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characterized by fast mutagenesis speed, mild mutagenesis conditions, and environmental
friendliness. The ARTP-induced mutants have high mutagenesis frequency and good genetic
stability. Therefore, ARTP is widely used in microbial breeding. This paper reviews the progress in
ARTP in microbial breeding in recent years, the screening strategy of mutants after mutagenesis,
and the mechanism of ARTP-induced mutagenesis in microorganisms. Finally, we discuss the

existing problems of ARTP in microbial breeding.
atmospheric and room temperature plasma (ARTP);
high-throughput screening; mutation mechanism
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A WD AE S IV 45 200 b 8 A6 W 6 B0 358 v iy
M)z, RZEAED A BT REAK, 1
TAFEEMRAE K B SEE . HAnr S w5 )
R, K S AT S T A G S A B R T A
BB E S o F R % IR 5 2 T (atmospheric
and room temperature plasma, ARTP)J&—Ff#7#Y
EOR776E 5y N S Y 3 2k 7/ B I W A e o ey T e
BAFRAT AT PR 58 748 205 5 R
Mo ARk, B R AE 1 0 % (high-throughput
screening, HTS)H ARG &, KK T ARTP
WAL ER, §KT ARTP 7EGUE Y& i
SUEMI N, Zad ARTP AR RTG & ™7 wife
FeE  RAFII A E 4 2 N TR0k . IR
R BB AYRRIE . BMESAGL A
ZER T IR ARTP B HORTERUAE Y B i)
WEoEit e, LU G2 9 & g ot — o S8

1 ARTP #i3R

1.1 ARTPiFLHEARNA

ARTP A% BRI R G . R RS .
Al AR A A . i . (R R % . LA
A4, MRS, TEAR%. ARTP T{EME
LA TRASR, HEARIE, TSI
AP 2E, OB A AN R AR B LAY, s
TR RN REEE i Sl TR R A R VA SN -7
M ARTP TAERCHESHOED: (1) i,
ey, PR N R, Had

microbial breeding;

RoFERAEY B R . ) TEIS: &~
[ TAE R AR 22 O, B RS [R]
I RAPERI BT . (3) AL : A %™
RV LD (4) AERR ] - 75 AR B A
FBIE A R, HFRES G AR AR RS IS
A5 AR B[]
1.2 ARTP BFEREYIRERIHF
1.2.1 KRS FHHS

20 R FEEAE A A 55 b S B e fik ) — i T
BEGERE, TEARRE N AN B AC e . RE SRR IR AN
SAERE T MAAIEEELEMER, MR
T DA XoF 48 %) 5% e 2 B8 KPR . ARTP i L
R A B RIS YY) B E T AR, 52
i 2411 e B ) s B Ao 2 454 . i stk . i i
PESE, o235 A A0 M e i B e A% 4 e rh
ZHE R E e, A AT RECE MM N A A
SR S5 R0 B e R sl E 4B S
2 1 52 PR 25 5 BOA M TG v S i 5 9 AR A
, MWIIE BT i B R A . Zhang D B IR
WG B TR PR, R BLA S ARTP 578
o, AN A T KEM ROV TEEY R, FE
HH HE Y AT S A2 . Ak, ARTP 74k
Y75 P 48 (reactive oxygen species, ROS)ATE 4
& (reactive nitrogen species, RNS)t, AJ LA AL i
B o F-450, FE S e,
122 BRRESEK

AW R R AR IR, F2Af
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FETF R T, 3 SN Ah G 7 1 {45 4 i TN
) B R e 6 A 3L R R B = B U E,
M BB 6% B2 s i 1 &b P14 1) A8 AL AR PP A i . 2
AUFEUNEBIL I 2 40 5 Je AR HE ik, — HLR
it A kA, B EHiE 53 DNA i,
AN, JE BTt A A 2 S BUE W AR N TN
(malondialdehyde, MDA)WF R4 1 51 MDA
SHREAR . RERT TSRS, A4
R MBS, )25 R H it A5 s PR AT 3R
A%, Sreedevi FFVRHL,  HHARIRSE B AT U
T PEY) BT (4N - OH) AT 2 375 240 M B 51 1 1 FEE Al Jo
AR AR LR AL | i AT AR R R, Bl k
E— L R A R 5 o A, B BT A 4 Ak T 4
FE T 45 G 2 B ) 45 48 728 AR 23 U0 20 L N
ANF RS, S0 A P PR A R A1,
1.2.3 DNA HIi5it5

DNA JEAI L9 o, (8 T AEYIAR
oA (E L, R, 3 DNA $if) & ARTP
T HUM A P 58 28 Y Fe MR AR LA R N B
RI, YTk DNA ##7E ARTP R, DNA
B IR AW, KGR, M
HLIE AL, AR SERI 254, 2O Y g b5 2
)i ek s TRl [RIES i 7 28 AR iy M-
4 i (Mg-chelatase, CHL) . J5 I 2% K R fig A 1L
it J5L 1 (light-independent protochlorophyllide
oxidoreductase, POR)FIIH 2k ZE A il /i (chlorophyll
synthetase, CS)AYFEH , i Ak BRA B A 38
ARTP 7 A: 1 H 57T 530 DNA FUEE BOBURE W
24, BB SR, 7E DNA 21l 5
PAFAEOLT , DNA Kl sz 24, A
1 DNA BYE I RE & 2G40 oy 5445
1k, ¥ & T DNA $ii£731& 5 (SOS response), SOS
B ARG 5RO RGN, BB
Ao S e 1) I O L 8 R Tl o i 1R A
A B DNAMO (H A5 40 Ml A7 05 o ZE bl e, W]

EHH BB AT IE . D (R ZE A S S5 IR, A
Lol B, 3R R R,

2 ARTPEXEEFHREME M
o A N A

2.1 ARTP FTMEMERIN EFIEE
18 Y R A

F T A 158 2 ] FUAE 9 3% 0 AR A S Rl
B, — g S A A s O VR U E M b B 2
RN 25 A AT IR LA 1 A B S IR TR
M FAEGACA BT I 8 HLT5 Yo IR 5T 5 [n) 1,
AR iR LA R SRR S B ROR R
S 958 B AR A FE BT A FH 04 i A= 4 T 4
il AR R o TR R g A R T B
(Streptomyces scabies)5 | 2 1 AL MR E , JH %
13 1703 o 400 PR B 118 1k O 32 1) — A 0 ) v s e
B PR 24 B R R — A 2 A AP PR (Bacillus subtilis)
YPS-7, JfiEid ARTP B4R BB bk, FRAHEHT
T M B R R R AT Y YPS-32, X AR R
FEIATEDE ] 2 MG BL 2R AT I YPS-32, 4%
ST A BT 16 FRk F) 83.70%, Th4% A LI
k7 38.32%. LA, ARTP 5783154
TERBTIGHL A A A5 EEAEH], W Bao 251t
ARTP 345 — K i B 5% (Cr) RE 1 14 DL 3307 2 40
FF i (Bacillus velezensis) SA-23 7458k, 72h
200 mg/L Cr(VI)fJif JF 2k 5] 78.45%.
2.2 ARTPIFETHEMEMERELFH
Rz A3

LG P e T2 MERE R . Rl 22
AR AL BRI R ALAE IR, 2010 4F, Wang
IR AdF ARTP 5728 5 A iy A B Bk 4 25
W, N2 IR B A
P75 2% (doxorubicin, DXR)E—FhEIRAPra £,
HFRAEIRYY, T A BB 55 TR (Streptomyces
peucetius)iy DXR A== R4k, R —4
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K7 DXR, Wang 220 o 246 ARTP 15748
HERE, 454 DXR MM L A, fiiEaR
f3—Pk 33-24 BEEG R AR, ZEUE DXR 1Y
FEEE RS 1100 mg/L, B A R A AR R T i 1
B 65.4%, UiHH ARTP 48 Al sk b A RAE
AW ) IA . Meng S5 A ARTP 5484 R
5 1R T R e ARG A R R, LA R At
¢ ¢ %5 1 (enhanced green fluorescent protein,
EGFP) Jy #ft 15 & 11, R4k & & W e R A 1E
(Corynebacterium glutamicum)fa 3= 4 g , I 258748
PRSCEH i t MC2 . MAS Hil MAG6 iX 3 AN
PR, FEEIFAS FER RIS 3 A E 2
1, WESE Tt ARTP BB AL 18 F 400
RERE 3 580 5 U 2R (1 A Ao
2.3 ARTP BLAEMEMEKEERFH
N A

A BT IR AR [ R M, A R A
BT ) I e VR R 2K AT AR R TR G A 7 AN
PRALH R RSB R R T SARE
B R, R YRR IR A T
1z, Song Z#NE 1 ARTP 1575 /NekE(Chlordla),
AT B AR KRR S W I N2 11%, NADPH %
O 17.2%, BB 8300 15.4% (e r™ &
6.89 mg/L). Elshobary 5513 i ARTP %4891
[C/NBR 3 (Parachlorella kessleri) , 3R75 1) 26 A5 {4
D e R R A B AR W A 5 T R A 7 D 4
BIRE T 75%M 44%, BLAh, Wik ARTP 5748
Ak 40 B A 7 Bt BT LA T A W B B RE
VR, AR AR AP i ARTP-484ME A4 K
J%#F 5 (Escherichia coli), 53] —kkeEr ™ B-ikJE
W RAEME HVK-9, 20 R FRERIE, RASKE
PRIk 22.1 g/Ls
24 ARTP BLAEWMEMERBmPH
N A

ARTP FA5H AR HA GEMS 0 F R m kR K

BOR | HERE S AT SR A, ARTP
WA MA Y & A FER 2 APLRPE e
PEE AN A G . ARG UG IR Y i AR A A
PERER =PI AE R, FECE M ERRICRAL;
W, WAEYTES R ARGy, b3k
Pl AR, 9B TS ARTP 3548 K1
SR AR ) S IR 1 T USR8 Z % . Cheng
LU A KBFF A RE AR, KPRk
fhuA 7T LR A3 R A4 K R v A sk gy, AT
K ARTP 15728 £ R A PR EE 41 J5 0 RIGAF I, &
AR AME Lo d@ R Y B, mE
MRV B A5, X RU] ARTP 545U
CINDRTE 7= 0 G 7 Nk y N DL e v & S il N 7 0]
TR A 0 TR R 1) JEL At 2 ) 2 e e kS B AR AR A FH
Yao S52812: ARTP 574534 1A ER i (Sreptococcus
zooepidemicus) )5, kA5 1Y 58 A8 {47 B i FR Y%
P 42.9%, 1A% 0.813 g/L. ILAh, ARTP iF4A:
TE FE U (Myceliophthor a thermophila)® | A &L
ZEMFFEBY . K AE (Grifola frondosa)B!, R 2
(Ganoderma lucidum)®®? | & %% (Sanghuangporous
sanghuang) 45 A 77 Dy R B i 1 02 B rh g
Mz

Zi b, ARTP AT &) 1z HE 4l
HWEIGH . B2y, BelE . A SFEACRAEY
P A RE S Y, A IR 1,

3 ARTP X ERETEHKNE
T & I 2 R
ARTP AU W) 207 A K am B AR IR TR RE

] DA 7 4 A R 2 A T v e A8 O % 1 1) 2%
AR RS A H T ROBFSY 5 . AR Sk T AR EE
e, aifb MR, B weSEUIER
ARTP 75725 ] 4 5 25 1 (Streptomyces aver mitilis),
Ja BRI 2R & 7 AR, RT3 89 RW-51 548
AR H 7 268 U/mL, 48 5 406 T FR R 5 8.9%
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F1 ARTPIFERARESFHMEVIWEREMFINA

Table 1 Application of ARTP mutagenesis technique in breeding high-yielding industrial microbial strains
N R PERCR 275 3k
Type of product Mutagenic strain ~ Mutagenic effect Reference
application
PN S FREEIR B Al B 2F AT I EL B I B 1A A B 83.70%, THEA ARG IAF)] 38.32%  [17]
Agricultural and Bacillus subtilis ~ The control efficacy on potato common scab reached 83.70% and single
environmental fruit weight of potatoes were 38.32%
governance DR ZEFLAT B RAFR 72 h I 200 mg/L Cr(VDEY IR JFE K] 78.45% [18]
Bacillus velezensis The mutant achieved 78.45% reduction of 200 mg/L Cr(VI) in 72 h
My R AT AR A A BTG )1 3157 459.29%, B-1,3-7 WA IE 1 $2 [34]
Trichoderma 817.42%
harzianum The mutant showed 459.29% increase in xylanase activity and 817.42%
increase in B-1,3-glucanase activity
fit Mg R AR it a4 7 15 °C [29]
Enzymes Myceliophthora The temperature tolerance of xylanase is increased by 15 °C
thermophila
Fili B ZF FAT 1 Bt 2 P PR AR e 23.38% [30]
Bacillus subtilis ~ The activity of alkaline protease increased by 23.38%
BB LA IA M Q10 = HEHE N 25.5% (% 590 mg/L) [35]
Rhodobacter Coenzyme Q10 production increased by 25.5% (to 590 mg/L)
sphaeroides
EH B/NERER HEEH RN 31% [36]
Protein Auxenochlorella  Protein production increased by 31%
pyrenoidosa
BARPRFIFE S IREARE 7 ERN 91% [21]
Corynebacterium  Heterologous protein expression yield increased by 91%
glutamicum
] A BAL IR B 2 3R 4 5 25(7 780+110) U/mL [13]
Medicine Streptomyces Neomycin sulphate raised to (7 780+110) U/mL
fradiae
WA T KRR R HE A F) 752.67 mg/L [37]
Streptomyces Daptomycin yield reached 752.67 mg/L
roseosporus
SR B 5 T KRR (FKS06) 7 5 45 J5 b B R 0 27.9% [14]
Streptomyces Macrocyclic polyketide (FK506) yield increased by 27.9% over the
tsukubaensis original strain
ATk EEER T MR AR 0.54 g/(L-h), FEFARRAE 425 2.5 £5[0.38 g/(L-h)] [28]
Streptococcus Glucose utilisation was 0.54 g/(L-h) and succinic acid productivity
zooepidemicus increased 2.5-fold (0.38 g/(L-h))
AE YR BERBERME CBEA RS T 61.7%, mEisE 0.63 g/(L-h) [38]
Energy Zymomonas Ethanol productivity increased by 61.7%, up to 0.63 g/(L-h)
mobilis
FR 2 i AW BRI R IR R AR S T 41.6%. 120.3%. 58.3%  [39]
Trichosporon Biomass, oil production and oil yield increased by 41.6%, 120.3% and
cutaneum 58.3%, respectively

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn

(5 48)



FESEE & | W R E IR A B AR A A el B R BORAE SR ) B R T ) Ak e 83
(B 1)
PN R PR 275 3Lk
Type of product Mutagenic strain ~ Mutagenic effect Reference
application
P A dih B T Y IR R RS R R 12.6% . 33.2%. 7.8% [40]
Trichosporon Biomass, oil production and oil yield increased by 12.6%, 33.2% and
dermatis 7.8%, respectively
INER B RACHIE N2 1%, NADPH &3 17.2%, NRFZ N 15.4% [22]
Chlorella (B E B 6.89 mg/L)
Carbon exchange increased by about 11%, NADPH content increased by
17.2% and lipid production increased by 15.4% (maximum yield
6.89 mg/L)
U I/NEREE AR RIS A T R R T 75%A 44% (23]
Parachlorella Biomass productivity and lipid productivity increased by 75% and 44%,
kessleri respectively
B ihh B T P P 22 R FREME 5% Ak 22 43 53 5 98.95% . 137.50% [41]
Foodstuff Sphingomonas sp.  The yield of welan gum and sucrose conversion were increased by
98.95% and 137.50%, respectively
TRIAE KA GFA2 M KER IR E 6.0 mm/d, ZH7HHIEE 2.65 g/L [31]
Grifolafrondosa  The mutant GFA2 showed a 6.0 mm/d increase in growth rate and a
2.65 g/L increase in polysaccharide production
fRTEM AT y- SRR 7 5N (18.54+£0.39) ¢/L, T ZAFRI4i% 17% [26]
Bacillus The highest yield of y-glutamic acid was (18.54+0.39) g/L and the
amyloliquefaciens process time was reduced by 17%
RE PRI RS 33.63%, BV RIS AEAE N 28% (32]
Ganoder ma Stem length increased by 33.63%, and the number of individuals with
lucidum large stem area increased by 28%
B ZHE I 1.5 4% [33]
Sanghuangporous The yield of polysaccharide was increased by 1.5-fold
sanghuang
B BTN 43.76% , AT RESR 5 20.34% [27]

Aspergillus niger

Biomass increased by 43.76% and citric acid production increased by
20.34%

HI AL GEI 8RR . A, AT AL
A e i R TR R B A SR
P MR, R )] DL 3 A AR R
SERF AR, Il R SRR C )T W T ARTP
B8 I 8 7 AR O 2 M 1 0 8 5 )
3.1 1= 8 E R I 1 (microtiter plate
screening, MTP)

Tl i A O e S — i DAL ) e 7 0B
Hemg, LhopH [HUWEN TSR, TR

PEARLE S pH (HE" A WL .
Wang 250 ARTP 375785 5 A 5 fof e ¥k s A o
PR A, TRk A & = T AL R W = A hr
[C 75 7 (Blakeslea trispora), 5% 4= B bk 5
5 56.27%.
3.2 R (flow cytometry, FC)
FC F 20 22 60 4EA0)5 5 WOIT A T8
A, T HEA ST AR TR RAE
MArHERRE 11, 71 25 20 4E R E 9T i
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A A g3 1k 10T, N- TR O R 22 2 TR Y IR
(N-acyl-L-homoserine lactones, AHLs)] 1Z f{£-1E
TR HEREE A 2 [RIIPE A TR, Liu 55074
i M PR PR SO AR I U R P I SR TR
A9 4 8% {0,425 B 79 (Staphylococcus aureus), 1J
DB A 00 2 475 FR ATy v A 4 € 8 KT
Tu SFWVd ) 3-SR A Wi s, @
i FC e 8 (0, & B0ER I 0 ¥ 1) R4k T
Ht i PR PR T A AR Bk

3.3 RIEIE M AE 43 iE (fluorescence-
activated cell sorting, FACS)

FACS J2&—Fi Al id it =220k | B 3 sl 4k
SRR A AT L PR N 433 A
P Ve 8 R T, FEACAE B R O N )
2 . Abuaita ZEE 1 FACS fifi 15 31 8 1 Bl
FIEEFLINE (Mbrio cholerae)Zs 254 . HL4 i
5 T 4E 21 Bk 98 (Haematococcus pluvialis) K4k 7=
AEHURARTIIR S R, (Bl TR PR A 20 i RE 2
F, URF R SR EUSCRZ B R, Lin PO
POCR B R -HREEE = T 5 AR 20 Bk 41 i
BEVERER 2 21 7K, @4t FACS k28 u(E
SRR, A5 2 20 M RE SR 0 I A 2T BR s R AR
A, SEPAERUA LG, 2828 PR 40 A BE RS S5 R
IR T 43.9%, R 2 & i AR IR 54 s T
13.1%#1 16.5%.

i
0il

M &
zf> SE82 (006 O ﬁ o) @@@@-@s@.aol
|

El1 &ERRESERRREREE
Figure 1

3.4 &M RUR IR 97 I B K (droplet-
based microfluidics, DMFS)

DMFS 0 A4 B . MR RE 3% . Ui RS
Fe TS WA D R A3 S AL R L, 2
N 10N 4R S N T = R A T N ]
RIFE A A AR FB, WEl 1
Fii7s o DMFS LANT 2 5 FHGORR AR R0 0
i, HAAL S TE T REORE B A0 M BB AE W
Horp AN WRAE R — S Y RN RS, fiE
B i I A A I B . DMEFS Befik T FC
Ry BR A, A M A ) B A 2> i, [ B 3
31T Wy A L P L PN R L A 43 Y it
4b, DMFS HA e, BP0,
Hj—Veby . B RAFEELA. Yu Sk
T —HME AR 3T DMFS B ik, i XL
fift - 10 > e R 2 I A T 7T 2B R 7 A K T A4 )
B ARERFF I AZK, UESE DMFS /] LA H]
T I 7 AR A SR A
3.4.1 R HIE & 4 ik (fluorescence-
activated droplet sorting, FADS)

FADS %54 T MTP fil FACS iF 214,

B S VR I 3R] I R T A A R B A
B A e R AR S N i v, A 35 - 4 i
WEE G A DOUAE S, BT L R A B %)
P2 S A PR T A A R i Y

lid

Oil
K\ A U
I@O@O@

\O@U

Schematic diagram of the operation of droplet microfluidic sorting technology.
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Ma ZEBE B FADS ] DLRRE 3R 101045,
LA SR I ST LA W I ik, 4, FADS
R 0 ) P 0 RIS A 3R A R
TFLARIN 8 A 1/107-1/10°, R RFEIE T
Ao ARFESORE I, IR E = AR 28
JEry, L, B Y U R e (5 B i 8
I 18 B 28 W% (fluorescence coupling  strategies,
FCSs)X}F FADS JEAAT /DAY

A FCS JEA S, nlE FADS 700 3 4
ANRIZER], N 2 Fros. (1) SEIEIRYIR NS . 5%
HIRVA G REA RN, (BZSIRY ] LA
IER ] Y N AR S LA O i ==&
5 FREPERE . FE2E KR 10 2, 280K
Y122 F T BE0S P A A, A RE R . AR N
DS o AR IR s AL, SRR E
Bl T DA 7 35 TR A S S T 5 3 1 A T R
Hh S T I T o R A B AR RO (2) R
1S N N e S AW L/ k| 0 O
B IO SR s ] LA [R1 24 /N o AR 0 e Ak R 98
55, MELRFEESEARHY, 74 HO0,
Al NADH, 3 #6535 A= Al 1 49 5 AT L5 R 20K i AR
WHIRE B 5 AL N DO RS, JEmI k17
it HRT, BEEBCRNE T 20 TR
TR, a0 Hammar 250570 I 2LR2 156 20
KAl IR A AL AR ER . [FIBSKE NAD %1k
NADH, J5i#ii NADH %56 % ik 7] &%
NADH %4 5655, i 4 85 31453 5 77 5L
MRIHESE . (3) JLTAEMMLIRAR RIS, 58
A PG B e — Rl 2O T AR S
L IERES . BT AR R R e,
FFEIEA . BUATIEG, ABYSTESLT FADS M e
2 0 e OB A BT R B A D55,
YRR 2 ST 1) T EARNAY
s S U 2 5e P e o | W i) G ' 4 S A =0 i

55 .2) TR LEY) L& JRNA Spinach'®
T PVRRER A EE R, AT DL SRR AR S
5% XY LRGSO N T2 . b,
A HLER SISOy ) v 3 e 0
3.4.2 IR E B E % T 47 1% (absorbance-
activated droplet sorting, AADS)

AADS ANTFEFHOLH OGRS, &
TSR T PO SR g ™ A 2O E 5 k&
Wik, i AADS Eb FADS AR, pA
i . (HAHES T FADS, AADS FOZ¢ GG I 572 i
A R ELFH AR KRR #1753 %, Gielen
S F AADS S IR R 3 ek A Y 2 1] A

4 ARTP 7% R K th oy @5 AR
T M

G o 7 T R R B A R M S B Tl Ak
AP — A IR, B et T HAE R K P
RS TERAS . A5 R RABA R ATy 5t
feraEtt, MATtERm eI R h o R H
e R B A O e e, A R BRI K
M rb H 7 7 i 0 K R s/ s A PR M
T LB o Ma S8 15 13 3% 22 0 K5 72 1A
TR ZEALFFTE WB600 mut- 124118 & Fa e
20 UG EAMM: o-JE R i (alkaline a-amylase,
AMY) R A7 RATG PRI 1E 200 U/mL Aty o BRM
BRAEN R L A QTR A IR 42 (Nocardia
rubra cell wall skeleton, N-CWS)F#) 548 fk
FIM-PO8-16 17 6 AL IR R AL W , &5
T RARR FIM-POS8-16 15 A4 Mg vk B 7244 1X
AR , R R A s e R e M
=y (O A R e N N RS W 7/ M|
(Enterobacter aerogenes) MU- 1131 [ {5,4% 25
(Streptomyces albulus) A-29'° et Fa E 1, &
ME & Z 8GR AR R4 095t 4 1
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