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Synthetic Biology: A Frontier Science Driving Net-Zero Carbon Solutions
Ba3nendviAsih: Sngnmsvunudrthduindaugithrnemsuauansidugug

Synthetic biology is an innovative discipline focused on
designing and constructing new-to-nature biological com-
ponents and systems by harnessing engineering principles.
It is a powerful tool that enables the design and engineering
of biological systems for novel applications in energy,
health, and the environment.

Synthetic Biology Strategies for Microalgae-Based
Carbon Sequestration

Recent breakthroughs in synthetic biology are unlocking
the potential of microalgae as a promising nature-based
solution for carbon sequestration. Current research
efforts focus on several key areas:
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1. Enhancing RuBisCO Performance

RuBisCO is the primary enzyme responsible for carbon fixa-
tion via the Calvin-Benson-Bassham (CBB) cycle, but natu-
rally suffers from low efficiency and competition with oxy-
gen. Researchers are applying CRISPR/Cas9 gene editing and
directed evolution to modify specific amino acids, improving
the enzyme’s CO,/0, specificity. For example, increasing Ru-
BisCO activase expression in Nannochloropsis oceanica
boosted CO, fixation by 28% and biomass production by 32%.

1. mstwuUs:ansmwuadviaulsii RuBisCO
RuBisCO WWutaulsraniunisadvAsuasuniudndns Calvin—
Benson-Bassham (CBB) udlagsssusdgvibids:ansnwdita:a1

dufiuoandouunumsuaulaoaonlsd Un3deFounala CRISPR/Cas9 ua:nsmAu3dcuunmis (Directed Evolution) blGUsSuchtHuv
nsaa:olutawn: TR AMduwnsdia CO, (CO,/0, specificity) godu chagolgu MstWumsuaavaanuavtaulsly RuBisCO activase (U
aHs1® Nannochloropsis oceanica FlRUS:nSNWNsa3v CO, LWUTU 28% uazgaudatwuiu 32%
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2. Strengthening Carbon Concentrating Mechanisms (CCMs)

Some algal species naturally possess CCMs that concentrate CO, around Ru-
BisCO to minimize its losses. This can be enhanced by overexpressing genes
encoding bicarbonate transporters, which help import inorganic carbon into
chloroplasts. In Phaeodactylum tricornutum, inserting bicarbonate transporter
and antiporter genes enabled growth even under highly acidic conditions (pH 5).

2. msLasuuUs:ansaiw Carbon Concentrating Mechanisms (CCMs)
aks1euvsials:uu CCMs udd duglednlfiu CO, soua RuBisCO tWoUunUovns
geylde CO, Astasunalndansarialagtwumsuaavoanuavduduudolu
msuaiua (bicarbonate transporters) tWathASuauldgnaslswanad drogoLgu

aHs18 Phaeodactylum tricornutum Atd&u bicarbonate transporter la: antiporter
goawnsatdulalauiiuanio:adudunsago (pH 5)

3. Expanding Light Harvesting Capacity

Increasing pigment content and diversity enhances light
absorption and broadens the light spectrum available for
photosynthesis. Introducing genes from cyanobacteria
enables production of phycobiliproteins, pigments effec-
tive at capturing green and yellow light. Disabling the
genes for zeaxanthin epoxidase (ZEP) and the chloroplast
signal recognition particle (CpSRP) receptor (CpFTSY) in
Chlamydomonas reinhardtii increased the production of
zeaxanthin pigment fourfold and enhanced photosynthetic
efficiency.

3. msiWuaIwansalumssuuay
MsIWUUSauLa:slauUDvSVASNE (pigment) 9:3281WUUS:ANSMWIU
MsQadulavla:ugngydIvAAULEVAISIUNISEVIASHLEY 1EU MsTdEu
nlsenlunupfiZeWowaasvAIan phycobiliproteins BuQaduuava
1Ggoua:IHEDoIAA La:nsTUONSILEVDDNUDVEU zeaxanthin

epoxidase (ZEP) ua: chloroplast signal recognition particle (CpSRP)
receptor (CpFTSY) lu Chlamydomonas reinhardtii M{RUSU1zusvA
500 zeaxanthin IWUTU 4 1M La:WUUS:ENSNWASFVLAS1EHILEY

4. Optimizing Metabolic Flux

Under natural conditions, energy is often diverted to stress
responses or storage compound synthesis, limiting carbon
fixation. Redirecting glycolytic intermediates into the pentose
phosphate pathway boosts production of nicotinamide ade-
nine dinucleotide phosphate (NADPH) and ribulose-5-
phosphate (Ru5P), two key molecules in photosynthesis. In
Nannochloropsis gaditana, inserting the fructose-1,6-
bisphosphatase gene optimized metabolite flow, increasing
both carbon fixation and algal growth.

4. msyan1s Metabolic Flux

fuanwud0dausssUBIA WavouluaIHs189109AISIUMYAU U Msasvaisa:aurionsaauaupvaoAULASHA (stress) TN
Us:ansmwnisadvasuauch nisusuliTnalnaansutaastiGeauivaiutdngldumv pentose phosphate pathway dowaa NADPH
ua: ribulose-5-phosphate (Ru5P) uadArydonisdvlAsizHiay hogvtgumsiadu fructose-1,6-bisphosphatasetdlUluaiHse
Nannochloropsis gaditana fifiAiansiasutavnivmualadigigiwuus:ansmwmsadvmsuauia:msiosauiaula
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5. Boosting Environmental Stress Tolerance

Fluctuating environmental conditions like temperature, light inten-
sity, and pH can impair carbon capture efficiency. Introducing genes
encoding heat shock proteins (HSPs) and antioxidant enzymes such
as superoxide dismutase (SOD), catalase, and glutathione peroxi-
dase improves resilience. For example, overexpressing the treha-
lose phosphate phosphatase gene in Parachlorella kessleri mitigat-
ed high-light stress and increased biomass by 35%.

5. MSINUADIUNUMUGDANI:UI0FDU

A IWRUNIUUDVDEUHAD AULIULAY La: pH D10dvwalRUs:ansnw
msadvAsuauanav Sviinisldgunasivlusdu Heat Shock (HSPs) ua:
oulsidusuyadas: 1u superoxide dismutase (SOD), catalase ua:
glutathione peroxidase lWaLa5UAMUNUNIU IDEIVIBU NSIWUMS
uaavoonudvéu trehalose phosphate phosphatase tuaiksg
Parachlorella kessleri $yglRairs1onuuavavldadu ua:1wugoudald
fiv 35%

6. Chassis Engineering: Designing

Synthetic Strains

Synthetic biology enables combining mul-
tiple enhanced traits — such as improved
photosynthesis, stress tolerance, and lipid
productivity — into a single algal strain.
This is achieved through CRISPR/Cas9,
gene stacking, and knock-in/knock-out
techniques, combined with transcriptomic
and metabolomic analyses. In dense cul-
tures, excessive pigment content reduces
productivity by causing shading and ineffi-
cient light use. To overcome this limitation,
genetically edited strains of Picochlorum
celeri with reduced chlorophyll content
have been developed, achieving produc-

tivity rates as high as 50 g/m?*/day.

6. mMsD2AUUUAIBWUSFVLASI:H (Chassis Engineering)

ga3nendvtasrrilalomatitharuauiandralsdiu — nomsdvtasi:Ruavni$adu AunuMuUdaani2:udadau wa:mswaansaluu
— nsouBluangwusidednu Wiumsidinada CRISPR/Cas9, Gene Stacking ua: Knock-in/Knock-out SOUAUMS3LASIER transcrip-
tome ua: metabolome luMstwizlAgvaHSIBAIUKLLLUZY UniAiaUaykimnususuasanfuiaiuluua:uunataiaymasuuaon
tHed dowalius:ansnwmsiduavanavia:iiamsuaiviuly WauAUrHGIvimsuAluduluainse Picochlorum celeri Ml
naolsWadaaavavwalidasinswaaudagonmwaviiv 50 nsu/as.u./3u
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Future Perspectives and Opportunities

Synthetic biology offers transformative opportunities to accelerate microalgae’s role in achieving net-zero carbon goals. How-
ever, challenges remain, including scaling laboratory successes to commercial cultivation systems and ensuring ecological
safety and regulatory compliance for engineered strains. Collaborative efforts among academia, industry, and policymakers
will be essential to translate these innovations into real-world solutions that support the global transition to a low-carbon

economy.

Continued investment and interdisciplinary research in synthetic biology and microalgae promise to drive breakthroughs in
carbon sequestration technologies, biofuel generation, and bioproducts manufacturing—paving the way for a sustainable, net
-zero carbon future.
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