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Abstract:[Objective] The heterogeneous germination and its mechanism of Baillus spores trig-
gered by lysozyme were studied in order to look insight into the mechanism of spore germina-
tion in general and provide new knowledge of inactivating bacterial spores. [Methods]The ki-
netic of germinations of multiple individual decoated spores of Bacillus subtilis (Bs) and B.
megaterium (Bm) triggered by lysozyme were followed by Raman spectroscopy and differentail
interference contrast (DIC) microscopy. [Results]Higher concentrations of lysozyme and tem-

peratures significantly speeded the germination
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values of germination below 20°C were 4 times more than that at 25°C. The AT ... values of Bs
spores with 4-fold-elevated level of SpoVA protein were basically similar to control strains,
while spores lacking cortex—lytic enzymes exhibited notably higher AT . values than wild-
type spores. The values of T s AT e and AT, of spores treated by wet heat at 95°C for 15
min were two times more than the untreated spores. Heterogeneous germinations were ob-
served not only among individual decoated Bs sporessbut also among Bs strains. The decoated
Bm spores were more sensitive to lysozyme and its germinations of individual spores were less
heterogeneous. [Conclusion] The germinations of decoated Bacillus spores triggered by lyso-
zyme,on which the lysozyme concentration and temperature have a significant effect,are signif-
icantly heterogeneous at the levels of single spores and strains,as well as of species. The cortex
lytic enzymes may be involved in the initiation of germination.

Key words: Raman spectroscopy»DIC imaging, Baillus, spore germination,lysozyme,single-cell
analysis
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Table 1 Strains used and their properties
Species Strains Properties References
Hettl bt P83z Wild type,a p]rifotrophic strain derived from strain 168 [24]
PSS PO e bfold-elevated level of SPOVA protein [25]
spoVAC
PS3640 Strain has a single-base change (T to A) in the ribosome binding [26]
site of the spoVAC gene
FBL10 Strain lacks Ltorterisylteilj enzyme SleB [27]
FBIL Strain lacks conexlivtvilcjenzyme Cwl) [27]
FBLI3 Strain lacks cortex-lytic en&;vrrll]e CwSllJeEnd SleB [27]
B. me(ggzr;e)rlum QM B1551 Wild-type [28]
1.3 o
25°C, o
16°C.20°C  25%C, 60~90 min,
10° . 24l .
) ) .
o 0,
. 1. 00 CaDPA T
pg/mL,2.50 pg/mL,3.75 pg/mL,5. 00 pg/mL CaDPA T rerease »
10. 00 pg/mL, T CaDPA
1.4 A Trtecase = Tretease ™ Tiag ATy =
1.4.1 Ty = T retease o T
s A Trease AN Ty CaDPA
el 5 mW, ;
15~30 min, o Ilag Irelease Tlag Trelea>e
15 s, DIC (0 min 1,
1.4.2 (DIC) 0), T
[21] DIC CaDPA , T
) [30]. .
CaDPA
2
, , DIC
) CCD . , 2.1
CaDPA ,
’ ts1] o o )
DIC , . 1.00 pg/mL ,90 min
CCD, ™% . 10. 00 pg/mL »98%
DIC o vC , , 6s 10 min ( la),
DIC . Matlab DIC , ,
) , ) ( 1b.o), s
20 , s ;
, DIC : .
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Concentrations of lysozyme: (b) 10. 00 pg/
mL;(c)2.50 pg/mL
1 Bs (a)
7 (b,c)
Fig. 1 Germination of wild-type B. subtilis spores trig-
gered by 1. 00 pg/ml,2. 50 pg/mL,3. 75 pg/mL and 10. 00
pg/mL lysozyme (a) and germination kinetics of 7 individual

spores(hsc)

b [24: b
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Fig. 2 Simultaneous monitoring of the lysozyme-trig-
gered germination of individual Bacillus spores followed by
Raman spectroscopy (a) and DIC microscopy imaging (b)
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Table 2 Mean values and standard deviations of germination parameters of decoated Bacillus spores triggered by various levels of ly-

sozyme at 25°C

*

. ST Lysozyme Tlf'g T"Cl-m" TI:V’\' AT@“N AT-I'V’\' L (Y0 Lretease (20) Germination
Species  Strains  concentration (min) (min) (min) (min) (min) 0
! rate( %)
(pg/mL)
Bs PS832 1. 00 / / / / / / / 7.0 (90 min)

2.50 47.24+17.7 49.2+17.2 52.5+18.1

2.14+2.1 3.3+2.3 66.24+10.7 22.9+6.1 83.6 (90 min)

3.75 12.14+4.8 12.8+4.7 15.1+£5.5 0.87£0.9 2.3+1.5 73.2+10.1 20.9+7.4 96. 2 (60 min)
10. 00 2.54+1.4 3.1+1.5 3.84+1.8 0.840.7 0.84+0.6 80.749.1 18.3+10.7 99.9 (20 min)
1000.00  0.9%£1.0 1.6%1.2 / 0.610.2 / 87.14£10.6 6.249.0 99.9(15 min)
FB110 3.75 44,4+10.0 49.2+11.0 56.5+11.2 4.8+2.1 7.3+3.3 67.84+6.3 27.8+6.7 81.2(90 min)
FBI111 3.75 37.9418.9 41.2+17.9 44.64+18.1 3.342.9 3.4+1.6 60.8+12.9 17.1%+6.5 69.8 (90 min)
FB113 3.75 20.7411.4 24.1+12.1 28.54+12.9 3.3%+1.5 4.4+4.6 69.94+9.1 20.1+6.3 91.1(90 min)
PS3411 3.75 6.2+2.5 7.4+2.5 9.443.1 1.2+0.7 2.0+1.0 66.0+10.6 15.94+4.3 99. 8 (35 min)
PS3640 3.75 23.0+11.5 24.2+11.4 26.54+11.6 1.240.8 2.3+1.0 58.6+10.4 20.4+5.5 91. 2(60 min)
Bm QM B1551 1. 00 27.54+3.7 28.4+3.9 31.64+3.5 0.940.8 3.2+11.9 74.5+7.5 24.5+8.6 99. 9(50 min)
5.00 11.44+3.7 12.24+3.6 14.7+3.9 0.8£0.7 3.3+1.8 77.4+10.1 26.24+8.7 100. 0(50 min)
100. 00 1.5+0.7 1.8+0.8 2.24+0.9 0.3+0.1 0.44+0.4 91.54+4.9 11.54+8.8 100. 0(10 min)
%
Note: * the observation periods were listed in brackets
3 Bs (a) 8 4 (a) 8
(b,c)

Fig. 3 Germination of B. subtilis spores triggered by
5 00 pg/mL lysozyme at various temperatures (a) and the
germination kinetics of 8 individual spores under 20°C (b) or
16°C (o)
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(b,c)
Fig.4 Spore germination of wet-heated spores with trig-
gering of 5. 00 pg/mL lysozyme (a) and the germination ki-
netic of 8 individual spores untreated(b) or treated at 95°C for

15 min(c)
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3 PS832
Table 3 Mean values and standard deviations of germination parameters of B. sutilis PS832 spores at various temperatures

Temperature (Qiﬁ) ?r;ll‘r!l)( (Q{;) A(?ril?ls( (Arr’ﬂ;) Lg (%) Tretease (6 Germinnati(m
rate( %)
25C 5.14+2.9 5.8%2.9 7.0£3.2 0.740.7 1.1£0.7 71.5+10.4 12.444.4 99.9
20°C 12.6+6.3 15.5+7.0 17.5+7.2 2.94+1.6 2.0+1.2 76.6+8.9 12.64+4.1 96. 2
16°C 26.9+10.7 30.1+£10.9 32.1+£10.8 3.240.8 1.9£2.3 63.4+11.4 11.24+6.2 86. 7
:5.00 pg/mL s 60 min
Note: The germination was triggered by 5. 00 pg/mL lysozyme and followed in 60 min
4 PS832

Table 4 Mean values and standard deviations of germination parameters of wet-heated B. sutilis PS832 spores

Treatment (o (s i gy i) 5 & Gominston
Control 5.042.3 5.842.9 6.342.9 0.8+0.7 0.5+0.6 78.0+11.8 8.6+7.0 99. 4
95°C.15 min  9.9%+4.7 11.9+4. 6 13.144.7 2.040.8 1.340.9 72.549.3 20.8+7. 3 97.7
5.00 pg/ml ,25C
Note: Germinations were triggered by 5. 00 ug/mL lysozyme at 25°C
2.4 C 2,
SpoVA CaDPA Cwl] SleB
, PS3411,PS3640 SpoVA , FB110
fes26l | 90 min SleB ,FBI111 Cwl] ,FBI13
¢ 5,3.75 pg/mL ) SpoVA (4 o S5a .
) PS3411 , spoVAC ,FB113 ,FB110 FB111
,PS3640 o o C 2 )
, PS3411, PS3640 FB ATwe AT
S Bs (a) (b~d)

Fig. 5 Spore germination of various B. subtilis strains (a) and germination kinetics of individual spores triggered by 3. 75

pg/mL lysozyme (b~d)
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