reactivated, and control spores 
  of B. cereus T. Arrows indicate 1,325, 830  and 680  cm-1.



 Fig. 3 . Effect of the temperature 
  and period of heat-treatment in 

  reactivation of TCA-treated (61.2 
 mM, 40 C, 30  min) spores of B. 
  cereus  T.



 Thermogravimetric curve of 
     spores of B.  cereus T.

 Fig.417. Thermogravimetric curves of 
    TCA-treated  and control spores of 

    B. cereus  T.

Fig.  S. Pyrolytic gaschromatogram of TCA-
  treated and control spores of B. cereus  T. 

  Spores were applied to pyrolytic  gas-
  chromatograph before and after thermo-

  gravimetric analyses up to 150 C. Figures 
  in parenthesis show the amount of spores 
 (mg) applied. 

  Column: 2-m x 3-mm I.D. glass, PEG-6000 
        10 % + TPA, 185 C, 40 ml/min 

          helium. 

  Injection conditions: range 102 
                      temp. 200 C 

  Detector: Flame Ionization.





 Fig.  b. Effect of the concentration of TCA-treatment. Germination was performed at 
 30 C in 0.1 M sodium phosphate buffer (pH 8.0) containing 0.05 mM L-alanine and 

  0.05 mM inosine. (a) Germination profiles of dormant, heat-activated, and ALA-
  treated spores, with (solid lines) or without  (dotted  lines) TCA-treatment (30.6 
 mM, 30 C, 30  min); (b) Spores were treated at 30 C for 30  min at the indicated 

  concentrations of TCA. 

       Table . 

        Effect of TCA-treatment and subsequent heating on 

        germination of SDS-DTT-treated spores of B. cereus T1 

    Sporest-Value  (Min)                                   Without  lysozyme With  lysozyme 

   Control2 26.9 7.7 
 TCA-treated spores3 83.9  7.5 

     After  heating`' 26.0 

          1. Germination was estimated by measuring a decrease in OD at 
         520 nm in 0.1 M sodium phosphate buffer containing 0.05 mM L-

         alanine and 0.05 mM inosine with or without lysozyme (200  pg/ml). 
         2. Spores were treated with 0.5  7, SDS-10 mM  DTT in 0.1  M  NaC1 
 at  37  C  for  2  hr. 

         3.  TCA-treatment of spores was carried out with 30.6  mM TCA at 
         30 C for 30  min. 

         4. TCA-treated spores were heated at 50 C for 30  min.
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               ABBREVIATIONS  

AcOH acetic acid 

ALA L-alanine 

 DBrA  dibromoacetic acid 

DBrBuA dibromobutyric acid 

DBrPrA dibromopropionic acid 

DCA  dichloroacetic acid 

DCE  dichloroethanol 

DPA dipicolinic acid 

                 (pyridine-2,6-dicarboxylic acid) 

DTE dithioerythritol 

DTT dithiothreitol 

INO inosine 

 IR infrared absorption 

NaPB sodium  phosphate buffer 

 OD optical density 

PHB  Poly-o-hydroxybutyrate 

SDS sodium dodecyl sulfate 

TBrA  tribromoacetic acid 

TCA  trichloroacetic acid 

TFA trifluoroacetic acid 

TG  thermogravimetric analysis 

UV ultraviolet













   Table 1. Properties of B. cereus T spores treated 

               with TCA at various  concentrations) 

 Concn.of  TCA Viability Refractility Stainability Germinability  DPA  excreted 

 0 mM 100.0 % + - 100.0 % 0 % 

 15.3 95.0 + - 100.0 0 

 30.6 92.3 + - 42.9 0 

 45.9 92.6 + - 16.5 0 

 61.2 63.6 + - 10.0 4.8 

150.0 4.0  +2  +3 - 85.3 

300.0 --+ - 89.0 

1. Treatment of spores with TCA was performed at 40 C for 30  min. 
2. +, 55.2 %; -, 44.8 %. 
3. +, 52.7 %; -, 47.3 %.

Fig. 1. Effect of treatment of B. cereus T spores with TCA on 

  germination. Spores were treated with TCA at the indicated 
  concentrations at 40 C for 30  min. Then, germination of 

  treated and control spores was estimated by incubation at 
  30 C for 2 hr in the following germination media:  0, 0.1 M 

  sodium phosphate buffer  90-1  8.00 containing 0.05 mM L-ala-
 nine and 0.05  mM inosine;  •, buffer containing both compounds 
  at 0.5 mM;  A, nutrient broth containing 100  ug/m1 of chloram-

  phenicol.





Fig. 3. Germination profiles of TCA-treated and control spores of B. cereus T. 
  (a) Control spores; (b) Spores treated with TCA at 6.1  mM; (c) 30.6 mM; (d) 61.2 mM.





Fig. 4. Effect of treatment of spores of B. cereus T with TCA on 
  their heat-sensitivity. Heating was carried  out for 15  min at the 

  indicated temperatures. 

Table 2. Heat resistance of B. cereus T spores 

           treated with TCA at various  concentra-

          tions) 

 Concn.of TCA D90  (Min) 

         0 mM 540 

        6.1 150 

         30.6 28.3 

         61.2 11.5 

            1. Treatment of spores with TCA was performed 
            at 40 C for 30  min.



Table 3. Effect of chemical agents on TCA-treated 

          and control spores of B. cereus T1 

     ChemicalControl Spores treated with TCA2 at                 spores 6
.1 mM 30.6 mM 61.2 mM 

 NaOH 1 N  _3 +4 

 2  N 

 HC1  0.27  N 

      1. Treated and control spores (1  mg) were suspended in 10 ml 
      of aqueous sodium hydroxide or hydrochloric acid. The suspen-

      sions were incubated at 30 C for 2  hr,, and then centrifuged. 
      The precipitate was resuspended in deionized water and their 

      viability was measured. 
      2. Treatment of spores with TCA was performed at 40 C for 30 

 min. 
      3. Insensitive. 

      4. Sensitive. The colony count after treatment with the 
      chemical was less than one tenth of those of the corresponding 

      TCA-treated and control spores before treatment.

Table 4. Effect of lysozyme, trypsin, and protease on 

            TCA-treated, SDS-DTT-treated and control 

            spores of B. cereus T1 

   Spores Lysozyme Trypsin Protease 

 Control spores  -

  TCA-treated spores2  - 

      SDS-DTT-treated spores3 

       1. Treated and control spores (1 mg) were suspended in 10 ml 
      of 0.1 M sodium phosphate buffer  (pH 8.0) containing 200 pg/ml 

       of the indicated enzyme, and incubated at 30 C for 2 hr. 
       Enzyme sensitivity was tested by measuring the decrease in OD 

       of the suspension at 520 nm and the loss of viability  after 
       heating at 65 C for 15  min. +, Sensitive; -, Insensitive. 

       2. Treatment of spores with TCA was performed at 61.2 mM at 
      40 C for 30  min. 

       3.  Spores were treated with 0.5 %  SDS-10 mM DTT in 0.1  M  NaCl 
      at 37 C for 2 hr.





Fig. 5. Loss of DPA from spores 
  of B. cereus T by heating. 

  Spores were stored in a des-
 iccator at -15 C for 12 (7311 
 10), 24 (721106), or 40 months 

  (710705). Heating was carried 
 out for 30  min at the indicated 
  temperatures.



Fig. 6. Loss of DPA from TCA-

  treated and control spores of 
 B. cereus T by heating. 

  Heating was carried  out for 
 15  min at the indicated 

  temperatures.









Fig. 7. Diagrammatic representation of 

  germination curve.



Fig. 8. Effect of the pH of TCA-treatment. 

  Spores were treated with 61.2  mM TCA or 60  mM AcOH 
 at the indicated pH at 40 C for 30  min: o,  HC1-NaOH; 

 o, TCA;  A, AcOH.



Table 5. Effect of treatment of spores of B. cereus T 

            with TCA-Na and HC1 on subsequent  germination) 

               Chemical2 t-Value3 

            Control 22.7  Min 

 TCA-Nak  18.6 

      HC1 22.3 

               A. TCA-Na HC1  -5 

                B.  HCl TCA-Na 18.1 

          1. Germination of spores was induced by 0.05 mM L-alanine and 
         0.05 mM inosine in 0.1 M sodium phosphate buffer (pH 8.0) at 30 C. 

         2. Spores were treated with TCA-Na, HC1 (0.27 N), TCA-Na followed 
         by treatment with HC1 (A), or  HC1 followed by treatment with TCA-Na 

         (B). Each treatment was carried out at 30 C for 30  min. 
         3. The value was obtained from curves of the optical density at 

         520 nm as described in the MATERIALS AND METHODS. 
         4. TCA-Na (61.2 mM) was prepared by titration of TCA with N NaOH 

         to pH 7.0. 
          5. Not determined.



Fig. 9. Effect of the concentration 

  and temperature of TCA-treatment. 
  Spores were treated for 30  min with 

  the indicated concentrations of 
  TCA. Figures indicate the tempera-

  ture of TCA-treatment.

Fig.10. Effect of the period of  TCA-treatment. 
  (a) Spores were treated with 30.6 mM TCA at 20, 30, or 40 C for the 

      indicated periods. 
  (b) Spores were treated with 30.6 mM TCA at 30 C  (o-o) or with 61.2 

      mM TCA at 20 C  (•-.), for the indicated periods.



Fig. 11. Effect of temperature on the inter-
  action of TCA on B. cereus T spores 

  (Arrhenius plot). The k values, estimated 
  from  Fig.10a, were used as the rate func-

  tions.



   Table 6. 

    Effect of various compounds on germination of 

    B. cereus T  sporesl 

Compound Formula Retardation2 

 Trichloroacetic acid  CC13COOH +++ 
Trifluoroacetic acid  CF.COOH +++ 
Tribromoacetic acid  CBr3COOH  +++ 
Dichloroacetic acid CHC12COOH  +++ 
Dibromoacetic acid  CHBr2COOH ++ 

 2,3-Dibromopropionic acid CH2BrCHBrCOOH 
2,3-Dibromobutyric acid  CH.CHBrCHBrCOOH 
Acetic acid  CH.COOH  - 
Propionic acid  CH3CH2COOH  -
n-Butyric acid  CH3CH2CH2COOH 
Pivalic acid  (CH.).CCOOH 
Malonic acid  CH2(COOH)2 
Glycine  NH2CH2COOH 

E-Alanine  NH2CH2CH2COOH  - 
4-Amino-n-butyric acid  NH2CH2CH2CH2COOH 

 1. Treatment of spores with the indicated compounds was 
 carried  out at 40 C for 30  min. 

 2. +, ++,  +++, Effective. Delayed germination occurred when 
 spores were treated with the indicated compound at 30  (+++) ,  6

0  (++), or 150 mM (+); -, Not effective. Delayed germination 
 was not observed when spores were treated with the indicated 

 compound at 300  mM.











Table 7. Protein, hexosamine, DPA and Calcium contents of TCA-

          treated and control spores of B. cereus T1 

  Spores2 Protein Hexosamine DPA Ca 

   Control spores 66.5 6.9 10.4 1.95 

    Spores treated with  6.1  mM  T  CA  58.5  6.7  10.6 1.60 

    Spores treated with 30.6  mM  T  CA 57.5 6.8 10.5 1.58 

     Spores treated with 61.2  nti T  CA 57.8  6.7  10.0  1.57 

      1. Conteonts are shown as percentages of the dry weight of the spores. 
      2. TCA-treatment of spores was performed at 40 C for 30  min.





Fig. 12. IR spectra of bacterial spores. 

  (a) B. cereus T spores. 
  (b) B. megaterium QM B1551 spores  and 

      B. subtilis PCI 219 spores.







Table 8. Effect of salts in restoring the germinability of 

 TCA-treated spores of B. cereus  T1 

                                          Extent of germination3 
     Supplemented salts2 Control spores  TCA-treated spores 

 Disodium hydrogen phosphate  0.601  0.039 

    Dipotassium hydrogen phosphate  _4 0.041 

   Calcium chloride 0.525 0.074 

   Calcium acetate 0.562 0.055 

  Magnesium chloride  0.056 

  Strontium chloride 0.087 

       1. Spores were treated with 61.2  mM TCA at 40 C for 30  min. Treated 
       spores were thoroughly washed with deionized water and added to 50 mM 

       Tris-HC1 buffer (pH 8.0) containing 0.05 mM L-alanine and 0.05 mM 
 inosine. Germination was performed at 30 C for 60  min. 

       2. Germination medium was supplemented with the indicated salts at the 
       concentration of 20 mM. 

       3. 1 -  006./0Di 
       4. Not examined.



Fig. 13. Reactivation by heating of TCA-treated 
  spores of B. cereus T. Spores were treated with 

  TCA at the indicated concentration at 40 C for 
  30  min. Following separation and resuspension 

  in sodium phosphate buffer (0.1 M, pH 8.0) or 
  deionized water, the spores were heated at 50 C 

  for 30  min. Then, germination of spores was 
 estimated by incubation at 30 C for 1 hr in 

  the germination media.

Fig. 14. Germination profile of reactivated, 
  TCA-treated spores of B. cereus T. TCA-

 treated (61.2 mM, 40 C, 30  min) spores 
 were heated at 50 C for 30  min. Germination 
 was carried  out in 0.1 M sodium phosphate 
 buffer (pH 8.0) containing 0.05 mM L-ala-

  nine and 0.05 mM  inosine.



Fig. 15. Effect of the temperature 
  and period of heat-treatment in 

  reactivation of TCA-treated (61.2 
 mM, 40 C, 30  min) spores of B. 
  cereus T.



Fig. 16. IR spectra of TCA-treated, reactivated, and control spores 
  of B. cereus T. Arrows indicate 1,325, 830 and 680  cm-1.





Fig. 17.  Thermogravimetric curve of 
  spores of B. cereus  T.

Fig. 18. Thermogravimetric curves of 
  TCA-treated and control spores of 

  B. cereus T.



Fig. 19. IR spectra of TCA-treated spores 

  of B. cereus T.

Fig. 20. Pyrolytic gaschromatogram of TCA-
  treated and control spores of B. cereus T. 

  Spores were applied to pyrolytic gas-
  chromatograph before and after thermo-

  gravimetric analyses up to 150 C. Figures 
  in parenthesis show the amount of spores 

  (mg) applied. 

  Column:  2-m x  3-mm I.D. glass,  PEG-6000 
         10 % + TPA, 185 C, 40  ml/min 

           helium. 

  Injection conditions: range 102 
                       temp. 200 C 

  Detector: Flame Ionization.









Fig. 21. Two types of activated spores of B. cereus T. 
  ALA-treated spores, prepared by incubation with L-

  alanine, are sensitive to inosine. Heat-activated 
  spores, prepared by heating at 70 C for 30  min, are 

  sensitive to L-alanine and inosine. K and  NH4 

  inhibit germination at the indicated stages.





Fig. 22. Effect of the concentration of TCA-treatment. Germination was performed at 
  30 C in 0.1 M sodium phosphate buffer (pH 8.0) containing 0.05 mM L-alanine and 

  0.05 mM inosine. (a) Germination profiles of dormant, heat-activated,  and ALA-
  treated spores, with (solid lines) or without (dotted lines) TCA-treatment (30.6 
 mM, 30 C, 30  min); (b) Spores were treated at 30 C for 30  min at the  indicated 

  concentrations of TCA.







Table 9. Protein, hexosamine and DPA contents of SDS-DTT-

            treated spores of B. cereus  T1 

                              Protein  Hexosamine DPA 

       Spores 55.22 7.282 11.282 

       Supernatant 14.42 _3 

             1. Spores were treated with 0.5 %  SDS-10 mM DTT in 0.1 M 
            NaC1 at 37 C for 2 hr. 

             2. Contents are shown as percentages of the dry weight of 
               the spores. 

               3. Not detected.



Table 10. 

Heat resistance of B. cereus T spores 

treated with SDS-DTT. 

                   Colony-forming units3 

 Control' 2.27 ± 1.23 x 108/mg 

After heating2 1.68 ± 0.97 

1. Spores were treated with 0.5 %  SDS-10  mM 
 DTT in 0.1  M  NaCl at 37 C for 2 hr. 

2. SDS-DTT-treated spores were heated at  80  C 
for 10  min. 
3. Mean ± standard deviation (P=0.05).

Fig. 23. Effect of the concentration of TCA-treatment on  germinability of SDS-DTT-
  treated spores of B. cereus T. Germination was performed at 30 C in 0.1  M sodium 

  phosphate buffer (pH 8.0) containing 0.05 mM L-alanine and 0.05 mM inosine. 
  SDS-DTT-treated spores were treated with TCA at the indicated concentrations at 

  30 C for 30  min. (a) Germination profiles; (b) t value.



Table 11. 

Effect of TCA-treatment and subsequent heating on 

germination of SDS-DTT-treated spores of B. cereus T1 

                                  t-Value  (Min) S
poresWithout  lysozyme With lysozyme 

Control2 26.9 7.7 

TCA-treated spores3 83.9 7.5 

After  heating'' 26.0 

1. Germination was estimated by measuring a decrease in OD at 
520 nm in 0.1  M sodium phosphate buffer containing 0.05 mM 
alanine and 0.05 mM inosine with or without lysozyme (200  pg/ml). 
2. Spores were treated with 0.5 %  SDS-10 mM DTT in 0.1 M NaC1 
at 37 C for 2 hr. 
3. TCA-treatment of spores was carried out with 30.6 mM TCA at 
30 C for 30  min. 
4. TCA-treated spores were heated at 50 C for 30  min.



Fig. 24. Effect of TCA-treatment of egg 

 white lysozyme on the activity. The 
  enzyme was treated with 30.6  mM TCA at 

  40 C for 30  min. Lytic activity was 
  determined by measuring decrease in OD 

  at 520  nm of a suspension of Micro-

  coccus luteus cells after the addition 
  of the enzyme at the indicated concent-

  ration.

Table 12. 

Effect of  pretreatment  with TCA on lysozyme-digestion against 

Micrococcus luteus  cellsl 

 Concn.of Before heating After heating 
TCA (mM) V2 Extent3 V Extent 

Control  0.543±0.0364 100.0 0.417±0 .076 91.6±3.0 % 

   3.06 0.251±0.033 80.9±2.4 0.161±0.023 62.8±3.6 

   6.12 0.222±0.040 77.1±3.4 0.197±0.022 62.3±2.1 

  61.2 0.238±0.042 79.7±4.8 0.193±0.033 61.2±2.8 

1. Lyophilized cells of  M. luteus were treated with TCA at the indicated 
concentrations at 40 C for 30  min with or without subsequent heat-treat-
ment at 50 C for 10  min. TCA-treated cells were suspended in 5 mM  Tris-
HC1 (pH 8.0) to adjust an OD at 520 nm of 0.35. Lysozyme was added to the 
suspension (final concentration, 10  pg/m1), and the suspension was incubated 
at room temperature for 10  min. The rate and extent of lysozyme-digestion 
were estimated by measuring decrease in OD at 520 nm. 

2. Initial velocity. 
3. Extent of digestion after 10  min. 
4. Mean ± standard deviation  (P=0.05)
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    Abstract Spores of Bacillus cereus T treated with trichloroacetic acid  (6.1-61.2 
 nom) were compared with untreated spores, and as the concentration of the chemical 

   increased, the following alterations in spore properties were found: (1) the extent of 
   germination decreased irrespective of the germination medium used; (2) the spores 

   became sensitive to sodium hydroxide (1 N) and hydrochloric acid (0.27 N), but not 
   to lysozyme (200  lig/nil); (3) loss of dipicolinate increased on subsequent heating; 

   and (4) the spores became more sensitive to heat . However,  trichloroacetic acid-
   treated spores were still viable and there was no significant change in spore com-

    ponents. The mechanism of action of trichloroacetic acid is discussed. 

    Certain properties of bacterial spores are modified without loss of viability by 
alteration of the spore structure on treatment with various chemical agents. Waites 
et al (27) found that alkali treatment of spores altered their quantitative and quali -
tative requirements for induction of germination , and decreased the electron density 
of the spore coats but had no effect on  protoplasts . Gould and Hitchins (6) found 
that spores became sensitive to lysozyme when pretreated with thioglycolate at 

pH 3, and suggested that resistance of spores to the lytic enzyme was due to the 
impermeability of the coat to this protein . Keynan et al (13) found that exposure 
of spores to extreme pH values activated dormant spores, and Brown and Melling 
(5) demonstrated that similar treatment released dipicolinic acid (DPA) from spores 
and affected the dormancy of the spores. There are several reports that exposure of 
spores to an acid environment with (22) or without (1, 16, 19) a reducing agent 
resulted in loss of ions essential for dormancy (16), for resistance to heat (1, 22), and 
for germinability (19, 22). 

 Trichloroacetic acid (TCA) is a strong acid with a pKa value of less than 1, 
and aqueous TCA at various concentrations is used for extracting various  cellular 
components from cells and cell debris (23) . Warth et al (28) found that hot TCA 
released hexosamine from spore integuments . However, little is known about the 
effect of TCA on intact bacterial spores. The present paper reports that exposure 
of Bacillus cereus T spores to TCA changed their viability , germinability, and resis-
tance to heat and to chemicals.
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MATERIALS AND METHODS

   Spore preparation. Spores of B. cereus T harvested from G medium (8, 24) were 
washed repeatedly with centrifugation at 4 C, lyophilized, and stored in a desiccator. 

   Treatment of spores with TCA. Aqueous solutions of TCA were prepared just 
before use. Lyophilized spores (20 mg) were treated with 30 ml of various con-
centrations of TCA for 30  min at 40 C, washed once with 30 ml of chilled deionized 
water with centrifugation, resuspended in 5 ml of deionized water, and lyophilized. 

    Viable counting procedure. The viability of treated and control spores was deter-
mined by measuring colony-forming ability. For this, appropriately diluted samples 

(0.1 ml) were plated on nutrient agar (Difco), and after 24 hr incubation at 30 C, 
colonies were counted. 

    Germination. Treated and control spores (0.5 mg) were suspended in 5 ml of 

germination medium and incubated at 30 C for 2 hr. The germination media 
used were nutrient broth (Difco) containing 100 pg/ml of chloramphenicol (P-L 
Biochemicals), 0.1  M  sodiuM phosphate buffer (pH 8.0) containing 0.05  mm L-
alanine and 0.05  mm inosine (Kohjin), and the same buffer containing 0.5  mm 
concentrations of the two compounds. Germination was measured as a decrease in 
optical density (OD) of the spore suspension at 520 nm in a Coleman Junior II 
spectrophotometer, model 6/20. The extent of germination was calculated as  [1  — 

(0D2/0Di)], where ODi is the initial OD and  OD2 is the value after 2 hr incuba-
tion, and the value for treated spores was expressed as a percentage of that for 
control spores. 

    Resistance to chemicals. Treated and control spores (1 mg) were suspended 
in 10 ml of aqueous sodium hydroxide (1 or 2 N) or hydrochloric acid (0.27 N), or 
in 10 ml of the phosphate buffer containing 200 pg/ml of lysozyme (Seikagaku 
Kogyo). The suspensions were incubated at 30 C for 2 hr, and then centrifuged 

(15,000 rpm for 2  min). The precipitate was resuspended in deionized water and 
adjusted to an OD of about 0.25, and their viability was measured as described 
above. Enzyme sensitivity was also tested by measuring the decrease in OD of the 
suspension at 520 nm. 

    DPA release. DPA release on heating was estimated as follows. Treated and 
control spores (1 mg) were suspended in 10 ml of deionized water and heated at 
80, 85, 90, 95, or 100 C for 15  min. The spores were removed by centrifugation 

(10,000 rpm for 15  min) and the amount of DPA in the supernatant fluid was esti-
mated by measuring the absorption at 270 nm in a Union High Sensitivity Split-
beam spectrophotometer, model  SM-401, using cuvettes of a 1-cm light path. The 
value was then deduced from a standard curve prepared using 0-15 pg DPA (Sigma) 

 /M1. The precipitated spores were resuspended in deionized water and their viability 
was measured. 

    Chemical analyses. The protein content of spores was estimated by the method 
of Herbert et al (9); the hexosamine content was measured by the method of Rondle 
and Morgan (21) after acid hydrolysis with 6 N hydrochloric acid at 100 C for 15 
hr; and the DPA content was measured by the method of Janssen et al (11).
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   Chemicals. Unless otherwise indicated, TCA and other chemicals were pur-

chased from Wako Pure Chemical Industries Ltd. Yeast extract was from Difco 

Laboratories.

RESULTS

 Colony Formation of Spores Treated with TCA 
   Results concerning colony formation of spores on nutrient agar , after treatment 

with various concentrations of TCA, are given in Table 1. Treatment with  6 .1-
45.9  mm TCA had no effect on the colony forming ability of spores . However,

Table  I. Effect of treatment of B.  cereus T spores with 

    TCA on colony formation on nutrient  agar')

 Concn. of TCA No. of survivors 

       Control  2.58  x  108/mg spores 
     15.3  mm 2.45 

   30.6 2.38 
   45.9 2.39 
   61.2 1.64 
 '0 Spores were treated with TCA at the indicated con-

centrations at 40 C for 30  min.

Fig. 1. Effect of treatment of B. cereus T spores with TCA on colony development on nutrient 
 agar. Control spores (A) and spores treated with TCA at 6.1 (B), 30.6 (C) , and 61.2  mm (D) 

 at 40 C for 30  min were incubated on nutrient agar at 30 C for 24 hr .
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treatment with 61.2  mm TCA slowed down the development to normal colonies and 

partially inhibited colony formation. During the following 24 hr incubation, no col-
onies were newly formed. Typical profiles of colony development of TCA-treated 
and control spores after 24 hr incubation are shown in Fig. 1. Spores treated with 

6.1 or 30.6  mm TCA formed normal colonies, but spores treated with 61.2  may 

TCA formed small colonies of various sizes.

Germination of  TCA-Treated Spores 
   Figure 2 shows the relation between the extent of germination of TCA-treated 

spores and the concentration of TCA. The extent of germination decreased with 
increase in TCA concentration of more than 15.3  mm. Spores treated with 61.2 

 mm TCA did not germinate within 2 hr. The decrease in the extent of germination 
was not affected by the type of germination medium used. 

   Since the pH range of the TCA solution used was from 1.3 to 2.3, the observed 
effect might be due simply to the pH, i.e. the proton concentration but not to the 
overall acid concentration, during TCA-treatment. 

   Table 2 shows the extent of germination of spores treated with TCA at different 

pH values. The pH values indicated were adjusted by titration with sodium

 Fig. 2. Effect of treatment of B. cereus T spores with 
   TCA on germination. Spores were treated with TCA 

   at the indicated concentrations at 40 C for 30  min. 
   Then, germination of treated and control spores was 
   estimated by incubation at 30 C for 2 hr in the follow-

   ing germination  media  : 0, 0.1  M sodium phosphate 
   buffer (pH 8.0) containing 0.05  mm L-alanine and 

   0.05  mm inosine;  0, buffer containing both compounds 
   at 0.5  mm;  A, nutrient broth containing 100  pg/m1 of 

   chloramphenicol.
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Table 2. Effect of pH during treatment of B. cereus T spores 

     with TCA on germination

 pR,9 Concn. of TCA Extent of  5) 

germination

1.6

2.0

3.0

0  mm 

30.6 

15.3 
61.2 

61.2

100.0% 
42.9 

100.0 
29.8 

100.0
   a) The pH values indicated were adjusted by titration 

with sodium hydroxide or hydrochloric acid. 
 5) Germination of treated spores was estimated by 

incubation at 30 C for 2 hr in 0.1  M sodium phosphate buffer 
(pH 8.0) containing 0.05  mm L-alanine and 0.05  mm inosine.

hydroxide or hydrochloric acid. Low pH-treatment tested without TCA had no 
effect on germinability of spores, whereas treatment with TCA (30.6  mm, pH 1.6) 
caused reduction in the extent of their germination . At pH 2.0, treatment of spores 
with 15.3  mm TCA did not affect their germination , whereas treatment with 61.2 

 mm  TCA caused marked reduction in the extent of germination . At pH 3.0, 
61.2  miss TCA also had no effect on germinability of spores.

Resistance to Chemicals 

    Results concerning the resistance of TCA-treated and control spores to various 

chemicals are summarized in Table 3. Spores treated with 6 .1  miss TCA, as well 
as control spores, were resistant to both 1 N sodium hydroxide and 0 .27 N hydro-
chloric acid, whereas spores treated with 30.6  miss TCA were not resistant to 1 N 

sodium hydroxide and spores treated with 61.2  mm TCA lost their resistance to both 

chemicals. TCA-treated and control spores were not resistant to 2 N sodium 
hydroxide.

Table 3. Effect of chemical agents on TCA-treated and control spores 

               of B. cereus T

Chemical
Control 
spores

Spores treated with TCA at

6.1  mss 30.6  mm 61.2  mss

NaOH  1  N 
 2N 

 HCl 0.27 N 
Lysozyme 
 200  pg/m1e)

  a)
 +b)

    a) Insensitive . 
   b) Sensitive . The colony count after treatment with the chemical was less than 

one tenth of those of the corresponding TCA-treated and control spores before 
treatment. 

 0) Enzyme sensitivity was tested by the decrease in OD of the suspension at 

520 nm during treatment of TCA-treated and control spores with  the enzyme .



344 H. SHIBATA ET AL

Fig. 3. Loss of DPA from TCA-treated 

 and control spores  of  B.  cereus  T by heating. 
 Heating was carried out for 15  min at the 

  indicated temperatures.

Fig. 4. Effect of treatment of spores of B. 

 cereus T with TCA on their heat-sensitivity. 

 Spores were heated as described for Fig. 3.

   The effect of lysozyme on spores treated with TCA was also studied. Treatment 

with TCA had no effect on the sensitivity of spores to the enzyme.

Release of DPA and Loss of Viability by Heating 
   Figure 3 shows the effect of temperature on the release of DPA from TCA-

treated and control spores. At 90 C, spores treated with 61.2  mm TCA lost some 
DPA, but spores treated with lower concentrations of TCA did not lose DPA. At 
95 C, the degree of loss of DPA increased with increases in the concentration of TCA 
used in treatment of the spores. At 100 C, all spores lost a lot of DPA, irrespective 
of whether or not they had been treated with TCA. 

   The heat-sensitivity of TCA-treated spores was also examined. As shown in 
Fig. 4, TCA-treatment increased the heat-sensitivity of the spores.

Table 4. Protein, hexosamine, and DPA contents of TCA-treated and control 

                   spores of B. cereus T

Spores Protein Hexosamine DPA

Control spores 
Spores treated with 6.1  mss TCA 

Spores treated with 30.6  mm TCA 
Spores treated with 61.2  mm TCA

66.5a) 

58.5 

57.5 

57.8

6.9a) 

6.7 

6.8 

6.7

 10.4a) 

10.6 

10.5 

10.0

 a) Contents are shown as percentages of the dry weight of the spores .
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Contents of Protein, Hexosamine, and DPA 
   The contents of various components in control spores and spores treated with 

6.1, 30.6, and 61.2  mm TCA were determined. The protein in spores treated with 
6.1-61.2  mm TCA was 8-9 per cent less than that of control spores. TCA-treatment 
did not affect the hexosamine content, but treatment with 61.2  mm TCA caused slight 
loss of DPA. The results are summarized in Table 4. Although there were slight 
differences in the values for control and TCA-treated spores, the results show that 
TCA had little effect on the contents of these components.

DISCUSSION

    In this work,  TCA-treatment was found to cause marked alterations in spore 

germinability (Fig. 2) and resistance to chemicals (Table 3) and to heat (Fig. 4). 
However, despite these alterations in the properties of spores, TCA-treatment caused 
no significant change in spore components (Table 4). 

    A progressive decrease in the extent of germination was observed in spores 
treated with TCA at increasing concentrations of 15.3 to 61.2  mm, irrespective of 
the germination medium used (Fig. 2). This effect of TCA depended on its anion 
concentration rather than on the proton concentration (Table 2). Spores treated 
with 61.2  mivi TCA did not germinate within 2 hr. However, after this treatment 
a considerable proportion of the spores was still viable (Table 1), indicating that they 
retained the ability to germinate and to develop further. Therefore, this result 
indicates that a decrease in the extent of germination of TCA-treated spores 
resulted from retardation of germination but not from loss of germinability. This 

possibility is supported by the finding that colony development was delayed by treat-
ment of spores with 61.2  mivi TCA. 

   It has been reported that an acid environment results in activation of spores, 
with (5) or without (13) loss of DPA. On the other hand, treatment with glutar-
aldehyde inhibited germination of Bacillus pumilus spores and reduced the degree of 
DPA loss on subsequent heating at 100 C for 10  min (25). In contrast, treatment of 
B. cereus T spores with TCA (in this work) deactivated them for germination but 
increased  the degree of DPA loss on subsequent heating at 95 C for 15  min. 

   Treatment with TCA also increased the sensitivity of spores to chemical agents 

(Table 3) and heat (Fig. 4). It is thought that the spore coats protect spores against 
lysis and killing by chemical agents or lytic enzymes (2, 6, 7, 14, 27, 29). Studies 
on the ultrastructure of spores treated with various chemicals demonstrated modi-
fication of the coats leading to disruption of normal permeability barriers (15, 20, 

 26)  ; moreover, disintegration of the coats resulted in inactivation of the spores 

(18). It is likely, therefore, that some denaturation of the coats by TCA resulted in 
increased sensitivity to chemical agents, but after this denaturation of the coats, the 
spores were still resistant to lysozyme (Table 3), indicating that they were still im-

permeable to the macromolecule. This assumption is supported by the finding that 
TCA denatured an outer cell membrane of Euglena gracilis, thus increasing the pene-
tration of the acid into the cells (4).
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   Exposure of spores to an acid environment resulted in a loss of ions essential for 
dormancy (16), for resistance to heat (1, 22), and for germinability (19, 22). In 
this regard, although it has not investigated it is likely that removal of certain ions 
by treatment of spores with TCA increases their heat-sensitivity. With the reduction 
in the germinability of spores treated with TCA, however, this assumption is not 
applicable because spores exposed to an acid environment retained their ability to 

germinate in a phosphate buffer (pH 8.0) containing L-alanine and inosine (19). 
   TCA and related compounds are known to denature proteins and to dissociate 

many proteins into monomers. For example, a helix-coil transition of polypeptides 
was attributed to the action of TCA (17) or  dichloroacetic acid (12, 17), and the 
a-helical conformation of a fibrous polypeptide was converted to a p-conformation 
by treatment with trifluoroacetic acid (30). Brambl and Handschin (3) demon-
strated that treatment of intact mitochondria with TCA before extraction with deter-

gent caused conversion of higher molecular weight components to lower molecular 
forms. 
   Low pH values are known to alter the tertiary structure of proteins, and Keynan 
et al (13) have shown that B. cereus spores, heated at pH 1 for increasing periods of 
time in excess of 20  min, rapidly lost their ability to germinate with L-alanine plus 
adenosine, but were not killed. Holmes et al (10) have pointed out the possibility 
that a spore component, essential to L-alanine plus adenosine-induced germination 
of B. cereus spores, was heat-sensitive at low pH values. 

   TCA itself has two different  properties: it is a strong proton donor and it is a 
lipophilic acid anion. Brinkmann (4) suggested that the anion of TCA interacts 
with an outer cell membrane and then the proton diffuses through the denatured 
membrane to kill the cell. Hence, it is proposed that the alterations in the properties 
of B. cereus T spores by treatment with TCA are due to changes in structural confor-
mations of the coat protein, probably caused primarily by the acid anion of TCA 
and secondarily by its proton.
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Abstract Treatment of Bacillus cereus T spores with  trichloroacetic acid delayed 

their germination. The extent of retardation depended on the concentration of 

 trichloroacetic acid, and the temperature, pH and duration of treatment. The 

effect was completely reversed by subsequent heating, and this restoration of germ-

ination also depended on the temperature and duration of heat treatment. Fourteen 

compounds were examined for their ability to suppress germination of spores. The 

halogenated fatty acids tested, such as trifluoro-, tribromo-, and dichloroacetic 

acid, caused suppression of germination, whereas other compounds, i.e., free fatty 

acids and amino acids, did not. It is concluded that the charge distribution of fatty 

acid molecules is important for their effect in suppressing germination of spores.

   Curran and Evans (3) found that dormant spores could be activated by heat 
treatment. Since then various treatments, such as exposure to water vapor (8), 
aqueous ethanol (6), and extreme pH values (9, 15), have been found to activate 
spores. These treatments, however, are also known to cause suppression of germi-
nation of spores without loss of viability. For example, spores  of  Clostridium  perfringens 
were inactivated by heat (2, 4) or by alkali  (4). Bacillus cereus spores, when heated 
at low pH, rapidly lost their germinating ability (9). In addition, Holmes and 
Levinson (6) demonstrated that ethanol-activated spores of Bacillus megaterium 
were deactivated by absolute alcohol. 

   We are interested in the influence of organic acids, such as trichloroacetic acid 

(TCA), on germination. It is known that hexosamine can be extracted from spore 
integuments by TCA at high temperature (16), but little is known about the actual 
effects of TCA on intact bacterial spores. We found that treatment of B. cereus 
spores with TCA prevented initiation of their germination  (13). The present paper 
describes studies on the effect of various conditions of TCA treatment on germination 
of B. cereus spores and reversal of the effect by heat. Studies on the effects of TCA 
analogues on germination are also described and the relation of the structure of 
chemicals to their ability to lower the rate of germination of spores is discussed. 

                              291
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MATERIALS AND METHODS

   Spore preparation. B. cereus T spores were prepared as described previously 

(14), lyophilized and stored in a desiccator before use. 
    Treatment of spores with chemicals. Aqueous solutions of TCA or other chemicals 

were prepared just before use. Spores (2 mg, dry weight) were treated with 3.0 
ml of solutions of the test chemicals at various concentrations as indicated in the 
text. Then the spores were washed once with 3.0 ml of chilled, deionized water 
by centrifugation in an Eppendorf Microfuge, model 3,200, for 2  min (15,000 
rpm) and the resultant pellet was resuspended in 0.1  M sodium phosphate buffer 

(pH 8.0). For examination of the reactivation of TCA-treated spores by heat, 
the spore suspension was heated at 40, 45 or 50 C for various periods. 

    Germination. Suspensions of treated and control spores were mixed with 

phosphate buffer containing L-alanine and inosine, adjusted to an optical density 
(OD) of 0.25 at 520 nm in a Coleman Junior II spectrophotometer, model 6/20, 
and incubated with occasionally shaking at 30 C. The final concentrations of 
L-alanine and inosine were 0.05  mm. Germination was estimated by measuring 
the decrease in OD at 520 nm as described previously (12). 

   Germination was usually expressed as  ODt/ODt, where  ODt is the initial OD 
and  ODt is the value after incubation for t  min. To compare the rate and extent 
of germination, we used values of t and  (1—  ODf/ODt). The value t is the time of 
incubation, at which the value obtained by numerical differentiation of  (1  —ON 

 ODt) with respect to a unit time (1  min) is maximal, required before germination 
at the maximum rate.  ODf/ODt is the final value of  ODt/ODt. When germi-
nation was not complete within 4 hr,  ODf was usually takes as the OD after 4 hr. 

   Chemicals. Inosine was purchased from Kohjin Co., Ltd; yeast extract was from 
Difco Laboratories; dibromoacetic acid, tribromoacetic acid, 2,3-dibromopropionic 
acid and 2,3-dibromobutyric acid were from Nakarai Chemicals Ltd., TCA and 
other chemicals were purchased from Wako Pure Chemical Industries, Ltd.

                             RESULTS 

Effect of Temperature during Treatment with TCA on Spore Germinability 
   Typical time courses of germination of control spores and spores treated with 

TCA for 30  min at 30 and 40 C are shown in Fig. la and b, respectively. The time 
required for initiating germination was longer at higher concentrations of TCA 
and at the higher temperature. When spores had been treated under severe 
conditions, such as with 30.6 mu or 61.2 mu TCA at 40 C for 30  min, the distribution 
of their germination times in germination medium became widely scattered. These 
results suggest that the effect of TCA on spores is dependent not only on the con-
centration of TCA but also on the temperature of treatment. 

   This observation was confirmed by treating spores with various concentrations 
of TCA at different temperatures (15-40 C) for 30  min, and then examining their
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Fig. 1. Germination of control and TCA-treated spores of Bacillus cereus T. Spores 
 were treated at 30 (a) or 40 C (b) for 30  min with the indicated concentration of TCA.

E

           0 50 100 150 200 250 dicate the temperature of TCA treatment. 
                   Concentration of TCA  (ni  m) 

germination (Fig. 2). Values of t, representing the rate of germination, were 
calculated from data on the time courses of germination. The t values increased 
linearly with increase in the concentration of TCA, and as shown in Fig . 2 the 
slopes of the lines increased with increase in the temperature of TCA treatment. 
Thus these results confirm that the effect of TCA on the spores is dependent on the 
concentration of TCA and the temperature of treatment.

Fig. 2. Effects of the concentration and 

 temperature of TCA treatment. Spores 

 were treated for 30  min with the indi-

 cated concentration of TCA. Figures in-

 dicate the temperature of TCA treatment.

Effect of pH during  Treatment with  TCA on Spore Germinability 
   The effect of pH during  TCA treatment of spores had not been known, although 

treatment at a low pH without TCA has been found to have no effect on the germi-
nation of spores  (13). 

   For examination of this problem, spores were treated at 40 C for 30  min with 
61.2  mm TCA adjusted to pH values of 1.5-7.0 with 1.0 N sodium hydroxide , and 
their germination was then determined by monitoring the decrease in OD during
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Fig. 3. Effect of the pH of TCA 

 treatment. Spores were treated 

 with 61.2  mm TCA at the indicated 

 pH at 40 C for 30  min.
1

pH

I.-.---e

, I     24

Fig. 4. Effect of the length of 
 TCA treatment. Spores were 

 treated with 30.6  mm TCA 
 at 30 C  (Q) or with 61.2  mm 

 TCA at 20 C  (0), for the in-
 dicated periods.

incubation at 30 C for 4 hr. As shown in Fig. 3, the t values increased markedly when 

the spore swere treated at below pH 3.0, but decreased, rather than increasing, on 

treatment with TCA at pH 4.0-7.0. These results suggest that the effect of TCA 

is due not only to the TCA anion, but also to a high concentration of proton.

Effect of the Length of the Treatment with TCA on Spore Germinability 
   Next we examined the effect of the length of the incubation period on TCA 

treatment of spores. Figure 4 shows that the t value initially increased with increase 
in the period of incubation with TCA. After treatment with 61.2  mm TCA at 
20 C, increase in the t value became slower after 5 hr, when the t value was about 
half the maximum t observed after 24-hr incubation. After treatment with 30.6 

 mm TCA at 30 C, the maximum t value was observed after 6-hr incubation. After
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Concentration 
 of TCA  (mm)

Extent of germination after 1-hr incubation

Before heating After  heatine

Control 

 15.3 

 30.6 

 45.9 

 61.2

0.7130) 

0.659 

0.065 

0.060 

0.049

(100.0%) 
(92.4) 
 (9.1) 
 (8.4) 
 (6.9)

 0.715e) 

 0.717 

 0.713 

0.720 

0.714

(100.0%) 
(100.3) 
(99.7) 

(100.7) 
(99.9)

    a) 
 1,) 

(0.1  NI, 
    C)

Spores were treated with TCA at the indicated concentration at 40 C for 30  min. 
TCA-treated spores were heated at 50 C for 30  min in sodium phosphate buffer 

pH 8.0). 
1—  OD60/0Di•

2.0

2 1.5 

 0

 1.0
Fig. 5. Effect of the temperature and length 

 of heat treatment in reactivation of TCA 
 treated (61.2  mm, 40 C, 30  min) spores 

 of Bacillus cereus T.

treatment with 61.2  mm TCA at 30 or 40 C, 
not shown).

the t value increased more rapidly (data

Reactivation of  TCA-treated Spores by Heating 
   When spores that had been treated (40 C, 30  min) with various concentrations 

of TCA were heated (50 C, 30  min) in phosphate buffer (pH 8.0) and then incubated 
in germination medium, they all germinated completely within 1 hr (Table  1). 
This result indicates that the germinability of TCA-treated spores is restored by 
heating. 
   The effects of the temperature and length of heat treatment on reactivation of 
TCA-treated spores (61.2  mm, 40 C, 30  min) are shown in Fig. 5. The t values 
decreased as a function of the length of heat treatment. Moreover the heating
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Table 2. Effects of various compounds on germination of Bacillus cereus T sporesa)

Compound Formula  Retardationb)

 Trichloroacetic acid 
Trifluoroacetic acid 
Tribromoacetic acid 

 Dichloroacetic acid 
Dibromoacetic acid 
2,3-Dibromopropionic acid 
2,3-Dibromobutyric acid 
Acetic acid 
Propionic acid 
n-Butyric acid 
Pivalic acid 

 Malonic acid 
Glycine 
 P-Alanine 
4-Amino-n-butyric acid

CC13COOH 
CF3COOH 
CBr3COOH 
 CHC12COOH 
CHBr2COOH 
CH2BrCHBrCOOH 
CH3CHBrCHBrCOOH 
CH3COOH 
CH3CH2COOH 
CH3CH2CH2COOH 
 (CH3)3CCOOH 
 CH2(COOH)  2 

 NH2CH2  COOH 
NH2CH2CH2COOH 
NH2CH2CH2CH2COOH

 +++ 

 + 

 ++

   a) Treatment of spores with the indicated compound was carried out at 40 C 

for 30  mM. 
    b)  ++ ,  ±±±, Effective. Delayed germination occurred when spores 

were treated with the indicated compound at 30  (±  ±), 60  (+  ±) or 150 
 mM  (+); —, Not effective. Delayed germination was not observed when spores 

were treated with the indicated compound at 300  mm.

period required for reactivation of TCA-treated spores decreased with increase in 

temperature; for instance, the period required at 45 C was about one-third of that 

needed at 40 C.

Effect of Treatment with TCA Analogues on Spore Germinability 
   The ability of 14 compounds to lower the rate of germination of spores was 

examined. As shown in Table 2, all halogen-substituted fatty acids tested were 
effective, trifluoro-, tribromo-, and dichloroacetic acid being as effective as TCA. 
Dibromoacetic acid was more effective than 2,3-dibromopropionic acid or  2,3- 
dibromobutyric acid. The other compounds tested, which were fatty acids and 
amino acids, were not effective, even at a concentration of 300  mM.

                            DISCUSSION 

   The germination properties of bacterial spores can be modified without loss 
of viability by treatment with various agents (2-9, 15). We found previously 

(13) that treatment of spores with TCA caused marked reduction in germinability 
and in resistance to chemicals or heat. Reduction in the extent of germination 
was observed irrespective of the germination medium used. 

   In the present work, we demonstrated the following characteristics of the effect 
of TCA treatment on B. cereus T spores with regard to their germinability: (i) Ex-

posure of spores to TCA results in delayed germination (Fig.  1). (ii) The effect
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of TCA depends on its concentration and the temperature (Fig . 2), pH (Fig. 3) 
and length of treatment (Fig. 4). We also found that the effect of TCA on germina-
tion of spores is completely reversed by subsequent heating (Table 1 and Fig. 5). 

    It has been reported that the normal lytic system responsible for cortical de-

gradation during germination is inactivated by heat (2, 4, 5) or alkali (4) and that 
the damaged spores require the addition of either lysozyme or a cortex lytic enzyme 
for restoration of their germination (2, 4, 5). The present results, however, indicate 
that the suppression of germination caused by TCA is reversible and that the TCA -
treated spores retain the normal system for utilization of metabolizable germinants . 

   Finally, we obtained evidence that the charge distribution in fatty acids is 
important for their effect in suppressing germination of spores. Our evidence 
for this is that (i) of the fatty acids tested , all the halogenated fatty acids suppressed 
germination, but other compounds, i.e., free fatty acids and amino acids, did not; 
(ii)  dichloro- and  tribromoacetic acid were more effective than dibromoacetic 
acid; (iii) all halogenated acetic acids were much more effective than 2,3-dibromo-
propionic acid or 2,3-dibromobutyric acid. Thus, substitutions which tended to 
withdraw electrons from the carboxyl group increased the effectiveness. In the 
case of halogenated acetic, propionic and butyric acids, however , the differences in 
effectiveness could be due to the steric effect of the hydrophobic moieties of the 
molecules. 
   When B. cereus spores were heated at pH 1 for more than 20  min , they rapidly 
lost their ability to germinate with L-alanine plus adenosine but were still able 
to grow on a rich medium (9). Holmes et al (7) suggested that this might be 
because some spore component that is essential for germination induced by these 
two compounds is heat sensitive at extremely low pH values. 

   Nakajima and Hayashi (10) demonstrated a coil-helix transition of certain 
polypeptides in DCA/DCE1 or  TCA/Ac0H1: at lower temperature, hydrogen 
bonds between DCA or TCA and peptide residues are in a coiled  conformation , 
whereas at higher temperature, these hydrogen bonds are broken and the peptide 
residues form intramolecular hydrogen bonds giving a helical structure such that the 
molecules can form dimers. This possibility cannot directly explain the interaction 
of TCA with spores, but it seems likely that similar conformational changes in spore 
components result in inactivation of the normal functional system for germination . 

   TCA itself has two different  properties  : it is a strong acid with a pKa of less than 
1 and it is a lipophilic acid anion. Brinkmann (1) demonstrated that the anion of 
TCA interacts with the outer cell membrane of Euglena gracilis. This interaction 
of the acid anion with the membrane presumably involves binding of TCA molecules 
to some protein in the membrane (11). It seems likely, therefore, that suppression 
of germination of B. cereus spores by TCA results from modification of certain spore 
components that are essential for germination at extremely low pH after change 
in permeability of the spore coat(s) induced by the action of the acid anion (13).

1 DCA
,  dichloroacetic acid; DCE,  dichloroethanol; AcOH, acetic acid.
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BacilluscereusTの 芽胞 形成 において,芽 胞 形成培地 にグ リシンを高濃度に添加 した

場合,形 成 された芽胞(グ リシン芽胞)は,グ リシンを添加 しない芽胞形成培地で形成 さ

れた芽胞(正 常芽胞)よ り低 い熱抵抗性 を示 した。

これ ら両芽胞 は,heatactivation(70C,30分)を 行 つた後,発 芽始動物 としてL・ アラ

ニ ンを用 いた場合 の,発 芽時培養温度,発 芽培地の液性の影響,お よび,D・ アラニンによ

る発芽阻害,ま た,両 芽胞 の発芽始動物 としての レ ア ミノ酸に対す る要求 につ いて,検

討 した。 その結果,発 芽時培養温度,発 芽培地 の液性 が発芽 にお よぼす影響 は,両 芽胞 は,

ほぼ同様 の成績 を示 した。 しか し,次 の二点 において両芽胞 のあいだに相違 が認 められた。

1)正 常芽胞 において発芽始動活性 が認 め られ た レ ア ミノ酸(ア ラニン,シ ステイン,

メチオニ ン,セ リン,ト レオニン,バ リン,イ ソロイシン,ロ イ シン,グ ル タ ミン)の う

ち,ト レオニン,バ リン,イ ソロイシン,ロ イシ ンの4種 は,グ リシン芽胞 では発芽始動

活性 が著 しく低下 していた。

2)L一 アラニ ンに よる発芽 のD・アラニンに よる阻害 が,正 常芽胞 よ りもグ リシン芽胞 に

強 く発現 した。1

これ らの事実 は,B.cereusTに おいて,芽 胞 形成 過程 に高濃度 グ リシンを作用 させ る

ことによ り,芽 胞発芽機構 に本質的変化 は生 じないが,発 芽始動物認識部位に立体構 造上

の変化 を生 じる とい うこ とを示唆 して いる。

休眠状態の芽胞は種 々の環 境条 件に対 し強固な抵抗性

を示すカミ,適 当 な条 件下では,発 芽 とい う過程 を経 て,臨

芽胞 は休 眠状 態か ら強い代謝活性 を示す状 態へ と変化す

る。 この発芽 は芽胞 独特 の生長様式 であ り,逐 次 的ある

いは平行 して生 じるい くつかの反応 か ら構 成され た芽胞

構 造の破壊過 程であ る3)。 発芽時に生 じる反応 の結果発

現す る様 々の現象のkineticsは 休眠芽胞 の活性化 の程

度1・4・7),発芽 時培養温度 あるいは培地 の液性6・8)といつ

た環境因子に よ り大 き く影響 を 受 け る。Levinsonと

Hyatt5)に よれ ば,こ のよ うなkineticsの 差 は芽胞 形

成 培地の相違 に よつて も生 じると報告 され てい る。

著者 らは,自 然界 に広汎 に分布 し,か つ最 も簡単 な構

造 の ア ミノ酸 で あるグ リシンを高濃度に添 加 した芽胞 形

成培 地におい て芽胞 形成 を行い,得 られた芽胞 を,グ リ

シ ンを含 まない芽胞形成培地が ら得 られた芽胞 と比 較,

検討 した。 その結果,両 者 の間に熱抵 抗性 お よび発 芽現

象 のkineticsに おい て差異の あることが認 められ た。

そ こで,発 芽 に対す る環境因子の影響 を比較 し,発 芽機

構 に対す るグ リシンの作用 を検討 したので報告す る。

材料と方法

使 用菌 種 お よび 芽胞 形 成 培 地:本 実験 に 使用 した 菌種

はBacillusCQYEZGSTで あ る。

継 代 培 養,熱 抵 抗性 測 定 のた めのplating用 培 地 と

して 普通 寒 天 培 地 を使 用 した 。 増 殖 お よび 芽 胞 形 成 培

地 と してmodi丘edG培 地2)を 使用 した。 培 地 組 成 は

(NH.4)zSOa,0.4g;MgSOa,0.0&g;MnSO4,0.01g;

ZnSOa,0.1mg;FeSOa,0.1mg;CuSOa・5HzO,1.0
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mg;酵 母 エ キ ス(DifcoCo.),0.2g;K2HPO4,0.1g;

CaC12,0.01g;glucose,0.4g;再 蒸 留 水,itで あ る。

芽 胞 形 成:B.cereusTの 保 存 菌 種 を斜 面 普 通 寒 天 培

地 に接 種 し,15時 間 培養 した後,2白 金 耳 を芽 胞 形 成 培

地(坂 口式 フ ラ ス コ,容 量500mlに 培 地200mZを 含

む)に 懸 濁 し,30C,4.5時 間振 盪 培 養 を行 つ た 。 次 に,

この 培養 液20mlを 新 鮮 な芽 胞 形 成 培 地200mlに 植

え継 ぎ,30C,2.5時 間 振 盪 培養 を行 つ た。 同様 の条 件

で再 び 植 え継 ぎ を行 い 最 終 培 養 を行 つ た 。振 盪 培 養 器

は,い わ しや 製 往 復 式 振 盪 器 を用 い,150rpmで 行 つ

た 。

芽胞 形 成 は 約30時 間 で 終 了 し,芽 胞 は 遠 心分 離 に よ り

集 菌 した後,滅 菌精 製 水 で5～8回 洗 浄 した。 す べ て の

操 作 は4Cで 行 い,精 製 芽胞 は凍 結 乾 燥 を行 つ た後,デ

シ ケ ー タ ー申(5C)に 保 存 した 。

熱 抵 抗 性 測 定:芽 胞50mgを 精 製水10mlに 懸 濁,

この 懸 濁 液 に お け る85C,30分 加 熱 前 後 の適 当 な倍 数 希

釈 液 に っ い てplatingmethodに よ る 生 菌 数 計 測 を行

い,そ の 比 を求 めて 比 較 検 討 した 。

HeatActivation:芽 胞50mgを 精製 水10mlに

懸 濁,70C,30分 加 熱 した後,直 ちに 氷 冷 し,遠 心 分 離

に よ り集 菌,滅 菌 精 製 水 で1回 洗 浄 した後,0.1Mリ ン

酸 緩 衝 液(pH6.4)に 懸 濁 した。

発 芽:発 芽 の測 定 は520nmに お け る芽 胞 懸 濁 液 の

OD(opticaldensity)の 変 化 を測 定 す る こ と に よ り行

っ た。 上 述 の よ うに 調製 した 芽胞 懸濁 液 を,発 芽 始 動 物

を含 む0.1Mリ ン酸 緩衝 液(pH8.0)に 滴 下(こ の と

きODが 約0.8を 示 す よ うに 調 整 す る)し,す み や か に

攪 梓 した後,520nm,s/it1.0に て測 定 した(Hitachi

124spectrophotometer)。 発 芽 に対 す る培 地 の 液性 を検.

討 す るた め,上 述 の リ ン酸 緩 衝液(pH8.0)の 代 わ り

に,0.1MKC1-HCI(pH1.0),0.1Mク エ ン酸 ・Na2

HPO4(PH3.0,5.0),0.1MNaHzPOa-NazHPOa(PH

7.0,8.0),0.1Mト リス緩 衝 液(pH9.0)を 使 用 した 。

発芽 始 動 物 と し て はL一 ア ラニ ン(10mM)を 使用 した

が,他 に レ ア ミノ酸19種 に っ い て も検 討 した:ア ラニ

ン(ala),ア ル ギニ ン(arg),ア ス パ ラ ギ ン(asn),ア

ス パ ラギ ン酸(asp),シ ス テ イン(cys-SH),グ ル タ ミ

ン(gln),グ ル タ ミン酸(glu),グ リシ ン(gly),ヒ ス

チ ジ ン(h圭s),イ ソ ロ イ シン(ileu),ロ イ シ ン(leu),

リジ ン(lys),メ チ オ ニ ン(met),オ ル ニ チ ン(orn),

フ ェニ ル ア ラニ ン(phe),セ リン(ser),ト.レ オ ニ ン

(thr),ト リプ トフ ァン(trp),チ ロ シ ン(tyr),お よび

バ リン,(val)(和 光)。
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結 果は次 の ようなOD低 下率 を用 いて表 わした。

OD低 下率 嵩1-(OD6010Do)

ここでOD60は 発芽培地(発 芽始動物 を含む緩衝液)

に芽胞 懸濁液 を滴下 した後,60分 経過後,ODoは 最初

の520nmに おけ るODを 表 わす。

Table1.Heatresistanceofnormalsporesand

glycinesporesofB,cereusT°

Spore NormalsporesGlycinespores

Viablecount

cells

bspores

after

heating`

Heat

resistance

(x10$/mg)

i.ss

1.55

1.C7

67.8%

(X10$/mg)

1.45

1.34

o.oa

1.5%

゜Dataaretheaveragesoftriplicatecropsand

determinations.

°Sporesviableafterheatingat70Cfor15min
.

`Heatingwasdoneat85Cfor30min
.

成 績

グ リシンを添加 した培地から得 られた芽 胞 の 熱 抵 抗

性:ModifiedG培 地 か ら得 られ た芽胞(正 常芽胞)と,

グ リシン(6mg!ml)を 加 えた培地 か ら得 られ た 芽 胞

(グ リシン芽胞)の85C,30分 の加熱 に対す る熱抵 抗性 を

Table1に 示 した。 正常芽胞 が67.8%を 示 したのに対

し,グ リシン芽胞で は1.5%と 顕著 な差が認 められた。

正常芽胞,グ リシン芽胞の発芽 に対す る温度pHの 影

響:既 述の方法でheatactivationを 行つた両芽胞 の発

芽に対す る温度 の影響 をFig.1に 示 した。発芽 は レア

ラニ ン10mM,0.1Mリ ン酸緩衝液(pH8.0)で 行 つ

た。正常芽胞,グ リシン芽胞 ともに25～35Cに お い

て最 もよ く発芽 した が,グ リシン芽胞 は40～45Cに お

いて正常芽胞 よ りも高い値 を示 し,高 温に よる阻害10)の

発現 が正常芽胞 よ り遅延す るこ とが認 めら れ た。L一 ア

ラニ ン10mMに よる発芽におい て,発 芽培地 の液性 に

対す る両芽胞 の反応 を30Cに おいて検討 した(Fig.2)。

グ リシン芽胞 は正常芽胞 と同様 にpH8.0に 最 大 値 を

示 し,両 芽胞 の間 に,差 はほ とん ど認 め られ なかつた。

L一アミノ酸の発芽始動活性:芽 胞 の発芽に ある種 のL一

アミノ酸,特 にL一 アラニンが有効 なことはよ く知 られ

てい る8・9・11・12)。そ こでR一 側 鎖の異 なる数種 の .L・ア ミ

ノ酸 について発芽始動活性 を検討 した(Table2)。 その



Table2.
,

EffectofL-aminoacids _ongermination

ofnormalsporesandglycinespores

ofB.cereusT.Bothsporeswere

heat-activatedat70Cfor30min,and

thengerminatedat30CinO.1Mphos-

phatebuffer(pH8.0)containingone

ofanumberofL-aminoacidsasin-

dicated,eachataconcentrationof10

mM°

z-aminoacid
(10mM)

NormalsporesGlycinespores

alanine

asparagine

asparticacid

argmme

cysteme

glutamie

glutamicacid

glycine

histidine

isoleucine

leucine

lysine

methionine

ornithine

phenylalanine

serine

threonine

tryptophane

tyrosine

valine

0.528

_b

0.521

0.395

0.395

0.163

0.218

0.322

0.321

0.412

0.519

0.478

0.331

o.zii

O.085

0.321

0.398

0.074

0.047

Dataaresummarizedbythevalueof(1-ODso/

ODo).

Veryloweffect.

結 果,正 常 芽 胞 で はL-ala,L-cys-SH,L-met,L-ser,

L-thr,L-vai,L-1eu,L-ileu,お よびL-glnの9種 に発

芽 始 動 活 性 が認 め られ た。 グ リシ ン芽 胞 に お い 七 も 同様

の 成 績 が 得 られ た が,L-va1の 発 芽 始 動 活 性 が著 し く低

下 した 。 上 述 の9種 のL・ ア ミノ酸 の それ ぞ れ の 芽胞 に

た い す る発 芽 始 動 活 性 を,L-alaを1.0と して 検 討 した 結

果,グ リシ ン芽 胞 で は正 常 芽 胞 に比 してL-thr,L-leu,

L-ileuの3種 が1!2～114に 低 下 し,L-valは118以 下 の

値 を示 した。

D一ア ラ ニ ン に よ る発芽 阻 害:レ ア ラニ ンに よ る発芽 が

D一ア ラ ニ ンに よ り競 合 的 に 阻害 され る こ と1まよ く知 られ
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ig.1.Effectoftemperatureongerminationo

normalsporesandglycinesporesofB.

cereusT.Bothsporeswereheat-activa-

tedat70Cfor30min,andthenger-

urinatedatdifferenttemperatures(15‐

60Cat5Cintervals)inO.1Mphosphate

buf.[er(pH8.0)containing10皿Mレ

alanine:(0),normalspores;(0),

glycinespores.

Fig.2.EffectofpHongerminationofnormal

sporesandglycinesporesofB.cereus

T.Bothsporeswereheat-activatedat

70Cfor30min,andthengerminated

at30CinO.1Mbuffersolutions(pH

1.0-9.0)containing10mMレalani口e:

(0),normalspores;(●),glycine

spores.

て い る。 そ こで,両 芽胞 の レ ア ラ ニ ン に よ る発 芽 に 対

す るD一 ア ラニ ンの影 響 を検 討 し た結 果,Fig.3に み ら

れ る よ うに,正 常 芽胞 で はD-,L・ アラ ニ ン等 モル 濃度 に
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Fig.3.InhibitionbyD-alanineofL-alanine-

inducedgerminationofnormalspores
andglycinesporesofB.cereusT.Both

sporeswereheat-activatedat70Cfor

30min,andthengerminatedat30Cin
O.1Mphosphatebuffer(pH8.0)con-

tainingL-alanine(10-100mM)inthe

presenceofequimolarconcentrationsof
D-alanine:(0),normalspores;(A),

glycinespores.

おいてD一 アラニン10～70mMで は約20%の 阻害 が認

め られた。 さ らに1×102mMを 加 えた場合 には,L一 ア

ラニンが等 モル濃度存在 して も発芽阻害 は63%に 達 し

た。一方,グ リシン芽胞 では等 モル濃 度 のD一 アラニ ン

の添加に より90%の 阻害 が認 め られ た。

考 察

レ ア ラ ニ ン をは じ め数 種 の ア ミノ酸 が 芽胞 の 発 芽 に有

効 で あ る9・12)ことは よ く知 られ て い る。 さ らに そ の 構 造

と発芽 始 動 活 性 の相 関 がWoeseら11)に よ り詳 細 に 検 討

され て い る。 レ ア ミノ酸 に よ る発 芽 で は,レ ア ラ ニ ン の

発 芽 始 動活 性 が最 も高 く11),今 回著 者 らが 得 た 成 績 も 同

様 で あ り,B.cereusTの 正 常 芽 胞,グ リシ ン芽 胞 とも

にL-cys-SHの み で あ り,L-val,L-ileu,'L-gln(以 上 正

常 芽 胞),レser(グ リシ ン芽 胞)に お い て75～78%の 発

芽 始 動 活 性 を認 めた に す ぎ ない(Table2)。

.正常 芽 胞,グ リシ ン芽胞 は,発 芽 時 培 養 温 度 や 発 芽 培

地 のpHに 対 す る反応,お よび 発 芽 始 動 物 に対 す る要 求

に お い て,ほ ぼ 同様 の成 績 を示 した 。 しか し,1)正 常

芽胞 に 発芽 始 動 活 性 が認 め られ た9種 の レ ア ミノ 酸 の

うち,グ リシ ン芽 胞 はL・thr,L・val,L・ileu,L-leuの4

種 の 発 芽始 動 活 性 に 顕著 な低 下 が認 め られ た(Table2)。
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2)L一 アラニンを発芽始動物 に用いた場合のD・ アラニ

ンに よる阻害作用 は グ リシン芽胞 に特 に強 く発現 した。

β.subtilis(Marburg)芽 胞 は,L一 アラニ ンよりもD一 ア

ラニ ンに強い親和性 を示す ことが,Woeseら11)に よ り

報告 されてい るが,同 様の現象がB.cereusTの グ リ

シン芽胞に強 く発現 した もの と思われ る。

これ らの事実は,B.cereusTの 正常芽胞,グ リシン

芽胞 において,両 芽胞 のL・ アミノ酸 に対す る発芽 始 動

物認識部位 に立体構造上 の相違 が生 じているこ とを強 く

示唆 してお り,B.cereusT'の 芽胞形成過程 において,

高濃度 グ リシンの存在 は,芽 胞 の熱抵 抗性 に影響 を与 え

ると同時に,芽 胞 の発芽機構 の発芽始動物認識部位 にお

いて もその形成 に影響 をお よぼす ことが明 ら か に な つ

たb

本論文の要旨は第25回 日本 細菌学会 中国四国支部総会

および第46回 日本細菌学会総会 において発表 した。
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    When formed in modified G medium, spores of Bacillus cereus T were  heat-resistant. 

They were heat-sensitive, however, as compared with normal spores, when formed in modified 

G medium supplemented with 6  mg/m/ of glycine (glycine  spores). 

    Some properties in germination were studied in normal and glycine spores which were dif-

ferent from each other in heat-resistance. When effects of temperature and pH on L-alanine-

induced germination were tested, both spores showed similar results: an optimal temperature 

and an optimal pH were 30°C and 8.0, respectively. When these spores were examined for 

requirement of any L-amino acid as a germinant and for inhibition by D-alanine of L-alanine-

induced germination, the same results were also obtained from them, except the following  two 

points. 

 ( 1) Nine L-amino acids, L-alanine, L-cysteine, L-glutamine, L-isoleucine, L-leucine, L-

methionine, L-serine, L-threonine and L-valine, were effective as germinants for normal  spores_ 

Fourof them, L-isoleucine, L-leucine, L-threonine and L-valine, were not so effective as the 

other five for glycine spores.  

(  2  ) Inhibition by D-alanine of L-alanine-induced germination was much stronger to  glycine 
spores than normal spores. 

    These results suggest that sporulation in the presence of a high concentration of  glycine 

may have resulted in the conformational changes of the recognition sites on germinants, as well 

as in the decreased heat resistance of spores of B. cereus T.
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ABSTRACT

   Heat-activated spores of Bacillus cereus T germinate rapidly in the presence of L-alanine alone or 

inosine alone. In contrast, unactivated spores can not germinate in the presence of either germinant 
alone but rapidly in the presence of both germinants. The highest level of cooperative action of 
L-alanine and inosine on the germination was observed when they were present in a ratio  1  :1. Preincu-
bations of unactivated spores with L-alanine or inosine had opposite effects on the subsequent germina-
tion in the presence of both  germinants  : preincubation with  L-alanine stimulated the initiation of 

subsequent germination, while preincubation with inosine inhibited it. These results suggest that 

germination of unactivated spores initiated by L-alanine and inosine includes two steps, the first 
initiated by L-alanine and the second prompted by inosine. The effect of preincubation of unactivated 

spores with L-alanine was not diminished by washings. The pH dependence of the preincubation of 
unactivated spores was not so marked as that of the subsequent germination in the presence of inosine.

  Germination is initiated by a number of 
compounds known as germinants [2]. L-
Alanine is one of the most effective germi-
nants and its role in germination has been 
studied by many workers [7, 14, 19]. Vary 
and Halvorson [12] suggested that L-alanine 
might act as a cofactor of germination 
enzymes, and Woese et al [20] predicted 
from a study on kinetic models for germina-
tion that L-alanine was not an allosteric 
effector but a substrate for germination 
enzymes. On the other hand, it was pro-
posed that L-alanine had two separate func-
tional roles in germination of spores of 
Bacillus subtilis by Wax et al [17, 18] and 
in Bacillus cereus by Warren and Gould [14]. 
Recently, Watabe et al [15, 16] observed 
that two distinct modes of  14C-L-alanine

  Requests for reprints should be addressed to Dr. 
Isamu Tani, Department of Microbial Chemistry, 
Faculty of Pharmaceutical Sciences, University of 
Tokushima, Shomachi 1-chome, Tokushima, 770 
Japan.

uptake were shown during germination of 
spores of Bacillus thiaminolyticus. 

  Purine ribosides are also effective germi-
nants for various species of spores [2, 5, 6, 9]. 
In particular, it was pointed out that inosine 

greatly stimulated germination in the pre-
sence of L-alanine [1, 5, 14, 22]. Among B. 

 cereus spores, even dormant spores (in the 
sense of unactivated spores) germinated in 
the presence of L-alanine and inosine at very 
low concentrations, even though they could 
not germinate in the presence of either 
germinant alone, except for aged or activated 
spores [22]. 

 In  this paper, we discuss the roles of L-
alanine and inosine in the early stage of 
germination of B. cereus T spores  initiated  by 
both germinants.

      MATERIALS AND METHODS 

 Preparation of spores. B. cereus T (obtained 
from Dr. T. Hashimoto, Loyola University 
of Chicago, Strich School of Medicine) was
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used throughout this work. Spores were 
formed in modified G medium [3] as follows 

[10]. 
  Cells from a stock culture of B. cereus T 
were cultivated on nutrient agar at 30 C for 
15 hr. Two loopfuls of this culture were 
inoculated into 200 ml of G medium and 
incubated on a reciprocal shaker (Iwashiya 
Co., 150 rpm) at 30 C for 4.5 hr. Then, 
20 ml of this culture were transferred to a 
flask containing 200 ml of fresh G medium, 
and the flask was shaken for 2.5 hr in the 
same way. After this procedure was re-
peated, the final culture was incubated under 
the same conditions to complete the sporu-
lation process. 

  Free spores were collected and washed 
five to eight times with chilled, redistilled 
water by centrifugation at 4 C. Then they 
were lyophilized and stored in a desiccator 
at 5 C. Fresh spore suspensions were pre-
pared as required and used within a week. 

 Heat activation. Fifty milligrams of spores 
were suspended in 10 ml of deionized water 
and this suspension was heated at 70 C for 
30  min. The spores were collected and 
washed once with chilled, deionized water 
by centrifugation at 4 C. Then they were 
resuspended in 10 ml of deionized water. 

  Preincubation. Preincubation of unactivat-
ed spores with either  L-alanine or inosine 
prior to germination was performed as 
required. 
 Unactivated spores (0.5 mg) were incu-

bated in 3.0 ml of the medium containing 0.5 
or 5  x 10-2  mM L-alanine (or inosine) for 
a certain time. Subsequently, 0.5 or 5  x  10-2 

 mM inosine (or L-alanine) was added and 
germination was observed. The filtration 
technique was used as required. After 
preincubation was performed in the same 
way, the spores were separated and washed 
twice with 10 ml of chilled, deionized water 
by filtration using a membrane filter (Toyo 
Roshi Co., Ltd., TM-2,  0.45  pm) at 4 C. 
Then the spores were resuspended in chilled, 
deionized water. 

 Unless otherwise indicated, preincubation 
was performed at 30 C for 60  min in 0.1  M 

 sodium  phosphate buffer (pH 8.0). 
  Germination. Germination was followed 

by  measuring_decreases in the optical density 
 (O.D.) of  a  -7siSore suspension at 520 nm as 

follows.

 A spore suspension (5  mg/ml) was dropped 
into 3 ml of medium and adjusted to a final 

 O.D. of approximately 0.8. The mixture 
was quickly shaken, and the decrease in  O.D. 
was measured in a Hitachi 124 spectro-

photometer equipped with an automatic 
recording apparatus. Unless otherwise in-
dicated, all experiments were performed at 
30 C in 0.1  M sodium phosphate buffer (pH 
8.0) containing various concentrations of 
germinants. Germination was expressed as 

 0.D.  t/O.D.i, where  O.D.i is the initial  O.D. 
and  O.D.t is that after incubation for t  min. 

 Analysis of germination. It has been pointed 
out by many workers that the occurrence of 

germination in a spore suspension is asyn-
chronous and its kinetics reflect the summa-
tion of events occurring in the individual 
members of the populations [4, 8, 11, 13]. 
Therefore, to compare the germination pro-
cess under various experimental conditions, 
we used three parameters, v, k and  O.D.f/ 

 O.D.i; where v is the maximum value 
obtained by numerically differentiating 

 [1—  (0.D.  t/O.D.i)] with respect  to  a  unit time 
(1  min), k is a reciprocal of the time at which 
v is obtained, and  O.D.f/O.D.i is a final 
value of  O.D.t/O.D.i. For simplicity,  O.D.f 
was usually taken as an  O.D. after incuba-
tion for 60  min. Under a given condition, 
v is the maximal germination rate per  min 
and k is proportional to the reciprocal of the 
time required for half of the spore popula-
tion to complete its germination. 

  Chemicals. Chemicals were purchased 
from Wako Pure Chemical Industries, Ltd. 
with the following  exceptions  : inosine was 
from Kohjin Co., Ltd. and yeast extract was 
from Difco Laboratories.

             RESULTS 

Effects of Concentrations of L-Alanine and Inosine 
  It is well known that heat-activated spores 

of B. cereus T can germinate in the presence 
of either L-alanine alone or inosine alone 
[1, 6, 14, 22]. In contrast, unactivated spores 
do not germinate in the presence of either 

germinant alone but germinate rapidly 
without heat activation in the presence of 
L-alanine and inosine [22]. We also obtained 
similar results. 

 The germination of unactivated spores in 
the presence of L-alanine and inosine (Ala-
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 Ino-induced germination) 
various concentrations of 
As shown in Table 1, the 
increased with higher 
either germinant, while

 was observed at 
both germinants. 
values of v and k 

concentrations of 
 O.D.f/O.D.i de-

creased. A marked decrease in  O .D. was 
not observed at concentrations of either ger-
minant of less than 1  x  10-2  mm  (O.D.f/ 

 O.D.i>0.9, data are not shown). When 
comparing v or k obtained at the same levels

Table 1. Effects of concentrations of L-alanine and inosine on germination 

  properties of unactivated spores of B. cereus  Ta)

Germination 

 properties  b)
Concentrations of 

 L-alanine  (,um)
Concentrations of inosine  (um)

20 30 40 50

 v  x  103 20 
30 
40 
50

3.0 

5.5 

5.0 

18.1

 8.6 

16.0 
21.5 
24.3

 9.4 
24.4 
24.8 
31.1

20.6 

25.6 
26.9 
37.3

 k  x 102 20 
30 
40 
50

 C) 

3.5 
4.2 
4.8

3.4 

4.1 

5.0 

5.5

4.0 

4.8 

5.5 

6.2

4.3 

5.3 

5.9 

6.4

 O.D. f/O.D.i 20 
30 
40 
50

 0.918 

0.850 

0.867 

0.590

0.765 

0.595 

0.520 

0.526

0.730 

0.487 
0.492 
0.473

0.532 
0.485 
0.469 
0.447

 a) Germination was performed at 30 C in 0 .1  M sodium phosphate 
and inosine at various concentrations. 

 b) The values of v,  k and  0.D.f/0.D.i were obtained from curves  o 
as described in the Materials and Methods. 

  C) Not determined .

(pH 8.0) containing L-alanine

f the optical density at 520 nm

0 

(z? 

0

 0.0,  
0 30 60 

                Germination time  (min) 

Fig. 1. Effect of preincubation time with L-alanine 
 on the subsequent germination in the presence of 

 L-alanine and inosine. Preincubation and germina-
 tion were performed at 30 C in 0.1  M sodium 

 phosphate buffer (pH 8.0). Concentrations of 
 L-alanine and inosine were 5 x  10-2  MM.  O.D.t/ 

 O.D.i is the ratio of the optical density at a given 
 time to the initial optical density at 520 nm . 

 Numbers indicated represent time of  preincuba-
 tion in  min.

G1 
0 

O

 0.0
 0 30 60 

 Germination time  (min) 

Fig. 2. Effect of preincubation time with inosine 
 on the subsequent germination in the presence of 

 L-alanine and inosine. Preincubation and germina-
 tion were performed at 30 C in 0.1  NI sodium 

 phosphate buffer (pH 8.0). Concentrations of 
 L-alanine and inosine were 5 x 10-2  mm.  O.D.t/ 

 O.D.i is the ratio of the optical density at a given 
 time to the initial optical density at 520 nm. 

 Numbers indicated represent time of preincuba-
 tion in  min.
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Table 2. Effects of preincubation time with either L-alanine or inosine on 

  subsequent germination of spores of B.  cereus  Ta)

Preincubation 
time  (mM)

Preincubated with L-alanine Preincubated with inosine

 v  x  103  k  x  102  0.D.f/O.D.i  v  x  103  k  x  102  O.D.f/O.D.i

0 

1 

10 

15 

30 

45 

60

25.0 

27.3 
27.4 
31.8 
45.6 

57.4 
57.8

5.6 
5.9 

10.0 

11.1 
25.0 

25.0 
25.0

0.490 
0.478 
0.488 

0.476 
0.472 
0.478 
0.486

25.0 
25.8 
21.4 
19.0 
14.0 

12.6 
 _5)

5.6 

5.4 

5.6 

5.9 

5.7 

5.9

0.490 
0.493 

 0.531 
0.554 
0.637 

0.705 
0.973

 a) Unactivated spores were preincubated at 30  C in 0.1  M sodium phosphate (pH 8.0) containing 

5 x 10-2  mM  L-alanine or 5 x 10-2  mm inosine, and then germinated at 30 C in 0.1  M sodium phos-
phate (pH 8.0) containing 5 x 10-2  mm  L-alanine and 5 x 10-2  mm inosine. The values of v, k and 

 O.D.f/O.D.i were obtained from curves of the optical density at 520 nm as described in the Materials 
and Methods. 

  b) Not determined.

(molar concentration) of total germinants 
(L-alanine plus inosine), the highest value 
was obtained at the same concentration of 
both  germinants.

Effects of Preincubation with L-Alanine or Inosine 
 To determine which germinant was initial-

ly effective in the  Ala-Ino-induced germina-
tion, unactivated spores were preincubated 
in the presence of either germinant alone 

(5 x 10-2  mM) at 30 C for various times, and 
the courses of  Ala-Ino-induced germination 

(5 x  10-2  mm, respectively) were observed. 
The results obtained are shown in Figures 1 
and 2, and summarized in Table 2. During 

preincubation for 60  min, no  O.D. decrease 
was observed. 

 When the time of preincubation with L-
alanine was increased (Fig. 1), v did not 
change significantly for the first 15  mM, and 
then increased rapidly, reaching almost the 
maximum value after preincubation for 
45  min. The value of k reached a maximum 
after incubation for 30  min. The  O.D.f/ 

 O.D.i  (0.481  +0.009) did not change ap-

preciably with the preincubation time. 
 The increase in the time of preincubation 

with inosine (Fig. 2) caused marked changes 
in both v and O.D.f/O.D.i but not in k. 
When spores were preincubated with inosine 
for 60  min, they did not germinate at all. 

  These results indicate that preincubation 
of unactivated spores with either L-alanine or 
inosine alone had opposite effects on their 
subsequent germination in the presence of 
both  germinants  : preincubation with  4,-

alanine stimulated the initiation of the ger-
mination (Fig. 1), while that with inosine 
inhibited it (Fig. 2).

Effects of Temperature on Preincubation 
  Unactivated spores were preincubated 

with 5 x  10-2  mM L-alanine at 4-90 C for 
30  mM. After the addition of 5 x  10-2  mM 
inosine, their subsequent germination was 
observed at 30 C. The results are shown in 
Figure 3 by plotting k and  0.D.f/0.D.i 
against temperature during preincubation. 

 The plot of  k gave a rapid rise at  20-30 C, 
a rapid fall at 70-90 C and a plateau between 
30 C and 70 C. The highest value of  k was 
shown at 65 C. On the other hand, the plot 
of  O.D.f/O.D.i showed a rapid fall at 20-30 
C, a rapid rise at 85-90 C and a plateau 
between 30 C and 80 C. These results in-
dicate that the optimum temperature range 
for preincubation was about 30-70 C.

Effects of pH of the Medium on Preincubation and 
   Subsequent Germination 

 Spores were preincubated for 60  min at 
pH 8.0 with 0.5  mM L-alanine and washed 
twice with deionized water by filtration, and 
the subsequent germination was observed 
at pH 5.0, 8.0 and 9.4 in the presence of 
0.5  mM inosine alone (Fig. 4). 

 The spores germinated at pH 8.0 which 
shows that the effect of L-alanine during 
preincubation appeared in the subsequent 
germination even after the spores were 

 washed. They could also germinate at pH 
9.4 but not at pH 5.0. These results suggest
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Fig. 3. Effect of preincubation temperature on 
 subsequent germination. Unactivated spores of 
  B. cereus T were preincubated at various tempera-

 tures for 30  min in 0.1  M sodium phosphate 
 (pH 8.0) containing 5 x 10-2  mm L-alanine, and 

 their germination was observed at 30 C in 0.1  M 
 sodium phosphate (pH 8.0) containing 5 x 10-2 

 mm L-alanine and 5 x 10-2  mm inosine. The k  (e) 
 and the  O.D.f/O.D.i (0) are plotted against 

 preincubation temperature. The k was obtained 
 from curves of the optical density at 520 nm as 

 described in the Materials and Methods. The 
 O.D.f/O.D.i is the final value of  O.D.t/O.D.i.

that the subsequent germination in the pre-
sence of inosine alone may be identical to 
the germination in the presence of both 

germinants [14]. 
  In contrast, when unactivated spores were 

preincubated at pH 5.0 and 9.4, they germi-
nated at pH 8.0 to the same degree as the 
spores preincubated at pH 8.0 (Fig. 5). 
However, in the subsequent germination of 
the spores preincubated at pH 5.0, slight 
retardation of the germination was observed.

            DISCUSSION 

 The most effective germination of B. cereus 
T spores is initiated by L-alanine in the pre-
sence of purine ribosides [1, 2]. Warren 
and Gould [14] suggested that the presence 
of an amino acid was essential for germina-
tion of spores of B. cereus T in the presence 
of purine ribosides. Furthermore, Yousten 
[22] pointed out that inosine alone did not 
bring about a pregerminative structural 
change in spores such as that caused by L-
alanine for more rapid germination.
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Fig. 4. Effect of pH of the medium on subsequent 
 germination. Unactivated spores of B. cereus T 

 were preincubated at 30 C for 60  min in 0.1  M 
 sodium phosphate (pH 8.0) containing 0.5  mm 

 L-alanine, and subsequent germination was ob-
 served at 30 C in 0.1  M sodium phosphate (pH 5.0, 
 8.0 and 9.4) containing 0.5  ram inosine.  O.D.t/ 

 O.D.i is the ratio of the optical density at a given 
 time to the initial optical density at 520 nm. 
 Numbers indicated represent pH of subsequent 

 germination media.

 In comparisons of data on germination of 
unactivated spores at the same levels of total 

germinants (L-alanine plus inosine), the 
highest values of v were found at the same 
concentrations of both germinants (Table  1). 
This suggests that the cooperative action of 
both germinants is a maximum when they 
are present in a ratio 1:1. 

  Preincubations of unactivated spores of 
B. cereus T with either 5 x  10-2  mm L-alanine 
or inosine had opposite effects on subsequent 
germination in the presence of concentra-
tions of 5 x 10-2  mm of both germinants. 

 Ala-Ino-induced germination was stimulated 
by preincubation with L-alanine (Fig. 1) 
but inhibited by that with inosine (Fig. 2). 

 Jones and Gould [5] and Yousten [22] 
reported that inosine might enhance the 
activity of alanine racemase. From this 

point of view, it is possible that the inhibition 
of subsequent germination of the spores pre-
incubated with inosine may be due to the 
effect of  n-alanine which was converted 
from  L-alanine, by active alanine racemase.
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Fig. 5. Effect of pH of preincubation medium on 
 subsequent germination. Unactivated spores of 
 B. cereus T were preincubated at 30 C for 60  min 

 in 0.1  M sodium phosphate (pH 5.0, 8.0 and 9.4) 
 containing 0.5  mm L-alanine, and subsequent 

 germination was observed at 30 C in 0.1  M sodium 
 phosphate (pH 8.0) containing 0.5  mm inosine. 
 O.D.t/O.D.i is the ratio of the optical density at 

 a given time to the initial optical density at 520 nm. 
 Numbers indicated represent pH of preincuba-

 tion media.

However, this seems to be unlikely since the 
same results as above were obtained in the 
presence of D-cycloserine (unpublished data). 

 These results suggest that L-alanine and 
inosine sequentially act to promote germina-
tion at the same site(s) in the spores of B. 
cereus T. The unactivated spores may ini-
tially be brought into some pregerminative 
state by the action of L-alanine which seems 
to act as an allosteric effector  or a cofactor 
of germination enzymes [7, 12, 21]. Sub-
sequently, the germination process is carried 
out under the action of inosine. It was 
found  that the effect of initial action of L-
alanine on unactivated spores remained after 
washing and that the pH dependence of the 

preincubation with  L-alanine was not so 
marked as that of the subsequent germina-
tion in the presence of inosine (Figs. 4 and 
5). These results suggest that the role(s) of 
L-alanine in preincubation are remarkably 
different from those in germination of heat-
activated spores.  However; it is likely that 
the former are included  the latter. 

 With respect to the subsequent germina-

tion reaction with inosine, it appears possible 
that the roles of inosine can be replaced by 
those of L-alanine under certain conditions, 
since heat-activated spores can germinate in 
the presence of  L-alanine alone. This pos-
sibility has been supported by the observa-
tion of Watabe et al [15]. They reported 
that during germination the spores of B. 
thiaminolyticus incorporated 14C-L-alanine 
through two distinct steps: the first, a minor 
uptake before the initiation of decrease in 

 O.D. and the second, a continuous active 
uptake accompanied by a decrease in  O.D. 

 Heat activation required slightly higher 
temperatures than preincubation with L-
alanine since the  optimum, temperature range 
for heat activation was 70-80 C [14]. Dur-
ing preincubation with L-alanine,  unacti-
vated spores did not initiate germination. 
These results seem to indicate that the first 
reaction of unactivated spores with L-ala-
nine is different from the heat-induced acti-
vation. However, it is more likely that the 
heat-induced activation is a kind of initial 
reaction of unactivated spores induced by 
L-alanine, i.e., heat treatment of unactivated 
spores in the absence of L-alanine may re-
quire higher temperatures to produce L-
alanine or its active analogues in the spores. 

 These results strongly suggest that L-ala-
nine plays two functional roles in the germi-
nation of spores of B. cereus T, and the reac-
tion induced by the initial role of L-alanine 
may be an intrinsic character in the mecha-
nism of their germination.
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Abstract Studies were carried out on the inhibitory effect of NH4+ on germi-

nation of spores of Bacillus cereus T induced by  L-alanine and inosine. Kinetic 

analysis showed that NH4+ inhibited the germination competitively. Its inhibitory 

effect was greater when the unactivated spores had been preincubated with L-

alanine. NH4+ did not inhibit the response of unactivated spores to L-alanine 

during preincubation. These results suggest that L-alanine sensitizes the spores to 

the inhibitory effect of  NH4+.

   Germination proceeds well in the presence of both L-alanine and inosine. Pre-
viously we suggested that germination of unactivated spores  of  Bacillus  cereus T induced 
by L-alanine and inosine may proceed by at least two steps, the first step induced by 
L-alanine and the second by inosine  (14). 

   Inorganic ions are also required for complete  germination: Levinson and Sevag 

(8) reported that manganese ions stimulate germination, and Rode and Foster  (9-11) 
reported that germination was poor  in the absence of ions or at low ionic strength. 
Generally, an ionic strength of about 0.1  M is optimal for germination (1, 13). 

   Of the various cations studied previously (6, 7, 11,  17, 18), NH4+ has the most 
interesting  effects: it stimulated germination of heat-activated spores of some strains 
of Bacillus subtilis and it induced germination of the spores of Bacillus megaterium QM 

 B1551 in the presence of nitrate, but it did not facilitate germination of B. cereus T. 
These findings suggest that the spores of different strains and species require different 
ions for germination. 

   The present study was conducted to confirm that NH4+ plays a role in regulating 
the initiation of germination of B. cereus T in the presence of L-alanine and inosine , 
and also to obtain information on the action of NH4+.

                     MATERIALS AND METHODS 

   Organism. B. cereus T (obtained from Dr. T. Hashimoto,  Loyola University, 
Chicago) was used.
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   Sporulation, harvesting and preincubation procedures. The procedures used to obtain 
sporulation, and for harvesting and preincubation were as described previously (14). 

   Germination procedure. Spores were allowed to germinate in the presence of L-
alanine and inosine  (Ala-Ino-induced germination) in buffer solution containing 
ammonium chloride, ammonium phosphate or sodium phosphate (0.1  M, pH 8.0). 
Germination was measured as the decrease in optical density (OD) of the spore sus-

pension at 520 nm in a Hitachi double beam spectrophotometer, model 124, equip-
ped with a Hitachi automatic recording apparatus, model QPD 54. The decrease 
in OD was measured continuously during incubation at 30 C. 

   Germination was usually expressed as ODt/ODi, where ODi is the initial OD 
and ODt is that after t  min of incubation. The extent of germination was expressed 
in terms of G or Gi, with G defined as [1—  (ODf/ODi)] in the absence of  NH4+ and 
Gi as G in the presence of NH4+. ODf/ODi was defined as the final value of 
ODt/ODi; ODf was usually taken as the OD after 60  min of incubation. 

   Release of dipicolinic acid. The dipicolinic acid (DPA) content of spores was 
determined colorimetrically by the method of Janssen et al. (5) in extracts prepared 
by autoclaving spores at 121 C for 15  min. DPA release was expressed as a percent-
age of the total DPA. The total DPA of B. cereus T spores was 9.4% of their dry 
weight under the present conditions. 

   Loss of heat resistance. Spores were incubated in germination medium for 60 
 min at 30 C and then transferred to deionized water  (1:10 dilution) at 65 C. Sam-

ples were heated for 30  min at 65 C, and cooled in an ice bath, and then 0.1 ml of 
appropriately diluted samples was plated on nutrient agar. After 24 hr of incuba-
tion at 30 C, colonies were counted. Viable spore counts were expressed as percent-
ages of the initial count. 

 Phase-contrast microscopy. A Nikon microscope, model Biophoto VBS, equipped 
with a 100  x objective lens (CF Plan Achro DM 100/1.25, Nikon) was used for dark 

phase-contrast microscopy. Photomicrographs were taken on panchromatic film 
(Neopan F, Fuji Photo Film Co., Ltd.).
   Chemicals. Chemicals were purchased from Wako Pure Chemical Industries, 
Ltd. with the following exceptions: inosine was from Kohjin Co., Ltd. and yeast 
extract from Difco Laboratories.

RESULTS

Properties of  Ala-Ino-Induced Germination of Unactivated Spores in Ammonium Chloride Buffer 
 Ala-Ino-induced germination of unactivated spores was estimated in 0.1  M am-

monium chloride buffer (NH4 buffer) and in 0.1  M sodium phosphate buffer (Na 
 buffer). 

   In the early stage of germination, the decrease in OD and release of DPA were 

quicker in NH4 buffer than in Na buffer (Figs. 1 and 2). However, the final levels of 
OD decrease and DPA release were less in NH4 buffer than in Na buffer. 

   After 60  min in NH4 buffer, about one quarter of the spores were still heat-
resistant (Table 1) and appeared bright under a phase-contrast microscope (Fig.
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  0 

  0

0.0T I I
0    30 60 

Germination time at 30 C  (min)

Fig. 1.  Ala-Ino-induced germination of unac-
  tivated spores of B. cereus T. Germination was 

 observed at 30 C in the presence of L-alanine 
 and inosine (0.05  mm, each) in ammonium 

 chloride or sodium phosphate buffer (0.1  M, 
 pH 8.0). Germination in ammonium chloride 

 was similar to that in ammonium phosphate. 
 ODt/ODi is the ratio of the optical density at 

 a given time to the initial optical density at 
 520 nm.

0.'2  o
       30 

Incubation time at 30 C  (min)

60

Fig. 2. DPA release during  Ala-Ino-induced 
 germination of unactivated spores of B. cereus 

 T. Conditions for germination were as de-
 scribed in Fig. 1. DPA release is shown as a 

 percentage of the total  DPA  : (0), ammonium 
 chloride  buffer;  (0), sodium phosphate buffer.
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Loss of heat resistance of germinated spores of B . cereus Ta)

Germination buffer  Survivors b) Loss of heat resistance

Sodium phosphate 

Ammonium chloride

 0.6% 

27.8

99.4% 

72.2

 a) Unactivated spores of B. cereus T were incubated for 60  min at 30 C in the 
presence of  L-alanine and inosine (0.05  mm, each) in the indicated buffer (0.1  M, 
pH 8.0). 

 b) Survivors were measured after heating the spores for 30  min at 65 C. Viable 
spore counts are given as percentages of the initial count. Results in  ammonium phos-
phate buffer were not significantly different from those in ammonium chloride 
buffer.

Fig. 3. Phase-contrast photomicrographs of B. cereus T spores .  Ungerminated spores 
 (A) and spores after incubation in ammonium chloride (B) or sodium phosphate (C)  for 

 60  min at 30 C. Conditions for germination were as described in Fig .  1. The bar in the 
 micrograph represents  5  pm: CF Plan Achro DM  x 100, CF Photo x 5.

3B), whereas most of the spores (99.4%) in Na buffer were heat-sensitive  (Table 1) 
and appeared dark under the phase-contrast microscope (Fig . 3C). Thus, a quarter 
of the spores in NH4 buffer containing L-alanine and inosine (0.05  mm,  each) did not 

germinate. 
   The levels of germination in buffer containing L-alanine and  inosine (0.05  mm, 
each) estimated by various parameters are summarized in Table 2. The results 
show that in NH4 buffer under the conditions employed  the spores showed about 
74  % of the germination achieved in Na buffer. The extent of germination was also 
reduced using ammonium phosphate in place of  ammonium chloride , or using 0.1 
M Na buffer supplemented with 0.05  M ammonium chloride.  Therefore , the reduc-
tion seems to be due to the presence of  NH4+.
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Table 2. Extents of germination of unactivated spores of B. cereus T induced 
        by  L-alanine and inosine in ammonium chloride  buffers)

Index of germination Extent of  germinationb)

OD decrease 

DPA release 

Loss of heat resistance 

Phase darkening 

Mean

 74.7% 
73.1 
72.6 
75.0 
73.9

   a) The results are summarized from Figs.  1 and 2 and Table 1. Phase darkening 

of a total of 100 spores was examined under a phase-contrast microscope. 
    b) Results are values after incubation for 60  min at 30 C . To facilitate com-

parison, the results are expressed as percentages of the values obtained in sodium 
phosphate buffer.

Fig. 4. Effect of the concentration of ammonium chloride 
 in inhibition of  Ala-Ino-induced germination. The extents 
 of  Ala-Ino-induced germination of unactivated spores 
 (continuous lines) and preincubated spores (broken line) 

 were measured in the presence of various concentrations of 
 ammonium chloride in sodium phosphate buffer (0.1  M, pH 

 8.0) containing L-alanine and inosine at the indicated 
  concentrations. Preincubation was carried out in sodium 

 phosphate or ammonium chloride buffer (0.1  M, pH 8.0) 
 containing  L-alanine (0.05  mm) at 30 C for 60  min.

 Effect of the Concentration of  NH4+ in Inhibition of  Ala-Ino-Induced Germination 
   The inhibitory effects of various concentrations of NH4+ on  Ala-Ino-induced 

germination of unactivated spores were examined. 
   Figure 4 shows that a plot of G/Gi against the concentration of NH4+ was linear 

at given concentrations of  L-alanine and inosine. Since the slope of each line de-
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Table 3. Influence of the preincubation period with L-alanine on the extent 

                   of  Ala-Ino-induced  germinationa)

Preincubation 

  period
Preincubated in 

sodium phosphate
 Preincubated in 

 ammonium chloride

 0  min 

  5 

 10 

 20 

 30 

 60 

 60c) 

 Overnightd)

  0.483 
  0.372 

  0.279 
  0.226 
  0.176 
    b)

(100%) 
( 77.1) 
( 57.8) 
( 46.9) 
( 36.5)  
(  0  )

0.489 

0.353 

0.241 

0.111 

0.053 

0.485 

0.490

(100%) 
( 72.2) 
( 49.3) 
( 22.7)  
(  10.8)  
(  0  ) 
( 99.2) 
(100.2)

 a) Unactivated spores of B. cereus T were preincubated with 0.05  mm  L-alanine 
in sodium phosphate buffer or ammonium chloride buffer (0.1  M, pH 8.0) for the i
ndicated times at 30 C, and then resuspended in 0.05  M sodium phosphate buffer 
(pH 8.0) containing 0.05  rnm  L-alanine, 0.05  mm inosine and 0.05  M NH4C1.  Ala-Ino-
induced germination was carried out at 30 C. Values of  [1—  (0D60/0Di)] are shown. 

 b) OD did not change significantly . 
    C) Unactivated spores were preincubated in 0 .1  AI ammonium chloride buffer 

alone for 60  min at 30 C. 
   d) Unactivated spores were preincubated in 0 .1  M ammonium chloride buffer 

alone overnight at 4 C.

Fig. 5. Germination of B. cereus T spores induced 
 by inosine alone. Unactivated spores were prein-

 cubated with 0.5  mm L-alanine in 0.1  se  ammoni-
 um chloride buffer (pH 8.0) or 0.1  as sodium phos-

 phate buffer (pH 8.0) for 60  min at 30 C. Then 
 the spores were washed once with chilled, deioni-

 zed water and incubated at 30 C in the indicated 
 buffer (0.1  m, pH 8.0) containing 0.5  mm inosine 

 alone.  ODt/ODi is the ratio of the optical density 
 at a given time to the initial optical density at 

 520  um.



INHIBITORY EFFECT OF  NH4+ ON ALA-INO-INDUCED GERMINATION 129

 pended on the concentrations of the latter, NH4+ seems to cause competitive inhibi-
tion of the action of L-alanine and/or inosine.

Influence of Preincubation of Unactivated  Spores with L-Alanine on the Inhibition by NH4+ 
   Unactivated spores were preincubated with 0.05  mM L-alanine at 30 C for 

various periods in NH4 buffer or Na buffer, and then the levels of  Ala-Ino-induced 

germination were measured. 
   As shown in Table 3, the values of Gi decreased greatly with increases in the 

preincubation period. However, when unactivated spores were suspended in NH4 
buffer without L-alanine and inosine for 60  min at 30 C or overnight at 4 C, their 
subsequent germination induced by  L-alanine plus inosine was not affected. In con-
trast, preincubation of unactivated spores with L-alanine in Na or NH4 buffer resulted 
in inhibition of germination by lower concentrations of NH4+ (Fig. 4, broken line). 

   To examine which part in the germination process was inhibited by NH4+, we 

preincubated unactivated spores with 0.5  mM  L-alanine in Na or NH4 buffer for 60 
 min at 30 C and then washed them with chilled deionized water and measured 

their germination in the presence of 0.5  mm inosine in the same buffers. 
   Results showed that spores in Na buffer germinated but those in NH4 buffer did 

not (Fig. 5). These results suggest that NH4+ inhibited the response of spores to 
inosine, but not to L-alanine.

DISCUSSION

   Rode and Foster (11) reported that spores of B. cereus T germinated well in solu-
tions of sodium salts but very poorly in solutions of ammonium salts. We confirmed 
this result (Table 2) and demonstrated that  NH4+ is inhibitory, even in the presence 
of Na+. 

   Kinetic analysis showed that  Ala-Ino-induced germination was inhibited com-

petitively by NH4+ (Fig. 4). The inhibitory effect of NH4+ was enhanced by 
preincubating the unactivated spores with L-alanine, but not without even when the 
spores were preincubated in solution containing NH4+ (Table 3). As shown in 
Fig. 5, however, NH4+ did not inhibit the response of unactivated spores to L-alanine 
during the preincubation. These results suggest that L-alanine sensitizes the spores 
to the inhibitory action of  NH4+. 

   Previously we found that L-alanine activated the spores to respond to inosine 

(14). To explain the effects of L-alanine, inosine and/or NH4+ on the spores, we 
tentatively postulated that there are two types of activation of spores by L-alanine 
by which the spores become sensitive to inosine and NH4+, respectively. When 
unactivated spores are incubated with L-alanine, inosine and NH4+, one of the two 
reactions which predominates will determine whether the spores germinate or remain 
in the resting state. Thus populations that require relatively long times for initiating 

germination (16) will be more likely to be affected by NH4+. 
   An alternative explanation is as  follows  : different phases of the germination pro-

cess of an individual spore may be stimulated and/or inhibited by NH4+. In the
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present work, the  Ala-Ino-induced germination of unactivated spores in NH4 buffer 
was not only inhibited but also partially stimulated by the cation (Figs. 1 and 2). 
Moreover, the germinations of single spores of some species showed bimodal kinetics 

(2, 15), and Hashimoto et al (3, 4) reported that the second phase of germination of 
B. cereus T spores was inhibited by high concentrations of  CaC12 or high temperature. 
However, this explanation for the inhibitory action of NH4+ is unlikely because 
studies on heat resistance of the spores germinated in NH4 buffer (Table 1) and their 

phase-contrast photomicrographs (Fig. 3) showed that germination of some of the 
population was inhibited by NH4+. 

   Some previous reports (12, 13) support the first possible mechanism, in which 
alterations, including conformational changes, of spore coat proteins or protein 
receptor sites for germinants by ions might influence germination. Thus it seems 
likely that NH4+ inhibits germination by arresting alterations of these proteins.

   We are indebted to Kohgaku Co., Ltd. for facilitating use of the phase-contrast microscope, Nikon 

Biophoto VBS. We also wish to express our gratitude to Miss T. Yamamoto for technical assistance.
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Abstract The effect of potassium ion on L-alanine-inosine-induced germination of 
unactivated spores of Bacillus cereus T was studied. Unactivated spores germinated 
in 0.1  M sodium phosphate buffer (NaPB), but not 0.1  M potassium phosphate buffer 

(KPB), at pH 8.0 and at 30 C. Inhibition of germination was also observed on 
incubation of unactivated spores in NaPB containing potassium chloride. Pre-
viously it was demonstrated that germination of unactivated spores involves at least 
two steps, one induced by L-alanine, and the other by inosine. Potassium ion seems 
to inhibit the response of the spores to inosine, because:  (1) Spores that had been 

preincubated with L-alanine in NaPB or KPB, germinated in NaPB but not KPB 
in the presence of inosine. (2) During germination in NaPB, incorporation of 

 L-[14C]alanine showed bimodal kinetics with a rapid first phase and a second con-
tinuous phase, but in KPB the second phase of incorporation did not occur. 

   The events occurring before germination of unactivated spores are discussed 
with reference to the initiation of germination.

   Dormant bacterial spores change to a metabolically active form during germi-
nation. This change is accompanied by certain characteristic events, which have 
been used as criteria of germination; these events include loss of heat resistance, 
reduction of the dipicolinate content, acquisition of stainability, and decrease in 
optical density (2). From the metabolic point of view, however, it can be considered 
that some factors leading to the initiation of germination have already occurred 
before these events become apparent. 

   L-Alanine is one of the best known of the substances that initiate germination 
of spores of some bacterial species. L-Alanine is thought to play two distinct roles 
in germination (11, 13), and this idea is strongly supported by the finding of two 
distinct profiles of incorporation of L-alanine during germination of Bacillus thiamino-
lyticus spores (12). We reported previously (10) that unactivated spores of Bacillus 
cereus T can germinate in the presence of inosine alone if they have been preincubated 
with L-alanine. This function of L-alanine seems to be quite different from that of 
the amino acid during L-alanine-inosine-induced germination of heat-activated 
spores.
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   A stimulatory effect of  Na+ and an inhibitory effect of  K+ on germination of 
unactivated spores of B. cereus T were shown by Rode and Foster (7), but further 
studies have not been made on the K+ effect. Ionic environments are extremely 
important in germination, and it has been pointed out that the cardinal event in 

germination is ion-dependent (3). 
   Being interested in the roles of ions in germination, in this work we studied the 

effect of K+ on germination of unactivated spores of B. cereus T.

MATERIALS AND METHODS

    Organism and culture method. B. cereus T (obtained from Dr . T. Hashimoto, 
Loyola  University  of Chicago, Strich School of Medicine) was used. 

    Spores, produced as described previously (10), were harvested and washed 
with chilled, deionized water by repeated centrifugation (8,000 rpm) at 4 C . 

    Germination. Germination was estimated by measuring decrease in the optical 
density (OD) of the spore suspension at 520 nm in a Hitachi double beam spectro-

photometer, model 124, equipped with a Hitachi automatic recording apparatus, 
model QPD 54. Cuvettes of 1-cm light path were used . 

    Unless otherwise indicated,  unactivated spores (0.3 mg, dry weight) were sus-
pended in 3 ml of buffer solution (pH 8.0) containing 0.05  mM  L-alanine, 0.05  mm 
inosine and either 0.1  M sodium phosphate or 0.1  M potassium phosphate. The 
spore suspension was then quickly shaken and the decrease in OD was measured 
continuously during incubation at 30 C. 

   Preincubation and subsequent germination. Unactivated spores (1.0 mg, dry weight) 
were suspended in 1.5 ml of buffer solution (pH 8.0) containing 0.5  mM L-alanine 
and either 0.1  M sodium phosphate or 0.1  M potassium  phosphate. The spore sus-

pension was incubated for 60  min at 30 C, cooled in an ice-bath, and centrifuged in 
an Eppendorf Microfuge, model 3,200, for 2  min (15,000 rpm). The precipitate 
was resuspended in sodium phosphate buffer or potassium phosphate buffer (0.1  M, 

pH 8.0) and adjusted to an OD of about 1.6. Then the suspension (1.5 ml) was 
mixed with an equal volume of the same buffer containing 0.2 or 1.0  mM inosine 

(final concentration, 0.1 or 0.5  mM) and germination was monitored. 
   Incorporation of radioactive amino acid during preincubation and germination. To 

examine incorporation of  L-[14C]alanine into unactivated spores during  preincuba-
tion, unactivated spores (0.5 mg, dry weight) were suspended in 5 ml of sodium or 

potassium phosphate buffer (0.1  M, pH 8.0) containing 0.5  ,uCi/m1 of  D-[14C]alanine 
(specific activity, 10  mCi/mM). 

   For examining the incorporation during germination, the spores  were suspended 
in the germination medium containing 0.05  ,uCi/ml of the radioactive amino acid and 
incubated at 30 C. Samples (1 ml) taken at various times were filtered through 
membrane filters (0.45  pm pore size, Toyo Roshi Co., Ltd.). The filters were 
washed thoroughly with unlabeled DL-alanine (0.05  mM) solution and the radio-
activity on the films was measured in an Aloka liquid scintillation spectrometer, 
model LSC-602.
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   Analysis of germination. Germination was usually expressed as ODt/ODi, where 
 0l)i is the initial 01) and ODt is the value after t  min of incubation. 

 To compare the rate and extent of germination, we used three parameters, 
v, k and 01)t/ODi, as previously described (10). ODf/ODi is the final value of 

 01)t/ODi. For simplicity, ODf was usually taken as the OD after 60  min of incu-
bation. 
   Reagents. Chemicals were purchased from Wako Pure Chemical Industries, 
Ltd. with the following exceptions:  inosine was from Kohjin Co., Ltd. and yeast 
extract was from Difco Laboratories. 

                  was purchased from the Radiochemical Centre Ltd. 

                              RESULTS

 Effect of  KCl Concentration on Germination 
   To confirm the inhibitory effect of K+ on germination of unactivated spores and 

to test whether this phenomenon results from the absence of Na+, we incubated 
unactivated spores in 5  mm sodium phosphate buffer (pH 8.0) containing 0.05  mm 
L-alanine, 0.05  mm inosine and various concentrations of KC1 with NaC1 to give a 
constant ionic strength. 

   The extent of germination decreased with increase in the concentration of KC1 
and at concentrations of over 40  mm no appreciable germination occurred (Table 1). 
Thus, germination was inhibited by KC1, even in the presence of Na+.

 Effect  of on Preincubation and Subsequent Germination 
    L-Alanine-inosine-induced germination  (Ala-Ino-induced germination) of 

unactivated spores of B. cereus T may involve at least two steps, first a response to 
L-alanine and then one to inosine (10). 

   To see which step is  K+-sensitive, we examined the effects of K+ during pre-
incubation and subsequent  germination of unactivated spores. For this, unactivated

Table 1. Effect of potassium chloride on  Ala-Ino-induced 

germination of spores of B. cereus Ta)

Concentration of

KC1  NaC1
Extent of  germinationb)

 0 mm 
0 

10 
20 
30 
40 
50

0  mm 
50 
40 
30 

20 
10 

0

0.567 
0.565 
0.344 
0.221 

0.123 
0.079 
0.048

   a) Unactivated spores were incubated for 60  min at 
30 C in 5  mu sodium phosphate buffer (pH 8.0) containing 
0.05  mm L-alanine, 0.05  mm inosine and the indicated con-
centrations of KC1 and  NaCl. 

 b) Values of  [1  —  (0Df/ODi)] are shown .



446 H. SHIBATA ET AL

0 

0

Fig. 1. Effects of sodium and potassium ions on 
 preincubation and subsequent germination of 
 B. cereus T spores. Spores, preincubated with 0.5 

 mM L-alanine buffered with 0.1  M sodium phos-
 phate (Na-spores) or potassium phosphate (K-

 spores) for 60  min, were incubated in either so-
 dium phosphate buffer (continuous lines) or po-
 tassium phosphate buffer (broken lines) con-

 taining 0.1  mm inosine. All experiments were 
 carried out at 30 C and at pH 8.0.

Table 2. Subsequent germination properties of preincubated 
        spores of B. cereus Ta)

Spores  cx  103  k  x102  ODf/ODi

Na-spores 

Na-K-spores 

K-spores 

K-Na-spores

29.9 

30.4 

30.7 
28.4

10.0 

5.6 
3.3 

5.4

0.411 

0.417 

0.417 

 0.415

   a) Germination was estimated in 0.1  M sodium phosphate buffer 
(pH 8.0) containing 0.1  mm inosine. Data were  calculated from the 
curves shown in Figs. 1 and 2.

spores were incubated with 0.5  mM L-alanine in sodium phosphate buffer (NaPB) 
or potassium phosphate buffer (KPB) for 60  mM and then transferred to either 
NaPB or KPB containing 0.1  mm inosine. 

   Both spores preincubated in NaPB (designated as Na-spores) and those pre-
incubated in KPB (K-spores) germinated on subsequent incubation in NaPB medium, 
but not on incubation in KPB medium (Fig. 1). In NaPB medium, the values of 
v and ODf/ODi of K-spores and Na-spores were comparable, but the value of k 
of K-spores was only a third of that of Na-spores (Table 2).
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Fig. 2. Effect of intermediate incubation on ger-
 mination of B. cereus T spores. Na- and K-
 spores were incubated for 60  min in 0.1  M potas-

 sium phosphate buffer (continuous line) or 0.1  M 
 sodium phosphate buffer (broken line), and then 

 the spores were transferred to 0.1  M sodium 
 phosphate buffer containing 0.1  mm inosine. 
 All procedures were carried out at 30 C and at 

 pH 8.0.

   This result suggests that potassium ion may influence the state of readiness of 
spores preincubated with L-alanine for the response to inosine. This possibility 
was confirmed as follows. Before estimating germination induced by 0.1  mm 
inosine in NaPB, Na-spores were incubated for 60  min at 30 C in KPB without L-
alanine (designated as Na-K-spores) and K-spores were incubated in NaPB in the 
same way (K-Na-spores). 

    It was found that the germinations of Na-K-spores and K-Na-spores were similar 

(Fig.  2)  ; but as shown in Table 2, the value of k of Na-K-spores was less than that 
of Na-spores, and the k-value of K-Na-spores was more than that of K-spores.

Incorporation of  L-[14C]alanine into Spores during Germination 
   The kinetics of  L-[14C]alanine incorporation during  Ala-Ino-induced germina-

tion was studied (Fig. 3). In NaPB, the profile of L-alanine-incorporation was 
bimodal with a rapid and then a slower phase. In contrast, in KPB, the incorpora-
tion rate was very low and the value after 60  min was approximately 50% of that in 

 NaPB.

Incorporation of  L-[1AC]aianine into Spores during Preincubation 
   The kinetics of L-[14C]alanine incorporation into unactivated spores during
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Fig. 3. Incorporation  of  L-[14C]alanine into un-
 activated spores of B. cereus T during  Ala-Ino-

  induced germination. Unactivated spores were 
 incubated at 30 C in the germination medium 

 containing 0.05  /Xi/nil of  L-[14C]alanine, buf-
 fered with 0.1  M sodium phosphate  (01 or potas-

 sium phosphate  (0) at pH 8.0.

Fig. 4. Incorporation of  L-[14C]alanine into 
 unactivated spores of B. cereus T during prein-

 cubation. Unactivated spores were incubated 
 at 30 C in 0.1  M phosphate buffers (pH 8.0) con-

 taining  L-[14C]alanine (0.5  pCi/m1)  : 0, so-
 dium phosphate buffer;  II, potassium phos-

 phate buffer.
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preincubation was studied (Fig. 4), using either NaPB or KPB containing  L-F4q-
alanine. 

   In NaPB, the maximum incorporation was seen immediately after contact 
with L-alanine, and the level remained high throughout the 2-hr incubation period. 
In KPB, the extent of incorporation increased gradually, reaching the same level as 
that in NaPB at 30  min after addition of L-alanine. The profile of incorporation by 
unactivated spores in KPB was similar to that of unactivated spores in KPB con-
taining both  L-alanine and inosine (see Fig. 3). 

   It seems likely that the difference in the kinetics of incorporation of L-alanine 
during preincubation might reflect the extent of subsequent germination. Thus, 
unactivated spores were preincubated with 0.5  mm L-alanine in either NaPB or KPB 
for various periods and then the subsequent germination induced by 0.1  trim inosine 
was estimated in NaPB. 

 W1%cn the extent of germination of the preincubated spores was plotted as a 
function of the preincubation times, it was found that the extent of germination 
increased with increase in the preincubation time in both cases (Fig. 5). The 
lengths of preincubation required for the maximum extent of germination were about 
15  min and 45  min in  NaPB and in KPB, respectively.

Fig. 5. Effect of preincubation time with L-ala-
 nine on subsequent germination of spores of B. 

  cereus T. Unactivated spores were incubated at 
 30 C for the indicated times in 0.1  M phosphate 

 buffers (pH 8.0) containing 0.5  mm L-alanine 
  (0, sodium phosphate buffer;  •, potassium 
 phosphate buffer), and then the spores were 

  transferred to 0.1  M sodium phosphate buffer 

  (pH 8.0) containing 0.1  mm inosine. Subse-
  quent germination was monitored for 60  min 

 at 30 C.
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                           DISCUSSION 

    Germination of unactivated spores of B. cereus T is known to be influenced by 
inorganic ions (7-9). Previously  Ala-Ino-induced germination of the spores was 
found to be stimulated in NaPB but not KPB (7). However, the effect of K+ was 
not studied further. 

   In the present work, we first confirmed these results and demonstrated a signifi-
cant inhibition of germination by K+, even in the presence of  Na+ (Table 1). Since 
heat-activated spores germinated in the presence of both L-alanine and inosine either 
in NaPB or KPB (1), these results indicate that  K+ specifically inhibits the germina-
tion of unactivated spores. 

   Second we examined the kinetics of  L-[14C]alanine incorporation into unacti-
vated spores. We observed bimodal kinetics during germination in NaPB with a 
rapid phase followed by a slower phase (Fig. 3,  o—o). Similar kinetics of incorpora-
tion of the amino acid during germination of B. thiaminolyticus spores has been re-

ported (12), although the profile of incorporation was quite different. 
   During preincubation with labeled L-alanine in NaPB, the radioactivity incor-

porated into unactivated spores increased rapidly to a maximum, which was then 
maintained throughout the incubation period (Fig. 4,  o—o). The rate and extent 
of incorporation into spores in the early period of preincubation (Fig. 4,  o—o) 
were parallel to those of the first incorporation during germination (Fig. 3,  o—o). 
In KPB, unactivated spores did not shown bimodal kinetics of incorporation in the 

presence of both L-alanine and  inosine  : the second phase did not occur (Fig. 3, 
 e—o). These findings indicate that the second phase of incorporation of L-alanine 

is characteristic of  Ala-Ino-induced germination of B. cereus T spores, and support 
the idea that L-alanine has multiple functions during germination. The exact roles 
of L-alanine are unknown, but probably after its incorporation in the second phase 
L-alanine serves as a substrate for enzymatic reactions (4, 5) leading to outgrowth 
of germinated spores. 

   We have suggested that  Ala-Ino-induced germination of unactivated spores of 
B. cereus T involves at least two distinct steps; the first due to L-alanine and the 
second to inosine (10). These responses may result in reactions leading to spore 

germination with consequent increased uptake of  L-alanine. 
   Third, in this work we found that spores preincubated with  Na+ or  K+  (Na- or 

K-spores) germinated in the presence of inosine in NaPB but not in KPB (Fig. 1). 
Thus, the response of unactivated spores to L-alanine during preincubation was  not 
inhibited by  K. Moreover, it also seems unlikely that the reactions induced by 
inosine leading to germination are inhibited by K+, since heat-activated spores can 

germinate in KPB containing both L-alanine and inosine (1). 
   Examination of the subsequent germination of Na- and K-spores showed that 

the lag before germination of K-spores was longer than that of Na-spores (Fig. 1 
and Table 2). It is likely that a difference in the states of K- and Na-spores in the 

pregermination stage may be reflected by the length of the lag periods before sub-
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Fig. 6. Hypothetical scheme for alteration of 

 the receptor site of spores of B. cereus T during 

 the pregerminative stage: X, native form of 

 protein receptor site; X', altered form of the 

 protein; ALA, L-alanine; INO, inosine.

sequent germination. Actually, the initiation of subsequent germination, which 
was induced by inosine in NaPB, was retarded when Na-spores had been incubated 
in KPB without L-alanine, and accelerated when K-spores had been incubated in 
NaPB (Fig. 3 and Table 2). These results suggest that the cations may influence 
the state of readiness of unactivated spores for germination. 

   It seems likely that the reactions of spores with inosine are mediated by some 
alteration of receptor sites for germinant produced after association of the spores 
with L-alanine in the presence of Na+. Alteration of the receptor sites may activate 
or stimulate them to associate with inosine, and this alteration may be reversible 

(Fig. 3). Furthermore, this alteration may be prevented by K+, and so inosine does 
not associate with its receptor sites in the spores in KPB, thus explaining why germi-
nation does not occur in KPB. 

   Changes in the physical state of proteins may accompany changes in the expo-
sure of parts of these proteins to the ionic environment (6). Evidence that various 
factors alter the receptor sites was provided by the finding that germination of Na-
spores preincubated at pH 5.0 was slower than that of Na-spores preincubated at 

pH 8.0 (10). Thus alteration of the receptor sites may be attributed to conforma-
tional changes of the protein in the receptor sites. In the presence of K+, therefore, 
the native form of the protein may be more stable than the activated form, whereas 
in the absence of K+ the activated form may be the more stable. 

   A hypothetical scheme for alteration of the receptor site in unactivated spores 
during the early pregerminative stage is given in Fig. 6. There is little evidence 
that the receptor sites for L-alanine and inosine are the same, but these compounds 
clearly cooperate in initiation of germination (10). 

   The germination of heat-activated spores was not inhibited by KPB. Thus 
the change produced by heating may lead directly to further steps where the spores 
can germinate without the alteration process of state II. 

   Rode and Foster (8) and Sacks (9) independently suggested that a conforma-
tional change of protein in the spore coat, or in other receptor sites for germinants, 
may explain some ionic effects. It has been suggested that ions act, not as the prime 

germinative influence (1), but by augmenting the effect of an endogenous organic 
germinant (3) on ionic germination, which is supported by ions alone. These views 
are compatible with our proposal as to the early pregerminative steps in unactivated 
spores of B. cereus T.
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