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Table 1. Properties of B. cereug 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 7.
3. +, 52,7 Z; =, 47.3 %,

Ew, TR ey > e REZELvEw I EF
Trao 2790373 TeA4FHG, B, BTy ( vk
BT b)Y a, o278 REZ) «H T 2 BIRIEA BT ¥
Foal) v BBEERAABTEE VS, ) VT - aw
FY) 203y, PeFT-2wrdT 3 8%EETn s w
frvv s e alcovw Uik (Table 2 ), |

Table 2, Effect of chemical agents on TCA-treated
and control spores of B. cereus T!

Chemical Control  Spores treated with TCA? at

spores 6.1 mM 30.6 mM 61.2 mM
KaOH 1N -3 - +4 +
2 N + + o+ +
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,
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Fig, ] . 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;
" e, TCA; A, AcOH.




Table 3. Effect of treatment of spores of B. cereus T
with TCA-Na and HC1l on subsequent germination!

Chemical? ~ t-Value3
Control ' 22.7 Min
TCA-Nak . 18.6
HC1 : 22.3

A. TCA-Na » HCl -5

B. HCl1 »+ 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 HCl (A), or HCl 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 denslty at
520 nm as described in the MATERTALS AND METHODS.

4. TCA-Na (61.2 mM) was prepared by titration of TCA with N NaOH
to pH 7.0.

5. Not determined.
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Table 4.
Effect of various compounds on germination of
B. cereus, T spores!

Compound Formula Retardaticn®
Trichloroacetic acid CC1,CO0H -
Trifluoroacetic acid . CF,CO0H Rl
Tribromoacetic acid CBrsCOOH L nd
_Dichloroacetic acid CHC1,COOH +H+
Dibromoacetic acid - - GCHBr,COOR ++
2,3-Dibromopropionic acid CH.BrCHBrCOOH +
2,3~-Dibromobutyric acid CH;CHBrCHBrCOOH +
Acetic acid CHsCOOH -
Propionic acid CH3CH,COOH | -
n-Butyric acid CH3CH,CH,COOH -
Pivalic acid ' (CH3) sCCOOH -
Malonic acid "CH, (COOH) , -
.Glycine NH;CH,COOH -
B~Alanine . NH,CH,CH,CO0H -
4-Axuno-n-butyr1c acid NH,CH,CH,CH,COOR" -

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 (+++),
60 (+), or 150 mM (+); ~, Vot effective. Delayed germination
was not observed when spores were treated with the indicated
compound at 300 mi.
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« Table §. DProtein, hexosamine, DPA and Calecium contents of TCA-
treated and control spores of B. cereus T!

Spores? Protein Hexosamine DPA Ca

Control spores 66.5 6.9 10.4 1.95
Spores treated with ‘6.1 mM TCA '58.5 6.7 10.6 1.60
Spores treated with 30.6 mM TCA ©57.5 6.8 10.5 1.58
Spores treated with 61.2 mM TCA - 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.
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Fig. 2 . IR spectra of TCA-treated, reactivated, and control spores’
of B. cereus T, Arrows indicate 1,325, 830 and. 680 cm’l'.
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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,
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Atmosphere Air 20 ml/min
Sensitivity +1mg
Heating rate

Thermocoupte

16 C/min
Chromel-Alumel

sz:osiphere lip 30ml/min
Sensitivity + 1 mg
Heating rate 5 C/min
Thermoccuple Chramel-Alumel

Control spores

Spores treated with

6.1 mt TCA
T
6.0 L{w/w} T
-L‘ 5.0- % {w/w) 30.6 mM TCA
61.2 m¥ TCA
L | | | | | A R R R
w2 0 25 S0 75 100 125 150 160

15 06 50 130 150 200 250
Temperature {€)

Fig. Ll.a. Thermogravimetric curve of
spores of B. cereus T,

Before T6A After T

TCA-treated spores

6.1 M ’M

(.2 {1.4}

(1.2) 1.3}

Coluan: 2-m x Jems 1.D. glass, PLG-6000
i0 0+ TPA, 185°C, 40 ml/sia

helium,

Injection conditions: range 102, temp,
00°e,

Setectors Flame fonizatlon

61.2 1

{0.7) f\/\‘*&
Control spores
/\J\Q(L”* {3.4)
) S ——
[T S A R I B B
s 5

[ 2 3

Retention time {HIX)

Temperature { € )

Fig.4b. Thermogravimetric curves of
TCA-treated and control spores of
B. cereus T. . ’

Fig. 5. 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 %Z + TPA, 185 C, 40 ml/min
helium,

Injection conditions: range 102
. temp, 200 C

Detector: Flame Ionization,
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"“‘)¢~._, ALA-treated spores . }’
X
\th_x_x
0.8 (
100~
.‘ ALA-treated spores 4
1
— 0.6 L ", Dormant spores /
o .
=3 ! X
~ ¢ Dormant spores
b=t H z
o4l g X
z 50 b )
| * Heat-activated spores
X
0.2 | /
Tj
0.0 I ! ! f oL | | ]
0 . 1 2 : 0

50 100 150

Concentration of trichloroacetic acid (HN)
Germination time at 30 C (Hr)

Fig. b . Effect of the concentration of TCA-treatment.,GerﬂanC1on was perforned at
30 C in 0.1 M sodium phosphate buffer (pH 8.0) con

taining
0.05 mM inosine.

g 0.05 mM L-alanine and
(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 b .

Effect of LCA~treatment and subsequent heating on
germination of SDS—DTT—treated spores of B.

cereus T!
t-Value (Min)
Spores ‘ Without lysozyme With lysozyme
Control? 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 ug/ml)
2, Spores were treated with 0.5 % SDS-lO mM DTT in 0.1 M NaCl
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

0D optical density

PHB poly-g-hydroxybutyrate

SDS sodium dodecyl sulfate

TBrA tribromoacetic acid

TCA trichloroacetic acid

TFA trifluoroacetic acid

TG thermogravimetric analysis

(Y : ultraviolet
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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.

150.0 4.0 £2 %3 - 85.3
300.0 - - + - 89.0

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

0.1 M NaPB, pH 8.0
0.05 mM L-Alanine + 0.05 m Inosine O
A 0.5 mM L-Alanine + 0.5 mM Inosine @

Hdutrient Groth, pH 7.2 A

Q
> Q
ce

100 o=
A

Extent of germination (%)
o
(=]

8 8
o IS I S O I i
0 20 40 60 [\/ 120

Concentration of trichloroacetic acid (mM)

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 € for 2 hr in the following germination media: o, 0.1 M
sodium phosphate buffer opH 8.0o 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/ml of chloram-
phenicol.
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Fig. 2. 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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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.
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at 30.6 mM
at 61.2 mM
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"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. .

ND) wKEZNT P74 (/N )%—7}(“‘/{};%)&\1’, 30 C - L FM, 2«2
Lt T I ke L ONTCARAFIL ¢ FATREAL Bl v BHTEE 7 L R
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T 0w 027N BEE . 3T T 5 WL £ X > & (Table 3)o

Table 3. Effect of chemical agents on TCA-treated
and control spores of B. cereus T!

. Control Spores treated with TCA? at
Chemical spores 6.1 mM 30.6 mM 61.2 mM
NaOH 1N -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. 1Insensitive.

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.

G) B 3T T BB |

AEAEWR sV VY -u, PV Pyy, PaF7 - < EBZEtT <
e vou, SISDTTT sy« ABRER G S+ - bBREe T3
(Tablet) o WV F - o EE e THLrZERBRKRS-r INRT2 -+ HE,

IALF 9 IANTF R )T o8 2 BATHL L, 2 aTNTAL

Table 4. Effect of lysozyme, trypsin, and protease on
TCA-treated, SDS-DTT-treated and control
spores of B. cereus T}

Spores Lysozyme Trypsin Protease

Control spores - - -
TCA-treated spores? - - -
SDS-DTT-treated spores3 + - -

1. Treated and control spores (1l mg) were suspended in 10 ml
of 0.1 M sodium phosphate buffer (pH 8.0) containing 200 ug/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. +, Semnsitive; -, 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.
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731110

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.

90

95

0 50 100
Percentage loss of DPA

(2) TCAmEB¥ A2~ DPAMERHEN

Fig, 6 3 80-/00C T /b AtnEnd » DPABERER v dba T"hH, 2
o8 e FH v TCAEE » 8l wF v DPAER T o BmrBoronk. 2
o TPT N L IEC B BHAEE B k., 100 C T &
BHA, AT Ty b5vT5% o DPA B L, TCABE « BhFew
ﬁﬁguf'rﬂ‘vﬁ'o

* B (F1EFF)
sx  (ZR MG, T30, F2005, 5 & v FI0T0E A XN /2, 24, BT 40
s R U b b,



Control spores
80 C Spores treated with TCA at 6.1 mM
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el 2 m Fig. 6. Loss of DPA from TCA-
treated and control spores of
B. cereus T by heating.
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g 15 min at the indicated
temperatures.
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SHF, cHInFHaBRKeBRR T b0 tdv 2. 2 21v5%a
AHEER AT » REEWoAM v 205 T - Pe Rn 1 KF R T1&
BloW®, t, v ve (Flg. 7). R-Fa%083HTHR %< s 572
rERET2FH s B R a2y, A9 5, BEFZ 0 2950 % o7 2 o o
Mz v &FT 25 L k- T, Lo BKEZAHLET S o T I/
v, RZE I M ED Yy & R85,

EFMev o, 2%k v eDEwFEs 3 EAL & VEEHRA L, Fow
B B LB T ISR BB vs v Ko tiEe v,

opEfLFE= 1 L (ODt/ODI) (Ea. 2)

oDi : MEEeF 0 TR 4R a0
0Dt : BAMYs tAtho F¥ .7 L840 0D

1. ¥ ® X 2

BREBLERRsE U TCAaFR T ool 0 BH « 5w 1, DHuE-70
CEBIEE L TCA C6/2mM ) ¢ B8 viFrls « 1, BRFwd3 2 9% 8%
vike B e L1, BlEBE .. c IFH (oM ) | &8 (027 N ) s T
iERls e R, BE s, BERL BEclM 2RI 2w 0, BKFE
3h<, BE 2Rz e X3t v£& v (Fig. 8)
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Fig. 8. Effect of the pH of TCA-treatment. . . . N
Spores were treated with 61.2 mM TCA or 60 mM AcOH % /{ ;r > A %7 HrHr

at the indicated pH at 40 C for 30 min: o, HC1-NaOH; = .
e, TCA; A, AcOH. EEXv Tv A,
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Rv  Fhavm 6.2mM TCAC TCA-Na ) & oz? N+&#E e Wv 1, (A) ¥WE
w3 T TCA-NG edEWls € o &, B#LL{ER 2<%, (B) %aihaodn-=
nA o T, TR sHB BT . 12 E, EBRLA v 8
H Lo F W EF s 1 HFE vy tBErRvr e TIgo- ko
w1, EBREB v, WHBE L k0BT R BBAELIE r 4
vkt 4B 9§03 v 4BEEvn (TableS) ., < afEFa, TCA-fFHN

Table 5. Effect of treatment of spores of B. cereus T
with TCA-Na and HC1l on subsequent germination1

Chemical? t-Value3
Control 22.7 Min
TCA-Na* 18.6

HC1 22.3

A. TCA-Na - HCL -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, HClL (0.27 N), TCA-Na followed
by treatment with HCl (A), or HCl 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 MATERTIALS AND METHODS.

4. TCA-Na (61.2 mM) was prepared by titration of TCA with N NaOH
to pH 7.0. ’

5. Not determined.

TCAT =T v e KEAT va BEAErd nbaThY), BATICAT =
TorEBA L bGBE» KEA T v 0 fd@l v ) BERR KT 0% v
B2 EEEVTN A ‘

Fig, 9 g /5-4 C T30 TCAtERI e ERer kT tE: TCARE
vt Travrvesavhr., tia, TCABRErETw-on, 3
CEBE v b ERREr B Th oM TH L L k. Fig, 103 t48 « B
EBle BB e FLucba BB, BETHFT v @, FlaE, zoem,
30C, Ha v d eh2nM, 20 C w3, t 4G o prooress curve o HAEF M o EH
ce b R BB IR MR I, v v —RaBcE v r, L2
v, 8% . o £4FT vz t 48 » progress curve 2% v ko
0.6 TMTCAnEH v » v 7, HEER T3 tE 70w kg t{50min
TS ERMEE R ke 2 2 BiRo4R 3 IEWR ¢« TCAo RE v B 1THRE
EEtE4., o (kB cFr) eHlvETv- =92 Tavh e v
R FLF - S Ko rEE, 4ol x 0%cal/mole T B~ &k ( Fig. 11 ).
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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.
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Fig.l0. 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 (e-e), for the indicated periods.



o = 4.01 x 10% cal/mole

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-
tioms.
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F3EZ I Fe BV Uh s, ATCAEEENEr LT, REBRIEL . B
w3 E A, 30MTCA v vERorr st £ % L 1 47
e $hbL, ZFREEGETAE s FRLrT Tt 2 o TCAR
HERrZzs tB ez eF vve, pavad vk ofie 3. = BA
KEREEEr B2 e ROk, 3000 o BALIER s t B A KBV 7 B
tiE-#BKr&EhHo 0wz B, % a LAY w SREEFELEVE» T v ¢ B
Lk, B0 BRI aWErBo o nr BAIEZE w2 Y, 300No ¢ 0 % w
AT o 5B, +++ | 60mM, ++, /50mM, + £ L TE L R,

I % % 5‘\, 1%

TCArEFRe T RERE s £ v €25 % @< o w v 1, BFER
BB % A s O EEEF I Ky LR Ao T, 2aEEQTCA 2
Bt E<HiETas L E 2y N2, TCA THFEE o 7 oL ¥ L3 CH3- » K
ERFrintBERI v BRI Wk A v s, BERF e b TR
MR, tors, ClsE BRI RIEL 5T, %2 v, §F
BRI A R tr a3 o TCABEREYAL 2 E s L8, » (Table6 ),

Table 6.
Effect of various compounds on germination of
B. cereus T spores!

Compound Formula Retardation?
Trichloroacetic acid CC1;CO0H +H+
Trifluoroacetic acid CF3COOH +HH
Tribromoacetic acid CBr sCOOH +H+
Dichloroacetic acid CHC1,COOH ++
Dibromoacetic acid CHBr ,COOH ++
2, 3-Dibromopropionic acid CH.BrCHBrCOOH +
2,3-Dibromobutyric acid CHsCHBrCHBrCOOH +
Acetic acid CH5CO0H -
Propionic acid CHsCH,COOH -
n-Butyric acid CH5CH,CH,COOH -
Pivalic acid (CH3) sCCOOH -
Malonic acid CH, (COOH) » -
Glycine NH . CH,COOH -
B-Alanine NH,CH,CH,COOH -
4—-Amino—n~butyric acid NH,CH,CH,CH,COOH -

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

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

treated and control spores of B. cereus 7!

Spores? Protein Hexosamine DPA Ca

Control spores 66.5 6.9 10.4 1.95
Spores treated with 6.1 mM TCA 58.5 6.7 10.6 1.60
Spores treated with 30.6 mM TCA 57.5 6.8 10.5 1.58
Spores treated with 61.2 mM TCA 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.
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Table 8. Effect of salts in restoring the germinability of
TCA-treated spores of B. cereus T!

Extent of germination3

Supplemented salts? Control spores TCA-treated spores
Disodium hydrogen phosphate - 0.601 0.039
Dipotassiun hydrogen phosphate b 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 - ODso/ODi

4. Not examined.

+ FRE ($1% F2%)
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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
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Fig. 19. IR spectra of TCA-treated spores

of B. cereus T.
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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.
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AL ofeB v B2, EMc TCAaRP:ABT ¢, TCASKMRED
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Buy, €99 B 1 < 73’7, EMCa b w = X hgafe o0 v, #
o MEHOE Y X EH A ERAL Y, ART2 - RN 099,
Tr@E r T, BB TP REHALET 2 8% 2 BiE T s
CHrLErERIoNE,

IXBRARE. « % » B, cereus TFAZ 7, ALALINO 182 o {Fil v € B % 2 %
A3 )b, ALALING s farRm € T 4EAls ¢ niAy, REBEHE»rE v <
MTT B (ALA>/omM,INO> 65mM, ALA+INO» co2mM )*¥ 2 x, 2B EW
g, swlkmrcREeTvaviBZaAlLA tp v —REBERT L 2
Ewd Y, ALAFINO v & 2 BE rwiffE s W, INOEM T BE v 3725 8RA
BRUEBETT 2% oo, ALAT 3 %08a SR IT0C TR 5 ¢
Eivownn, 26w, ALARHGCERBE g Yuthed- THES

Woh e ows B8 a5 (Fig. 21 )5

Activation

Germination

K+
ALA-TREATED SPORES
it

INOSINE, L-ALANINE —’—) GERMINATED SPORES

HEAT-ACTIVATED SPORESLL

DORMANT SPORES

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 NH,
inhibit germination at the indicated stages.
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TCARA T 2t Ea Pow k3,
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¢ Fig. 226 Do
(2) ALAZEIE4CHFHZ
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“E W{TH- &, TCAALERG |, @

BRIVINF M Bk, 20C (04 v
‘7&0 Flg.ZZKiV&%%p\g)aﬁ\;v\r:J:)}K

BB 0 TCA o SER v &
FRErEv, TCAALAZE KL 1o 1 BCERT »
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~

2 e A
B ET AAYING v« ¢ 2 RE T 7 E=%adf{ TV«
B ¢ BOL L 7 o« 2P

ALA-treated spores b
X
] T XXX
i
0.8 %
H 00—
1
L 5‘ ALA-treated spores
1
~ 06| % Dormant spores /
Q 1
S H X
~ | ': Dormant spores
5 ' z
Soa] % £ )
— % 50 — )
‘l < Heat-activated spores
- ‘ ;
0.2 [ /
Heat-activated spores o
0.0 | [ 1 | ol I L 1
0 1 2 0 50 100 150
Germination time at 30 C (Hr)

Concentration of trichloroacetic acid (mM)

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 lires) 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.



528 SIS-DTTASEEAE « 37 5 TCA» BH
FMEcanT, VT - aaTCAREER AL R, DBHE ¢ b
TweseEFvk, Loy, 2nig, RRELER, TCAZHEMR T L 5
BT - B EHEr As e AR RS, v T, 2
s R on, BEBR )V - baBlheBRT 22 e 3TV v, H
LA EHs )Vt - aBEEEAF R T 1 I eI Hat s
%,

EBEEI2 g SDS-DITaSE@w & 1, 1 /F - 4B &¥Ew v 2% (Table 4) .
SDS-DTTESFAT e E MR v 1 TCAS(FAI v, REBH 8%~ T
EEVRE LGB, VT - 0B ter $ R MEWNE AR eEET » 2 ¢« v
T34,

SDS-DTTH. % a{F@Mwd 9, FEERa 1V + - vTTrRBETrd
T rscrEBEI e, ANTI Lo ¢ 78 FRT L B2
w, 7 %, SDS-DTT s 4 s He TRAT 2T oo b s M«
33§ % SDS-DTTa AEH 5 TCA & (EFRFBAL &8 TRAC L R Y, Ao THEG
Fws e e rI3BEs N caFa, TCASEAAN =204L% %a
BEEELRETT 2.

AFpva, Bw, SDSDITRM v e M2 3775 TCAaHE v »v 1T
L, TCA wSISDTTRE LA REBBRER ., 1o WRoBETT 2 2
e e B L k. B2, SDS-DITRVEIR, TCARGE v w HAEw 7w 1, Y
F- v § » RER,DENE» BB EHT v k.

L. ERpE s v ERS A

(1) SDS-DTTnzg™™ '’

¥ /mg e, o/MNaCl , o5 %SDS, /OMMDIT 2 & v %» R AR 45 ml »
TAEY, 37C v 2R R L k. KA, RsdE WA KAV R
Pk Y 2 CREEEEETR (DH80) v TAR L ka b, Sk EWESHUWE .,
r&Ee®aw, aBEFr3IEMBYRE L wab, “Fa B AP - T B
v, FBERLL v 1 - RBIT k. Rasdics g §8, D W
<, WA NPB I ml %%, NaPB 2 - 3 BEA T > Kw a7 A&, 0Drsé
R s ) w BB e, —BPa, B4 T ok E B R, RIEEIGE
Lo b, SCEATE G L k. SISDIT@ ik s & w > w1 v, EITR,
ATTwi{d v,

() TCARHE
’%‘?%?u ey



3) REER
$2F%) FeaEly

W) TABIEA AR
20C , oMo e TT s HBRIEe 7w 1, PI1EF2FcE~aF
BB HE Y k.,

(5) $CFAI
£23%%) HaEv

) V¥ - &, & 0o Lysozyme substratew 233 5 TCAR I ¢ % » % « B
Uz SRR A - 4

G) DV - aaTCARE e X atha B 1Y) "+ - L(/5 mg/ml) ¢
TCA (4221M ) » TFEARE 40C, 3040 B L ras, Rebv bINE
U2 SRERMETR (PHeo) v B v BBk, t wtEh v, —F 3 % a3
3, ®Fab0C , 10pRLEHR, AT v~ Thweif- TEE: BE L
k. % % b B, Lysozyme substrate ( Micrococcus luteus cell » E W% &%, =
AT ERTAEIodmge Y R-REMIEATAIN « TAB LKA b, wn
I R 5,10, 3 R 5PlFmL, 520 M e 200 0D 4 Y (C € R
Fe) v RT3 oRE LV, Ba | 28a 0% 55 0B RLE
YRk, R, xBrBEDHe THRH, D/DI «FFL T E L k.

(1) Lysozyme substrate » TCAE ¢ % o thn B %03% © Lysozyme substrate
B 30L, L2, RE O LI2MMTCALRER w TAR( J mo/ml) v, 40 C, 30
AER v ko %, &k ®H « Eppendorf Microfuger 2 AKldE 288, = e
W, B M) ARBEEATR c TAE, D oW WHE LR, tuF
AV, —FE%a 23, EFabolC, WHRLE L, UTa EH - . L.
3% 06, %lysozyme substrate «f & 3B#w ) VF - Lo 20opg/mle 5 s 5
RAaLBL, FlitahAcBlE, Do TN + 5% v &,

1. 2 % X 1

) sps-rTeese”

EBEZH2 A SDS-DITRFE v 5 T, 20mDAE 2 HBE o DTTEF v B ¢ |
EWNR it r B L <, BREI~2 TARReTAHT 2 2 ¢ o0 T2 15 00 &,
%ok #, A2 SDS-DITRAE v M w 2 DTT » BE Z10mMN L L ko

o FMFT a3, TI)E, DPAG, {RRARIFFwRBREL 2 ¢ o
AT P> ko, 9>1°7H g %% %/mg spores P LEF v R T Mk,



Table 9:3, SDS-DTT#%32 v x Fi2a ¢~ 9, T3 %%, i wDPAYe %
vkboaThr, 2o0ftRa, FTOMBELRLA ZRAHBE U1, 707
NEras B Frvaivrne, T )85 wDPASPPE By T U
Tvh, 2T, OERLEFTcBRINK YT »1° 790 RE « &y FH2
TFaBT s ) ImhrYy chsns»FR@FELadinrBE AL
B 5w ke L7y, SDS-DIT 52 %42 ¢« 1«32 % 8% » colonyforming unit &
L 1d, FrarErBioni v, &, ¥:1, 71 ¥DPAg
SDS-DTITa{EM « & 2 W9 Lt rBH 33 Vvenr 3, BEaIET

SDS-DITAFRF Y « LA EM c a BB Lk e 2 b, P ) Bur->v T
3 406, DPA > 13 Lo e v b IKHMRIELTB R, 2 a8 (RYIE,
rosb) g B e, FLRBERA 09 ET 0 o SIS-DITREFIE 0 ¥ > 1
7 GE 1Y T2 E e BB L TXAL e, FoF UM osporese W ko vk
o 1, EBE Y s E, /55%/mg spores? BT WY v N TR vp
hekaowr, 2 0iBe FTOBEFIRa T T« WEB 1 % ¢ /46 %/mg spores
eT Y, LEFTRCIWR 107 Ho BB S v -BWe v,

Table 9. Protein, hexosamine and DPA contents of SDS-DTT-
treated spores of B. cereus T!

Protein Hexosamine DPA
Spores 55.22 7.282 11.282
Supernatant 14 .42 -3 . -

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

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

3. Not detected.

(2) SDS-DTTA 2 % A2 ,
SDS-DTTAREE U e % HE 0 4k¥R, #JER{T 1" % > & (Table 10). SDS-DTTLYR L
kR Ao ElETe R, REER,FHAS 3 LA b &
5k (Fig. 230) o 2 o 5@ v TCARGFRA2I e ¢, BREBEL SV,
REBLTHBAECEH LV & (Fig. 23b) #°, 50C g Bl s v,
ABBE AL« TCA £ (B 3 v e s 1Bl 1%, E4E v i (Table 11),
SDS-DITYHE v 58 )+ - BT e sy, oY g TCARER
pEw ot - Tk, SIS-DTTAVEREAR FTCA{EFl« A B v« BEliRw ) T
~aafMmwunwlY) FAPLrEF Lr (Toblell). FEAFR G, FW
BEF, VIF- o EReu ) BruERsrcaLTv7 2 BN
ANTF Y PARNPFESN T THY, T wREw BT A gern cell
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Wl R E e m B v s e T s 2 TEAR Y - Ao
¢MW,I?ﬁ@%%??m%?#ﬂ,ﬁ%,nw%w7lﬁﬁﬁiw&
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T fEf TR Y,  afEa, 3lTy 7 RRBHESBUEGT o1
7\/\;)0
Table 10.

Heat resistance of B. cereus T spores
treated with SDS-DTT.

Colony-forming units?

Control!l 2.27 * 1.23 x 108/mg
After heating? 1.68 + 0.97

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

2. SDS-DIT-treated spores were heated at 80 C
for 10 min.

3. Mean * standard deviation (P=0.05).

150 p—
10 O Control
g 6.1mM
® 30.6 mM
0.8 | A 61.2 M sns~ggrgema
100
S 0.6 _
g £
=~ £
3 -
S 0.4 — g::::ted
50
0.2 +— ;
| I l | | |
0.0 ol 1 310 | 4!) 610 w(

0 ! 2 3 4 Concentration of trichloroacetic acid {mM)
Germination time at 30 C (Hr) :

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.
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Table 11.
Effect of TCA-treatment and subsequent heating on
germination of SDS-DTT-treated spores of B. cereus Tl

t-value (Min)

Spores Without lysozyme With lysozyme
Control? 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 ug/ml).
2. Spores were treated with 0.5 % SDS-10 mM DIT in 0.1 M NaCl
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.

v BB v T, 1) v+ - A e Lysozyme substrate « TCAESF @Ml 1 +  §
2, BigprFRedh v FiOo.2)e )T -6hddaFitaTHhitu
.-7\/\‘(13, Toviflan@BEer o, “nwd be, PHe 47 v 8BA, &
¢ I A %‘l'f%‘] A dER G v THIT L, WHiTite £ 5 > :12\1:{4&@@
FeRATH Lz v, BHHo @B raonrn. EAS, )/ F-av
TCARFRII €5t ¢ v S 2 BARANEQHT, 20 «w, TtV BR
B(50C, 0wh)Tr:evs i@ Bedok (Fig.2s ) -3,
TCAw d4eRmit e 41 «iEFl.. Hhrila 5B AHMT » (FArsp
N, 2afERa, EEeprNTFET) Y o REER R B
LT BB BTICr: twZErons, 2, FHT<TCA(E
Msene )V F-avTFrREEFARY Lk, = a5 s 0¥ (€,
W0A) T r b, BTdheMTL, BRENpIVRIZEFR VK, 2o
#32 » o, Lysozyme substrate w374 » TCAa4Fflg, ) V" F - L« q 5%
ArEny, FIAENEE e T rHrdovhsr: P x( Toblel2)-

(’

23 ZR G o R
1 % #

W EPEEAR 5os wALA STIE s ER a{RBIIEw H 2% F M e s BF
Yobn P08 « 1 T » 3 A YT ( state of readiness ) »§ % % ( Fig.21 2% &
HwEMRG s 6 0 TCAaFRvE Yy BAEE®I Wwiker, TCAHT 3 B
v 2w T STEGBRT L vk (Fig.22) - ofE 3, TCARE « A7
2t@s 73y F it g5 v v » (Fig,22b), BRI
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E’ Fig. 24, Effect of TCA-treatment of egg
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at 520 nm of a suspension of Micro-~

—
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Table 12.

Effect of pretreatment with TCA on lysozyme-digestion agalnst
Micrococcus luteus cells!

Concn. of Before heating After heating
TCA (mM) v2 Extent? v Extent
Control 0.543:0.036% 100.0 % 0.417+0.076 91.6x3.0 %
3.06 0.251+0.033 80.9t2.4 0.161+x0.023 - 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 ug/ml), 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
mM) 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 x), but not
to lysozyme (200 pg/ml); (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 cellulatr
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 G,
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 1-
alanine and 0.05 mum inosine (Kohjin), and the same buffer containing 0.5 mm
concentrations of the two compaunds. 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—
(OD,/ODi)], where ODi is the initial OD and ODs 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 ~) or hydrochloric acid (0.27 ), 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)
/ml. 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 ~ 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 1. 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

@) 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 mum (D)
at 40 C for 30 min were incubated on nutrient agar at 30 C for 24 hr.



342 H. SHIBATA ET AL

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 mm
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
mum 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
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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 G 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: O, 0.1 M sodium phosphate
buffer (pH 8.0) containing 0.05 mm L-alanine and
0.05 mM inosine ; @, buffer containing both compounds
at 0.5 mM; A, nutrient broth containing 100 gg/ml of
chloramphenicol.
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Table 2. Effect of pH during treatment of B. cereus T spores
with TCA on germination

Extent of®
pH® Concn. of TCA germination
1.6 0 mm 100.0%,

30.6 42.9
2.0 15.3 100.0-
61.2 298
3.0 61.2 100.0

% The pH values indicated were adjusted by titration
with sodium hydroxide or hydrochloric acid.

» 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 r-alanine and 0.05 mu inosine.

hydroxide or hydrochloric acid. Low pH-treatment tested without TCA had no
effect on germinability of spores, whereas treatment with TCA (30.6 mw, 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 mM 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 mm TCA, as well
as control spores, were resistant to both 1N sodium hydroxide and 0.27 n hydro-
chloric acid, whereas spores treated with 30.6 mM 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 2N sodium
hydroxide.

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

Spores treated with TCA at

Chemical Control
spores 6.1 mm 30.6 mm 61.2 mm
NaOH 1w~ —® — +2 =+
2 N + + S +
HClI 0.27 ~ — - — +
Lysozyme

200 pg/ml®

% Insensitive.

¥ 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.

9 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

Control spores

Cc (s:O"‘"OI spores C Spores treated with TCA at  6.1mM

80 pores treated with TCA at 6.1mM 80 at 30.6mM
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Fig. 3. Loss of DPA from TCA-treated Fig. 4. Effect of treatment of spores of B.
and control spores of B. cereus T by heating. cereus T with TCA on their heat-sensitivity.
Heating was carried out for 15 min at the Spores were heated as described for Fig. 3.

indicated temperatures.

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 66.5% 6.9%) 10.4®
Spores treated with 6.1 mm TCA 58.5 6.7 10.6
Spores treated with 30.6 mm TCA 57.5 6.8 10.5
Spores treated with 61.2 mm TCA 57.8 6.7 10.0

@ 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, TGA-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 mw, 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 mm 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 mm 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). Itis 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). Tt 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 r-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 g-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 r-alanine plus
adenosine, but were not killed. Holmes et al (10) have pointed out the possibility
that a spore component, essential to r-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.
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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 r-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 OD;/OD;, where OD; is the initial OD
and OD is the value after incubation for ¢ min. To compare the rate and extent
of germination, we used values of ¢ and (1—OD,/OD;). The value ¢ is the time of
incubation, at which the value obtained by numerical differentiation of (1 —-OD,/
OD;) with respect to a unit time (I min) is maximal, required before germination
at the maximum rate. OD,/OD; is the final value of OD,;/OD;. When germi-
nation was not complete within 4 hr, OD, 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 mum or 61.2 mm 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 G (b) for 30 min with the indicated concentration of TCA.
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o i ! [ | | cated concentration of TCA. Figures in-

0 50 100 150 200 250 dicate the temperature of TCA treatment.
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germination (Fig. 2). Values of ¢, representing the rate of germination, were
calculated from data on the time courses of germination. The ¢ 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.

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 ~ sodium hydroxide, and
their germination was then determined by monitoring the decrease in OD during
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Fig. 4. Effect of the length of
TCA treatment. Spores were
treated with 30.6 mm TCA
at 30 G (O) or with 61.2 mm

| e | TCA at 20 C (@), for the in-
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Hours of incubation with TCA

incubation at 30 C for 4 hr. As shown in Fig. 3, the ¢ 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 ¢ 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 # value became slower after 5 hr, when the ¢ value was about
half the maximum ¢ observed after 24-hr incubation. After treatment with 30.6
mu TCA at 30 C, the maximum ¢ value was observed after 6-hr incubation. After
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Table 1. Reactivation by heating of TCA-treated spores of Bacillus cereus T®

Concentration Extent of germination after 1-hr incubation
of TCA (mm) Before heating After heating®
Control 0.7139  (100.0%) 0.7159  (100.0%)
15.3 0.659 (92.4) 0.717 (100.3)
30.6 0.065 9.1) 0.713 (99.7)
45.9 0.060 (8.4) 0.720 (100.7)
61.2 0.049 (6.9) 0.714 (99.9)

@ 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
(0.1 M, pH 8.0).

9 1—0ODgo/OD;.

2.0t
g 1.5
S
1o Fig. 5. Effect of the temperature and length
of heat treatment in reactivation of TCA
treated (61.2 mm, 40 C, 30 min) spores
| l | of Bacillus cereus 'T.
0 1 2 3

Duration of heating {hr)

treatment with 61.2 mm TCA at 30 or 40 C, the ¢ value increased more rapidly (data
not shown).

Reactivation of TCA-treated Spores by Heating

When spores that had been treated (40 G, 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 ¢ values
decreased as a function of the length of heat treatment. Moreover the heating



296 ‘ H. SHIBATA ET AL

Table 2. Effects of various compounds on germination of Bacillus cereus T spores®

Compound Formula Retardation®
Trichloroacetic acid CCl3COOH +++
Trifluoroacetic acid CFsCOOH e
Tribromoacetic acid CBrsCOOH +++
Dichloroacetic acid CHCl,COOH +++
Dibromoacetic acid CHBr2COOH ++
2,3-Dibromopropionic acid CH3BrCHBrCOOH +
2,3-Dibromobutyric acid CH3CHBrCHBrCOOH +
Acetic acid CH3COOH —
Propionic acid CH3CH2COOH —
n-Butyric acid CH3CHsCHCOOH —
Pivalic acid (CH3)sCCOOH —
Malonic acid CHz(COOH)2 —
Glycine NH2CH:COOH —
B-Alanine NH:CH2CH2COOH —
4-Amino-n-butyric acid NH2CH2CH2CHCOOH —

@) Treatment of spores with the indicated compound was carried out at 40 C
for 30 min.

» 4+, ++4, ++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 mwm.

period required for reactivation of T'CA-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 conceniration 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 Iytic 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.c., 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 r-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/DCE! or TCA/AcOH!: 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
I 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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Bacillus cevens T IR DT
 XNT B DER

# B HME &TF

RH OEX

TR R YRR
BEWEE 1TH 770

(244 11 321H, 19744F)

Bacillus cereus T OIFFIRRIC BT, FHEHREBHIC 7Y ¥ o 2 ERECENLE
BA, BRINWEZFR (Y3 &, 7Y v 2Rl VWHERE RS
hieHFE (FEFE XY ECEEREEZR L,

Zh BWFENDE, heat activation (70C, 308)) 27>, KEHRFHELT L-75
=UEBWIBAO, REREREE, REEMOREORSE, BXU, D-7I=1ick
BRIFEME, i, WHEBORFHRFHE LTO L-7 3 VBRNT B3ERICOWT, B
Ui, ZORE, RIFRHRRE, RYBBORENTECE ETHEE, W,
EEFBROREEZR L, LEL, ROZERBWTHEFED W EERED bhi,

1) ERFRECB - TRFEREEEIED b -7 VB(F5=, vIX742,
AFA=y, Yy, blFA=, NV, 4VTAYY, BLAVY, FAEIY) DD
B, b=, NY, 4VBRAVY, RAVSO4RE, FY Y OBETEREAE
FEHESEL CET LT, ' :

2 LTI rREBRFOD-TI it X AMEN, FEFEIVLSY Y UFEREIC

BORBE LR, . ;

ThBNEER, B cerews T BT, FHEREBRCERE Y v 2 FASES
itk Y, FEFERE AN BT RV, RIAE Y EIERRANIC ST RS

PELBEL S L) L ERRL TV B,

WIRIRBE D I E « O BB M Uk isHiie

EIRTA, BEEEETTR, RFLVWIEERRRT,
FHR AR IRAE S S RENEE 2 R TIREE~ 2 20T
B3, TORFRFEMBEOEEERTHY, BRNDHS
CVREREFULTEL WL 220G SEBRS hic i
BEOPEBERECH 5D, RFRICELBRIGOBESR
BT 384 DEHD kinetics IZAEFEOERLOE
ELSD, RIFHBHEEBRE S B \IZEHOBESD Lo
REBERFIC IV RESHES ZJ 5, Levinson &
Hyatt® 2 Zhid, DXk kineties DERIHHIE
BREHOMEBZ X5 THLEL S LHEsh TV 3,

FEDIX, HRARRECHTL, »oRiBERE

BOTIIVBTHBS YV e EBRERLRNLAEREE

BRI B CHIBBR T, BohiFEE, 7Y

U EEE BCEIERE S DB R I L s,
BRE L, TOBER AEOMCBEstks X URER
HoO kinetics TBWTEEREDOHBZ LRV D bRz,
2T, RECHT ABERTOBSE: KL, R
BT 27 ) v o OFRERE L e O TRET 2o

HRlEAE

FHEES JUFREAEN  FERHA LB
1% Bacillus cereus T Tdb 5, .

REAREE, BEFMAECL DO plating FAREHL
LCEBEREMEFER Lz, BEBIUEEE R &
H& LT modified G $HIP & A Lz, ¥ #i8 BR i
(INH,) 2S04, 0.4g; Mg SO4, 0.08 g; MnSOy, 0.01 g;
ZnSOq4, 0.1 mg; FeSO4, 0.1 mg; CuSO4+5H:0, 1.0
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mg; B x =2 (Difco Co.), 0.2g; K:HPOy, 0.1g;
CaCly, 0.01 g; glucose, 0.4 g; BHEHIK, 17 Tdhb 5,

FIIRR © B. cerens T DRGEHERE L HHEBEREE
HicEEL, B LEYE, 2 HSErEERE
H GROX 79 2a, BE 500 m! I28H 200 ml 2&
Ie) KB L, 30C, 4.5MEREEE P ITok, KIT,
T DEIK 20ml B FIOREREEH 200 m! ZE
ZREE, 30C, 2.5 BHEEREZIT O, RAKORHE
TEEAME 2 TVRKERE2Tok, REXER
I LHhLULPHAEERERE Ay, 150rpm T1F o
7zo

HIIT A0 TKT L, FaEO Rz XY
LR L% BEBEKTS~8EHESR L, T3T0
#fE 4 CTT, BUFRGEEERE TR, 7
vr—4a—th 5C) REELE,

SRR - T 50 mg 2RSSk 10ml IT R,
ZOBREIRIC BT % 85C, 30N MNERTE OB Lk EEFH
FIKIC oW T plating method I X % AEEEHEI 24
v, FOHERD THERRE L, ,

Heat Activation: I 50mg #FRIK 10ml iz
. 1, 70C, 30 AL, EHiRKEL, BOOE
Tz kY, BREBRAC 1IERE LS 0.1M U
BEER (oH 6.4 BB Lx,

TR RTOAER 5200nm KBITIHFERB W O

OD (optical density) OE{LEFEETZZ LRI VT
i, RO X 5L FIEREBK L, REREY
#ET 0.1M VU UBEEK (pH 8.0) KFET (Zok
% OD #%90.82 1T XD ICHET 3) L, 740
FBPELU 7218, 520nm, slit 1.0 CH%E L (Hitachi

124 spectrophotometer) , FEIEIZTHT ZHEHO WHE 2R

BT 3n, bBRoy UBEER (pH 8.0) »fbY
iz, 0.1M KCI-HCl (pH 1.0), 0.1M 7 = >#-Na
HPO:(pH 3.0, 5.0), 0.1 M NaH,PO;-Na,HPO4 (pH
7.0, 8.0), 0.1M b Y 2EEHK (pHO.0) & L,
HEWEPL LTI L-77 = (0mM) 2HEHLE
2, fiiz L-7 3 BB OWT LR LEZ: 75 =
v (ala), 7 v¥=> (arg), 7X/FF> (asn), 7
285 ¥V (asp), VRAF A (cysSH), Fwiz
v (gln), # vz B (glw), Yy (gly), X
Fvr (his), A1vVveAvy (ilew), rn4v> (lew,
)y (ys), xFF=> (met), F=5> (orn),
TJxz=75=> (phe), €V (ser), b LA =
(thr), PY P r7 5> (rp), FrY Y (tyr), BIWT
NY v (val) GE),

496

WREIKD L5 OD ETREEVTHRDb LA,
OD [EF®E=1-(0De/ODg)
© T IT ODg HRITEH (RFRBYE SHEER)
I FIIRBIR Z T L7cts, 60 HE#, ODo 1&g
@ 520nm T3 OD #FE»HT,

Table 1. Heat resistance of normal spores and
glycine spores of B. cereus T°

Spore Normal spores Glycine spores
Viable count (X10%/mg) (X10%/mg)
cells 1.56 1.45
spores’ 1.55 1.34
after -
heating® 1.05 0.02
Heat 7
resistance 67.8% 1.5%

¢ Data are the averages of triplicate crops and
determinations.

® Spores viable after heating at 70 C for 15 min.

¢ Heating was done at 85 C for 30 min.

15 %

TV ERMUIZEIMNSBOWIFR O RIER
4 : Modified G E#1h LB LW TR (EFER) &,
7Yy Emg/ml) EINZZE#HALEL W ER
(7Y v E) D85 C, 30D inEuc i+ s BdEHt: %
Table 1 iRL7, IE¥IENEIN67.8% #RLDi
L, 7Y v rHETR.5% L EERERRD bhiz,

EEF, UL UFRORFCHT ZEE pHOE
B PR FHET heat activation {707 TEEDF
FiIew+T 2EEOEE Y Fig. 1 RLr, BFEEL-7
5= 10mM, 0.1M Y VEREEIK (pH 8.0) <1 -
oo EEHFH, Vv LI 5~35C R B W
TELISRFLER, 7Y v oFHER 40~45C 8
WCIEREHRLI Y L EVWERZRL, BiRic X 3EFOD
KESEHEEFRIVEBETZZ LR TDb h k., L-7
Sz 10mM 2k BREFI BT, REEHOEE
53 B O KRG %30 C ik B\ TiRE Lz (Fig. 2).
Y v EERIPEERELAKC pH8.ORKR KE %
T, AHEEOMIC, ZiigtAERD bhEIOk,

L-7 3/ BORFEHENE: FRORFIHIEOL-
FIO®W, B -7 vl EYRILREAE DR
T 355112 22 ¢ RAIGORLZZEED L-73
BRI OWTREREEEERE L (Table 2), 2@



Table 2. Effect of L-amino acids on germination
of normal spores and glycine spores
of B. cereus T. Both spores were
heat-activated at 70 C for 30 min, and
then germinated at 30 C in 0.1 M phos-
phate buffer (pH 8.0) containing one
of a number of L-amino acids as in-
dicated, each at a concentration of 10
mM* A

L-amino acid

(10 mM) Normal spores Glycine spores

alanine 0.528 0.519

asparagine — —

aspartic acid -

arginine —

cysteine 0.521 0.478
glutamie 0.395 . 0.331
glutamic acid - -
glycine ’ — —
histidine — L
isoleucine 0.39% 0.211
leucine 0.163 0.085
lysine : — —
methionine 0.218 0.321
ornithine - -
phenylalanine — —
serine 0.322 0.398
threonine 0.321 1 0.074 -
tryptophane — —
tyrosine — —
valine 0.412 0.047

¢ Data are summarized by the value of (1-ODgy/
ODy).

¢ Very low effect.
R, E¥IE X Lala, L-cys-SH, L-met, L-ser,
L-thr, L-val, L-leu, L-ilen, 3X T L-gln ® 9 HicHs
FRBENESED bhvie, 7Y Y VR BT L ERE
DRERBENIEDR, Lval DREMETEENRZL
Tliz, EBROIED L-73 / BOZTAZhOEMIC
7o B REMAEEE , Lala 1.0 LTHRHE Lo
8, 7)o HFEcRiEEEEC Ll T L-thr, L-]eu,
L-ileu ® 3FEHL/2~1/4{EFL, L-val X 1/8 ELFD
EERLEZ,

D-73=ICk BREFME: L-7 T = i k BRIER
D-77= iR EVFEEMIHAFEESNRSZ L3 ELMAbh

1.0

0.0

Flg 1.

1.0 —

Fig. 2.
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Effect of temperature on germination of
normal spores and glycine spores of B.
cereus T. Both spores were heat-activa-
ted at 70C for 30 min, and then ger-
minated at different temperatures (15—
60 C at 5C intervals) in 0.1 M phosphate
buffer (pH 8.0) containing 10mM L-
alanine: (O), normal spores; (@),
glycine spores.

pH

Effect of pH on germination of normal
spores and glycine spores of B. cereus
T. Both spores were heat-activated at
70 C for 30 min, and then germinated
at 30C in 0.1M buffer solutions (pH
1.0-9.0) containing 10 mM L-alanine:
(O), normal spores; (@), glycine
spores.

Tws, 22T, WFEO L-7 7= Vit X BRF TN
T3 D-77=vOEErRH LLER, Fig. 3 K&b
nB3E5k, FEFHETED, L-7J = L& LEER
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Fig. 3. Inhibition by D-alanine of L-alanine-
induced germination of normal spores
and glycine spores of B. cereus T. Both
spores were heat-activated at 70C for
30 min, and then germinated at 30C in
0.1 M phosphate buffer (pH 8.0) con-
taining L-alanine (10-100mM) in the
presence of equimolar concentrations of
D-alanine: (Q), normal spores; (@),
glycine spores.

BT D-77 =2 10~70mM T 20% OREERRE
bbhhl, &biT 1X102mM 2 7EEE, L-7
S UAmE VBERELTCLREMER6S ICEL
oo —F, PV v UHEETREENVBEDO D- 7=V
DI & Y 90% PRIE2FED b,

& %

L-75 =3 UolEo 7 v BrITFRORFRE
HChBYD T LIRL AL T3, SbiczolE
& FEIEIRENELE OAERIN Woese HIDIZ I v FEfIC#RE
A TWwb, L-7 3 VBRI BRFTHE, L-77=0
FEFBEEE AR L <0, SEEE D ELRE LR
BThY, B cerews T O, Vv oFEED
i L-cys-SH ®&ZTHY, L-val, L-ileu, L-gln (BLEIE
R, Lser (7)) v HE) KBWVTB~T8%DH
FRETER DI TE 2 (Table 2),

IEERERE, 7V rEEE, RERRERESRTRE
o pH ({C?‘I‘J‘ZDE & B ORERSYICTT HEK
CRWT, RERABORMETR L, LirL, 1) IE¥
HE REREEEAED O 9BO L7 B O
5%, #Yv EEiE L-thr, L-val, L-ileu, L-leu ® 4
BOSEMENETIC EE KT bhie (Table 2)o
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2) L-75 = EFEHEREBYCRAVESD D77 =
vic X BREEFRIE Y v o FCRIcR AR L,
B. subtilis (Marburg) @i, L-75=X9% D-7
5= VLGB R R 2 L 25, Woese B I XD
WEILNTWER, FABOESEN B. cereus T OFY
VORI BIRRLELO L Bbh b,

IR SDEEE, B. cereus T OIEEFE, Vv
HiEZ T, TWEEO L-7 3 o BT 2 ®BF R E
WIS SRS E OB ET TV BT L BIRS
MR LTEY, B. cereus T OFIIEBBEBEIC BT,
BRESY LU ORER, FRoRETtcEELE L
5 L FEE, FEOREEEORIFIRBIYRERIMC B
WTLZFOERCEE B IETZILPHEL ik k>
b

R DER X #25E A MBS ENE TGS
B X UE4GE B MEERBRICBVTREEL,
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Germination of Glycine Spores of B. cereus T

Isamu TANI, Tomoko SAGARA and Hirofumi SHIBATA

Department of Microbial Chemistry, Faculty of Pharmaceutical Sciences
University of Tokushima, Tokushima 770, Japan

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 glyciﬁe 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, excef)t 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.
Four of 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
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
v-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.

inosine alone.

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 r-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 r-alanine was not an allosteric
cffector but a substrate for germination
enzymes. On the other hand, it was pro-
posed that r-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-r-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.
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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 r-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
15hr. Two loopfuls of this culture were
inoculated into 200 ml of G medium and
incubated on a reciprocal shaker (Iwashiya
Co., 150rpm) at 30 C for 4.5hr. Then,
20ml 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
30min. 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 5X102 mM r-alanine (or inosine) for
a certain time. Subsequently, 0.5 or 5 x 10-2
muM 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 um) 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“spore 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.;/O.D.i, where O.D.i is the initial O.D.
and O.D.; is that afier incubation for ¢ 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, £ and O.D.f]
O.D.i; where » is the maximum value
obtained by numerically differentiating
[1 - (0.D.t/O.D.i)] with respect toa unit time
(1 min), k is a reciprocal of the time at which
v is obtained, and O.D.f/O.D. 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 £ 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
rL-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) was observed at
various concentrations of both germinants.
As shown in Table 1, the values of » and %
increased with higher concentrations of
either germinant, while’ 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 1x10-2mm (O.D.f/
0.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 T@)

Germination Concentrations of Concentrations of inosine (um)
properties® L-alanine (um) 20 30 40 50
vx 108 20 3.0 8.6 9.4 20.6
30 5.5 16.0 24.4 25.6
40 5.0 21.5 24.8 26.9
50 18.1 24.3 31.1 37.3
kx102 20 - 34 4.0 4.3
30 3.5 4.1 4.8 53
40 4.2 5.0 5.5 5.9
50 4.8 5.5 6.2 6.4
O.D. fjO.D.i 20 0.918 0.765 0.730 0.532
30 0.850 0.595 0.487 0.485
40 0.867 0.520 0.492 0.469
50 0.590 0.526 0.473 0.447

® Germination was performed at 30 C in 0.1 M sodium phosphate (pH 8.0) containing r-alanine

and inosine at various concentrations.

%) The values of v, k and O.D.f/0.D.i were obtained from curves of the optical density at 520 nm

‘as described in the Materials and Methods.
¢) Not determined.

0.D.t/0.D.i

Germination time (min)

Fig. 1. Effect of preincubation time with r-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 5x10~2 mm. O.D.f/
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.

0.D.t/0.D.i

Control

0.0’L T L ] ' M1 I
. 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 0.1m sodium
phosphate buffer (pH 8.0). Concentrations of
L-alanine and inosine were 5X10-2 mm. O.D.¢/
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 T4

Preincubated with inosine

Preincubation Preincubated with L-alanine
time (min) »x 108 kx102  O.DFO.Di ox103  kx102  O.DfO.Di
0 25.0 5.6 0.490 25.0 5.6 0.490
1 27.3 5.9 0.478 25.8 5.4 0.493
10 27.4 10.0 0.488 21.4 5.6 0.531
15 31.8 11.1 0.476 19.0 5.9 0.554
30 45.6 25.0 0.472 14.0 5.7 0.637
45 57.4 25.0 0.478 12.6 5.9 0.705
60 57.8 25.0 0.486 —b - 0.973

@) Unactivated spores were preincubated at 30 C in 0.1 M sodium phosphate (pH 8.0) containing
5% 102 mum r-alanine or 5% 10-2 mum inosine, and then germinated at 30 C in 0.1 M sodium phos-
phate (pH 8.0) containing 5 x 102 mum vr-alanine and 52X 10-2 mm inosine. The values of v, £ and
0O.D.f/O.D.i were obtained from curves of the optical density at 520 nm as described in the Materials

and Methods.
8 Not determined.

(molar concentration) of total germinants
(1-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% 10-2 mm) at 30 C for various times, and
the courses of Ala-Ino-induced germination
(5% 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 min, 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.]
0.D.i (0.4814-0.009) 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 » and O.D.f/O.D.i but not in £.
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 r-alanine or
inosine alone had opposite effects on their
subsequent germination in the presence of
both germinants: preincubation with .1~

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 5x10~2mm r-alanine at 4-90 C for
30 min. After the addition of 5Xx10~2 mm
inosine, their subsequent germination was
observed at 30 C. The results are shown in
Figure 3 by plotting £ and O.D.f/O.D.i
against temperature during preincubation.

The plot of k gave a rapid rise at 20-30 C,
arapid fall at 70~90 C and a plateau between
30 C and 70 C. The highest value of £ 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 1r-alanine and washed
twice with deionized water by filtration, and
the subsequent .germination was observed
at pH5.0, 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 r-alanine during
preiricubation 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 5Xx 10~2 mM vr-alanine, and
their germination was observed at 30 C in 0.1 M
sodium phosphate (pH 8.0) containing 5x10-2
mwu L-alanine and 5 X 10~2 mu inosine. The £ (@)
and the O.D.ffO.D.i () are plotted against
preincubation temperature. The & 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.{/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 r-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 pregérminative structural
change in spores such as that caused by L-
alanine for more rapid germination.

0.D.z/0.D.i

1 1 ] L 1 |
0.00 30 ’ 60

Germination time (min)

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 mum
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 mm inosine. O.D.f/
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 (r-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 mwm r-alanine
or inosine had opposite effects on subsequent
germination in the presence of concentra-
tions of 5XxX102mm of both germinants.
Ala-Ino-induced germination was stimulated
by preincubation with r-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 p-alanine which was converted
from 1-alanine by active alanine racemase.
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0.D.;/0.D.i

0 30 60
* Germination time (min) .
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.
0O.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 b-cycloserine (unpublished data).

These results suggest that r-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 r-
alanine on unactivated spores remained after
washing and that the pH dependence of the
preincubation with "rL-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 vr-alanine, unacti-
vated spores did not initiate germination.
These results seem to indicate that the first
reaction of unactivated spores with vr-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 r-alanine may re-
quire higher temperatures to produce L-
alanine or its active analogues in the spores.

These results strongly suggest that r-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 r-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 vr-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 t-
alanine. NHg* did not inhibit the response of unactivated spores to r-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 r-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), NH* 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
B1531 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 NH,* 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 NH,+.

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 ¢ min of incubation. The extent of germination was expressed
in terms of G or Gi, with G defined as [l —(ODf/OD3)] in the absence of NH4* and
Gi as G in the presence of NHs+. ODf/OD: 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 9.49, 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 NH, buffer than in Na buffer (Figs. 1 and 2). However, the final levels of
OD decrease and DPA release were less in NHy buffer than in Na buffer.

After 60 min in NHy 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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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.
OD1¢/OD:; is the ratio of the optical density at
a given time to the initial optical density at
520 nm.

Percentage of DPA release
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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: (O), ammonium
chloride buffer; (@), sodium phosphate buffer.
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Table 1. Loss of heat resistance of germinated spores of B. cereus T4

Germination buffer Survivors?®) Loss of heat resistance
Sodium phosphate 0.6% 99.49,
Ammonium chloride 27.8 72.2

2) Unactivated spores of B. cereus T were incubated for 60 min at 30 C in the
presence of L-alanine and inosine (0.05 muy, each) in the indicated buffer (0.1 u,
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.

i i . £ r ]

L ey L

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 ym: 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 NHy buffer containing r-alanine and inosine (0.05 mm, cach) did not
germinate.

The levels of germination in buffer containing L-alanine and inosine (0.05 mw,
each) estimated by various parameters are summarized in Table 2. The results
show that in NHy 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 NH,*.
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Extents of germination of unactivated spores of B. cereus T induced

Table 2.
by L-alanine and inosine in ammonium chloride buffer®)

Extent of germination®

Index of germination
OD decrease 74.7%.
DPA release 73.1
Loss of heat resistance B 72.6
Phase darkening ) 75.0
73.9

Mean
@) 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.
) 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. -

G/Gi ‘°'l 10,05 m

9 -

8 -

1 I
0 100 200 300 400 mm

Concentration of ammonium chloride

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 r-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 mu) at 30 C for 60 min.

Effect of the Concentration of NHy+ in Inhibition of Ala-Ino-Induced Germination
The inhibitory effects of various concentrations of NH4t on Ala-Ino-induced

germination of unactivated spores were examined.
Figure 4 shows that a plot of G/G7 against the concentration of NH,* 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 germination®)

Preincubation Preincubated in Preincubated in
period sodium phosphate ammonium chloride
0 min 0.483 (100%) 0.489 (100%)
5 . 0372 (1 77.1) 0.353 ( 72.2)
10 0.279 ( 57.8) 0.241 ( 49.3)
20 0.226 ( 46.9) 0.111 ( 22.7)
30 0.176 ( 36.5) - 0.053 ( 10.8)
60 =0 (0) —(0)
609 0.485 ( 99.2)
Overnight?) 0.490 (100.2)

@) Unactivated spores of B. cereus T were preincubated with 0.05 mu L-alanine
in sodium phosphate buffer or ammonium chloride buffer (0.1 M, pH 8.0) for the
indicated times at 30 C, and then resuspended in 0.05 M sodium phosphate buffer
(pH 8.0) containing 0.05 mu r-alanine, 0.05 mm inosine and 0.05 M NH,CL Ala-Ino-
induced germination was carried out at 30 C. Values of [1— (ODgy/OD1)] are shown.

%) OD did not change significantly.

©) Unactivated spores were preincubated in 0.1 M ammonium chloride buffer

alone for 60 min at 30 C.

@ Unactivated spores were preincubated in 0.1 M ammonium chloride buffer

alone overnight at 4 C.

Ammonium chloride buffer

09—

0.8—

07—

ODt/ODi

Sodium phosphate buffer
0.6—

05—

04— -
0.0C |

]

0 30
Germination time at 30 C (min)

60

Fig. 5. Germination of B. cereus T spores induced
by inosine alone. Unactivated spores were prein-
cubated with 0.5 mM r-alanine in 0.1 ¥ ammoni-
um chloride buffer (pH 8.0) or 0.1  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 mu inosine
alone. OD¢#/ODi is the ratio of the optical density

" at a given time to the initial optical density at
-+ 520 nm, ’



3

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 r-alanine and/or inosine. ;

Influence of Preincubation of Unactivated Spores with L-Alanine on the Inhibition by NHy+

Unactivated spores were preincubated with 0.05 mm L-alanine at 30 C for
various periods in NHy 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 NHq
buffer without r-alanine and inosine for 60 min at 30 G or overnight at 4 G, 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 NH, 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 NHga*, we
preincubated unactivated spores with 0.5 mum vL-alanine in Na or NHy 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 mwm inosine in the same buffers.

Results showed that spores in Na buffer germinated but those in NHy buffer did
not (Fig. 5). These results suggest that NH4* inhibited the response of spores fo
inosine, but not to r-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 Nat.

Kinetic analysis showed that Ala-Ino-induced germination was inhibited com-
petitively by NHy+ (Fig. 4). The inhibitory effect of NHs+ was enhanced by
preincubating the unactivated spores with L-alanine, but not without even when the
spores were preincubated in solution containing NHg* (Table 3). As shown in
Fig. 5, however, NH,* 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 NHy*.

Previously we found that 1-alanine activated the spores to respond to inosine
(14). To explaih the effects of L-alanine, inosine andfor NHy* on the spores, we
tentatively postulated that there are two types of activation of spores by rL-alanine
by which the spores become sensitive to inosine and NHy*, respectively. When
unactivated spores are incubated with r-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 NHa4*.

An alternative explanation is as follows: different phases of the germination pro-
cess of an individual spore may be stimulated and/or inhibited by NHyt. In the
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present work, the Ala-Ino-induced germination of unactivated spores in NHy 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 CaCls or high temperature.
However, this explanation for the inhibitory action of NH4* is unlikely because
studies on heat resistance of the spores germinated in NHy buffer (Table 1) and their
phase-contrast photomicrographs (Fig. 3) showed that germination of some of the
population was inhibited by NHy*.

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* germmatlon 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. 1-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-
Iyticus 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 r-alanine. This function of L-alanine seems to be quite different from that of
the amino acid during r-alanine-inosine-induced germination of heat-activated
spores.

443
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A stimulatory effect of Nat 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 muM vr-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 r-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 u,
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 radivactive amino acid during preincubation and germination. ‘To
examine incorporation of L-[14CJalanine 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 #Ci/ml of L-[!4C]alanine
(specific activity, 10 mCi/mm).

For examining the incorporation during germination, the sporcs were suspended
in the germination medium containing 0.05 #Ci/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 um pore size, Toyo Roshi Co., Ltd.). The filters were
washed thoroughly with unlabeled pr-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
ODi is the initial OD and ODt is the value after ¢ min of incubation.

T'o compare the rate and extent of germination, we used three parameters,
v, k and ODt/ODi, as previously described (10). ODf/ODi is the final value of
ODtJODi.  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. _

L-[U-14C]Jalanine was purchased from the Radiochemical Centre Ltd.

RESULTS

Effect of KCI 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 Nat, we incubated
unactivated spores in 5 mm sodium phosphate buffer (pH 8.0) containing 0.05 mm
L-alanine, 0.05 mu inosine and various concentrations of KCl with NaCl to give a
constant ionic strength.

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

Effect of K+ 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 T@)

Concentration of

Extent of germination®)

KCl NaCl

0 mm 0 mm 0.567
0 50 0.565
10 40 . 0.344
20 30 0.221
30 20 0.123
40 10 0.079
50 0 0.048

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

» Values of [1—(ODf/ODi)] are shown.
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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 T®

Spores v x 103 kx102 ODf/ODi
Na-spores 29.9 10.0 0.411
Na-K-spores - 30.4 5.6 0.417
K-spores 30.7 3.3 0.417
K-Na-spores 28.4 5.4 0.415

@) 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 muM r-alanine in sodium phosphate buffer (NaPB)
or potassium phosphate buffer (KPB) for 60 min 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 £
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 1-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 ©-
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-[14Clalanine into Spores during Germination

The kinetics of r-[14C]alanine incorporation during Ala-Ino-induced germina-
tion was studied (Fig.3). In NaPB, the profile of r-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 509, of that in
NaPB.

Incorporation of L-[14C | alanine into Spores during Preincubation
The kinetics of r-[!4C]alanine incorporation into unactivated spores during
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Fig. 3. Incorporation of L-['*Clalanine into un-

Cpm/mg spores

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 xCifml of L-[14C]alanine, buf-
fered with 0.1 M sodium phosphate (O) or potas-
sium phosphate (@) at pH 8.0.
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Fig. 4. Incorporation of vr-[1%Clalanine 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-[*4ClJalanine (0.5 zCijml): O, so-
dium phosphate buffer; ®, potassium phos-
phate buffer.
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preincubation was studied (Fig. 4), using either NaPB or KPB containing 1-[14C]-
alanine.

In NaPB, the maximum incorporation was seen immediately after contact
with r-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 r-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 r-alanine in either NaPB or KPB
for various periods and then the subsequent germination induced by 0.1 mu inosine
was estimated in NaPB.

When 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.

0.6 —

i- (ODf/ODi)

0 10 20 30 40 50 60

Preincubation time at 30 C (min)

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 vL-alanine
(O, 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 Nat (Table 1). Since
heat-activated spores germinated in the presence of both r-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, 0-0). 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, 0-0). The rate and extent
of incorporation into spores in the early period of preincubation (Fig. 4, 0-0)
were parallel to those of the first incorporation during germination (Fig. 3, 0-0).
In KPB, unactivated spores did not shown bimodal kinetics of incorporation in the
presence of both rL-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 r-alanine has multiple functions during germination. The exact roles
of r-alanine are unknown, but probably after its incorporation in the second phase
r-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 r-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, v-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 r-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 r-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 1-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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