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Medium-chain fatty acids (MCFAs, C8-C12) are valuable bio-based feedstocks, but their
production in photosynthetic microorganisms remains limited by low yields, cytotoxicity,
and poor scalability. Here, we engineered Chlamydomonas reinhardtii (Chlamydomonas)
for MCFA production by introducing heterologous lipid biosynthetic enzymes targeted to
distinct subcellular compartments. A plastid-targeted medium-chain-specific acyl-ACP
thioesterase from Umbellularia californica and endoplasmic reticulum-targeted acyltransferases
from Cocos nucifera and Elaeis guineensis were co-expressed from the nuclear genome,
reflecting the compartmentalized organization of fatty acid (FA) synthesis and triacylglycerol
(TAG) assembly in microalgae. Stepwise GC-based screening identified multiple MCFA-
producing transformants, among which MCFA #17 exhibited the highest MCFA accumulation
under nitrogen-depleted conditions. Medium-scale cultivation (3 L) revealed sustained
MCFA production over time, with MCFAs detected in both total FA and TAG fractions.
Elevated temperature (30°C) further enhanced MCFA accumulation, accompanied by
increased transgene expression driven by a heat shock protein Hsp70A promoter.
Importantly, large-scale cultivation in a 50 L photobioreactor demonstrated stable
growth and maintenance of MCFA production under scale-up conditions. Together, these
results establish an organelle-targeted multi-enzyme strategy that enables robust and
scalable MCFA biosynthesis in Chlamydomonas.

Keywords: MCFA, Acyl-ACP thioesterase, Acyltransferases, Chlamydomonas reinhardtii, Triacylglycerol,
Scale-up cultivation

Introduction

Microalgae are gaining attention as promising hosts for lipid engineering due to their high areal
productivity, adaptability to diverse cultivation modes, and ability to accumulate substantial amount
of triacylglycerol (TAG) under nutrient-limited conditions [1-4]. Unlike heterotrophic microorganisms
such as Escherichia coli or Saccharomyces cerevisiae, microalgae can directly assimilate inorganic carbon
via photosynthesis, which reduces dependence on sugar-based substrates and enables cultivation
processes that can be coupled with flue gas or wastewater streams [3, 5]. In many microalgal species,
macronutrient limitations such as nitrogen depletion have been reported to induce metabolic shifts
that redistribute carbon into storage compounds, leading to increased TAG content and altered fatty
acid (FA) composition [1, 6]. Collectively, these physiological and metabolic characteristics position
microalgae as a potential alternative platform for the sustainable production of specific FAs.

Medium chain FAs (MCFAs; C8-C12) are important raw materials in the food, cosmetic, and
oleochemical industries due to their high oxidative stability and favorable compatibility with existing
surfactantand oil industry systems [7, 8]. Previous efforts to establish MCFA production systems have
been most successful in heterotrophic microorganisms and higher plants. In E. coli and S. cerevisiae,
expression of chain-length-specific acyl-ACP thioesterases, often combined with reinforcement of
TAG biosynthetic pathways, enabled substantial MCFA accumulation through relatively simple
metabolic rewiring [9, 10]. Additional strategies addressing MCFA toxicity, such as membrane
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remodeling or transporter engineering, further improved productivity without severely compromising growth [11, 12]. In contrast, engineering
MCFA biosynthesis in photosynthetic microalgae has proven considerably more constrained. Early studies in Phaeodactylum tricornutum showed
that plant-derived thioesterases can bias FA profiles toward medium-chain species and that newly synthesized MCFAs are preferentially
incorporated into TAG rather than accumulating as free FAs [13]. However, subsequent work in Dunaliella tertiolecta demonstrated that
thioesterase expression alone is insufficient for robust MCFA accumulation and that expanding the MCFA acyl-ACP pool can enhance MCFA
production at the expense of total lipid accumulation, revealing an inherent trade-off between MCFA enrichment and lipid productivity [14].
More recent systematic studies in Nannochloropsis species further clarified that FA chain length is a tunable trait in microalgae, yet intensified
MCFA supply elicits compensatory lipid remodeling responses, including reduced TAG accumulation and global rebalancing of saturated and
monounsaturated FA pools [15, 16]. Importantly, these limitations were partially alleviated by shifting engineering targets downstream of FA
synthesis, where coordinated manipulation of MCFA-biased thioesterases with chain-length-selective acyltransferases enhanced incorporation
of MCFAs into TAG, providing emerging design principles for microalgal MCFA production [17]. From the perspective of MCFA biosynthesis,
this indicate that a strategy relying solely on introducing a single enzyme with different chain-length specificity is insufficient. Instead, multi-
enzyme strategies that coordinate both MCFA production and subsequent processing steps are more likely to achieve stable MCFA accumulation
while minimizing negative impacts on cell growth, consistent with systems-level design principles proposed for microalgal lipid engineering [2, 3].

Among diverse candidate microalgal hosts, Chlamydomonas reinhardtii was selected in this study as a genetically tractable and well-
characterized model system for MCFA engineering. Chlamydomonas is one of the most extensively studied photosynthetic eukaryotes, with
established tools for nuclear and chloroplast transformation, stable transgene expression, and CRISPR/Cas-based genome editing [18-20]. In
addition, lipid metabolism in Chlamydomonas, particularly plastidial FA synthesis and lipid remodeling under nitrogen deprivation, has been
intensively investigated, providing a solid physiological and metabolic basis for interpreting changes in FA composition [21, 22]. Given that this
study aimed to systematically evaluate coordinated MCFA biosynthesis and accumulation in a photosynthetic eukaryote under controlled
cultivation conditions, Chlamydomonas represents a rational and experimentally accessible host.

To address these challenges at a practical yet tractable level, this study implemented an organelle-targeted, multi—enzyme MCFA biosynthetic
pathway in Chlamydomonas as a proof-of-concept design. A plastid—targeted medium chain-specific acyl-ACP thioesterase from Umbellularia
californica (UcFATB) was employed to promote premature chain termination during de novo FA synthesis, a strategy originally demonstrated to
redirect FA biosynthesis toward medium chain species in transgenic oilseed plants [23]. To facilitate efficient downstream incorporation of these
MCFAs into storage lipids, a lysophosphatidic acid acyltransferase from Cocos nucifera (CnLPAAT) and a diacylglycerol acyltransferase from
Elaeis guineensis (EgDGAT) were targeted to the endoplasmic reticulum (ER), where TAG assembly predominantly occurs. The use of these
acyltransferases is conceptually supported by work showing that reconfiguration of the Kennedy pathway, including coordinated manipulation of
LPAAT and DGAT activities, promotes efficient MCFA accumulation in plant leaf oils [24]. By integrating these enzymes, the present design
aimed to metabolically link MCFA generation in the plastid with acyl transfer and TAG formation in the ER, rather than optimizing individual
reactions in isolation. The resulting transgenic strains were analyzed with respect to transgene expression, MCFA composition, and TAG
accumulation, and MCFA #17 was selected as a representative line to evaluate whether such a coordinated design could support stable MCFA
accumulation under physiologically relevant cultivation conditions.

Materials and Methods

Strain and Culture Conditions

Chlamydomonas strain CC-4533 (cwl15 mt") was obtained from the Chlamydomonas Genetics Center (USA) [25]. Chlamydomonas cells were
cultured in an Erlenmeyer flask containing Tris-Acetate-Phosphate (TAP) medium at 23°C under continuous light (at 75 ymol photons m s ')
with shaking at 180rpm. TAP medium was used for routine propagation, whereas TP-based media were used for photobioreactor cultivation.

Plasmid Construction

To generate the expression plasmid for MCFA producing genes (UcFATB, CnLPAAT, and EgDGAT) with the Chlamydomonas transit peptide,
the transit peptide sites of three Chlamydomonas genes (CrFAT1, CrLPAAT2, and CrDGTT1I) were predicted by TargetP-2.0. Based on these
predictions, the coding sequences of UcFATB, CnLPAAT, and EgDGAT were codon-optimized for nuclear expression in Chlamydomonas using the
Cosmo Genetech (Republic of Korea) codon optimization service (https://www.cosmogenetech.com/), and DNA fragments including the
corresponding Chlamydomonas transit peptide sequences at the N-terminus were synthesized commercially (Table S2). The synthesized gene
fragments were digested with Ndel and EcoRV and cloned into the pOpt_Clover_Paro vector obtained from the Chlamydomonas Resource
Center.

Chlamydomonas Transformation

Transformation of Chlamydomonas cells without cell-wall degradation was performed as reported previously [26]. Briefly, CC-4533 cells in the
early logarithmic growth phase were collected and transformed by electroporation using a NEPA21 electroporator (Nepa Gene, Japan). Following
electroporation, transformants were incubated at 23°C under dim light for 24 h without shaking and subsequently spread onto TAP plates
containing 10 ug/mL paromomycin (Duchefa Biochemie, The Netherlands). Plates were incubated at 23°C under continuous light (at 75 umol
photons m™s™'). After 7 days, transformant colonies appeared and were subjected to screening for MCFA content of transformants.

RNA Extraction and Quantification

Total RNA was extracted using TRIzol (Takara Bio, Japan) as previously described [27]. First-strand cDNA was synthesized from 2 pg of total
RNA using the RevertAid first strand cDNA synthesis kit (Thermo Fisher Scientific, USA; K1621), according to the manufacturer’s instructions.
Quantitative reverse transcription PCR (RT-qPCR) was performed using SYBR Premix Ex Taq (Takara Bio) with the primer sets listed in Table S1.
Transcript levels were normalized to the expression of Ribosomal protein L17 (RPL17) [28].
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Lipid Extraction and Quantification

Lipids were extracted from the samples and analyzed as described previously [4, 29]. Briefly, 10 mL of Chlamydomonas cell culture was harvested
by centrifugation at 2,000 xg for 5 min at room temperature and used for total lipid extraction. To quantify TAGs, 1 mg of the total lipid extract was
separated on a TLC plate using the solvent mixture hexane:diethyl ether:acetic acid (80:30:1, v/v). Lipid spots were visualized under ultraviolet
light after spraying with 0.01% (w/v) primuline (Sigma-Aldrich, USA) dissolved in acetone:water (4:1, v/v). Lipid bands were recovered from the
plate and quantified by gas chromatography with flame ionization detection (GC-FID) using GC-2030 system (Shimadzu, Japan). The GC was
equipped with an HP-INNOWax capillary column (Agilent Technologies, USA; 30 m x 0.25 mm, 0.25 um film thickness) after transesterification.

Three-L Photobioreactor Culture Conditions

TP medium and BG-11 (KisanBio, Republic of Korea; MB-B0872) were tested for comparative media optimization in lab-scale cultivation. For
MCEFA analysis under nitrogen-depleted conditions, the selected strain MCFA #17 was cultivated in a 3 L photobioreactor (working volume, 3 L)
containing nitrogen—depleted TP medium (TP-N). Prior to photobioreactor cultivation, cells were subcultured in TAP medium for 24 h to ensure
physiological homogeneity. The 3 L photobioreactor cultures were initiated at different initial cell densities depending on the medium conditions,
with OD,;,=0.191 for TP medium and OD,5, = 0.175 for BG-11 medium. Cultivation was performed at 23°C under continuous illumination with
laboratory light with controlled agitation at 180 rpm and aeration at a flow rate of 1 L/min. Samples were collected at the indicated time points
during cultivation for the measurement of OD,,,, biomass (dry cell weight), pH, and lipid composition.

Fifty-L Photobioreactor Culture Conditions

For MCFA analysis, the selected strain MCFA #17 was cultivated in a 50 L photobioreactor (working volume, 50 L) containing TP medium.
Cultivation was performed at 23°C under continuous illumination (75 pmol photons m™ s™'). Prior to photobioreactor cultivation, cells were
subcultured in TAP medium for 24 h to ensure physiological homogeneity, and cultures were subsequently adjusted to an initial cell density of
OD,,, = 0.33. Samples were collected at the indicated time points during cultivation. Cultures were aerated and mixed under standard operating
conditions for the photobioreactor system.

Results

Design and Construction of Organelle-Targeted Lipid Enzyme Genes

To generate an MCFA-producing Chlamydomonas strain, heterologous lipid biosynthesis enzyme genes were introduced into the nuclear
genome of the parental strain CC-4533 (Fig. 1A). The expression cassettes were designed to direct each enzyme to its intended subcellular
compartment by fusing the coding sequences to targeting peptides derived from endogenous Chlamydomonas lipid metabolic enzymes (Fig. 1B).
Specifically, UcFATB was fused to the plastidial transit peptide of CrFAT1 (Cre06.g256750) to target the enzyme to the plastid. In contrast,
CnLPAAT was fused to the ER targeting sequence of CrLPAAT2 (Crel7.g738350), and EgDGAT was fused to the ER targeting sequence of
CrDGTT1 (Crel2.g557750), thereby directing both enzymes to the ER. This targeting strategy reflects the compartmentalized organization of
lipid metabolism in Chlamydomonas, in which de novo FA biosynthesis occurs in the plastid, whereas TAG assembly occurs mainly in the ER, with
contributions from plastid-derived intermediates [30-32].

Stepwise Isolation and GC-Based Screening of MCFA-Producing Transformants

To efficiently identify Chlamydomonas transformants exhibiting MCFA accumulation, a hierarchical screening strategy was employed
(Fig. 1C). At Step 1, a total of 768 independent transformants obtained on paromomycin-containing medium were individually picked into eight
96-well plates (96 x 8 = 768), such that each well contained a single transformant. At Step 2, to reduce the number of GC-FID analyses, eight
transformants were combined into a single pool, resulting in 96 pooled samples (768 + 8 = 96). These pooled samples were subjected to GC-FID
analysis, and pools showing detectable MCFA-associated peaks (C8:0-C12:0) were selected. This screening identified six positive pools,
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EE \ Step 1 Paromomycin resistant transformants
Protisp SOARbseSN \ Bl TR ,::E 768 transformants
FAS G3p TP Step2 Primary lipid screening
pOpt_TP-UcFATB pOpt_TP-EgDGAT (8 TFs for one analysis)
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8:0-ACP . .
1 FATMCFA rl’ A Aphvili  UcFATB Step 3 S dary lipid scr ]
10:0-ACP (1 TF for one analysis)
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12:0-ACP J DAG ProHsp70A/RbscS2 N
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Fig. 1. Engineering of medium chain fatty acid production in Chlamydomonas reinhardtii (Chlamydomonas). (A) Schematic overview of the
engineered pathway for medium chain fatty acid (MCFA) derived triacylglycerol synthesis in Chlamydomonas. (B) Expression vectors used in this study. MCFA
related genes (UcFATB, EgDGAT, and CnLPAAT) were expressed under the control of the Hsp70A/Rbcs2 promoter with plastid targeting peptides. Transformants
were selected using the AphVIII paromomycin resistance cassette. (C) Workflow for transformant selection and analysis, including paromomycin selection, gas
chromatography analysis, and transcript analysis.
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Fig. 2. Stepwise gas chromatography with flame ionization detection (GC-FID) screening of MCFA accumulation in transgenic Chlamydomonas.
(A) Primary GC-FID screening of pooled transformants. Eight independent transformants were combined per analysis, and fatty acid peaks corresponding to
C8:0-C14:0 were compared with coconut oil as a reference. (B) Secondary GC-FID analysis of individual transformants selected from panel (A). GC-FID profiles
of eachline (#8,#10, #11, #17, #24, #40, #44, and #45) are shown, with peaks corresponding to C8:0-C14:0 highlighted. Arrowheads indicate peaks corresponding to
individual fatty acids.

corresponding to a total of 48 transformants (6 pools x 8 transformants). At Step 3, individual transformants from the MCFA-positive pools were
analyzed separately by GC-FID under nitrogen-depleted (TAP-N) conditions to confirm MCFA accumulation at the single-transformant level
and to eliminate false positives arising from pooled analyses. TAP-N conditions are known to promote TAG accumulation [6, 33] and were
therefore used to facilitate sequestration of MCFAs into neutral lipid pools within LDs, thereby mitigating potential cytotoxic effects associated
with free FAs. Coconut oil was included as an MCFA-rich reference standard to facilitate identification of MCFA-associated peaks and to provide a
representative MCFA chain-length pattern in GC-FID chromatograms, as coconut oil is well known to be enriched in MCFAs, particularly C12:0
[7, 8]. During the initial pooled screening, several transformant groups exhibited detectable MCFA signals with peak patterns partially resembling
those of coconut oil, allowing rapid identification of candidate pools (Fig. 2A). Following secondary screening, eight transformants (MCFA #8,
#10, #11, #17, #24, #40, #44, and #45) consistently displayed enhanced MCFA peaks relative to the parental strain and were selected as final
candidates for further analysis (Fig. 2B).

MCFA Composition in Transgenic Chlamydomonas Lines

To evaluate MCFA accumulation in the selected transgenic lines, FA composition was analyzed and compared with coconut oil as a reference
(Fig. 3). Coconut oil exhibited a characteristic MCFA profile dominated by C12:0, with additional contributions from C8:0 and C10:0 (Fig. 3A).
Under TAP-N conditions, multiple Chlamydomonas transformants showed detectable accumulation of MCFAs (C8:0, C10:0, C12:0) that were
absent or negligible in the parental strain CC-4533 (Fig. 3B, left). Among the individual MCFA species, C12:0 and C14:0 were the predominant
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Fig. 3. MCFA composition of coconut oil and transgenic Chlamydomonaslines grown under TAP-N conditions. (A) Fatty acid (FA) composition
of coconut oil used as a reference, showing MCFA species (C8:0-C12:0). (B) FA composition and MCFA content of selected transgenic Chlamydomonaslines grown
under TAP-N conditions. Individual transformants exhibiting detectable MCFA peaks are shown.

components, whereas C8:0 and C10:0 were detected at lower but variable levels depending on the transformant. The relative distribution of MCFA
species differed among lines, indicating transformant-specific variation in MCFA production and chain-length profiles. When total MCFA
content was calculated as the sum of C8:0-C12:0, all selected transformants exhibited increased MCFA levels compared with the parental strain
(Fig. 3B, right). Notably, MCFA #17 showed the highest total MCFA accumulation, reaching approximately 0.8 mol% in total FA (tFA), whereas
other lines displayed moderate increases. In addition to its elevated MCFA content under nitrogen-depleted conditions, MCFA #17 did not show
detectable alterations in VLCFA composition at this stage (Fig. S1, #17 TAP-N, 1 mL culture, 3 days). Based on its elevated MCFA content under
nitrogen-depleted conditions, MCFA #17 was selected for subsequent large-scale cultivation and further characterization.

Selection of Culture Medium for Scale-Up Cultivation

To identify suitable medium conditions for large-scale cultivation, the parental strain CC-4533 was grown under autotrophic conditions in TP
and BG-11 media, and the growth performance was compared. In both media, OD;,, and biomass (dry cell weight, g/L) increased over the
cultivation period, indicating normal cell growth (Fig. 4A and 4B). Overall, growth of CC-4533 was consistently higher in TP medium than in BG-
11 medium. At 120 h, the OD,,, reached 0.551 in TP medium, compared with 0.341 in BG-11, corresponding to approximately a 1.6-fold higher
cell density in TP (Fig. 4A). Similarly, biomass accumulation reached 0.21 g/L in TP and 0.12 g/L in BG-11, representing approximately a 1.75-fold
increase in TP medium (Fig. 4B). In both media, pH values remained within the reported optimal range for Chlamydomonas growth [34] (Fig. 4C),
indicating that neither medium imposed adverse pH stress during cultivation. Based on these results, TP medium was used for subsequent scale-
up cultivation.

Medium-Scale Cultivation and Time-Course Changes in MCFA Accumulation under Nitrogen Deprivation

The selected MCFA #17 strain was cultivated in TP-N medium using a 3 L photobioreactor to evaluate MCFA production under scale-up
conditions (Fig. 5). Under nitrogen deprivation, microalgal cultures typically exhibit an initial growth phase followed by reduced cell proliferation
and induction of storage lipid accumulation [35]. Consistent with this general response, OD,;, increased during the early cultivation phase at day 1
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04 0.2 74
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Hours
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Fig. 4. Comparison of 3 L cultivation of Chlamydomonas parental strain CC-4533 in TP and BG-11 media. (A) Time course of cell growth
monitored as optical density at 730 nm (OD,,,) in CC-4533 cultures grown in TP and BG-11 media. (B) Time-course changes in biomass accumulation, expressed
as dry cell weight, in CC-4533 cultures grown in TP and BG-11 media. (C) Time course of culture pH changes during cultivation in TP and BG-11 media.
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Fig. 5. Three-liter cultivation of MCFA #17 in TP-N medium. (A) Time-course monitoring of the MCFA #17 culture in a 3 L photobioreactor. (B) Time-
course profiles of OD,;, of MCFA #17 cells grown in TP-N medium. (C) Time—-course profiles of pH in MCFA #17 cultures grown in TP-N medium. (D) GC traces
showing FA methyl ester profiles of coconut oil and triacylglycerol (TAG) fractions isolated from MCFA #17 samples at day 7. Peaks corresponding to MCFAs (C8:0-
C12:0) and myristic acid (C14:0) are indicated. (E) Time-course of lipid analysis in MCFA #17 cultures grown in TP-N medium.

and subsequently showed little further increase (Fig. 5A and 5B). During cultivation, culture pH slightly increased but remained within a stable
range, indicating that no severe physicochemical stress was imposed on the culture during nitrogen-depleted growth (Fig. 5C).

GC analysis of TAG fractions revealed the accumulation of MCFAs in the MCFA #17 strain under nitrogen-depleted conditions (Fig. 5D). A
representative TAG profile obtained at day 7 showed clear peaks corresponding to C10:0 and C12:0, confirming their stable incorporation into
storage lipids during cultivation. Time-course analysis revealed that tFA content increased continuously throughout the culture period,
accompanied by a progressive accumulation of TAGs, consistent with a redistribution of carbon flux toward storage lipid synthesis under nitrogen
stress (Fig. 5E). In parallel, MCFA content within the tFA pool increased over time, reaching approximately 0.020 mg/L at day 7, indicating
sustained MCFA production under nitrogen-depleted conditions. Importantly, MCFA levels within TAGs increased as cultivation progressed and
reached the highest level, approximately 0.014 mg/L, in the TAG pool at day 5. Together, these results indicate that TP-N medium supports
sustained MCFA accumulation and TAG formation in MCFA #17 during medium-scale cultivation.

MCFA Accumulation and Transgene Expression under TAP-N Conditions at Elevated Temperature

To further evaluate MCFA accumulation under nitrogen—depleted conditions, MCFA #17 was cultivated in TAP-N medium at 30°C, and lipid
composition was analyzed at day 0 and day 3. The cultivation temperature was set to 30°C for two reasons. First, expression of the introduced
transgenes was driven by the Hsp70A promoter, which is known to exhibit enhanced activity at elevated temperatures such as 30°C [36, 37].
Second, TAG accumulation has been reported to increase at higher temperatures compared with the standard cultivation temperature of 23°C
[38, 39]. GC analysis of FA methyl esters revealed that TAG fractions isolated from the MCFA-producing Chlamydomonas MCFA #17 displayed
MCFA-associated peaks corresponding to C10:0 and C12:0, which were clearly detected in TAG fractions (Fig. 6A). This result demonstrated that
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Fig. 6. Lipid accumulation in MCFA #17 cultivated under TAP-N conditions at 30°C. (A) Gas chromatography traces showing fatty acid methyl ester
(FAME) profiles of coconut oil and triacylglycerol (TAG) fractions isolated from MCFA #17 samples at day 3. Peaks corresponding to MCFAs (C8:0-C12:0) and
myristic acid (C14:0) are indicated. (B) Total FA (tFA) content and MCFA (C8:0-C12:0) content in tFA (top), and TAG content and MCFA content in TAGs (bottom)
at day 0 and day 3 of cultivation. Lipid contents are expressed as mg/L. Data represent mean + SE (n = 3).

MCEFA synthesized in MCFA #17 are efficiently incorporated into storage lipids rather than remaining as free FAs. Over the cultivation period, tFA
content increased markedly, reaching approximately 62.8 mg/L at day 3 (Fig. 6B). In parallel, MCFA content within the tFA pool increased to
approximately 0.05 mg/L. Analysis of the neutral lipid fraction revealed substantial accumulation of TAGs, reaching approximately 36.0 mg/L by
day 3. MCFAs were also detected within the TAG fraction, with MCFA levels increasing to approximately 0.023 mg/L. Notably, when compared at
the same cultivation time point (day 3), despite differences in medium composition, MCFA levels at 30°C in TAP-N medium were markedly higher
than those observed under standard temperature conditions (23°C) in TP-N medium (Fig. 5E).

Expression of Heterologous Lipid Enzyme Genes in MCFA #17 under Nitrogen-Depleted Conditions

To examine the expression and temperature responsiveness of the introduced lipid biosynthetic genes, transcript levels of UcFATB, CnLPAAT,
and EgDGAT were analyzed by RT-qPCR in the MCFA #17 transformant grown under nitrogen-depleted conditions (TAP-N) at 23°C or 30°C for
4 h (Fig. 7). Transcript levels were normalized to the reference gene RPL17, and expression levels are presented relative to the parental strain CC-
4533 grown in TAP medium. In the parental strain CC-4533, no detectable amplification of these heterologous genes was observed, confirming
the absence of background expression. In contrast, all three transgenes were clearly expressed in MCFA #17 under nitrogen-depleted conditions.
Notably, transcriptlevels of UcFATB, CnLPAAT, and EgDGAT were markedly higher at 30°C than at 23°C, demonstrating temperature-dependent
induction of transgene expression. Among the introduced genes, CnLPAAT exhibited the highest transcript abundance, followed by EgDGAT,

UcFATB CnLPAAT EgDGAT
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1000000
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—
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2
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TAP TAP-N (23°C) | TAP-N (30°C) TAP TAP-N (23°C) | TAP-N (30°C) TAP TAP-N (23°C) | TAP-N(30°C)

Fig. 7. Temperature dependent expression of heterologous lipid biosynthetic genes in MCFA #17. Relative transcript levels of UcFATB, CnLPAAT,
and EgDGAT were quantified by RT-qPCR in the MCFA #17 transformant grown under nitrogen deprived conditions (TAP-N) at 23°C or 30°C for 4 h. CC-4533
grown in TAP medium was included as a reference control. Transcript levels were normalized to RPL17, and values are presented relative to CC-4533. Data represent
mean + SE (n=3).
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Fig. 8. Fifty-liter cultivation of MCFA #17 in TP medium with aeration. (A) Representative photographs showing the time course of MCFA #17
cultivation ina 50 L photobioreactor on days 1 to 3. (B) Time course of cell growth monitored by OD,;, during cultivation in TP medium. (C) Time course of biomass
accumulation, expressed as dry cell weight per liter, during cultivation. (D) Changes in culture pH over the cultivation period. (E) tFA content and MCFA content at
day 0 and day 3 of cultivation. tFA content is shown as mg/L, and MCFA content represents the summed amount of MCFAs. Data represent mean + SE (n = 3).

whereas UcFATB showed lower but reproducible expression levels across conditions. These results indicate that all heterologous lipid enzyme
genes are transcriptionally active in MCFA #17 and that elevated temperature enhances their expression under nitrogen—depleted conditions.

Large-Scale Cultivation of MCFA #17 in a 50 L Photobioreactor

To evaluate whether MCFA production and growth characteristics of MCFA #17 can be maintained during scale-up cultivation, we performed
large-scale cultivation in a 50 L photobioreactor using TP medium. Cultivation of MCFA #17 in TP medium resulted in stable increases in OD,;,
and biomass over the cultivation period (Fig. 8A-8C). OD,,,and dry cell weight increased steadily throughout cultivation, indicating sustained cell
growth under large-scale conditions. No apparent growth inhibition was observed, demonstrating that MCFA #17 maintains stable growth
characteristics during scale-up cultivation in a 50 L photobioreactor. During cultivation, culture pH showed only minor changes (Fig. 8D). Lipid
analysis further revealed a marked increase in total FA content between day 0 and day 3 (Fig. 8E). In parallel, MCFA content within the total FA
pool increased to approximately 0.02 mg/L, corresponding to 0.214 mol% of tFAs, indicating that MCFA production was maintained under TP
large-scale cultivation conditions. According to FA composition, although MCFA #17 initially showed elevated C12:0 levels when isolated under
TAP-N conditions in 1 mL cultures, a marked increase in C14:0 was observed at later cultivation stages, including TAP-N (3L, 3 d), TAP-N at 30°C
(10 mL, 3 d, 30°C), and TP (50 L, 3 d) conditions (Fig. S1). This shift suggests that, over successive cultivation steps and scale-up, the metabolic
outcome of UcFATB expression progressively favors C14:0 production, likely reflecting endogenous elongation capacity and dynamic rebalancing
of the acyl-ACP pool across generations.

Discussion

Overview of MCFA Engineering and Key Findings in Chlamydomonas

MCFAs are valuable industrial feedstocks, but their production in photosynthetic microorganisms has been limited by low yields, cytotoxicity of
free FAs, and challenges in scale-up. In this study, we engineered Chlamydomonas to produce MCFAs by introducing organelle-targeted
heterologous lipid biosynthetic enzymes and systematically evaluating MCFA accumulation across cultivation conditions and scales (Fig. 1).
Stepwise GC-based screening enabled the identification of multiple MCFA-producing transformants (Fig. 2), among which MCFA #17 showed
the highest MCFA accumulation under nitrogen-depleted conditions (Fig. 3). Medium-scale cultivation revealed sustained MCFA accumulation
over time, with MCFAs detected in both tFA and TAG fractions under nitrogen deprivation (Fig. 5). Elevated temperature further enhanced MCFA
accumulation and transgene expression, consistent with the temperature responsiveness of the Hsp70A promoter (Fig. 6). Transgene expression
analysis confirmed stable nuclear expression of the introduced enzymes in MCFA #17 (Fig. 7). Finally, large-scale cultivation in a 50 L
photobioreactor demonstrated stable growth and maintenance of MCFA production under scale-up conditions (Fig. 8). Together, these results
demonstrate that coordinated enzyme targeting, stress—assisted lipid sequestration, and cultivation optimization enable reproducible and scalable
MCFA production in Chlamydomonas.

An Organelle-Targeted Multi-Enzyme Framework for MCFA Biosynthesis in Microalgae

Previous studies across plants, heterotrophic microorganisms, and photosynthetic microalgae have collectively highlighted several emerging
design principles for MCFA production [9, 10, 17]. These include the importance of coupling chain-length-specific FA synthesis with efficient
downstream incorporation into neutral lipids, as well as the necessity of mitigating MCFA loss through re—elongation, degradation, or adverse
effects on lipid homeostasis [16, 40, 41]. In microalgae in particular, efforts relying solely on single-enzyme interventions, such as thioesterase
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expression or acyl-ACP pool expansion, have frequently resulted in limited or unstable MCFA accumulation, often accompanied by reduced TAG
content or growth penalties [13-15].

Against this background, overcoming the intrinsic constraints of MCFA biosynthesis in microalgae requires moving beyond single-enzyme
interventions toward organelle-targeted, multi—enzyme strategies that couple chain-length determination with rapid incorporation into storage
lipids. Consistent with this requirement, photosynthetic microalgae have been reported to result in limited or unstable MCFA accumulation [42].
A key reason for this limitation is the fate of prematurely released MCFAs, which are readily re-elongated or degraded by B-oxidation unless they
are rapidly esterified into appropriate glycerolipid backbones [40, 41]. Moreover, microalgal lipid metabolism is highly compartmentalized, with
FA synthesis, acyl editing, and TAG assembly distributed across distinct organelles, making coordinated trafficking and organelle-specific
incorporation essential for stable MCFA accumulation [30, 43]. In Chlamydomonas, this compartmentalization further implies that heterologous
enzymes must be correctly localized to engage productively with endogenous lipid pathways. Because organelle targeting signals in chlorophytes
differ from those of land plants and other eukaryotes, the use of native Chlamydomonas transit peptides and localization prediction tools such as
PredAlgo provides a rational strategy to position heterologous activities in their intended subcellular contexts [44].

Consistent with these constraints, previous algal studies relying mainly on acyl-ACP pool expansion or single thioesterase expression revealed
that downstream TAG assembly becomes a major bottleneck, often accompanied by growth inhibition or reduced neutral lipid content [14]. In this
context, the organelle-targeted UcFATB-CnLPAAT-EgDGAT system developed here was designed as a capture module that intercepts newly
synthesized MCFAs at an intermediate stage and channels them directly into TAGs, thereby aligning MCFA supply with downstream processing
capacity. Together, these considerations support a design framework in which MCFA production in microalgae is optimized by integrating chain-
length-specific synthesis with precise organelle targeting and lipid assembly, enhancing MCFA retention while preserving physiological robustness.

The three heterologous enzymes introduced here act at distinct steps of lipid metabolism, with context-dependent contributions to MCFA
production. UcFATB functions upstream as a primary determinant of chain length by hydrolyzing elongating acyl-ACP intermediates [40, 45]. In
contrast, CnLPAAT and EgDGAT operate downstream to esterify released MCFAs into lyso-PA and diacylglycerol, respectively, thereby
facilitating their stable incorporation into TAGs. Such downstream acylation is critical for the retention of atypical FAs by preventing their
reactivation, redistribution, or degradation [16, 46], positioning CnLPAAT and EgDGAT as enabling components that enhance MCFA stability in
TAGs rather than dictating chain-length specificity.

Previous attempts to induce MCFA accumulation in Chlamydomonas by introducing thioesterases alone have been largely unsuccessful [47, 48],
suggesting that MCFA synthesis without efficient sequestration is insufficient in this system. The successful MCFA accumulation observed in the
present study is therefore likely attributable to enhanced downstream sequestration mediated by the introduction of LPAAT and DGAT.
Consistent with this interpretation, a heterologous tobacco leaf study demonstrated that MCFA synthesis and accumulation can be functionally
separated into upstream chain-length determination and downstream TAG assembly steps, with DGAT exerting a strong effect on MCFA
accumulation, whereas the contribution of LPAAT was more limited [24]. Together, these observations highlight that enzymes acting downstream
of MCFA release primarily promote efficient sequestration into TAG, while their relative importance may vary depending on organismal context
and lipid metabolic architecture. Identifying the key enzymes governing MCFA synthesis and accumulation in Chlamydomonas therefore remains
an important objective for future studies.

Metabolic Constraints Limiting MCFA Accumulation in Photosynthetic Eukaryotes

Although the MCFA levels achieved in this study (up to ~0.8 mol%) remain modest compared to heterotrophic systems such as E. coli, where
carbon flux can be more directly redirected toward target products [40, 41], MCFA accumulation in photosynthetic eukaryotes is subject to
additional metabolic constraints. One major limitation arises during plastidial FA biosynthesis, where the availability and partitioning of acyl-
ACP intermediates are governed by competition between chain-elongating enzymes and thioesterases [49]. Limited access to the target chain-
length acyl-ACP pool can therefore restrict net MCFA production by heterologous thioesterases, as reported previously in microalgae [16]. In
addition, released MCFAs may be rapidly reactivated by endogenous acyl-ACP or acyl-CoA synthetases and redistributed into competing lipid
metabolic pathways, thereby counteracting product accumulation [50, 51]. Beyond precursor competition and reactivation, FA degradation
represents an additional bottleneck. Chlamydomonas harbors plant-type peroxisomal B-oxidation pathways, and modulation of B-oxidation has
been shown to strongly influence neutral lipid accumulation under nutrient stress [52, 53]. Thus, a fraction of newly synthesized MCFAs may be
degraded before efficient incorporation into TAGs. Together, these observations suggest that future improvements in MCFA production will
require integrated metabolic engineering strategies that address not only synthetic flux but also competing reactivation and degradation pathways.

Transgene Stability, Enzyme Localization, and Functional Integration in MCFA Engineering

Transgene silencing represents a major technical challenge in heterologous expression systems in microalgae and may have affected the stability
of MCFA production in this study. Although MCFA #17 initially exhibited MCFA levels of up to ~0.8 mol% during early screening (Fig. 3B and

Table 1. MCFA accumulation in MCFA #17 under different cultivation conditions.

mg/L mol%
e eondtn L ¢ T 1 S
TAP-N 23°C 1 mL 3 days NA NA NA NA NA NA NA 0.8222
TP-N 23°C 3L 3 days 0.008 17.730 0.047 0.0093 27.9850  0.0332 0.0622 0.0427
TP-N 23°C 3L 7 days 0.010 41.417 0.023 0.0200 58.1000  0.0344 0.0309 0.0479
TAP-N 30°C 10 mL 3 days 0.023 35.956 0.064 0.0500 62.7890  0.0796 0.0885 0.1215
TP 23°C 50L 3 days NA NA NA 0.0200 13.4440  0.1488 0.7340 0.2145

MCFA content and composition of MCFA #17 under various nitrogen conditions, temperatures, cultivation scales, and time points. MCFA levels are presented as
mg/L and mol% in TAG and tFA fractions. NA indicates not analyzed.
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Table 1), the maximum MCFA content decreased to ~0.5 mol% in later cultivation experiments (Fig. 6B and Table 1). This gradual decline suggests
that transgene silencing progressed over time, leading to reduced effective expression of the introduced enzymes. In Chlamydomonas, nuclear
transgene expression is known to be highly variable due to position effects and epigenetic regulation, often changing over relatively short
cultivation periods [19, 54]. The reduced MCFA accumulation observed in MCFA #17 is therefore likely attributable to transcriptional or post-
transcriptional instability of the introduced genes.

However, transcriptional activity alone is not sufficient to fully explain the observed MCFA phenotypes. RT-qPCR analysis confirmed
detectable transcription of all three transgenes in MCFA #17 (Fig. 7), yet protein abundance and subcellular localization could not be directly
assessed, as no epitope or fluorescent tags were introduced. This design choice was made to avoid potential interference with enzyme activity, as
lipid metabolic enzymes often function as membrane-associated proteins or within multi-enzyme complexes.

Previous studies have shown that enzyme localization and spatial organization, rather than transcript abundance alone, can be major
determinants of FA chain-length profiles and TAG composition [47, 55]. In addition, the subcellular positioning of TAG-synthesizing enzymes at
ER-LD interfaces has been shown to strongly influence flux into storage lipids [56]. Together, these findings indicate that effective MCFA
engineering requires optimization not only of expression levels but also of enzyme localization and functional integration.

In this study, MCFA production was achieved by fusing heterologous enzymes to transit peptides derived from well-characterized endogenous
Chlamydomonas lipid metabolic proteins. Transit peptide design was guided by established knowledge of native enzyme localization, with
organelle-targeting prediction tools such as TargetP-2.0 used in a supportive manner rather than as definitive evidence of subcellular localization.
Fluorescent protein-based localization assays are also not universally reliable for organelle-targeted proteins, particularly for chloroplast- and
mitochondria-targeted enzymes, due to potential interference with transit peptide processing, protein import, and protein stability [57-60].
Consistent with these limitations, our previous GFP fusion-based localization attempts for CrLPAAT1 [61] and CrFAT1 [29] in Chlamydomonas
did not yield reliable fluorescent signals. Taken together, these considerations indicate that effective MCFA engineering depends on both enzyme
expression and functional targeting within endogenous lipid metabolic networks. Although the consistent MCFA accumulation observed across
cultivation conditions and scales suggests that the targeting strategy used here is functionally effective, direct experimental validation of
subcellular localization remains an important goal for future studies. Such validation may benefit from alternative approaches that minimize
perturbation of enzyme function, including biochemical fractionation with immunoblotting, proximity labeling, or subcellular proteomics.

Physiological Stability of MCFA Production under Cultivation in Microalgae

In microalgal MCFA production systems, a major challenge is whether target compounds can be synthesized without compromising growth and
physiological stability. MCFAs are known to be cytotoxic when non-selectively incorporated into membrane lipids or accumulated as free FAs
[16], and are therefore considered a key constraint in MCFA production. Moreover, lipid-inducing conditions such as nitrogen or phosphorus
deprivation and high salinity often enhance TAG accumulation in microalgae but are frequently accompanied by reduced growth and biomass
productivity, reflecting an inherent trade-off between lipid production and physiological robustness [62, 63]. Consistently, in Nannochloropsis,
introduction of a Cuphea—-derived thioesterase increased C8:0 and C10:0 contents in storage lipids to 2.84% and 4.15%, respectively, but also
caused growth inhibition and reduced neutral lipid levels [16].

In contrast, the MCFA #17 strain generated in this study maintained relatively robust growth while accumulating MCFAs. Under 50 L
cultivation in TP medium, stable cell growth and a time-dependent increase in MCFA content were observed throughout the culture period
(Fig. 8). Similarly, in a 3 L photobioreactor under TP-N conditions, growth ceased after a single cell division typical of nitrogen deprivation, yet
tFA, TAG, and MCFA levels continued to increase and were stably maintained thereafter (Fig. 5E). These results indicate that MCFA production in
this system is not restricted to growth—-dependent phases but is functionally coupled to the storage lipid accumulation process activated by
nitrogen starvation.

Traditionally, MCFAs are defined as FAs with chain lengths from C6 to C12, whereas C14:0 is classified as a long-chain fatty acid (LCFA) [64].
Although UcFATB preferentially releases C12:0, previous studies in plants and other photosynthetic eukaryotes have repeatedly reported
concomitant increases in C14:0 upon C12:0 enrichment, likely due to partial elongation of released C12-acyl-ACP or redistribution within the
endogenous acyl-ACP pool [40, 45, 51]. Similar trends have also been observed in Chlamydomonas, where MCFA-targeted engineering results in
increased C14:0 accumulation [48]. Consistent with these reports, MCFA #17 exhibited a progressive increase in C14:0 content at later cultivation
stages and under scale-up conditions (Fig. S1), despite initially showing elevated C12:0 levels during early screening. This shift likely reflects
dynamic metabolic rebalancing during prolonged cultivation, in which a fraction of UcFATB-released C12 intermediates is redirected toward
elongation. Importantly, the absence of growth impairment under these conditions suggests that partial conversion toward C14:0 may contribute
to maintaining physiological stability by limiting the accumulation of shorter-chain, more cytotoxic MCFAs.

Furthermore, the highest lipid and MCFA accumulation was observed under TAP-N conditions at 30°C (Fig. 6E). This likely reflects a
synergistic effect of acetate supply under mixotrophic conditions and enhanced lipid biosynthesis at elevated temperature [38,40]. Together, these
findings position MCFA #17 as a promising starting strain capable of balancing MCFA synthesis with acceptable growth performance. Future
efforts should focus on strategies to stabilize transgene expression and to mitigate growth inhibition at higher MCFA levels. Comprehensive
omics-based analyses of MCFA-responsive metabolic and signaling pathways will be essential to develop microalgal platforms that achieve high
MCEFA flux while maintaining physiological stability.

Conclusions and Future Perspectives

Microalgae have been recognized as promising biotechnological platforms for the sustainable production of high-value compounds [65]. In this
context, the present study demonstrates that an MCFA biosynthetic pathway can be functionally established in Chlamydomonas by targeting
heterologous lipid enzymes to the plastid and ER, the major organelles responsible for lipid biosynthesis. As summarized in Table 1, MCFA
accumulation was reproducibly detected across multiple cultivation conditions, time points, and culture scales, and was consistently associated
with TAG pools rather than free FAs, indicating effective sequestration into storage lipids. Although the overall MCFA levels remain modest, the
ability to maintain MCFA production under both laboratory- and pilot-scale cultivation highlights the robustness of the organelle-targeted,
multi-enzyme design. The approach proposed here thus provides a foundational framework for developing practical microalgal MCFA
production platforms that integrate pathway engineering with physiological compatibility. Future efforts focusing on stabilizing transgene
expression and enhancing downstream lipid flux are expected to further improve MCFA yield and industrial relevance.

J. Microbiol. Biotechnol. 2026 | Vol. 36 10



Author Contributions

C.-H.P, C.-H.S,, and Y.Y: Conceptualization, Y.R. and S.S: Investigation, C.-H.H., J.-LE., S.P., M.S., and Y.Y: Resources, Y.R. and S.S:
Visualization, Y.R., S.S. and Y.Y: Writing—original draft preparation, C.-H.P., C.-H.S., and Y.Y: Funding acquisition, C.-H.P.,, C.-H.S.,and Y.Y:
Writing—review & editing.

References

1. ZouS,HuangZ, Wu X, YuX. 2022. Physiological and genetic regulation for high lipid accumulation by Chlorella sorokiniana strains from different environments of an arctic
glacier, desert, and temperate lake under nitrogen deprivation conditions. Microbiol. Spectr. 10: €0039422. https://doi.org/10.1128/spectrum.00394-22.
2. Lu Y, Zhang X, Gu X, Lin H, Melis A. 2021. Engineering microalgae: transition from empirical design to programmable cells. Crit. Rev. Biotechnol. 41: 1233-1256.
https://doi.org/10.1080/07388551.2021.1917507.
. Grama SB, Liu Z, Li J. 2022. Emerging trends in genetic engineering of microalgae for commercial applications. Mar. Drugs 20: 285. https://doi.org/10.3390/md20050285.
4. Je S, Yamaoka Y. 2022. Biotechnological approaches for biomass and lipid production using microalgae and its future perspectives. J. Microbiol. Biotechnol. 32: 1357-1372.
https://doi.org/10.4014/jmb.2209.09012.
5. ChenS,LiX,MaX, QingR, ChenY, Zhou H, et al. 2023. Lighting the way to sustainable development: Physiological response and light control strategy in microalgae-based
wastewater treatment under illumination. Sci. Total Environ. 903: 166298. https://doi.org/10.1016/j.scitotenv.2023.166298.
6. Lopez Garcia de Lomana A, Schauble S, Valenzuela J, Imam S, Carter W, Bilgin DD, et al. 2015. Transcriptional program for nitrogen starvation-induced lipid accumulation
in Chlamydomonas reinhardtii. Biotechnol. Biofuels 8: 207. https://doi.org/10.1186/s13068-015-0391-z.
7. Jadhav HB, Annapure US. 2023. Triglycerides of medium-chain fatty acids: a concise review. J. Food Sci. Technol. 60: 2143-2152. https://doi.org/10.1007/s13197-022-05499-w.
8. Lee YY, Tang TK, Lai OM. 2012. Health benefits, enzymatic production, and application of medium- and long-chain triacylglycerol (MLCT) in food industries: a review. J.
Food Sci. 77: R137-144. https://doi.org/10.1111/j.1750-3841.2012.02793 x.
9. Lennen RM, Pfleger BF. 2012. Engineering Escherichia coli to synthesize free fatty acids. Trends Biotechnol. 30: 659-667. https://doi.org/10.1016/j.tibtech.2012.09.006.
10. Rigouin C, Gueroult M, Croux C, Dubois G, Borsenberger V, Barbe S, et al. 2017. Production of medium chain fatty acids by Yarrowia lipolytica: combining molecular
design and TALEN to engineer the fatty acid synthase. ACS Synth Biol. 6: 1870-1879. https://doi.org/10.1021/acssynbio.7b00034.
11. Sherkhanov S, Korman TP, Bowie JU. 2014. Improving the tolerance of Escherichia coli to medium-chain fatty acid production. Metab. Eng. 25: 1-7. https://doi.org/10.1016/
j.ymben.2014.06.003.
12. WuJ, Wang Z, Zhang X, Zhou P, Xia X, Dong M. 2019. Improving medium chain fatty acid production in Escherichia coli by multiple transporter engineering. Food Chem.
272: 628-634. https://doi.org/10.1016/j.foodchem.2018.08.102.
13. Radakovits R, Eduafo PM, Posewitz MC. 2011. Genetic engineering of fatty acid chain length in Phaeodactylum tricornutum. Metab. Eng. 13: 89-95. https://doi.org/
10.1016/j.ymben.2010.10.003.
14. Lin H, Lee YK. 2017. Genetic engineering of medium-chain-length fatty acid synthesis in Dunaliella tertiolecta for improved biodiesel production. J. Appl. Phycol. 29:2811-
2819. https://doi.org/10.1007/s10811-017-1210-7.
15. Wang Q, Feng Y, Lu Y, Xin Y, Shen C, Wei L, et al. 2021. Manipulating fatty-acid profile at unit chain-length resolution in the model industrial oleaginous microalgae
Nannochloropsis. Metab. Eng. 66: 157-166. https://doi.org/10.1016/j.ymben.2021.03.015.
16. Sudfeld C, Kiyani A, Buckens H, Hubacek M, Wijffels RH, Barbosa MJ, et al. 2022. Accumulation of medium chain fatty acids in Nannochloropsis oceanica by heterologous
expression of Cuphea palustris thioesterase FatB1. Algal Res. 64: 102665. https://doi.org/10.1016/j.algal.2022.102665.
17. Xin Y, Wang Q, Shen C, Hu C, Shi X, Lv N, et al. 2022. Medium-chain triglyceride production in Nannochloropsis via a fatty acid chain length discriminating mechanism.
Plant Physiol. 190: 1658-1672. https://doi.org/10.1093/plphys/kiac396.
18. Harris EH. 2001. Chlamydomonas as a Model Organism. Annu. Rev. Plant Physiol. Plant Mol. Biol. 52: 363-406. https://doi.org/10.1146/annurev.arplant.52.1.363.
19. Neupert ], Karcher D, Bock R. 2009. Generation of Chlamydomonas strains that efficiently express nuclear transgenes. Plant J. 57: 1140-1150. https://doi.org/10.1111/
j.1365-313x.2008.03746.x.
20. Shin SE, Lim JM, Koh HG, Kim EK, Kang NK, Jeon S, et al. 2016. CRISPR/Cas9-induced knockout and knock-in mutations in Chlamydomonas reinhardtii. Sci. Rep.
6: 27810. https://doi.org/10.1038/srep27810.
21. Merchant SS, Prochnik SE, Vallon O, Harris EH, Karpowicz SJ, Witman GB, et al. 2007. The Chlamydomonas genome reveals the evolution of key animal and plant
functions. Science 318: 245-250. https://doi.org/10.1126/science.1143609.
22. Urzica EI, Vieler A, Hong-Hermesdorf A, Page MD, Casero D, Gallaher SD, et al. 2013. Remodeling of membrane lipids in iron-starved Chlamydomonas. J. Biol. Chem.
288: 30246-30258. https://doi.org/10.1074/jbc.m113.490425.
23. Voelker TA, Worrell AC, Anderson L, Bleibaum J, Fan C, Hawkins DJ, et al. 1992. Fatty-acid biosynthesis redirected to medium chains in transgenic oilseed plants. Science
257:72-74. https://doi.org/10.1126/science.1621095.
24. Reynolds KB, Taylor MC, Cullerne DP, Blanchard CL, Wood CC, Singh SP, et al. 2017. A reconfigured Kennedy pathway which promotes efficient accumulation of
medium-chain fatty acids in leaf oils. Plant Biotechnol. J. 15: 1397-1408. https://doi.org/10.1111/pbi.12724.
25. Li X, Zhang R, Patena W, Gang SS, Blum SR, Ivanova N, et al. 2016. An indexed, mapped mutant library enables reverse genetics studies of biological processes in
Chlamydomonas reinhardtii. Plant Cell 28: 367-387. https://doi.org/10.1105/tpc.15.00465.
26. Yamano T, Iguchi H, Fukuzawa H. 2013. Rapid transformation of Chlamydomonas reinhardtii without cell-wall removal. J. Biosci. Bioeng. 115: 691-694. https://doi.org/
10.1016/j.jbiosc.2012.12.020.
27. YamaokaY, Shin S, Choi BY, Kim H, Jang S, Kajikawa M, et al. 2019. The bZIP1 transcription factor regulates lipid remodeling and contributes to ER stress management in.
Plant Cell 31: 1127-1140. https://doi.org/10.1105/tpc.18.00723.
28. Yamaoka Y, Choi BY, Kim H, Shin S, Kim Y, Jang S, et al. 2018. Identification and functional study of the endoplasmic reticulum stress sensor IRE1 in Chlamydomonas
reinhardtii. Plant J. 94: 91-104. https://doi.org/10.1111/tpj.13844.
29. ChoiBY, Shim D, Kong FT, Auroy P, Lee Y, Li-Beisson Y, et al. 2022. The chlamydomonas transcription factor MYB1 mediates lipid accumulation under nitrogen depletion.
New Phytol. 235: 595-610. https://doi.org/10.1111/nph.18141.
30. Liu B, Benning C. 2013. Lipid metabolism in microalgae distinguishes itself. Curr. Opin. Biotechnol. 24: 300-309. https://doi.org/10.1016/j.copbio.2012.08.008.
31. FanJ, Andre C, Xu C. 2011. A chloroplast pathway for the de novo biosynthesis of triacylglycerol in Chlamydomonas reinhardtii. FEBS Lett. 585: 1985-1991. https://doi.org/
10.1016/j.febslet.2011.05.018.
32. Kim Y, Terng EL, Riekhof WR, Cahoon EB, Cerutti H. 2018. Endoplasmic reticulum acyltransferase with prokaryotic substrate preference contributes to triacylglycerol
assembly in Chlamydomonas. Proc. Natl. Acad. Sci. USA 115: 1652-1657. https://doi.org/10.1073/pnas.1715922115.
33. Moellering ER, Benning C. 2010. RNA interference silencing of a major lipid droplet protein affects lipid droplet size in Chlamydomonas reinhardtii. Eukaryot. Cell 9: 97-
106. https://doi.org/10.1128/ec.00203-09.
34. Messerli MA, Amaral-Zettler LA, Zettler E, Jung SK, Smith PJS, Sogin ML. 2005. Life at acidic pH imposes an increased energetic cost for a eukaryotic acidophile. J. Exp.
Biol. 208: 2569-2579. https://doi.org/10.1242/jeb.01660.
35. Morales M, Aflalo C, Bernard O. 2021. Microalgal lipids: a review of lipids potential and quantification for 95 phytoplankton species. Biomass Bioenergy 150: 106108.
https://doi.org/10.1016/j.biombioe.2021.106108.
36. Schroda M, Blocker D, Beck CF. 2000. The HSP70A promoter as a tool for the improved expression of transgenes in Chlamydomonas. Plant J. 21: 121-131. https://doi.org/
10.1046/j.1365-313x.2000.00652.x.
37. Schroda M. 2019. Good News for Nuclear Transgene Expression in Chlamydomonas. Cells 8: 1534. https://doi.org/10.3390/cells8121534

w

J. Microbiol. Biotechnol. 2026 | Vol. 36 1


https://doi.org/10.3390/cells8121534

38.

39.
40.
41.
42.

43.
44.

45.

46.
47.

48.

49.
50.

51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.

64.
. Borowitzka MA. 2013. High-value products from microalgae—their development and commercialisation. J. Appl. Phycol. 25: 743-756. https://doi.org/10.1007/s10811-013-9983-9.

Legeret B, Schulz-Raffelt M, Nguyen HM, Auroy P, Beisson E, Peltier G, et al. 2016. Lipidomic and transcriptomic analyses of Chlamydomonas reinhardtii under heat stress
unveil a direct route for the conversion of membrane lipids into storage lipids. Plant Cell Environ. 39: 834-847. https://doi.org/10.1111/pce.12656.

Hemme D, Veyel D, Muhlhaus T, Sommer F, Juppner J, Unger AK, et al. 2014. Systems-wide analysis of acclimation responses to long-term heat stress and recovery in the
photosynthetic model organism Chlamydomonas reinhardtii. Plant Cell 26: 4270-4297. https://doi.org/10.1105/tpc.114.130997.

Voelker TA, Davies HM. 1994. Alteration of the specificity and regulation of fatty acid synthesis of Escherichia coli by expression of a plant medium-chain acyl-acyl carrier
protein thioesterase. J. Bacteriol. 176: 7320-7327. https://doi.org/10.1128/jb.176.23.7320-7327.1994.

Torella JP, Ford TJ, Kim SN, Chen AM, Way JC, Silver PA. 2013. Tailored fatty acid synthesis via dynamic control of fatty acid elongation. Proc. Natl. Acad. Sci. USA
110: 11290-11295. https://doi.org/10.1073/pnas.1307129110.

Zienkiewicz K, Zienkiewicz A, Poliner E, Du ZY, Vollheyde K, Herrfurth C, et al. 2017. Nannochloropsis, a rich source of diacylglycerol acyltransferases for engineering of
triacylglycerol content in different hosts. Biotechnol. Biofuels 10: 8. https://doi.org/10.1186/s13068-016-0686-8.

Li-Beisson Y, Thelen J], Fedosejevs E, Harwood JL. 2019. Prog. Lipid Res. 74: 31-68. https://doi.org/10.1016/j.plipres.2019.01.003.

Tardif M, Atteia A, Specht M, Cogne G, Rolland N, Brugiere S, et al. 2012. PredAlgo: a new subcellular localization prediction tool dedicated to green algae. Mol. Biol. Evol.
29: 3625-3639. https://doi.org/10.1093/molbev/mss178.

Eccleston VS, Ohlrogge JB. 1998. Expression of lauroyl-acyl carrier protein thioesterase in brassica napus seeds induces pathways for both fatty acid oxidation and
biosynthesis and implies a set point for triacylglycerol accumulation. Plant Cell. 10: 613-622. https://doi.org/10.1105/tpc.10.4.613.

Chapman KD, Ohlrogge JB. 2012. Compartmentation of triacylglycerol accumulation in plants. J. Biol. Chem. 287: 2288-2294. https://doi.org/10.1074/jbc.r111.290072.
Blatti JL, Beld J, Behnke CA, Mendez M, Mayfield SP, Burkart MD. 2012. Manipulating fatty acid biosynthesis in microalgae for biofuel through protein-protein
interactions. PLoS One 7: €42949. https://doi.org/10.1371/journal.pone.0042949.

Inaba Y, Nakahigashi K, Ito T, Tomita M. 2017. Alteration of fatty acid chain length of Chlamydomonas reinhardtii by simultaneous expression of medium-chain-specific
thioesterase and acyl carrier protein. Phycol. Res. 65: 94-99. https://doi.org/10.1111/pre.12161.

Ohlrogge JB, Jaworski JG. 1997. Regulation of fatty acid synthesis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 48: 109-136. https://doi.org/10.1146/annurev.arplant.48.1.109.
Koo AJ, Fulda M, Browse J, Ohlrogge JB. 2005. Identification of a plastid acyl-acyl carrier protein synthetase in Arabidopsis and its role in the activation and elongation of
exogenous fatty acids. Plant J. 44: 620-632. https://doi.org/10.1111/j.1365-313x.2005.02553.x.

Tjellstrom H, Strawsine M, Silva J, Cahoon EB, Ohlrogge JB. 2013. Disruption of plastid acyl:acyl carrier protein synthetases increases medium chain fatty acid
accumulation in seeds of transgenic Arabidopsis. FEBS Lett. 587: 936-942. https://doi.org/10.1016/j.febslet.2013.02.021.

Kong E, Liang Y, Legeret B, Beyly-Adriano A, Blangy S, Haslam RP, et al. 2017. Chlamydomonas carries out fatty acid beta-oxidation in ancestral peroxisomes using a bona
fide acyl-CoA oxidase. Plant J. 90: 358-371. https://doi.org/10.1111/tpj.13498.

Kong F, Burlacot A, Liang Y, Legeret B, Alseekh S, Brotman Y, et al. 2018. Interorganelle communication: peroxisomal MALATE DEHYDROGENASE2 connects lipid
catabolism to photosynthesis through redox coupling in Chlamydomonas. Plant Cell 30: 1824-1847. https://doi.org/10.1105/tpc.18.00361.

Cerutti H, Johnson AM, Gillham NW, Boynton JE. 1997. Epigenetic silencing of a foreign gene in nuclear transformants of Chlamydomonas. Plant Cell 9: 925-945.
https://doi.org/10.1105/tpc.9.6.925.

Radakovits R, Jinkerson RE, Darzins A, Posewitz MC. 2010. Genetic engineering of algae for enhanced biofuel production. Eukaryot. Cell 9: 486-501. https://doi.org/
10.1128/ec.00364-09.

Ischebeck T, Krawczyk HE, Mullen RT, Dyer JM, Chapman KD. 2020. Lipid droplets in plants and algae: distribution, formation, turnover and function. Semin. Cell Dev.
Biol. 108: 82-93. https://doi.org/10.1016/j.semcdb.2020.02.014.

Bruce BD. 2001. The paradox of plastid transit peptides: conservation of function despite divergence in primary structure. Biochim. Biophys. Acta 1541: 2-21.
https://doi.org/10.1016/s0167-4889(01)00149-5.

Lee DW, Kim JK, Lee S, Choi S, Kim S, Hwang I. 2008. Arabidopsis nuclear-encoded plastid transit peptides contain multiple sequence subgroups with distinctive
chloroplast-targeting sequence motifs. Plant Cell 20: 1603-1622. https://doi.org/10.1105/tpc.108.060541.

Fuss ], Liegmann O, Krause K, Rensing SA. 2013. Green targeting predictor and ambiguous targeting predictor 2: the pitfalls of plant protein targeting prediction and of
transient protein expression in heterologous systems. New Phytol. 200: 1022-1033. https://doi.org/10.1111/nph.12433.

Tanz SK, Castleden I, Small ID, Millar AH. 2013. Fluorescent protein tagging as a tool to define the subcellular distribution of proteins in plants. Front. Plant Sci. 4: 214.
https://doi.org/10.3389/fpls.2013.00214.

Yamaoka Y, Achard D, Jang S, Legeret B, Kamisuki S, Ko D, et al. 2016. Identification of a Chlamydomonas plastidial 2-lysophosphatidic acid acyltransferase and its use to
engineer microalgae with increased oil content. Plant Biotechnol. J. 14: 2158-2167. https://doi.org/10.1111/pbi.12572.

Hu Q, Sommerfeld M, Jarvis E, Ghirardi M, Posewitz M, Seibert M, et al. 2008. Microalgal triacylglycerols as feedstocks for biofuel production: perspectives and advances.
Plant ]. 54: 621-639. https://doi.org/10.1111/j.1365-313x.2008.03492.x.

Minhas AK, Hodgson P, Barrow CJ, Adholeya A. 2016. A review on the assessment of stress conditions for simultaneous production of microalgal lipids and carotenoids.
Front. Microbiol. 7: 546. https://doi.org/10.3389/fmicb.2016.00546.

Schonfeld P, Wojtczak L. 2016. Short- and medium-chain fatty acids in energy metabolism: the cellular perspective. J. Lipid Res. 57: 943-954. https://doi.org/10.1194/jlr.r067629.

J. Microbiol. Biotechnol. 2026 | Vol. 36 12


https://doi.org/10.1007/s10811-013-9983-9

	Organelle–Targeted Multi–Enzyme Engineering Enables Medium–Chain Fatty Acid Production in Chlamydomonas reinhardtii
	Yoomi Roh1†, Seungwoo Shin1†, Cheol–Ho Han2, Jae–In Eom2, Sooje Park3, Minseong Son3, Cheol–Ho Pan2, Chang Hun Shin3 and Yasuyo Yamaoka1*
	1Division of Biotechnology, The Catholic University of Korea, Bucheon 14662, Republic of Korea 2Microalgae Ask Us Co., Ltd., Gangneung 25441, Republic of Korea 3Chong Kun Dang Bio (CKD BiO) Research Institute, Ansan 15604, Republic of Korea



