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microbial radiation mutagenesis and their application in breeding
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ABSTRACT Radiation mutagenesis serves as a key technological approach for genetic improvement in
microorganisms, playing a vital role in microbial breeding. This paper systematically reviews current microbial
radiation mutagenesis techniques, including ultraviolet radiation, X-rays, o -particles, P -rays, y-rays, heavy ion
beams, proton beams, neutron beams, atmospheric-pressure room-temperature plasma, and space breeding. It
analyzes the energy characteristics and mutagenic efficiency of different radiation types. Radiation mutagenesis
harnesses the energy of radiation to penetrate cells and directly or indirectly cause DNA damage in microorganisms.
During the repair of these random lesions, cells introduce base errors, insertions, deletions, or rearrangements,
thereby generating gene mutations. Radiation not only triggers DNA damage repair responses but also impacts
cellular physiology and metabolic pathways. Radiation mutagenesis has been applied across agriculture, food
processing, pharmaceuticals, and environmental protection, providing crucial support for selecting superior
microbial strains. Future microbial radiation mutagenesis breeding should focus on rational design, intelligent

screening, directed domestication, and multiple mutagenesis approaches. By integrating synthetic biology and

artificial intelligence, it can drive microbial strain improvement to play a more central role in innovation.
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Table 1 Radiation types and physical characteristics

FRGTRA Ak e R R 1 RPN
Radiation Composition Energy Source Characteristics References
type

Kok KA 3.10~124 eV KFDGVEIMT TR BRSSO R, [43]

Ultraviolet Ultraviolet

let lamps

Sunlight, ultravio-

[[UE LRSS
Induce photochemical reactions in material

molecules rather than simple thermal effects

X AL TEHE TR XELE BT IRLET S, 55E 7758, BB oy T [18,
X-rays Electromagnetic FREF 2 R Low LET radiation, high penetrating ability, =~ 44-45]
waves Between tens  X-ray tube, elec- primarily indirect ionization
and hundreds  tron accelerator
of keV
ok T WIERMER TZ P33 MeV  JBUSHEZER I LETHL T, BiE R VM 2, @ IR [22]
o particles Positively charged Average 3.3 Radionuclide High-energy particles, with large mass and
He nuclei MeV high charge, have weak penetrating power
BT e I P T RAREERT BTHLME#ES. (KLETH T, 5Fi& ) haE [23]

0.15 MeV TR A 2%

Maximum en-

B rays High-speed elec-
tronics

ergy more

than 0.15 MeV clide

Electron linear ac-

celerator, radionu-

Low LET particles,

moderate penetrating power
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Tl W SR 5 22 ¥ DNA 45347 12 5255 Ao ISEATL ) B JHL 7l 17 PRI 7 i e

Lk
AR Ak AT IR EEPSN EE PN
Radiation Composition Energy Source Characteristics References
type
& e LTSRS 50~1500 keV UM TERZFR RLET 442k, 5% i [46]
y rays Electromagnetic ra- Radionuclide Low LET radiation with high penetrating
diation power
EETHR  mEEEE T 80 MeV/u s i LET AL 1, FATRFAE AT i v [47]
Heavy High-energy heavy Accelerator High LET particles with characteristic Bragg
ion beams atomic nuclei peaks
TR EEET 65~260 MeV Ik 23 LET 45 , LA RRAE 1A i b U [48]
Proton High-speed proton Accelerator LET moderate, with characteristic Bragg peak
beams
SE R L L 0.025 eV~ SNIHE RS AL, 5E )5 [49]
Neutron ~ Neutron 20 MeV T RAR Non-conductive, high penetration capability
beams Reactors, accelera-
tors, neutron gener-
ators
WIEER T 0T EeL 3~5eV EBTHRAR AR EEE TIEAT, LASIE R EZETESE,  [50-51]
EBETR TRk Plasma jet generator LR = RA
ARTP 6 F4 Atoms, Operates under atmospheric pressure with
molecules, charged Helium as the primary operating gas, without
particles, metasta- a vacuum system
ble particles, and
photons, etc.
REM ZEaRR RKRERAN PEVERM & RIS, 20 K o FE A [37, 52]
Space mu- Composite factors 10’ MeV RERFEE Mutagenesis in extremely complex environ-

tagenesis

Maximum en-
ergy at 10’
MeV

Satellite, space sta-
tion, altitude bal-

loon payload

ments, with multiple factors acting in synergy

=1

Wild strain

Production

>

Increased production

1 WAEMEEFIRERE(SE(1], 53]13RB L)
Fig.1 Microbial mutation breeding process schematic (drawing from references [11, 53])

Radiation mutagenesis

Cultivation
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S Mg

BRSNS A BT AR W AN AL A R AR BT 1R [
DNA 477, HAMRRR A W AE R AENE DNA . &
PRIUBEWTRE T2 [k B0 S DNA-8 H 55
BB AR AAR A MEEGR, RS A DNA

N
Normal DNA \
IDI’ : % ;M’ ]ILT. ;’E[[‘4
DNAdouble- ~ DNAsingle- | <
strand break strand break, !
DSB ' S8B
\ _Base deletion Base mismatch .-

N

/ s
s
o -

N

N ———r

% Base damage

FEAR /N B 2 8] 3 ] A [0 P L 25 4 110 7 A %2 AN il ST
e s 7, Bl FREE T DNA B F5 4T 15748
FAANRL T AT LE LA KRG B A DT R B eV e 7,
Bz R ALK ET W DNA I BURE 28544 ), T B e A3
(1) DNA XUBE Wi . 1225 M /D B4 S 2L DNA W
BEWTY, BREE AR AR RN, HMTRR
i 10 PR L LA B R . R A RE A Al
WK F W s, I K AR R I B PR AR R
B - OH H %, Ry 28R mER ™. 4
ARV T EEI S 0G00I, W%
2 ff DNA 4375 J& Bl 9 41 85 (9 70 ) S Tl g <2 Bk
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IR0 DNA [ BLEAE 23R SR b T BRI
oy DNA 85 38 plst b >, B gl S iy 4 45
AR R (SSB) AXUEEMT A (DSB) (U 2A
FizR) . XS R S pi R e o iRl 4. e
Hl, oL A ) AL FE YN B IO RE . R YA
XPE W B 5 TEE, KB E & BN D) B
BE. BERVIKGBEMEREE. MHEZT,
WEEW R EE RN A, 5 FBUERRE., Lt
P mEAR , 3 BE i Al R IR R s 3 4 R [ Y5 B A
HTEE .

’ @

o
o
%} H%H H&H
(D
° Peroxid @Hydrogen
\ @ CIOXCE peroxide
}rl)é?égi(yl @ Superoxide
S
ON
nmzw O
N7, &7,

DNA-protein
crosslinks

2 FEREFSEAE G DNA B3z ) FlE (0O 1EH 2 T HLHI (32560, 77-7813R 1B 21 , B F 244 K5 : https://app.biorender.com/)
Fig.2 Mechanisms of direct (a) and indirect (b) effects of radiation mutagenesis on DNA (drawing from references [60, 77-78],
Image materials source:https://app.biorender.com/)
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AR 1
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ZE AR )Y o ) e S URR S BE AR R, R LLE R
. RV %8 H R EAE T A
VI ML DNA 7o IR T-4% S0 1 X 5 2 Al y 59 45
LOL TS, HEE TR LETRMET S8 EAE
T FEBAE R (W DNA H. BUEERT ),
I 535 38 0 DNA SURE W 22 (b g 7). 3 R4 d
WHELME E B g kAR RIE R, #E 5 R KRR A
HRAR, A SETIZ A DNA B EHE Y, R
TR AAEEmMEMRERELIER ), AT
FAR R i (1) “An Ak U7 X, fE XA,
Rem VIS SR, AT S EDNA 7>+ LA
HARM R ARG, BFE S 2R BN R A e

2.3  IESTXI DNA BYE#E{ER

[ 1E RS st Bt NS,
B g AN KK TR AR, PR
HHEE (¢OH). JFETH (0O). RE (0. #HHA
e 1 (0. dHEAMAA (H202) . WIHE
(HNO») KHbFR (HNOs) Z5mihtE | dhdt ™.
K2 (b) frn, IX%8 [ LR G5 §OE 20t
(1) DNA 40 -, i B 5% S5 40 2 I S IR L &5
¥y, SEEIES (APs). DNAGEWIZ, [FIHE
227 DNA-H [ R AC B S & 26 i fh e

XLk, v LA —Fhm e 7, &HmA
MR MERE R B RS . BN LET B K
P T /INERR I S B AR B R A H RO 2= AR
FE ) 32 Bl 5 R T A% A T A AR A A%

HEER, FAEREAT AT, RAEDNA F5IK
o> F B G B AR K 1) Z B Y. A RK
I,y S 2 RS AR AR I 1 57.0 S BB S B 4
(SBS). 17.7ANBREFNS.9ONEN, BEAy 5 £ I ot
RAFRP AT F 0.6 MEEM AR 7 (LG R HLAR BL
AN BN EEME G 500 .

B 15 5 RE 8 {3 52 1R A AR R 1 R
(ROS), HFAFHEHEAAHE (0, FHHHE
(sOH). HHEMEA (H.0:) %, KXW F AN AT
DLBE IR B2 1 B HE A R S5 B K 4y 1, 1B
AT DLl 20 M PSR A R, e A 3 B A 2
E B TIEIRGE ™

ARTP #% CoAE WL T 255 & A=A 1
EREEE R/ ERAERSAE T, HH
Wy LB SR T AR AR B AR SRR, SRR R Y
PR - I ER 3 4 AT DA K A i B 3 R A AT
{55 A8 7 E N 20 M Rt Y. B R e S5 E
SRR B e Y S A aa SN 4 = B B v
PEP) AR B I SRR AT 4R, T2 i I R B
b 2 SE A F B0 DNA, R LA 5 4 - il i
28, kiG] K DNA BEE 0T 2, 45 30t
AR B,

AR R T RSB G, KT
FE 1 = ek AT DL L4245 3 U AE 40 ) DNA 731«
AP X L SEHO 2 FHE, P KR
THEZE MR, SHDNAEWZ <, thah, K
75 H 5 B 1) 5 A R R S BV BB L B DNA RS
B R AR, [ 22 P I DNA B AT RNA B 13
P, HESHCEAIKE ", S4EY DNA %2 34
fiF,  AH S DNA B EAE bk es 7 i )
2T DNABMGIEE RGN IEF ThRE, IS a0
fil DNA SE W B E, (EFEERERAR Iy,
feRae A 7 B,

24 DNAHIEE

EATRERAF M TRCEM M E, Mk T A4
M5 BB R S S HIRERE . WAL A A
G IR A EAEEF T B R, REFLITA
) & 4 1 451 03 )5 J3 3l B 5 S AL ) (SOS &
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SOS S8 IE B

DNA ) 5 il BE AT 21 452 03 {00 s I 22 % 2B A5 i
e R 1A W R I 2 51 K R 32 = ML) LL2E 5 2k ()
LIRS E I o [R] U 2 2 R A ] 90 AR o 32 42 5 24 i
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HRE—ME R EE T, WO S B 8 [RE
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o5 e g0 B B AT i S B B, I
2o A AL Rt By T B ) SCIR) 3 i B e T
(R4, DT 5% R H K 3 L 1 52 5% DNA. LR,
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T2 R AR

X LET %& %1155 5 1 DSB #5475 A %5 43 B0, 4H i
FEF) =R E P HR 5 NHE) B TE 5 . (HETE
fa LET $8 5 2 25 B0E B AR i e el i, 1%
10 S AR R R B A 3 W R R B, B 5
R GE R AR 57 Y

3 RENSEERE Y LEBE R

31 EKk5%E

A5 S 7 AR e LU 14 A B AR A S AE TRl AR A Y
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AR TE B R R T RIS, AR I A K3 7
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Bl hn, oKz TRAT IR AR R O AN A G PR 8 2 S 4l B
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5L (B3 (D) D)o LRGBG8 S 400
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RAK M, SOS M. A, LexA P& & [ 4% V1] )5 ,
G RIASulA R . SulA 2454 FE40H 40 i 73 5L
KR A FsZ S 1, FHIE 2RI % BT

32 Rt

T % DNA 5 473 5 R W £ A7 G HL, 40k A BR
fRIRE EAY R AR Se BB =, R AT S B A 2
HRGARE R . 8N BRI IR AL
JE 7)o B A AR S . N TR
PR ECRRERVH AT, 20 JE AR B I A 5 5, &l
ARKFFE (B3 (o ). BHREW, HEWE
WA A R ERIE A B, BRE BRI
oy 4 B B AN A IR, 51 R R s Ak
SRR ENVE AR, B AR, AR S
REVERRIOR, FEMERGOR P, T RS A R K,
S P =R K Ca?ty Mg %5 3 T RIK
ZERENY RSN T (3 (D )

BIFFER I, X LA o o B A% A B K T i
FRACH G o, B2 1 AR SR A D, X 4
TR AN E A PG i — A A s B> IR R
(B-NEIR. NWER. REARMBEAR) I
WM TR N (3 (o) ).

3.3 RBERIE S AT

RN R R R MO B L B P s A
DNA, IRk R A5 15 o 4H A R S A A A il
AR A RO A S T AL
Ve TS, DAERRIZ LG A YAl By b R AR
oA E E B e (B3 D D). BER
R, EEETRERSAREAHT LHEAE
DNA i8R . LRzl fh, JeIL g ZopifR e
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(c) : (®)

Glucose

l\ ATP
ATPS SATP: r\ceml:u e Enhanced
glycolysis
(d)
Growth " - .
adaptation M92 Ca? K Antioxidant
Membrane enzymes activity

m' IIH] imbalance increases

(9)

® | o
* 3.(_0% Metabolic ®® k'

disturbance Besresse i
@ @ intracellular pH

(e)

Abnormal form

Growth and reproduction Metabolic response Cellular stress and defense

3 RSSO RAE P A A 2 e ST B R 26 SRR : hitps://app.biorender.com/)
Fig.3 Mechanism of microbial cell physiological responses induced by radiation
(Image materials source:https://app.biorender.com/)
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Fig.4 Application and practice of radiation mutation technology in microbial breeding
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AR LO R i, H R B A T AR AT
SR 199 A RS = 2. 7
A F PP AGRECHE AR R K s = Hi i EY), 8
AR R R E H R E AR )R A U T E
R R, WEESEEL T EM S S, S
T et RN R R B, IERSFT R AR TR, EES
T BCIh T 08 BF AT B R B MR (Bacillus
subtilis CG-40-1) , L £F 4k & % fif R (53.07+
0.75) % H K BEMRIR S T 17.75%, FHEH RGN
R BRI Y, FRE, v IR R Y
AN (Lactobacillus plantarum) FLFER = & LU R 45
B R P m 5.81% M. FEA BRI, W E
2 Do 10T R FH 0C -y S 28 T LT AR DL SE BT 2 A AT
R AT R SR, SRAS R BB T o B A B AR
P IS B AR, X BB L TR ) A o e e
59.9% HE = 2 72.4%. LAk, oy o 2R R BRI AT A
I 2= 38 0 A ) S T O P R AR R R A, B
HAEAYIBT R HE A5 5 b A Rk s

42 EB&mmNIT

G R BB I G, e F, &
O SRAE T IR KB e e, == KR A i (1)
MREF . B FEZHANERS R, AR
T K WA A, A I ] A A R
U ERg IR AR e AR R, Ry S R
SHEE R (Uspergillus niger) FRAZFEKF=A4
() o= ALBEE A B- IR R S AT T AW
5 s ZadeCe H B AT AR 1S B 1R 2 AT
(Bacillus subtilis ZT-S1) E A4 15 7= 44 5. i 11
BE 1, JLERIG T (5529.56+183.59) U/mL ™M,
5 A0 R AR AE B il AR P AR T T R EEAE A
ARTP i 4 K il % H ¥k (Aspergillus oryzae CM5)
D) 3R A5 A8 1 1 R 2R i IA 87.64% AR R R ALK
HRERTE T B RCER Y R AR R 2SR LS AT
(Lacticaseibacillus rhamnosus Probio-M9) 3k 15
MR R E S T HREZ R~ E ", EaH
PIERE R, @IS ARTP 572215 21 1 JEBESR 2R f AT 1
(Paenibacillus cineris M-6) TEFEREG KA R P BA
R U (R itk R R i & BRe 70 T . AR RO
ARTP £ R ALK MR 3 T+ 7 K il 55 1 48 7 85 K
R TS AR SF AT I (Bacillus licheniformis
XS-4) 1185 -5 Ve Ky B s 1 S I A g 4G T

LG R B P ML AR AL T AZ O B R
43 [E%H

THI [ 5 24 A 7= w0 P i, R R A ) 7 6
BOR, AT AR B AP EOR B 0% R AE I A8 A2 7 T
e, SRR TRAL S Tk Ak s A F= HR A% O 3
o ERGIEY S Gy 10 Gy I, 43 3 L5 2
DNA % W7 2R S8 AL B £ 2 25 0, 3 L8 7 k4
By 5 Sy %t FR s e -DNA- AL (FPG) U AT
RO ZadkeCer E B AR RS R G AR ) 4
I Bk AT (Acidithiobacillus ferrooxidans
BYMT-200), 34 B Fes O« 4 K BURL 75 §E [ 45
2\ WL RTT R AR W) AR S5 AR ) IR A A B A B
MNAAE " B H ARTP A8 45 & R KRB R PuE
AT B — PR =™ y- R E R I DU 28 AT 14
RAZKE (Bacillus velezensis 2B-D2), b H & B #k
PR T 74.13% " “Co-y JHEAMEXS | E AR =
AT S o R BCA R, e, AL, e
BRI . 11 Al I ARTP BER RAZTH
RIS R AT B (Lysinibacillus sp. 1.2402) BEf%
TECEEFM TR RSB, RN A 508 %%
WSR2

4.4 IfEEIRIE

XTI s g 5% HOw [ ()9S ), DhRE
BRM R AZ 0 75 SR AE T HL 4% 5 K 1K 0 A /i ) AT
& N ). 578 B FhEOR BEE 58 [a) s A T A M0 1)
REEREME, TS PR KRR LS S AR
51T E i = QER S N RS/ 7y S
ARTP 5 A8 V% Jh 21 Bk (Rhodococcus opacus
PD630) J D ik i 52 pH 10 IRk, REBE A
RO IR AR ot R AL 25, 1T AR 1 R 5 3R 1 AR W)
W [F R ARTP i AR S B R OO
(Xanthomonas campestris) FRAFHR X20 3 J5 152 7 &
PU RS 46k 3 13.3%~30.0% M. ARTP if5 45 35 453
i B Al &% (Cr) BB 77 1R DL SR i 2 0 AT B8 5% A8 #k
(Bacillus velezensis SA-23), T {E24 h 524 ik 5
100 mg/L Cr (VD), 72 h A 200 mg/L Cr (VD K&
JE %k H] 78.45% ", RAMORKEMIEE
Raoultella sp. D9 F AT &1 Sb (MDD i 52 1 A1 58
TP (AP B8 g T SR P s 5 7 B LT A
(Lactobacillus caseisub sp.X1-12) ¥ 15 2| 58 48 ¥
W4-3-9 523 K 7K COD 2% B 45%. NHa*-N % B
75% 1,
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PAR B R VR 2 AR e ), AT R A
B A, EDLSEIE M E . R ZT-S1 HiR
HEHAL LT LU OppA (FERFEEEA) .
KinA (f-7 T2l A sk A 7R, HEZ
HB A HAIE B IX 5 R i S EU BT R
s X BYMT-200 [ B 78 £ 48 45 5 5% A% 2k [A]
(heps yghU%E) FE3H TR MM R &, Hik
& 0V i) B 3 1 R A T n R A A 42 kA AN Bk 3
/MR G . FEBAE RS E PR TT 1, A RATI W
AW R RLE 150N IRF T R IF 4%
FP= B E 1, AR R AE R K AR & 1) R 8
PR Sk = AT PR . SRS, HEX 5%
B AT B A BRI R R, AR E
Tz AR B ARAL 5 bR A S R 58 o

5 HibERE

KILLER T RS FE R I HARRIE . 8 4T
5 AR AR A (1) AR WL LA K 2 B R e . o AN [
7 A=A R 22 5%, X DNA 4545 201
WAREZE T FRST 52 Bt DNA F 55 I i B W
R M= A KB R B R, A AR
A . MAMMEZRS BTN S H— &
G R A BB ) A 3 AR A B X 2%, N
WEEI IR R 5 T RS I R R AL T B 2 1 AT R
PE. W ETBMAEDERELN.. B, K4,
ISR B A O AT B A . R S AR
FORTEAEY) B M AIAS T AR, B2

R T I & RAZBENLNE R IR i 7 52 2% S f%
P B PEZE IR R . DRI, TR = BN T A
ol B bR RIBATR AR TR K B R I TR P TR RE IR
oK, ARRIIHEFA AL 44 T7 kAT Bk . (D
MBE NI 28 B AL Ve vk o B AT TR Y EE 5
RZUH T RENLRAS, 5 IR I KR ik R 3R AT
bk, AR K EAE TS . ARRBT
VE B AR5 IR 40 5, vt v I B A B
) 4 J DR AL ARG I« A 2505 P A B SO B
7 23 B A R REAL IR 5 M, BOR TR R
BEVE BT 5 AR L& 5 1 50, R A R A H T
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WE WA, RN oh, HAr#
PEOR R A0 T A BB P, X T AR
Rk, 0 TR R R LR A R . (2D
e AR RE TR B AR R . N T B A B 1 R 2
T 93 SR R ELBE N RS B B, R 2
BaWL )10 SV 1 Tk s O N S35 SR | R Rl T
PR B A B AR SE B A R R PR R AE . HH
A2 B ARATS 52 BT 5 R 45 7 0 1A Ol 1 AL R 1
[ Bt T i i R R BB A SR R RE I A A2 s 5 2R 5
BENA R RE ISR . R R BT F L A8 2 )
DL 5 S ERRBRR, SCHLA g ER
AR PEr E B e R H AR B 23 2 Y e A
MR- TR R 2 . (3) 578 B kit A4 F e
PEIR R T IAE o 1 G SR s KI5 B e RARAR
T B R sh T e v 2, ROR T AT AR - i
IR FER & 1) — R A Ay s, A% A2 e P AE
BB PRS0, M A R 285
T RERS DR AT IR K R bR . () 2B
FHARM, B FAEAREEAAERERR, K
SR RT3 I e K DA b 5 AR Ty 3R AR S AR B —
FRT IR 2 R RIE AL, SEBLEAS AL A B A T Ak
M T RSG5 B2 R SR WIRE F /A F B
O B AR A AME A, AN ASFE
FEER o

fETBMAEWH NEXATREHH, BEXE,
Bkaet®, 2ERFTEHSRIT, FE®, 4
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L ORI TR A 2
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