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Á� æ^óÀ|v�>YEâuÿ¿½þ©Û
CFBR-/ ¯¥fóÀæ�)�¯¥f3ØÓJþ

ÚJþÇ^�e, é úÞ�\ÿçÚC« (ATCC 9372)DNAVóä��p�. ÏLDNAº�z©

'PR�!DNAä�Y²L�!ä�DNA²þ©fþÚDNA¡ã©Ù��I�©Û, (JL²µ

3ØÓ�Ë�^�e, DNA¡ãþ²w©Ùuü�«�, L² úÞ�\ÿçÚC«DNA©fþ�

U�3é¥fË���¯a� :; ¿��X¥fË�JþÚJþÇ�Cz, DNAº�z©'PR

�!DNAä�Y²L�Ú�¡ã«Vóä��¹þ�¬u)�½5Æ5�Cz.

'�c DNAVóä� óÀ|v�>Y  úÞ�\ÿçÚC« CFBR-/¯¥fóÀæ Ëì

9:

1 Úó

¥f´>lË�âf¥��«, ´�fØ�|

¤Ü©. 3Ë��o¥, ¥fUUþ�y©�: 9

¥f (<0.4eV)!ú¥f (1—10eV)!¥U¥f (Az

eV—500keV)! ¯ ¥ f (500keV—20MeV) Ú p U ¥

f (>20MeV). ¥f�þ��f��þ����, ¿

�¥f�γ�����Ø�>. Ïd, ¥f��fØ

½>f�mvk·>�^. �¥f�Ô��p�^�,

Ì�´Ú�fØS�Øå�p�^, �	���>f

Ø¬u)�^. ¥f�)Ô|�D4UþÌ�´ÏL

�)��ÀØ, º�Ñ�þUþ, é�«)Ô¹5©

fE¤Ø�?E��ú.

> l Ë � � � � ) Ô DNA u ) � « � ú,

Ì � � ) w Ä � ú Ú ó ä �, � ö q k ü ó ä

� (single-strand breaks, SSBs)ÚVóä� (double-

strand breaks, DSBs)ü«/ª. Ù�A�U´��

�
[1]

, =�)ÔNÉ�>l��ì��, �¤)ÔN�

�fáÂv
����Uþ�¥-uG�, �-uU

pu©f>l> �, K©fu)>l. ©f-uU

q�=z�zÆ��ÄU, ��ÄU�L�U�, K

-u�©f��d�ä�, 
)¤gdÄ. zÆ��

ÄUQ�¦�U�p��d�äm, ��¦�U$�

��!ÕY�Ú��uå��äm
��»�)Ô�

©f(�. ½m��, =Y�©fÉì��©)�z

Æ¹5ér�gdÄXH·, OH·�, ù
gdÄ*Ñ,

ôÂ�±)·�©f, å
»��^, l
�¦)Ô

N�ú½k�. 3>lË�¤�DNA©f�ù
�

ú¥, DSBs´Ë�¤�)Ô�A¥�­���Ð�

ú, 
�­�5�DSBK�@�´[�àú�A��

­���ú. Ïd, ±DSBs�Ñu:, ïÄ>lË�

¤�DNA©f��úk|uïÄË�pu��Ï)

ÔÆ�A.

DNAVóä��uÿ�{éõ, �«uÿ{þ

kÙ�½�`�5Ú·^��, Cc5A^�õ¿F

ÃÉ�­À��{k� ,�{!Þ(Á� (ü[�

>Y{)±9p�f[+>Y{ÚóÀ|v�>Y{

�
[2]

. óÀ|v�>Y (pulsed-field gel electrophore-

sis, PFGE)´CcuÐå5��«©l�©fDNA

�#Eâ, glSchwartz�31984cÄg��^dE
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â©l�1[���/ÚNDNA±�, ù�EâÒ

�2�^u�©fDNA�ïÄ. §ÏL½ÏUCóÀ

>6��, ½¦DNAä¡3v�>|�£ÄL§¥±

Ï5/UC£Ä��, l
��©l�©fDNA�

8�. óÀ|v�>Y�±©lp�10Mbp�DNA

©f, ù�·�ïÄ�©f)Ô�DNAVóä�J

ø
�«¯a�ïÄ�{.

2 á�Ú�{

2.1 �¬��

 úÞ�\ÿçÚC« (Bacillus subtilis var.

niger, ATCC 9372)	u¥IÊÏ�)Ôÿ«�õ¥

%, ��uE�S��N��Äþ. ò úÞ�\ÿ

Þ�]��u45◦C�Y¥Yú24h, ¦ÿgMäó,

©Ñ¤ü�Þ�. l%, PBSW*üg, PBSN�ÿ

NßÝ�1010cfu/mL, cfu�ÿáê (colony-forming

units). ©Cu2mL[�È�+ (PPá�, AXYGEN),

��u4◦CX�¥�^.

2.2 ¯¥fË�


�g¢�3¥Ió§ÔnïÄ�ØÔn�zÆï

Ä¤�CFBR-/ ¯¥fóÀæþ?1. CFBR-/ æ

´��±ß f�¹5«, ±«zfÚÔ�����

¯¥fóÀæ. Ù¥fUÌCq�CÌ (�ã1), æ

	²þUþ�1.12MeV. Tæ�±3ü«G¹e$1,

�´�]u�.�óÀG¹$1; �´X���Aæ

��u�.�­½õÇ$1. 3­½õÇ$1�, ¥

f5þÇØ��m
Cz, �uóÀ�¥f5þÇ�

�m¥óÀªCz
[3]

. �g¢�´3­½õÇG�e

$1. ¥f5þ�ÿþæ^1¹z¡Ú7¹z¡Ó�

?1.

ã 1 CFBR-/¥fUÌ

2.3 Ëì

1) ¥fJþéDSBs�K�ïÄ: 3¥fJþÇ

�7.40Gy/min, Jþ©O�200, 400, 555, 800, 2000,

4000Gye, ~§Ëì�¬. z�?n3�­E, Ó��

�xéì. eÓ.

2)¥fJþÇéDSBs�K�ïÄ: 3¥fJþ

�800Gy, JþÇ©O�1.48, 7.4, 21.2, 39.2Gy/min

eËì�¬.

2.4 �¬?n
[2]

1) � ¬ � î: � 30µL Ë ì L � Þ � ] � �

�NÈ�2%$L: �0 (Takaraúi�¬) 50◦C

·!��40µL·Ü�5\���ø¥, �¬NÈ

6mm×1.5mm×4.4mm, �u4◦CX�¥15min��Ñ.

òv���¬l�ø¥ØÑ.

2) � 9: ò z � � ¬ � ¬ © O \ \ 500µL ¹

1mg/mLMÿs (þ°Ëc)�100mmol EDTAMÿ

�¥, 37◦Cð§���¥È�L�.

3) � ): á Ñ M ÿ s M �, , � � Ù ¥ \ \

[��)� (1% SDS, 0.5mol/L EDTA, 0.01mol/L

Tris-HCl, 0.1mg/mL � x s K (Merck ú i � ¬),

0.02mol/L NaCl), 50◦C?n24h.

4) ��x: áÑ�)�, \\250µL¹1mmol/L

PMSF(�`Ä�zÍ, Beyotimeúi�¬)�TE�

À� (1mmol EDTA, 10mmol Tris, pH8.0), 50◦C?n

2g, zg2h. ,�^TE�À�W�¬3g, zgØ

�u30min, 
�ò�¬�u0.5mol/L EDTA(pH8.0)

¥, 4◦CX����^.

2.5 >Y

¡ � 1g ó À | ; ^   � 0 (Pulse Field Certi-

fied Agarose, Bio-Radúi�¬), \\�100mL 0.5×

TBE(Tris Borate EDTA)�À�¥, È£�ß²©

�. C�Ð/�µ, òDNA�¬�¬Ê3Î¸�	

ý, òÈ£� �0M�, e%��\/�µ¥. ·

�15min, ����v��, o�Îf. ò�Ð�v�

=£�>Yø¥, \\0.5×TBE�À�, 3óÀ|>

Y¤ (CHEF MAPPERTM, Bio-Radúi�¬)þ?

1>Y. ��>Y^��6V/cm, óÀ�Ý120◦, >Y

§Ý14◦C, >Y�m8h. IODNAæ^1—10kbp�

DNA marker (Takara ú i � ¬) Ú 225kbp—2.2Mbp

��1/ÚNDNA(Bio-Radúi�¬).

2.6 /Ú�©Û

>Y��v��\5µg/mL��z¯¼M�¥/

Ú20—30min, ,�3Geldocã�¤þì�¿*	ã

Ì. |^Quantity Onev�½þ^�é¤���>Y

ã¡?11�Ý×£�½þ©Û.
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3 (J�©Û

3.1 ØÓJþ¥fËìéDSBs�K�ïÄ

ã2´ úÞ�\ÿ3ØÓJþ¥fËì�,

DNA²óÀ|v�>Y?n, æ^v�¤�XÚ©Û

�F1×£(J. �
¦ØÓJþ�F1rÝ­�U

�Ù/w«Ñ5, �Jþ�O\, �JþF1rÝ­

��F1rÝÅÚO\200�ü 
[4]

.

ã 2 ØÓJþ¥fËì�DNA¡äF1�Ý­�

3 J þ Ç � 7.4Gy/min, J þ © O � 200, 400,

555, 800, 2000, 4000Gy �, DNA ¡ ã º � z © '

(PR)�Jþ�'X�ã3. lã¥�wÑ, �Jþ

�u2000Gy�, DNAº�z©'�XJþ�O\


�5O\, �p'X÷v�§Y = 0.0195X , r2 =

0.9934. 
�Jþþ,�4000Gy�, PR��
k¤

eü, ù�U�DNAu)�ék'.

ã 3 ¥fËìJþéDNAº�z©' (PR)�K�

k��@�Ë�éDSB�p�´�Å5�, =

DNA¡ã¥�Å©Ù�³, �l>Yãuy, Ëì�

¬�DNA¡ã©Ù350kbp«�NCk²w�©.

:. Ïd, ±50kbp�.éDNA¡ã��©Ù?1


ÚO. �«��DNA¡ã¹þ�L1. lL¥�wÑ,

�XJþ�O\, �¡ãDNA�¹þÅì~�, �¡

ãDNA¹þÅìO\, lL1¥��wÑ, �XJþ

�O\, �Jþì�e�)�DNA¡ã�²þ©f

þ²w�u�Jþe�)�DNA¡ã�²þ©fþ.

ùL²�JþÌ�p��©fDNA¡ã�), �J

þKÌ�p��©fDNA¡ã�). ù�±1²
[5, 6]

�<���(J´����.

L 1 ØÓJþ¥fËì��DNA¡ä©Ù

dose/ average molecular >50kbp DNA <50kbp DNA

Gy weight/kbp content(%) content(%)

200 5.03 29.33 4.94

400 4.62 27.14 12.51

555 4.77 24.92 16.58

800 4.96 23.52 24.83

2000 4.22 10.14 58.36

4000 3.40 9.1 38.8

DNAä�Y²L�
[7, 8]

L = PR/T , (1)

ª¥PR�DNAº�z©', T �²þ©fþ (kbp),

Lü �DSBs·kbp−1, Uìúª (1)�O�ÑL, L�

Jþ�'XXã4¤«. lã4¥�wÑ, �Jþ�u

2000Gy�, L�XJþ�O\
�5O\, �p'X

�Y = 3×10−5X +0.03, r2 = 0.992. 
�Jþþ,�

4000Gy�, L��
k¤ü$.

ã 4 ¥fËìJþéDNAä�Y² (L)�K�

3.2 ØÓJþÇ¥fËìéDSBs�K�ïÄ

ã5´ úÞ�\ÿ²ØÓJþÇ¥fËì�,

DNAóÀ|v�>Y�F1×£(J. �ã2��,

�JþÇ�O\, F1rÝÅÚO\200�ü .

ã 5 ØÓJþÇ¥fËì�DNA¡äF1�Ý­�

�Jþ�800Gy, JþÇ©O�1.48, 7.4, 21.2,

39.2Gy/min�, DNAº�z©'�JþÇ�'XX

ã6¤«, lã¥�wÑ, �JþÇ�u21.2Gy/min

�, �XJþÇ�O\, PR¥þ,ª³, ��JþÇ

þ,�39.2Gy/min�, PR�Ø2�JþÇ�O\


O\, �
k¤eü. KOUFEN�3æ^pJþÇ

(5.5, 24, 83Gy/min) X��Ëì��Ú�x���

Ñy
ù«�JþÇ�O\, Ëìé��Ú�x�



1 10 Ï �¡²�µ¯¥fËìé úÞ�\ÿDNA�úïÄ 975

��ú�
ü$�y�. 
3$JþÚ$JþÇ^�

e, ù«Ëì�A�JþÇ����¹@kuy, <

�òù«y�¡��JþÇ�A (Inverse Dose-rate

Effects). ÄÙ�Ï, KOUFEN�
[9]

@�, �Jþ�½

�^�e, JþÇO\, KË��m~�, ddp��

)�gdÄÚ��L�zÔ�þ~�, ü$
Ë�é

)Ô�©f�m��^.

ã 6 ¥fËìJþÇéDNAº�z©' (PR)�K�

>Yã²F1×£�©Û���DNA©Ù(J

XL2¤«, lTL¥�wÑDNAE©Ùu>50kbp

Ú<50kbpü�«�, ��XJþÇ�O\�¡ã

DNA�¹þ3~�, �¡ãDNA�¹þ3O\, 
�

lDNA¡ã�²þ©fþ��wÑ, �JþÇ�)�

¡ã�©fþ��u�Jþe�)�¡ã�©fþ,

ù`²�JþÇÌ��)�¡ã, �JþÇÌ��)

�¡ã.

L 2 ØÓJþÇ¥fËì��DNA¡ä©Ù

dose rate/ average molecular >50kbp DNA <50kbp DNA

(Gy/min) weight/kbp content(%) content(%)

1.48 5.14 26.27 13.88

7.40 4.96 23.52 24.83

21.20 4.70 8.98 53.45

39.20 4.63 8.34 38.31

�â>Y×£(J9úª (1)���ÓJþØÓ

JþÇ^�e, DNAä�Y²L�JþÇ�'XXã

7¤«. lã7¥�wÑ, �JþÇ�u21.2Gy/min

�, L�XJþÇ�O\
O\, �L�JþÇ�mk

�Ð��5'X. ��JþÇþ,�39.2Gy/min�,

�PR�aq, L��
k¤ü$.

ã 7 ¥fËìJþÇéDNAä�Y² (L)�K�

4 ?Ø

4.1 óÀ|>Y�ÀJ

¼�����ÄÏ|DNA´(¯!O(/uÿ

[�DNAVóä����JK. L�~^�ÃX¦–

Å�ÄJ{!�¦J�{!Marmur{�du/ÚN

J�L§9J��Ñ�3M�pN´É�Å�}�å

�^, ¦/ÚNDNAä��)�AÉ5¡ã, Z6¢

�(J. �
)ûù�¯K, PFGEæ^ �0�î

��/ÚNDNA�� J�{, =ò[ÿ�îu 

�0�¬¥, ²SDS9�xsK�?n
��XÀ�

DNA¡ã, ,�?1óÀv�>Y, l
Jp
¢�

�O(5. 8c, óÀ>|>Y¤PFGE®²U
é

5kbp—6Mbp��S�ä�¡ã�©ÙJøéÐ�ÿ

þ(J.

K�óÀ|>Y�J�Ï�éõ, AO´>Y�

m. duËì��)�DNA¡ã©fþ���Ø(

½5, Ïd>Y�m�ØÓ�U�¦DNA¡ã�©

l�JØ��. >Y�m��, �©fþDNA¡ãN

´�Ñ�	; >Y�m�á, �©fþDNA�UÃ{

l�¬�¥?\v�. 3·��¢�¥Qé>Y^

�?1
&¢, ÐÚ(½
>Y^��: 1%�ßÝ,

0.5×TBE�À�, >Ø�6V/cm, óÀ�Ý120◦, >

Y§Ý14◦C, >Y�m8h.

4.2 DSBs�©Ù

�Ï±5, <���òDNAw¤´þ!�, Ù�

ú�?E�´�Å�. Cc5�¢�ïÄuyµ[�

SDNA�óä�¿Ø´�Å�. 1996c, {INÔ

dË�|¢�¿�Cooper�|^pLET�­lfË

ì[�, Äg*	�
[�S�/ÚNDNA�DSB

¡ã���Å©Ùy�
[8], Óc, ¥I�Æ�C�Ô

n¤lfåA^)Ô¢�¿, 3æ^­lfËìçÚ

�5[�¥, �*	�
DNAVóä�¡ã���

Å©Ùy�, ¿31997c�gIS¬Æþ��
d(

J
[10]

, 1997c=IGray¢�¿Ú�IGSI
[11—13]

��

�
�q�ïÄ(J. éuDSB��Å©Ù�)º,

Ï�Cooper�<�¢�é�´��[�, ¤±¦�@

�[�¥DNA¤?�pÝkS�/ÚN(�Ú\�

âf�>lA5åX4Ù­���^. ¥I�Æ�C

�ÔnïÄ¤±1²�ïÄ
%lf��ËìÕZÄ

Ô[�ø�x�DNA�¬
[5]

Ú3��[�S�DNA

�¬
[14]

, Ñuy
ÙDSB��Å©Ùy�. ±1²�
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<�*:´µ­lfËì¤�È�Uþ�±��½

m�/÷DNAó[£, l
��óþ�é�f�½

�>5�p�zÆ�`kä�, DSB¡ã���Å©

Ù�U�DNA�S�k', =DNA©fþ�3¯a

 :. éuDSB��Å©Ù�y�, I	Æö¡��

DNA�“q�ú”, k<@�DNAþ�3Ëì¯a5

 :, �¡Ù�DNAË��ú“9:”
[8]

.

3·��¢�ïÄ¥�uyDSBs�©Ù���

Åy�. Ø+Ë�Jþp$, 3©fþ50kbpNCo¬

Ñy�^^�. ÒÙ�Ï·�7¤±1²�<�*:,

�N3 úÞ�\ÿDNAþ�3��Ë�¯a :,

3d :Äku)DNA�ä�. �äN�¹�I?

�Ú�ïÄâUe(Ø.

4.3 DSBµ��I�ÀJ

Pinto�<éγ��Ú­lfp��ÕZÄÔ[

�DNA��úÚ^óÀ|uÿDNA�ú�½þ©Û

�{��¡�
�þó�
[2]

; ¥I�Æ�C�Ônï

Ä¤±1²�<3­lfp��DSB�¡��
�

þïÄ, ¿JÑ
�«#�{'�O�DNAä�Y

²��{——²þ©fþ{
[15]

.

DNAdu(Ü
EB
3b	1eu�F1, Ï

dF1rÝ´�'uDNA¹þ�, ù�, ÏLé>

Yã¡?11�Ý×£ÒU���Y�?\�¥�

DNA¡ã�¹þ=DNAº�z©'PR±9�¡ã

«DNA¡ã�¹þ, l
��DNA¡ã�©Ù. PR

�U�*/�NDNAÉ�ú�§Ý, �§�L«�

)�DNA¡ão¹þ, ØU�NÑDNA¡ã�©Ù,

DNAä�Y²LU
�¡/NyDNA¡ã�¹þÚ

DNA¡ã�©Ù. Ïd, 3·��(J©Û¥æ^


DNAº�z©'PR, DNAä�Y²L!²þ©f

þ!�¡ã«DNA¡ã�¹þ��I5�¡��N

DNAVóä���¹.

4.4 ¥f��é�Ø)ÔDNA��úïÄ

�Xé¥f@£�Jp, æ^¥fËì?1¬5

£�!pC�«����ØäO\, 
éù
ýØ)

ÔDNA��úïÄ�'�õ
[16, 17]

, �±�Ø)Ô�

á��ïÄ��. Lowy�
[18]

32001cQéË��)

Ô�A�
��nã, uyØSingh�31990cæ^

M13¶ÿN�á�ïÄ
\�ì¥féÙ��^�A

	, ���Ù¦���. Lowy�æ^6a¾Ó�á�

ïÄ
¥fÚγ����é)ÔÆ�A, �=�uË

�«¹�AÚ�x��Czþ?1'�, 
éØ�ó

�ä�¿�ïÄ. ·�[?�ÚïÄγ��éÞ�\

ÿDSB��úA:, ¿3DNAY²'�¥fÚγ�

�é�Ø)Ô�^��é)ÔÆ�A.

5 (Ø

�ïÄ�	
ØÓJþÚJþÇ�¯¥fË

ìé úÞ�\ÿçÚC«DNA��ú�A, ÏL

éDNAº�z©'PR�!DNAä�Y²L�!ä

�DNA²þ©fþÚDNA¡ã©Ùo�¡?1©

Û, (JuyPR�!L�ÑäkJþ!JþÇ�A,

DNA¡ã¥��Å©Ù. ù`² úÞ�\ÿDNA

þ�U�3Ëì¯a :, �k�UYïÄ.
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Studies on Bacillus substilis DNA Lesions Induced by

Fast Neutron Radiation *

CHEN Xiao-Ming1,2 TAN Bi-Sheng1 ZHENG Chun3 ZHANG Jian-Guo1

WANG Dan1 CHU Shi-Jin1 REN Zheng-Long2;1)

1 (Southwest University of Science and Technology, Mianyang 621010, China)

2 (Sichuan Agriculture University, Yaan 625000, China)

3 (Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics, Mianyang 621900, China)

Abstract The content of Bacillus substilis var. niger (ATCC 9372) DNA double-strand breaks induced by neu-

tron radiation at different doses and different dose rates respectively, was measured and quantified by pulsed-field gel

electrophoresis. By the analyses of DNArelease percentage (PR), DNA breakage level (L), average molecular weight

of breakage DNA and DNA fragment distribution, the results showed that DNA fragments were obviously distributed

into two regions in the different irradiation condition. This suggestes that there are some sensitive points to neutron

radiation in the Bacillus substilis var. niger molecule. The DNA release percentage, DNA breakage level and the

content of DNA fragments in different region varied regularly in some extent with change of the neutron radiation dose

or dose rate.

Key words DNA double-strand breaks, pulsed-field gel electrophoresis, Bacillus substilis var. niger, Chinese fast

burst reactor /, radiation hot point
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