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Evaluation of Photosynthetic Squalene Production of Engineered Cyanobacteria Using the Chemical Inducer-Free
Expression System
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Photosynthetic conversion through cyanobacteria and microalgae is an increasingly serious concern in the
global warming crisis. Many value-added substances are produced through strain improvement, and much
research and development is being conducted to determine its potential as an actual industrial strain.
Economic barriers throughout processing production can be overcome to produce value-added chemicals
by microalgal strains. In this study, we engineered cyanobacteria strains for the photosynthetic production
of squalene and confirmed the continuous cultivation of CO; and light conditions. The free-inducer system
of gene expression was developed at the cyanobacterial strains. Then, the squalene production level and
growth of the recombinant cyanobacteria were analyzed and discussed. For bio solar-cell factories, the
ability to regulate genes based on the free-inducer gene expression system promotes metabolic engineering
research and construction to produce value-added chemicals.
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Table 1. Bacteria strains and plasmids used in this study.
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ZAAAE Fermentas (Thermo Fisher Scientific Inc.,
USA)ZRE FYsigict SE3 AS A 93t 2& HES
Sigma-Aldrich (USA)E AM&-3I3 T}

Zepan|sc} F57%

1 mM isopropyl-p-D-1-thiogalactopyranoside (IPTG) ¥
EA7L Qi m2nd gud ganAEs T35 Hel
o], pSelBb1s-RFP [11]2] Aatll®} EcoRI A3t a4 AE&

Strain or plasmid Relevant characteristics Reference
Strains
E. coli DH5a. F~(80d lacZ M15) (lacZYA-argF) U169 hsdR17(r” m*) recA1 endA1 relA1 deoR96 [16]
S. elongatus PCC 7942 S. elongatus PCC 7942 (ATCC 33912) ATCC 33912
SeSC_RFP S. elongatus NSI::Bb1s-RFP This study
SeSC_RFP(const) S. elongatus NSI::Bb1s(Alacl)_RFP This study
SeSC37S S. elongatus NSI::Bb1s-dxs-idi-ispA NSII::k-PcpcB1-cpcB1-SF-SQS [10]
SeSC37S_MEP(const) S. elongatus NSI::Bb1s(Alacl)-dxs-idi-ispA NSIl::k-PcpcB1-cpcB1-SF-SQS [13]
SeSC35SlI S. elongatus NSI::Bb1s-dxs-idi-ispA NSlI::k-PcpcB1-cpcB1-SF-SQS NSIl:k-PcpcB1- [10]
cpcB1-SF-SQS
SeSC35SIl_MEP(const) S. elongatus NSI::Bb1s(Alacl)-dxs-idi-ispA NSlI::k-PcpcB1-cpcB1-SF-SQS This study
NSIII::k-PcpcB1-cpcB1-SF-SQS
Plasmids®
pSyn_1 pUC, Spc", Py;, NSI target sites Invitrogen
pSe1Bb1s-gfp pUC, Spc’, Lacl, Py, BglBrick sites, NSI targeting SyneBrick vector: derived from [11]
pSyn_1 vector
pSe1Bb1s-rfp pUC, Km', Lacl, Py, BglBrick sites, NSlI targeting SyneBrick vector (1]
pSe1Bb1s-rfp (const) pUC, Cm", Lacl, Py, BglBrick sites, NSIIl targeting SyneBrick vector This study

pSe1Bb1s-(Alacl)-dxs-idi-ispA

pSe2k-cpcB1-SF-SQS

pUC, Spc', Ptrc, dxr(se.co), idi(se.co), ispA(se.co), NSI target sites
pUC, Km", PcpcB1, cpcB1-SF-SQS(se.co), fusion protein, NSII target sites

[13]
[10]

?Km", kanamycin resistance, Spc’, spectinomycin resistance, Cm', chloramphenicol; dxs (E. coli), 1-deoxy-D-xylulose-5-phosphate
synthase; idi (E. coli), 1-deoxy-D-xylulose 5-phosphate reductase; ispA (E. coli), farnesyl diphosphate synthase (IspA); SQS (S. cerevisiae),
squalene synthase; (se.co) [17] represents that the gene sequence is codon-optimized to S. elongatus PCC 7942. Note that strains
and plasmids were constructed in this work unless cited.
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S. elongatus 5°-NSI 3’-NSI
PCC 7942 —————

SeSC_RFP

Remove of lacl

Fig. 1. The system of inducer-free cyanobacteria for photosynthetic squalene production from CO,. (A) The schematic vector of
inducer free system for transformation into cyanobacteria genome. (B) The strain SeSC_RFP and SeSC_RFP (const) were used for the

cultures.
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Fig. 2. The comparison growth and RFP expression rate level of inducer-free cyanobacteria. (A) Comparison of cell growth (OD30)
SeSC_RFP, SeSC_RFP (const) (black square and blue triangle; 0 mM, red circle and pink triangle; 1 mM of IPTG) (B) Comparison of fluo-
rescence intensity SeSC_RFP, SeSC_RFP (const) (black and blue square; 0 mM, red and pink square; 1 mM of IPTG at normalized signal).
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I8 3/EE 119 cpcB1-SF-SQSE =¢34 SeSC37S_MEP
(const), SeSC35SII_MEP(const) EHHo| #+F= 22 A2+
5}9lch(Fig. 3). 1 A, SeSC3789 SeSC37S MEP (const)
AlZ9] AAS 0D 5.034 £0.32, 5.04 £ 0.192 A] B35},
AT o] A%H ZRRE AZE ofgolAs
7.16 £ 0.319]| A 4.32 £ 0.222 A 1.68] 743} thH(Figs. 2A
and 2B)2] SeSC_RFP, SeSC_RFP (const) A]o}=H}]| 2o}
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Fig. 3. Modular and metabolic engineering of inducer-free cyanobacteria for comparison of photosynthetic squalene produc-
tion and growth from CO,. (A) The schematic metabolic pathway for photosynthetic squalene production by engineered S. elongatus
PCC 7942. The parental strain SeSC37 and SeSC35SlII strain were used for the cultures and comparison [10, 18]. SeSC37S_MEP (const)
and SeSC35SII_MEP (const) strain were removed the lacl from parental strain. Abbreviations: dxs, 1-deoxy-p-xylulose-5-phos-
phate synthase gene of E. coli; idi, isopentenyl diphosphate isomerase gene of E. coli; ispA, farnesyl diphosphate synthase (IspA) gene
of E. coli; SQS (Sc), squalene synthase gene of S. cerevisiae; G3P, glyceraldehyde-3-phosphate; DXP, 1-deoxy-p-xylulose-5-phosphate; MEP,
2-C-methyl-p-erythritol-4-phosphate;HMBPP, (E)-4-hydroxy-3-methylbut-2-enyldiphosphate; IPP, isopentenyl diphosphate; DMAPP,
dimethylallyl diphosphate; FPP, farnesyl diphosphate; Pc,c1, promoter region of the upstream 500 bp of the cpcBT operon from S.
elongatus PCC 7942; cpcB1, encoding the phycocyanin B-subunit protein from S. elongatus PCC 7942; WT, wild type.
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Fig. 4. The comparison growth (OD73,) and squalene produc-
tion (mg/L/ODy3) of inducer-free system engineered cyano-
bacteria. Squalene contents (gray square) in the strain with
inducer-free system [MEP (const)]; under control of pTrc pro-
moter without lacl in MEP pathway). SeSC37S_MEP (const) and
SeSC35SII_MEP (const) strain were removed the lacl from paren-
tal strain. cell growth (ODy530) represent black square.

F A A7 ATUA RAFE Ph

S SkATH(Fig. 4).

SeSC35SIIE= SeSC37S #FE ot AFedd AJAkefo] Z7}
3t A2 Aotiute g o} & Ao SQSY gene dosage”}t
27 2715t MEP 32 U] 293 G40 23] BAE 9
o] FPP (3}o| Wl Al; farnesyl diphosphate; 2 A ZA)7}
cpeB19} FHE SQSel SQSOl| o8l AFLAMOE HAHE|
ozl Aato|thH10]. NE AAEL 4.14+0.28, 11.98+0.498
A 2.8 Z713F T SeSC35SII_MEP (const)= SeSC35SIIH
T} A AAFEFo] 4.14 +0.28, 11.98 £ 0.492 A] 2.84)
ZA3E o 28y SeSC35SII_MEP (const)2] 5.33 £ 0.03
ANl AL SeSC35SIIETH OD 4.22+0.0424 OD 1.1 3

T F7teklch(Fig. 4).

SeSC35SII_MEP (const) Alot=ttg] 2o} E@™Mo] 73
L MEP 32 A9 293 &4 37}R(das, idi, ispA)7t S
ZR1A £ % pTre A& Z2HE Aof ofef Z+z &
&ole AFAE0] el whet AlZF aepd g 3d E
9] zpol7} AA 7ha/dol sloem, F 4% AlZto] 24 hE
ok 71 192 ho 2 F71E A= A4F oo 9% v
Aoltt. T3, o]Atglgta: F AE AlotithH|2lote] 7|&

713 A E e 2 AR 359 '
T2 dote oF AgE BiE &Y AT B
g+ B JATHsg]

e} Zo], F-F = ZRHEHE F5H9 AlottlE g
of thAE S HE o R {IIFAA AR 35T o Akstgt
2 A9 B9 AT AbolE A5t ALY +94
< BrbstaA shE AR, AlopiettH 2jof A2 3] BE

Rt o :lo

Evaluation of Inducer-Free Expression System 303

FAE S5 EARA = o8] EAT o|ALE S5
St ATHFoEA AR I 24 Ao E A% AT
gt £9f o] Algstrh. 2R 9 3 Al=2A AlokttH g
of A|AH] Hio| 0I5 EWF VWt R, AR TH
2749 AolZ oie] 2N AW T2BES T o)
M Ha wo|E X3 el AT, 15]. E, A
A gl o] 20% S A 5o} 1 W& == phycocyanin B-
subunit G AT T2 g o FFtul S A2 sle] B-
phellanderen synthase (PHLS) RAFFS Z7IA R W A2
9 F= ToAE WEith8]. T =2ollAe Alok=E|
got Bl F- =R T d I T2 RE AJAF o}
ART} RS AT wizkAet B gEE o]-85te] 100 L
kR CEMLEEENE)

dEdoz B A7k dAEeEe A2e 824 Ao
st o) B-HEQA] Tl WA A S T30l
Fargugn Ardd 240 S vels 12el3)
o whehA, A9A e ok HHske % AT B8
o T3 B ALY, AR S8 Aol 2L fEd
o oz Aohuteelore] oAt ot AT E FH 2
o gl 2U) AT W oldsiekas] 4B Ml
Aol 7195 & 4 Y& Aoz ARH

|

Acknowledgments

This study was supported by the Korea CCS R&D center (KCRC) and
(2017M1A8A1072034) through the National Research Foundation of
Korea funded by the Korean government (Ministry of Science and
ICT), funded by Ministry of Trade, industry and Energy (20011255).

Conflict of Interest

The authors have no financial conflicts of interest to declare.

References

1. Choi YY, Hong ME, Chang WS, Sim SJ. 2019. Autotrophic bio-
diesel production from the thermotolerant microalga chlorella
sorokiniana by enhancing the carbon availability with tem-
perature adjustment. Biotechnol. Bioprocess Eng. 24: 223-231.

2. Spolaore P, Claire JC, Elie D, Lsambert A. 2006. Commercial
applications of microalgae. J. Biosci. Bioeng. 101: 87-96.

3. Pulz O, Gross W. 2004. Valuable products from biotechnology
of microalgae. Appl. Microbiol. Biotechnol. 65: 635-648.

4. Atsumi S, Higashide W, Liao JC. 2009. Direct photosynthetic
recycling of carbon dioxide to isobutyraldehyde. Nat. Biotechnol.
27:1177-1180.

5. Woo HM. 2017. Solar-to-chemical and solar-to-fuel production
from CO, by metabolically engineered microorganisms. Curr.

September 2021 | Vol. 49 | No. 3



304

Choi and Woo

Opin. Biotechnol. 45: 1-7.

6. Tran DTM, Trang TPP, Thanh KH, Ngan TKD, Phuong THK, Tri

MN, et al. 2017. Development of inducer-free expression plas-
mids based on IPTG-inducible promoters for Bacillus subtilis.
Microb. Cell Fact. 16: 130.

. Kim WJ, Lee SM, Um Y, Sim SJ, Woo HM. 2017. Development of

synebrick vectors as a synthetic biology platform for gene
expression in Synechococcus elongatus PCC 7942. Front. Plant
Sci. 8:293.

. Formighieri C, Melis A. 2016. Sustainable heterologous produc-

tion of terpene hydrocarbons in cyanobacteria. Photosynth. Res.
130:123-135.

. Choi SY, Lee HJ, Choi J, Sim SJ, Um Y, Kim Y, et al. 2016. Photo-

synthetic conversion of CO, to farnesyl diphosphate-derived
phytochemicals (amorpha-4,11-diene and squalene) by engi-
neered cyanobacteria. Biotechnol. Biofuels 9: 202.

. Choi SY, Wang JY, Kwak HS, Lee SM, Um Y, Kim Y, et al. 2017.

Improvement of squalene production from CO, in Synechococcus
elongatus PCC 7942 by metabolic engineering and scalable
production in a photobioreactor. ACS Synth. Biol. 6: 1289-1295.

. Chwa JW, Kim WJ, Sim SJ, Um Y, Woo HM. 2016. Engineering of

a modular and synthetic phosphoketolase pathway for photo-
synthetic production of acetone from CO, in Synechococcus
elongatus PCC 7942 under light and aerobic condition. Plant
Biotechnol. J. 14:1768-1776.

. Golden SS, Brusslan J, Haselkorn R. 1987. Genetic engineering

http://dx.doi.org/10.48022/mbl.2102.02004

13.

14.

15.

16.

17.

18.

of the cyanobacterial chromosome. Methods Enzymol. 153:
215-231.

Choi SY, Sim SJ, Ko SC, Son J, Lee JS, Lee HJ, et al. 2020. Scalable
cultivation of engineered cyanobacteria for squalene produc-
tion from industrial flue gas in a closed photobioreactor. J.
Agric. Food Chem. 68: 10050-10055.

Shaw AJ, Lam FH, Hamilton M, Consiglio A, Kyle M, Brevnova
EE, et al. 2016. Metabolic engineering of microbial competitive
advantage for industrial fermentation processes. Science 353:
583-586.

Elias E, Feiyan L, Pia L. 2016. Evaluation of promoters and ribo-
some binding sites for biotechnological applications in the
unicellular cyanobacterium Synechocystis sp. PCC 6803. Sci.
Rep. 6: 36640.

Zhang C, Xixan C, Gregory S, Too HP. 2016. Efflux transporter
engineering markedly improves amorphadiene production in
Escherichia coli. Biotechnol. Bioeng. 113: 1755-1763.

Zhang D, Jennings SM, Robinson GW, Poulter CD. 1993. Yeast
squalene synthase: expression, purification, and characteriza-
tion of soluble recombinant enzyme. Arch Biochem. Biophys.
304: 133-143.

Choi SY, Wang JY, Kwak HS, Lee SM, Um Y, Kim Y, et al. 2017.
Improvement of squalene production from CO; in Synechococ-
cus elongatus PCC 7942 by metabolic engineering and scalable
production in a photobioreactor. ACS Synth. Biol. 6: 1289-1295.





