afX £

Synthetic Biology Journal 202s,4(1).225-240 2023 % % 4% % 1 35 | www.synibioj.com

= ‘/\ A DOI: 10.12211/2096-8280.2022-051
N :
ﬁﬁ HIENX

B DRI M R S UK S 118 TR TG i B 5 PR 2 3 B Ak

ﬁ%ﬁ{il,Z’ E/@‘jijly %2’ %&:‘iilv E/EE_&IZ
CWMTIA¥NFIEGEY TAESR, T M 310027; > WL AFAMNEREA L, T HM 310000)

WBE: REERSR T EMEARRERNERMAR —, B ZNETENECFRINSHINEFRIAIIES
= ETENERERHFIAENENS M, HSERhEEHNEREEPRINSEEEFTERNEERAH
RLH . ALIERERSERARPRIRHEN, AHAREH CRISPR FHER (CRISPRI) EESREMAKEHIF
TREMEXER (MSH2. TSAI. RAD27F1CLBS, BMETEE) HFRIAKFE, @27 e EREREE SRR AR
TERINFTRUNEFIETR ., MARERIETRIESIEEEN B-PE MREMKFE. NEFBYENZ T E
sz, teoh, 1R TREERIET SIS EERET:SE, H—SHRAR T NIREERAEBH U ENRERTE
B R A ERZEE Z [@HEIF NS . AR BTSSR BEREmr L, KeaerE—"
BEZIRIERMHENERBIELH RS

X§EE: EREETeE; RS, EREESHY; CRISPRTH; BTEE

RESES: Q812  XfirERE: A

Mutator-driven continuous genome evolution of Saccharomyces cerevisiae
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Abstract: Saccharomyces cerevisiae, one of the most commonly used cell factories for industrial biotechnology, is
widely employed for mass production of bio-based chemicals and value-added compounds. Due to complicated cellular
metabolism and regulatory network of biological systems, genome evolution is generally required for engineering with
complicated phenotypes, which are coordinated and regulated by multiple genes. To achieve rapid evolution of
S. cerevisiae genome, this study employed Clustered Regularly Interspaced Short Palindromic Repeats Interference
(CRISPRI) to regulate the expression of genes closely related to chromosome replication and maintenance, such as
MSH?2, TSAI, RAD27, and CLBS5, known as mutator genes. By designing guide RNAs (gRNAs) with differential

repression efficiency, four mutators: MSH2 mutator mainly for point mutations and small InDels (MM), T4S! mutator
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mainly for point mutations, small InDels, and structural variants (TM), R4D27 mutator mainly for small InDels and
structural variants (RM), and CLBS5 mutator mainly for structural variants and aneuploidy chromosomes (CM) were
constructed to control genome mutation rates and types (e. g. point mutation, small InDels, structural variants, and
aneuploid chromosomes). These mutators were used for continuous evolution of a series of industrially relevant
phenotypes, such as isobutanol tolerance, xylose utilization, and -carotene biosynthesis. Interestingly, TM was more
efficient for evolving isobutanol tolerance, but TM and CM were preferred for evolving -carotene overproduction, and
all mutators were verified to have comparable performance for evolving xylose utilization with yeast strains. We also
discovered that the effectiveness of mutators was dependent on the phenotype to be evolved. To address challenges in
the evolution of phenotypes without pre-determined knowledge on mutation rates and types, a mixed mutator (MTRC)
was constructed to rapidly evaluate the mutator-phenotype relationship. Finally, a combinatorial mutator (MTRC*2)
were constructed to explore synergistic interactions among various mutators for the continuous genome evolution of
S. cerevisiae. The established mutators can not only be used for constructing robust yeast cell factories, but also be

further developed as a generally applicable genome evolution tool.
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Fig. 1 Continuous genome evolution of S. cerevisiae through mutator genes

(There are mutator genes in S. cerevisiae to maintain its genetic stability, and their knockdown or suppression can increase the genome mutation rate,

and also result in different types of mutations. Using the CRISPRi system to inhibit the expression of mutator genes, four mutators were constructed

to induce different types of mutations in the genome of S. cerevisiae.)
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Table 1 S. cerevisiae strains used in this study

Strains Description Source
BY4741-iAID6 BY4741 with CRISPRi machinery (dSpCas9-RD1152) integrated Our lab™"
y426 BY4741-iAID6/p426 This study
yMM BY4741-iAID6/MM This study
yTM BY4741-i1AID6/TM This study
yRM BY4741-iAID6/RM This study
yCM BY4741-iAID6/CM This study
BY4741-iAID6-CrtIEYB BY4741-iAID6-CrtE-CrtYB-Crtl Our lab™
yCar426 BY4741-iAID6-CrtE-CrtYB-Crtl/p426 This study
yCarMM BY4741-iAID6-CrtE-CrtYB-Crtl/MM This study
yCarTM BY4741-iAID6-CrtE-CrtYB-Crtl/TM This study
yCarRM BY4741-iAID6-CrtE-CrtYB-Crtl/RM This study
yCarCM BY4741-iAID6-CrtE-CrtYB-Crtl/CM This study
BY4741-iAID6-psXP BY4741-iAID6-XR-XDH-XKS This study
yX426 BY4741-1A1D6-XR-XDH-XKS/p426 This study
yXMM BY4741-1AID6-XR-XDH-XKS/MM This study
yXRM BY4741-iAID6-XR-XDH-XKS/RM This study
yXTM BY4741-iAID6-XR-XDH-XKS/TM This study
yXCM BY4741-iAID6-XR-XDH-XKS/CM This study
yXMTRC BY4741-iAID6-XR-XDH-XKS/MTRC This study
yXMTRC*2 BY4741-i1AID6-XR-XDH-XKS/MTRC-MTRC This study
CT CEN-PK2-1C; TEF Ip-mVenus-PGKIt; URA3 Our lab®*
MSH2p-mVenus BY4741-1AID6/p415-MSH2p-mVenus This study
TSAlp-mVenus BY4741-i1AID6/p415-TSA Ip-mVenus This study
RAD27p-mVenus BY4741-i1AID6/p415-RAD27p-mVenus This study
CLB5p-mVenus BY4741-iAID6/p415-CLBS5p-mVenus This study
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Fig. 2

Inhibition efficiency of different gRNAs on the expression of mutator genes with m Venus as a reporter

(*, ** and *** for the significance p < 0.05, 0.01 and 0.001, respectively)

T2 AL G AR 250 B gRNA JFURE SC R
Table 2 gRNA plasmid libraries for mutators
Mutators gRNA plasmids
MM  p426-Sgll p426-Sgl2 pd26-Sgl5 pd26-Sgl7 pa26-SpSgH
TM  p426-Sg21 p426-Sg22 pd26-Sg24 pd26-Sg26 p4d26-SpSgH
RM  p426-Sg32 p426-Sg33 p426-Sg34 p426-Sg36 pa26-SpSeH
CM  p426-Sghl p426-Sgd2 p426-Sgad p426-Sgd5 pa26-SpSgH

2.2 BRBERESHEBRSHNSTEMWZMT

JE Ik 5 DR 1 AR 45 B i R 19 B BY4741-1A1D6
548 3R, H B 4% 5 [ 96 A8 28 Sxof 2 vy R 9 T BF 53
TEE A2 R R o 4 28 AR B2 REAE R [F] K

STEP AR R ERK ML 4R, 45
FRHE A G T T B, 5 AR B R T HE T R 11
ARKBBTEEZER, UEFRETRTEKRES
B 4% I, yTM I A2 K T 20 8 25w T H At B K
R TR IR R 4.5% I, % 195 B bk 2 R B
REMAERKMRSA, HApRABR & EE N2
PR R yTM o bk 25 S 3 B 4 i 1 R AR 28 DL R il
AR N B A A R T B 52 M B A R
W 5 T I Bl 2 Ab AR yTM £ 1 AR b ) 26 8% 5
Ja, BEMLBKIE T 2 AR HEATNE, KPR
7N VK & H pa26-SpSg2l, 5N K E H p426-
SpSg22.
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Fig.3 Mutation rates and types in the genome of S. cerevisiae induced by mutators

(a) Relative mutation rates of the genome of S. cerevisiae induced by mutators (* for significance p < 0.05); (b) Mutation type of the genome of
S. cerevisiae induced by mutators. All 4 mutators induced SNPs, TM and RM induced small Indels, and RM and CM also induced other mutation
types. * and ** for significance p < 0.05 and 0.01, respectively.

25 25 25
—=—y426 —=—y426 49 [sobutanol —=—y426 4 504 [sobutanol
20k —4—yMM w/o Isobutanol 20FH —4—yMM 20 ——yMM x
OF e yTM j +yTM OF VM
—+—yRM = —+—yRM ; —+—yRM
gl5F —yCM gl5f —+yCM . gls ——yCM
a o) e a
© 1ot % = ik A /] < img
0.5 05} o 0.5+
/_'sr_ﬁ-'/:::"---
0 15 30 45 60 75 0 15 30 45 60 75 0 15 30 45 60 75
Time/h Time/h Time/h
(a) (b) (c)

B4 JEDS AR G340 R R R 57 ) AR 2 4
() MEEFREPALEALER TR, UM RA L MMAERGBE TR EZR: (b) LEEFED R TEIREEI 4%, yTMFERKESR
BT HAE M (o LR TRKREET 45% 0, X y426 Wbk, &AM EA RERAEKMS, HARTUR R R
B yT™M
Fig. 4 Evaluation of the mutators for improved isobutanol tolerance

(a) No significant difference in the growth profiles of the mutated and control strains when isobutanol was not present in the medium; (b) When the
concentration of isobutanol in the medium reached 4%, the growth rate of yTM was significantly higher than that of other strains; (¢) When isobuta-
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(a)~ (e) Mutation resulted in the formation of colonies with different color densities; (f) Production of B-carotene in the mutated and control strains

determined by HPLC. ** and *** for significance p <0.01 and 0.001, respectively.
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Supplementary Table S1 Plasmids used in this study

Plasmid Genotype Source
pRS415 CEN/ARS; Amp; LEU2 Our lab
pRS406-RV500 Amp; URA3; mVenus; mCherry Our lab
p415-MSH2p-mVenus CEN/ARS; Amp; URA3; mVenus This study
p415-TSA1p-mVenus CEN/ARS; Amp; URA3; mVenus This study
p415-RAD27p-mVenus CEN/ARS; Amp; URA3; mVenus This study
p415-CLB5p-mVenus CEN/ARS; Amp; URA3; mVenus This study
p426-SpSgH 2 w; Amp; URA3 Our lab
p426-Sgll p426-SpSgH target on MSH?2 This study

p426-Sgl2 p426-SpSgH target on MSH?2 This study
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p426-Sgl3 p426-SpSgH target on MSH2 This study
p426-Sgl4 p426-SpSgH target on MSH?2 This study
p426-Sgl5 p426-SpSgH target on MSH?2 This study
p426-Sgl6 p426-SpSgH target on MSH?2 This study
p426-Sgl7 p426-SpSgH target on MSH?2 This study
p426-Sgl8 p426-SpSgH target on MSH2 This study
p426-Sg21 p426-SpSgH target on 7SA1 This study
p426-Sg22 p426-SpSgH target on TSA 1 This study
p426-Sg23 p426-SpSgH target on 7SA/ This study
p426-Sg24 p426-SpSgH target on 7SA! This study
p426-Sg25 p426-SpSgH target on 7SA1 This study
p426-Sg26 p426-SpSgH target on 7SA/ This study
p426-Sg31 p426-SpSgH target on TRAD27 This study
p426-Sg32 p426-SpSgH target on TRAD27 This study
p426-Sg33 p426-SpSgH target on TRAD27 This study
p426-Sg34 p426-SpSgH target on TRAD27 This study
p426-Sg35 p426-SpSgH target on TRAD27 This study
p426-Sg36 p426-SpSgH target on TRAD27 This study
p426-Sg4l p426-SpSgH target on CLBS This study
p426-Sg42 p426-SpSgH target on CLBS This study
p426-Sg43 p426-SpSgH target on CLBS This study
p426-Sg44 p426-SpSgH target on CLBS This study
p426-Sg45 p426-SpSgH target on CLBS This study

fiR2 ABIHTHKGIY)
Supplementary Table S2 Primers used in this study
Oligo Sequences(5'—3") Applications
SpSgl1-for gatcaatatactgaaaataaaaag To construct gRNA plasmids targeting MSH2
SpSgll-rev aaacctttttattttcagtatatt
SpSgl2-for gatcgaattttagetctggectag
SpSgl2-rev aaacctaggccagagctaaaattc
SpSg13-for gatcgectttatccactaatctaa
SpSgl3-rev aaacttagattagtggataaaggc
SpSgl4-for gatcggaagttctttgecgttaca
SpSgl4-rev aaactgtaacggcaaagaacttcc
SpSgl5-for gatctatgtatatatagaatatta
SpSgl5-rev aaactaatattctatatatacata
SpSgl6-for gatcttaaaagtatgtcctecact
SpSgl6-rev aaacagtggaggacatacttttaa
SpSgl7-for gatcaaaattctctgatgtatcag
SpSgl7-rev aaacctgatacatcagagaatttt
SpSg18-for gatcacttctataagaagtataca
SpSgl8-rev aaactgtatacttcttatagaagt
SpSg21-for gatcaagtcggetggeaacaaace To construct gRNA plasmids targeting 754/
SpSg21-rev aaacggtttgttgccageegactt

SpSg22-for gatcaccaggacatatataaaggg
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Oligo Sequences(5'—3") Applications

SpSg22-rev aaacccctttatatatgtcetggt

SpSg23-for gatcaaggcccgttgagaacggtt

SpSg23-rev aaacaaccgttctcaacgggectt

SpSg24-for gatcaggggaaggcccgttgagaa

SpSg24-rev aaacttctcaacgggccttecect

SpSg25-for gatcggttgtgagcaattgaacga

SpSg25-rev aaactcgttcaattgctcacaacc

SpSg26-for gatcacatacacatacatacacaa

SpSg26-rev aaacttgtgtatgtatgtgtatgt

SpSg31-for gatcaaagctttaaacgcgttagg To construct gRNA plasmids targeting RAD27
SpSg31-rev aaaccctaacgcgtttaaagettt

SpSg32-for gatcgegtaacatcgegeaaatga

SpSg32-rev aaactcatttgcgcgatgttacge

SpSg33-for gatcaaagcgttgacagcatacat

SpSg33-rev aaacatgtatgcetgtcaacgcettt

SpSg34-for gatcaagaaataggaaacggacac

SpSg34-rev aaacgtgtecgtttcctatttett

SpSg35-for gatcgacaccggaagaaaaaatat

SpSg35-rev aaacatattttttcttccggtgte

SpSg36-for gatcaggtttgaatgcaattatat

SpSg36-rev aaacatataattgcattcaaacct

SpSg41-for gatcaattggccgtgaaaagcttt To construct gRNA plasmids targeting CLBS
SpSg41-rev aaacaaagcttttcacggccaatt

SpSg42-for gatcctttgtgtgagacaactaat

SpSg42-rev aaacattagttgtctcacacaaag

SpSg43-for gatcgttcagecggctttaaataca

SpSg43-rev aaactgtatttaaagccgcetgaac

SpSg44-for gatctgaacacctttactgaacaa

SpSg44-rev aaacttgttcagtaaaggtgttca

SpSg45-for gatctaatactctgctcatggteg

SpSg45-rev aaaccgaccatgagcagagtatta

MSH2p-for NNNNNCctcgagattagaattaaaatgtgtag Used to amplify MSH2p
MSH2p-rev NNNNNggatcctctctcetctgatacatcag

mVenus-for NNNNNggatccggeggeageggeggeageatggaattegtgagcaagg Used to amplify mVenus
mVenus-rev NNNNNgagctccaggaagaatacac

TSAlp-for NNNNNCctcgagacagcaggaaaacgaagatg Used to amplify TS47p
TSAlp-rev NNNNNggatccgacggceagttttcttaaaag
RAD27p-for NNNNNCctcgagaaacaaaaagaacagggaaag Used to amplify RAD27p
RAD27p-rev NNNNNggatccagcagagggaacatgttceg

CLBS5p-for NNNNNCctcgagtgaagacgegeecttgatgg Used to amplify CLB5p
CLBS5p-rev NNNNNggatccaatcatagaatttcttttaatac

SpSg-GJ-for cttcetgggtetcagteeectcgageacagggtaataact To construct gRNA plasmid library MTRC*2
SpSg-Gl-rev tatctctaggtctcagtgggageteectgecaggeatg

2gRNA-F1 NNNNNggtctecggactetttgaaaagataatgtatg
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gk
Oligo Sequences(5'—3") Applications
2gRNA-R1 NNNNNggtctcccggacttgeatgeetgeagggagete
2gRNA-F2 NNNNNggtctceteegtetttgaaaagataatgtatg
2gRNA-R2 NNNNNggtctcccaaccttgeatgeetgecagggagete
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Supplementary Table S3 Mutation types of the S. cerevisiae genome induced by mutators

Strains SNPs Small InDels Other mutation types
yMM 16 0 0
yTM 12 4 0
yRM 12 2 2
yCM 4 0 12
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