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Abstract: [Background] Adaptive laboratory evolution is one of directed evolution methods to improve
strain fitness. It improves the tolerance to toxic products or rapidly utilizes specific substrates. Due to the
rather low mutation rate of native cells caused by the mismatch repair mechanism in the genome, adaptive
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laboratory evolution usually takes a long period to screen desired evolved strains and more likely to fail
because of microbial contamination during a long process. [Objective] To develop controllable
hypermutable cells of Bacillus subtilis. [Methods] A marker-free mutation delivery system is used to
replace the mismatch repair system operon MutSL with a rigorous xylose-inducible promoter. [Results]
The mutation rates of controllable hypermutable B. subtilis cells could be regulated by the concentration of
inducer (xylose). The phenethyl alcohol tolerance experiment indicated that the hypermutable B. subtilis
cells had better tolerance than the original strain, suggesting that it is more easily to obtain the mutant with
desired trait. The adaptive evolution experiment of growth inhibition by substrate crude glycerol showed
that the evolved strain showed the shorter lag time, higher biomass, and greater specific growth rate than
the starting strain. [Conclusion] The hypermutable B. subtilis cells had better evolvability and adaptability,

which could have a wide range of applications.

Keywords: Bacillus subtilis, mismatch repair system, controllable high mutation rate, adaptive evolution,

marker-free mutation delivery system
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Table 1 Primers used in this study
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Primers name Primers sequence (5'—3") Restriction Template

sites
pAXO01-mutS-F  TTTAggatcc ATGGCCGGTTATACGCCTAT BamH 1 B. subtilis 168
pAXO01-mutS-B  AAAGggatcegaattc TCCTCAAGCTCATACACCTG BamH 1 A5
pSS-mutS-F ATAAagatctGAAGCATTCAAATAACAGC Bgl 11 B. subtilis 168
pSS-mutS-B TTGCctegagGGAGTTGAGCCTCTTGAAACCTCACTATGTATCAACGTTT — Xhol A5
pSS-xylR-F ATCCggtacc AAACGTTGATACATAGTGAGGTTTCAAGAGGCTCAACTCC Kpnl pAXO1-mutS
pSS-xylR-B TTCCggtaccTCCTCAAGCTCATACACCT Kpn 1
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RN SFU i PR, 37 °C K55 24-36 h.
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FEFEEE 37 °C. 200 t/min }537 10 h, DL 1%3EFh
FEA 50 mL MG M HMEEAIR 5L, 37 °C,
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PAXO1-mutS-F/pAX01-mutS-B 747 PCR §## . PCR
AR Z : 514 pAXO1-mutS-F. pAXO01-mutS-B %
JEE IR E A 0.25 ymol/L, #54iR B. subtilis 168 K
HAPEIRUE H 20 ng/uL, 2xPrimeSTAR Max
DNA Polymerase 25 pL, ddH,O #Me 50 uL, PCR
R4 98°C 10s; 55°C 15 s, 72 °C 1 min,
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K B2 5 pAXO1 Boki(J8 2A)Z YT . e . Ak,
U, 33 FR pAX01-mutS, K/NH 8 524 bp.
L VK4 R FARITCRE K2l 8.5 kb, B FURIAL
LIRS
2.2.2  JRHL pSS-mutS BIHE

PL B. subtilis 168 FEDRZ itk , LLg|[Hrx)

pSS-mutS-F/pSS-mutS-B i#£17 PCR ¥ 4. KIS
HEYT MuSL FWFIEIX mutS-F 9 H MR
A

lacA-front
lambda t0 terminator

B #HW R BLSBRL pSS (& 2B)A YT i
%A BESS, RFIBUR pSS-mutS. HLUK
S5 BN HAR TR K2R 5.2 kb, 26 BH 5k i) 4
B o
2.2.3 EHRHL pSS-mutSL BI¥I3E

L pAXO1-mutS FikL B, Lol Hxt
PSS-xyIR-F/pSS-xyIR-B #17 PCR 3. I PCR ;"4
PEATHIK,  FRRHIRZ) 2.3 Kb, JRARAT H A B

Site

upp [ Kpn1(57)

/ / rrnB T2 terminator
rrnB T1 terminator
rop ter
upp promo .
bom Em oy ori
pSS

PAXOI 4269 bp

ori 7781 bp
. BamH 1(2204)

S~
T RBS2 cm
RBSI

P L bla

Amp®
Xylose cassette

Amp® promoter

" o |

lacA-back  lambda t0 terminator

Cm promoter //
Xho1(2271) Bgl11 (2 253)

C Cm upp
Xho1(6 615)
N Kpn1(1091)
DR N s Kol
mutS-F
pSS-mutSL xyIR
Bgll(5629) 7633 bp L Xho1(2086)
) 4
bla P
\ mutS-B
ori Kpn1(3 433)

B2 HEFMTREERIZE RS MuSL B2 REIHRA

Figure 2 Plasmids for genetic modification of mismatch repair system MutzSL in B. subtilis

I A: pAXO01 BURLALE AMIE 3 ¥ Pow. HihS XyIR BHiEE W xyiR FEK; B: pSS BUR AL & A& RZPitEAEE . UPRTase 4ifth
FH; C: pSS-mutSL FORLAL S AMEE 3 F Py 5 XyIR BB A xylR FEH | 20T MutSL #9 B3 RITE X mutS-F, #RHT
MutSL 1) T IR mutS-B, LUK AT 50 e 22 3R b it 43 7 N IR R E 2H DR 751

Note: A: pAX01 contains the xylose promoter P, and the xy/R gene encoding the XyIR repressor protein; B: pSS contains
chloramphenicol resistance gene (cat), UPRTase encoding gene (upp); C: pSS-mutSL contains the xylose promoter P4, the xy/R gene
encoding the XylIR repressor protein, the upstream homologous region mutS-F of the operon MutSL, the downstream homologous region
mutS-B of the operon MutSL, and DR sequence used for intramolecular single-crossover homologous recombination event
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pSS-xyIR, ZF BE A ARWER G T Py 4% XyIR
FHi8 8 % xplR FEH . BB B9 B pSS-xvIR 5k
KL pSS-mutS L) B . ¥k, BbE, 53]
JERE pSS-mutSL, K/NK 7 633 bp. HIKEEEER
HARBR KL R 7.5 kb, RIFRASERE, T4
JFkLoe R EE AN 2C FR .
23 MESRTEIREEK
2.3.1 IEffik

H4 30 UF IE A A F AL ORI R A Anagnostopoulos
SECUAY bl A PR WA WA AR B. subtilis 168
Aupp FERAL, @ E AR 0 S a8 R Utk ifi e
KM WA Ik R B AL BEPE Ak 7o BREUR L)
(EAEE 4, 37 °C. 200 r/min #5355 12 h, $2BULH
o A RILABEI B AL SE R A A BTk pSS-mutSL
(FHPEXT BR) M AiAR, LA pSS-xyIR-F/pSS-xylR-B A5 |
PrxfiEf T PCR 471G, rIKZERWE 3 o, Hiw
Yy 5.4 kb, ULEBHREALT-3. 5. 7 F1 8 B FHME
TERE
232 fafFik
B kA WA L R B R BHE AL T 3 S

bp M P 1 2 3 4 5 6 7 8

3 PCRETEIEFIEMAME%R

Figure 3 Screening of positive colonies by PCR

7E: M: RealBand 1 kb DNA Ladder; P: FHP:XFHR . DU
pSS-xyIR-F/pSS-xyIR-B A5 |4 14 Fiki pSS-murSL; 1-8: LA
PSS-xyIR-F/pSS-xylR-B N5 | W 14k T Fk K £

Note: M: RealBand 1 kb DNA Ladder, 250 bp—10 kb; P: Positive
control: pSS-mutSL was used as template; 1—8: The genome of
transformants were used as template fragments were amplified
using pSS-xy/R-F/pSS-xylR-B as primers

PEET SFU ik s, Pk SFU i Fpi sk K 1
HEEE S EER 5 ng/mL AEIFE R 5 pg/mL 1)
SR A TR BRI RS IR ANE] 4 PR, &
BRI AR, MERNERERER
FIBEY% 10, 28, 39 F145 KM vERE, il itt—
5149 pSS-mutS-F 1 pSS-xyIR-B %} FHM: v et
A7 PCR FNN P S0AIE, 56 UF IE A A0 B R B R H 59 T
TR, 4N B. subtilis MutSL,
24 SRTEXEIREERRTERLST

PL B. subtilis 168 Aupp Xk BE B R 7E H A% 57 3
RIS IMARBE R ARSI, DR R R TR
PR B. subtilis MutSL £/ [R AR 0k B i 15 77
FEA A RAR NN, F A AN AR K

H2R 2 AT, TEANTINGE TP AR B. subtilis
MutSL E#k-5 B. subtilis 168 Aupp TEFEAH AT 2
ARPEE T 584 %, WIAEAWE YR 750
0.5%. 1.0%F1 2.0%HF, FRBR AT 5828 3 00 5l
1270, 420815, iXULHH B. subtilis MutSL 17
PRTE A 5 T 0 B B 137 100 15 0 T AR X 28 78
ik, BIAEXS IS4 AN SRR L . AR
P BERRAG, AR E BRI T RIBKH(T, DNA
FERCB S KOTSRS AR R A 5
25 ERTEXRIEEHERNZESYER BN
Z I

R Vi B R T AR ) LA R i AR R
HIAVEF o STl g 28 A 2 TR B Bk 1 ] Ak
FE M, HAS B. subtilis MutSL 1 B. subtilis
168 Aupp XF#1EF~HI7E CBERIT 2 225, 455
Bl 5 R, SCHa R, 761 g/L M2 g/L WKJE
T, B. subtilis MutSL F1 B. subtilis 168 Aupp B4
KA ES; SBWERD 3 gL Bf, KBNS
B. subtilis 168 Aupp B2 BN RS, (5
B. subtilis MutSL 10 4K KB H T ; Yk EIA
F) 4 g/L W, B. subtilis 168 Aupp EAREA K, [H
B. subtilis MutSL 5] A K R /DRRTE s Sk EEik 2|
5 gL W, ZEWARAK ., XALREER T
1o Z7E T AR PR LA 5 A T AR R T
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Figure 4 Screening of positive counter-selection colonies in SFU medium

T RAGTHREEAMARE S EZREGERIME, RN ZPAER (AR R I TR (B) A K 10 B v R 67 5 L B
PETEYE (SFUR Cm®)

Note: A: Transformants were selected on LB plates containing 5 pg/mL kanamycin; B: Transformants were selected on LB plates

containing 5 pg/mL chloramphenicol. Excision of upp-cassette by the single-crossover event via intramolecular recombination between
DR sequences generates SFUR Cm® cells which lost chloramphenicol resistance was supposed as positive counter-selection colonies

F2 IRERRERMABBZSIKREXR

Table 2 Relationship between the mutation rate of engineering strains and the induced concentration of xylose

ks ARAEGE U AR AR FRAL A

Strains Induced concentration of xylose (%) Mutation rate Relative mutation rate
B. subtilis 168 Aupp 0 (0.12+0.04)x10°° 1.0

B. subtilis MutSL(Pyy4::mutSL) 0 (5.84+3.24)x10°° 48.7

B. subtilis MutSL(Pyy4::mutSL) 0.5 (2.71£1.32)x10°° 22.6

B. subtilis MutSL(Pyy4::mutSL) 1.0 (0.42+0.13)x10°° 3.5

B. subtilis MutSL(Pyy4::mutSL) 2.0 (0.10+£0.03)x10"° 0.8

TE: HIXSRAER: LA B. subtilis 168 Aupp (MR AE R NS, BN 1
Note: Relative mutation rate: Take the mutation rate of B. subtilis 168 Aupp as a reference and set it to 1

High density lawn
A B 2500 g ty

B. subtilis 168 Aupp B. subtilis MutSL 2400t W B. subtilis 168 Aupp
2 = 5300} BN B. subtilis MutSL

2200
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Q
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B 5 FZEMZTLRE

Figure 5 Phenethyl alcohol challenge of the B. subtilis MutSL and B. subtilis 168 Aupp

TE: A: 3 ¢/L KOEE LB FRIERTVEA KNGO B: ARWIER CEEOL T wvs S0R gt

Note: A: Colony growth on LB medium with 3 g/L phenethyl alcohol; B: Colony count statistics under different concentrations of phenethyl alcohol
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PR AR T ARE R B. subtilis MutSL “H i I
PRI R R REA 738 N SR AE O e R I
fiif 52 HEAL TR MR o A B I SR N 5 SCk[22]
HRIEASIR], AR S50 R b A 28 52 0 2 e W
AL, HEMRERRACH B S KR, TG
MIG EEAERRG TR Ak, MR 2 SR, Bk
VEPEAR IS NINF T 0 A AIRAS B R i 28 A8 R
AR5 AL

VAL S IR 35 d, A Eh i 15 2 nT it A2
100 g/L KL H WAy #ELE R Y100, #5940
FHk Y30, Y50, Y70. Y90 11 Y100 5t & Hitk
TEMLH M 100 g/L 19 MOG L H i 5% 35 K
AR AT H g, S5 R K 6. 5 R TR
ML, Zeasd WAk i B AR T DA P A 850 K
W, omHARKSEETE S, YEE 50 LM
Y50, Y70, Y90 F1 Y100 % 4 ¥k B KR 45 %6 T 4k
R, AR BTG K, #HE
PR Y100 AR T i A Ta bk, SERBAZERL T 10 h DX
b, REBERK, RRAEYEREIT 17% (H
1.210+0.062 #EF+E 1.416+£0.015), HoAKH#E R
Tt 13% (FH 0.233+0.004 $£F+ % 0.264+0.017), Vi

1.6 1
1.4 ¢
GESSSs s = T
,—212‘ Ovv "giLx,\ii‘
g 1.0 1 s $ '
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s s/ X = B. subtilis MutSL
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Figure 6 Growth curves of evolved strains in M9G
medium containing 100 g/L crude glycerol
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ZRR AR R TR K | o KR EE R e
SRAF LR s h 28 A SR )y AR S BE, X BECT
BATF I (s AR 2 i S A AR SRR A
30 2 1F 67 0 2 AR GE LN I B MusSL A B
T TREH VR B. subtilis MutSL, ZHEMRIEA [FA
WA W AT, BAARRIMRA#RSE, 5H
Y P IT R R R A RGP b, e
PR A5V DR o R G ) B MueSL RS B
T AR AR B. subtilis MutSL HAT— 86 #v, A0k
$E 15T ) AT R R A KA HE P NS 5 1
AR, PR A ) (i S B 2 A R
WA IR AR A AR TR A GE S B R E Bk
i3k Rl g AR R s oy R, A
et FH B Dy 1k AT A 20 i 9 A8 AR AR g 5 BN AT
o BATR A M IR A LN B R4, FE
AN GEAATART S0 U5 5L A e 3 (CAn e 1 Fs i ) 19 1 10
T, X AR T B, AR TESREE
Rl . FEAE AR S0 B. subtilis MutSL
PRIPR S AR TR LA A S T 58.4 %, TIAE
AHETE Y E /50 0.5% . 1.0%F1 2.0%H, T
PRIGAHXS SEAE 800 4 1 27.1, 4.2 F1 0.8 4%,
JIT A3 2k 3 A AW Ve AT R R A A T 1Y
RAFFIKN- o MW L 32 2B i 45 R R
T, 20 5878 A8 T AR TR R EL A AT ) AL vk A i
VL o X TR AR Yl ) S G = A SIS O, AR
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