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Regulation and adaptive evolution of industrial microorganisms
towar ds genetic and environmental disturbances

Yuping Lin, and Qinhong Wang

CAS Key Laboratory of Systems Microbial Biotechnology, Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences,
Tianjin 300308, China

Abstract: Harnessing industrial microorganisms to utilize renewable feedstocks and meanwhile produce biofuels, bulk
chemicals, food ingredients, nutraceuticals, pharmaceuticals, industrial enzymes, etc. is the basis for successful biological
industries. Robust traits of industrial microorganisms including high yield and productivity as well as stress tolerance are
controlled by sophisticated genetic regulatory networks. Engineering robustness of industrial microorganisms requires
systematic and global perturbations at the genome-wide scale to accelerate the accumulation of diversified genotypic
mutations, thus generating desirable phenotypes. We review heve the mechanisms of genetic regulation and stress response in
robust industrial organisms, the global perturbations and multiplex accelerated evolution at the genome-wide scale, as well as
the global perturbation of cellular redox balance. In the future, based on system biology and synthetic biology, more efforts
should be further devoted to understanding the mechanisms behind robust traits in industrial microorganisms under industrial

niches for modeling and prediction as well as systematic engineering.

Keywords: genetic regulation, environmental stress, global genome perturbation, multiplex accelerated evolution
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Fig. 1 Robustness and stress response of industrial organism (modified from [5]).
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Tablel Global transcription factor engineering

Organism Transcription factor ~ Enhanced phenotype Representative effect Reference
Saccharomyces  Sptl5, Taf25 Ethanol tolerance 69% increase in volumetric ethanol [47-48]
cerevisiae productivity due to Spt15777S Y195H. K218R

Spt15 Xylose fermentation ~ Mutant strain spt15-25 converted 93.5% of [49]
50 g/L xylose to 15.3 g/L ethanol
Spt15 Corn cob acid Mutant strain spt15-29 can ferment corn cob  [50]
hydrolysate tolerance  hydrolysate containing 68.41 g/L xylose and
7.67 g/L glucose to 11.9 g/L ethanol
Rpb7 Ethanol production Improved resistance towards 8 and 10% [51]
and tolerance ethanol, and 40% increase in ethanol titre
(~122 g/L) due to Rpb7Y®N - A7eT
Kluyveromyces  Spt15 Ethanol production 22.05% increase in ethanol titre (57.29 g/L) [52]
marxianus and tolerance due to Spt153!E when fermenting 140 g/L
glucose at 45°C for 48 h
Escherichiacoli ~ Sigmafactors Ethanol tolerance Improved tolerance to up to 70 g/L ethanol [53]
CAMP receptor Lycopene production  Integration of the mutant crpP®’ gene [54]
protein (CRP) resulted in an ~25% increase in lycopene
yield of 128 mg/L in a 10-L bench-top
fermentor
CAMP receptor Isobutanol tolerance  Mutant CRPS179P, H199R resulted in much ~ [55]
protein (CRP) better growth (0.18 h™) than the control
(0.05 h'%) in 1.2% (V/V) isobutanol (9.6 g/L)
Catabolite Succinate production  The strain with Cra mutations at R57K, [56-57]
repressor/activator A58G, G59Q, R60Q, S75H, T76Y, D148,
(Cra) R149I showed the best succinate production
of 79.8 g/L, 22.8% greater than control
Sigma factor 6™ Solvent tolerance Improved tolerance to up to 69% [58]
cyclohexane due to ¢”° mutations at D39E,
A72V, T94M and a stop codon mutation at
residue 123
Histone-like Acid tolerance Five H-NS mutants containing multiple [59]
nucleoid mutations in the promoter and coding
structuring factor regions resulted in enhanced cell growth by
(H-NS) 26%—53%, and survival rates by 10- to
100-fold at pH 2.5
Lactobacillus Sigma factor Lactic and inorganic ~ One o-factor mutation at Q345K resulted in [60]
plantarum acid tolerance a 3.5-fold faster growth and up to a 5-fold
higher OD in the lactic acid condition. The
other o-factor mutation at at Q345K or at
T44A, R74K, D114A, and S119A resulted
in a 86.4% higher OD and a 25% higher
growth rate in the HCI condition
Zymomonas Sigma factor ¢ Ethanol tolerance Four mutants (P195T; D203V, R324H, [61]
mobilis A592V, L606S; G97S, D206E, M369L,

E370D, E573G;Q57L, G426C, 1448N)
resulted in elevated ethanol tolerance

&: 010-64807509
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ARGURA AR IRAEA LIS 4 4T3 (18] 2). MM IRRIR B RS (HDR) #4854, SCBLH
1) FEEHEN SRR SYoE (K 2A): WO BIR G . MR . R RIEECE R,
G iR RGO LR MG ML DNA G180, 72/ R SEBU AR W& ik 1 2 1 i i O
DNA XUEEINr ¢ (DSB), 7EA 55 #1037 i [7] J5UEF 19 2) FETRIEAZIRBE RN B (18] 2B):
SMUE DNA R BUBUATATERIEOL T, DSB &gl ARG ROAZIR R , Rl 20 0 D9 DRR0HS 5 s8m il

A HDR-mediated pathway reconstitution and engineering
@ntegration
Double-strand break /Pathway reconstitution \
4 generated by a v— Deletion ~ ~ -
programable nuclease Gone 1] [ oo 3. [Gene 5] |
—- —p- TS X £ X
Homology- Mutation/ [ [Cene 2] ]
directed repair / Donor Inactivation
(HDR) / DNA
DSB
w— Replacement & S j
Precise repair
B C
Regulation of gene cxpression NHEJ-mediated regulation of gene expression

based on dead nuclease

ﬁmscriptional control via “Dead” Cas9
sgRNA

as ctivator [ ] S'UTR ,—>
Gene p__

: Double-strand break generated
3 >ON ¥

by a programable nuclease
S'UTR | Gene LI3'UTRI—  dCas9-Activator
fusion 1

Non-homologous

end-joining (NHEJ)

g »OFF Random insertions or

Q.UTR [Gene 1 B'UTR |— dCas9-Acti\W deletions (indels)
fusion

D Base editing

dCas9-Repressor

Cytidine/Adenosine Linker Sind)
deaminase CGA (Arg) — TGA (opal)
CAG (GIn) — TAG (amber)
CAA (GIn) — TAA (ochre)
A—G

AERRRRRRERREERVENY

d/nCas9

B2 #EBRENSHOEERARBERAREEDEARTENNA (5% CHK[85]1&5K)

Fig. 2 Applications of nuclease-mediated genome engineering in biotechnology (modified from [85]). (A)
HDR-mediated pathway reconstitution and engineering. (B) Regulation of gene expression based on dead nuclease. (C)
NHEJ mediated regulation of gene expression. (D) Base editing.
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T, XEERFRR AT IR, I SEIANEAEY &
BGEAR UK 2Z 38 B A S A i i Ak . ikt
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SR BRT R A K BT 4 fe /N R 1P

3) IE [m] 5 K iy 20 A T 00 S IR 3R 8 R 4
(& 2C): 7E AT AN IR IR FE 4 DNA 7 BAEAE R
BUF, EREGY)E] =AY DSB 324 41 i Y i
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Engineering cellular redox balance

[ Regulation of endogenous
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J |

Regulation of heterogenous redox balance
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e e
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Fig. 3 Schematic for engineering cellular redox balance (modified from [97]). NFCD: nicotinamide flucytosine
dinucleotide; HE: Hantzsch ester; DHPD: 9,10-dihydrophenanthridine; BNAH: 1-benzyl-1,4-dihydronicotinamide;

mNADH: snicotinamide cofactor mimics.
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