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A high-throughput pathway optimization strategy for enhancing
biosynthesis of adipic acid
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Abstract: [Objective] Adipic acid is a key monomer for plastics such as nylon 66 and poly
(butylene adipate-co-terephthalate) (PBAT), with a vast market potential. This study aims to
explore the optimal expression levels of genes in the biosynthetic pathway of adipic acid.
[Methods] We regulated the expression levels of genes in the adipic acid synthesis pathway by
randomly combining gradient-strength constitutive promoters. The high-throughput screening
based on an adipic acid biosensor was conducted to select the strain with the optimal combination.
Subsequently, the fermentation media, carbon sources, metal ions, and precursor substance addition
amounts were optimized. [Results] After screening, the optimal strain Escherichia coli MG1655
A8-D47 was obtained, with an adipic acid yield of 431.32 mg/L. After fermentation condition
optimization, the yield of adipic acid in a shake flask reached 550.34 mg/L, which represented a
134% increase compared with that of the control strain Z1. [Conclusion] Metabolic pathway
imbalance in microbial synthesis of adipic acid is the main factor limiting the increase in yield.
Keywords: adipic acid; high-throughput screening; reverse adipate degradation pathway;
promoter; metabolic balance
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R/ RS AR EARF BTk
Table 1  Strains and plasmids used in this study

e T T T PRT

Plasmids or Description Source

strains

Strains
Escherichia Wild type, for plasmid construction, host of adipic acid biosensor Lab preserved
coli IM109
E. coli MG1655 Wild type, for obtaining target promoters Lab preserved
E. coli E. coliK-12 MG1655 AatoBAsucDApfIBAadhEAarcAAldhAApoxBApta, host of fermentation Lab preserved
MG1655 A8 production
E. coli E. coli IM109 harboring plasmids pTrc99a-Pp; ;9g5-benM Lab preserved
IM109-benM
Z1 E. coli MG1655 A8 harboring plasmids pK1 and pS1 This study
A8-D47 E. coliMG1655 A8 harboring plasmids pK2 and pS2 This study
A8-pKS23 E. coli MG1655 A8 harboring plasmids pK2 and pS3 This study
A8-pKS24 E. coliMG1655 A8 harboring plasmids pK2 and pS4 This study
A8-pKS25 E. coli MG1655 A8 harboring plasmids pK2 and pS5 This study
A8-pKS26 E. coliMG1655 A8 harboring plasmids pK2 and pS6 This study
A8-pKS27 E. coli MG1655 A8 harboring plasmids pK2 and pS7 This study
A8-pKS28 E. coliMG1655 A8 harboring plasmids pK2 and pS8 This study
A8-pKS29 E. coli MG1655 A8 harboring plasmids pK2 and pS9 This study
A8-pKS210 E. coliMG1655 A8 harboring plasmids pK2 and pS10 This study

Plasmids
pTrc99a- pTrc99a harboring genes benM under promoter Pp; 1955 and sfzfp under promoter P,,0, Gmr® Lab preserved

Ppp1955-benM

pK1 pRSFDuet-1 harboring genes tfu_0875, paaH under promoter P, and gene acot8 under promoter Lab preserved
Ppsus Kan®
pS1 pCDFDuet-1 harboring genes cat!, paaF under promoter P, and tdter under promoter P, St® Lab preserved
pK2 pRSFDuet-1 harboring genes tfir_0875, paaH under promoter P10 and gene acot§ under promoter This study
Ppsvs Kan®
pS2 pCDFDuet-1 harboring genes catl, paaF under promoter P7 and #dter under promoter P, ;yyz, St This study
pS3 pCDFDuet-1 harboring genes cat!, paaF under promoter P1 and tdter under promoter P,,yxz, Str® This study
pS4 pCDFDuet-1 harboring genes catl, paaF under promoter P2 and #dter under promoter P, ;yyz, St This study
pS5 pCDFDuet-1 harboring genes cat!, paaF under promoter P3 and tdter under promoter P,,yxz, Str® This study
pS6 pCDFDuet-1 harboring genes catl, paaF under promoter P4 and #dter under promoter P, g, St This study
pS7 pCDFDuet-1 harboring genes cat!, paaF under promoter P5 and tdter under promoter P,,yxz, Str® This study
pS8 pCDFDuet-1 harboring genes catl, paaF under promoter P6 and #dter under promoter P, g, St This study
pS9 pCDFDuet-1 harboring genes cat!, paaF under promoter P15 and tdter under promoter P,y xz, Str® This study
pS10 pCDFDuet-1 harboring genes cat!, paaF under promoter P20 and #dter under promoter P,y xz, St This study
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Figure 1 High-throughput screening method and sensor performance characterization for high-titer adipic acid
strains. A: Biosensor-based high-throughput screening method (Individual colonies were randomly selected from
the strain library and inoculated into 24-well plates for fermentation. The fluorescence values of the fermented
strains were determined using an adipic acid sensor, the fermentation broth of the strains with higher fluorescence
values than the control was subjected to high-performance liquid chromatography for yield determination and
shake flask rescreening again. Finally, the relationship between adipic acid yield and gene expression level was
analyzed); B: Structure of the adipic acid biosensor (Dashed lines indicate activation); C: Relationship between
adipic acid concentration and fluorescence intensity output of the biosensor; D: Single-cell fluorescence intensity
induced by different concentrations of adipic acid; E: Correlation between the biosensor fluorescence readings

and adipic acid production measured by HPLC.
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E2 SEAMEERERERMICESHMEITMG. A: HTU0E ZRAEY S R b & B R A 1Y i
RESCERA L B 4B SCZE 5 BT BR OIS OB AR 1% T8 T 7K B A6 BT 4 22 ) 1) ~F- A 7T 7% 4
[a—d: Kt {7 W78 SC%EpRSF-0-0875-paaH-P, . -acot8 (a). pRSF-a-0875-paaH-1-acot8 (b), pCDF-B-catl-
paaF-P,,-tdter (c). pCDF-B-catl-paaF-1l-tdter (d)IFHEA SEESCR; e~h: DERTE 7R C%EpRSF-
a-0875-paaH-P,,s-acot8 (e). pRSF-a-0875-paaH-1-acot8 (f). pCDF-B-catl-paalF-P,,-tdter (g). pCDF-
B-catl-paaF-N-tdter (h) A KA FH M ]; C: Bk SCZE pRSF-a-0875-paaH-P, . -acot8 (1), pRSF-a-0875-
paaH-1-acot8 (1), pCDF-B-catl-paaF-P,,-tdter (1), pCDF-B-catl-paaF--tdter (IV )% At~ 19 PHAE 56 1E 45
H(M: DL2000 DNA marker).

Figure 2 Assembly and adaptation of the adipic acid biosynthesis pathway and library diversity evaluation. A:
Construction of the plasmid library for optimizing gene expression in the adipic acid biosynthesis pathway; B:
Number of plate colonies between the four plasmid libraries and their negative control (obtained by adding the
same volume of sterile water as the plasmid for transformation) (a—d: High transformation efficiency in the
plasmid library: pRSF-a-0875-paaH-P,,-acot§ (a), pRSF-a-0875-paaH-1-acot8 (b), pCDF-B-catl-paal-P -
tdter (c), pCDF-B-catl-paaF-11-tdter (d); e—h: Limited colony growth on negative control plates: pRSF-a-0875-
paaH-P,,-acot8 (e), pRSF-0-0875-paaH-1-acot8 (f), pCDF-B-cati-paalF-P,,-tdter (g), pCDF-f-catl-paal-
[I-tdter (h)); C: Positive validation results of transformants from the plasmid library: pRSF-0-0875-paaH-P,,-
acot8 (1), pRSF-a-0875-paaH-1-acot8 (11), pCDF-B-cati-paaF-P,,-tdter (111), pCDF-B-catl-paaF-11-tdter (IV)
(M: DL2000 DNA marker).
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Table 2 Plasmid library diversity evaluation

P BT PCR [HIES* o Sl T e

Kinds of promoter

Libraries Colonies PCR

SO B A

Theoretical scale of

SCIFE S T FAR
Actual scale of

positive* sequencing appear®* libraries libraries
pRSF-a-0875-paaH-P,,-acot8 96.8% (31/32) 85% (17/20) 20%20%20%20= 17x18%16x17=
PRSF-a-0875-paaH-1-acot8 100.0% (32/32) 90% (18/20) 160 000 83232
pCDF-B-catl-paaF-P,~tdter  100.0% (32/32) 80% (16/20)
pCDEF-B-catl-paaF-1l-tdter 87.5% (28/32) 85% (17/20)

*. BHYEPCRAPBHMEEYE AT 5 E 0 b
ZRQOFMHAYEH 4T .

o NGB A TN, VA LA DN BB R S5 R o5 U5 3l

*: Percentage of positive colonies in colony PCR; **: 32 single colonies were randomly selected for sequencing, and the percentage

of promoter species appearing in sequencing at each site was calculated as a percentage of the total promoter species (20 species).
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E3 CoREVARERMETC BRERSBNSEERELSR. A: C RAEYS BB MTORS: 1
Kl(a: ¥ “MRFEMFRTE; b: pKIMIpSIEIFORSEH . W (VP AR R FRIK LN, 2000 TR R R ik
K. Tfu 0875: B-ERGLAFENS; PaaH: 3-FE3ELMEAHEGANG SN ; PaaF: 3-323EC T MEAHEGAN E0Y; Tdter:
S -2- M W A AGE DRI s Acot8: BESEEMREASCALNE; Catl: MMGARLNE; Pta: BEIR O BEFZ RSN
PoxB: WNEMRA (LN ; AdhE: WML LdhA: FLERIEN; PAB: PYERRRH MR ; AtoB: £
B REA TRl s SucD: LPEFHREAG BUE); B: 25 LRI TR R B MRA PSR B e 252 C: 5
VR rh24f LR R e 5OGim FE R RR A O IR = I 45 R s D S0 1AR T e v FE R A IR DL Mo e T ok
) R R S (Z L RRIRE. coli MG1655 ASTE K & A pK 1 FlpS1JFikr).

Figure 3  Adipic acid biosynthesis pathway and high-throughput screening results based on the adipic acid
sensor. A: Adipic acid biosynthetic pathway and plasmid structure map (a: Adipic acid biosynthetic pathway and
plasmid structure; b: Structure of the pKl1 and pS1 plasmids. Blue letters indicate overexpressed genes, red
letters indicate deleted genes. Tfu 0875: B-ketothiolase; PaaH: 3-hydroxyacyl-CoA dehydrogenase; PaaF:
3-hydroxyhexanediyl-CoA dehydrogenase; Tdter: Trans-2-enoyl-CoA reductase; Acot8: Acyl-CoA transferase;
Catl: CoA transferase; Pta: Phosphate acetyltransferase; PoxB: Pyruvate oxidase; AdhE: Acetaldehyde
LdhA: Lactate PfIB: AtoB: Acetyl-CoA
acetyltransferase; SucD: Acetyl-CoA synthetase); B: Fluorescence intensity measurements of different strains in

dehydrogenase; dehydrogenase; Pyruvate formate-lyase;

the first-round screening; C: Adipic acid production measurement of high-fluorescence-intensity strains from
24-well plate fermentation in the first-round screening; D: Adipic acid production measurement of the dominant
candidate strains in shake flask fermentation during the first-round screening (Z1 is E. coli MG1655 A8 carrying
the pK1 and pS1 plasmids).
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Figure 4 Relationship between gene expression levels in the adipic acid biosynthesis pathway and adipic acid
production. A: Relationship between the expression levels of the 0875-paaH, acot8, cati-paaF, and tdter genes
and adipic acid production; B: Relationship between the expression levels of the 0875, paaH, catl, and paaF
genes and adipic acid production; C: Adipic acid production of strains with different promoter strengths
regulating the cat/-paaF gene (Gene expression levels in the Z1 strain are defined as 1).
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Figure 5 Optimization of fermentation conditions for the A8-D47 strain. A: Effect of different culture media on
adipic acid synthesis during fermentation; B: Effect of different culture media on acetic acid synthesis during
fermentation; C: Effect of different precursor additions on adipic acid synthesis (Con represents adipic acid
production by the A8-D47 strain without precursor addition); D: Effect of different concentrations of o
-ketoglutarate on adipic acid synthesis; E: Effect of different concentrations of succinic acid on adipic acid
synthesis; F: Effect of different metal ions supplements on adipic acid synthesis (Con represents adipic acid
production by the A8-D47 strain without precursor addition); G: Effect of different concentrations of glycerol on
adipic acid synthesis; H: Effect of different concentrations of glucose on adipic acid synthesis.
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