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Abstract

Palmitoleic acid (POA; 16:1 n-7 or cis-9 16:1) is a bioactive monounsaturated fatty acid
(FA) with emerging metabolic and skin-health relevance, yet conventional botanical and
animal sources provide limited and variable levels. Here we report on the development
of a high-yield POA product platform in the heterotrophic microalga Prototheca moriformis
through targeted genetic engineering. A ∆9-fatty acid desaturase from Macadamia integrifolia
(MiSAD1618) was integrated using a phosphite-based selection system. Primary screening
identified stable transformants producing up to 54% POA of total fatty acids, compared
to 0.8% in the parental strain. In 1 L shake-flask cultivation, POA reached up to 58.2%
of total fatty acids. In a 1 L fed-batch fermentation, the engineered strain accumulated
47.8 g/L of lipids with 43.5% POA after 96 h of fermentation, corresponding to 20.8 g/L
of POA. GC–MS analysis of 4,4-dimethyloxazoline (DMOX) derivatives confirmed that
the major 16:1 isomer was 16:1 n-7 (∆9). Together, these results establish P. moriformis as a
scalable fermentation platform for producing POA-rich oil and highlight its potential as an
efficient alternative source of POA, providing a foundation for further strain and process
optimization toward commercial production.

Keywords: palmitoleic acid; Prototheca moriformis; heterotrophic microalga; genetic
engineering; ∆9 desaturase; microbial oil; fermentation

1. Introduction
Palmitoleic acid (POA; 16:1 n-7 or cis-9 16:1) is a monounsaturated fatty acid (FA)

produced endogenously in mammals through stearoyl-CoA desaturase-1 (SCD1)-mediated
desaturation of palmitic acid and has been proposed to function as a “lipokine” involved
in crosstalk between adipose tissue metabolism, insulin sensitivity, and hepatic lipid han-
dling [1,2]. The evidence supporting these roles, however, differs substantially by study
type. In animal and cell-based experimental models, exogenous POA has been reported to
improve indices of insulin resistance, reduce hepatic lipid accumulation, and modulate in-
flammatory signaling, including AMP-activated protein kinase (AMPK)-dependent effects
on macrophage polarization [1,3–5]. In humans, much of the available evidence is observa-
tional: circulating or dietary biomarkers of POA, particularly trans-POA associated with
dairy fat, have been linked with more favorable metabolic profiles and a lower incidence
of some metabolic syndrome-related risk factors, including differences in lipid fractions
and glycemic markers [2,6–8]. Human intervention data are more limited and generally
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suggest effects on selected lipid endpoints, with some studies reporting reductions in LDL-
cholesterol and related lipid ratios, little change in triglycerides, and neutral to modestly
favorable effects on HDL cholesterol [9–12]. Overall, dose–response relationships and the
clinical efficacy of POA in humans are not yet firmly established.

In skin biology, 16:1 monoenes such as sapienic acid (16:1 n-10) and POA are localized
in different epidermal and sebaceous lipid compartments. POA has been detected in living
epidermis and stratum corneum, whereas sapienic acid predominates in human sebum
and the surface lipid film [13–15]. These distribution patterns are consistent with possible
roles in membrane and barrier lipid organization, and early experimental studies suggest
that 16:1 species can inhibit Gram-positive bacteria [16,17]. Additional in vitro studies
indicate that POA and related 16:1 fatty acid species can exert selective antimicrobial ac-
tivity against skin-associated organisms such as Staphylococcus aureus and Cutibacterium
acnes under experimental conditions [16,18]. Human clinical evidence in this area remains
limited. Randomized controlled trials of oils enriched in POA have reported improvements
in skin hydration, barrier-related measures, elasticity, and wrinkle-associated parameters,
while evidence related to photoaging and acne has emerged primarily from mixed for-
mulations or multi-nutrient regimens in which the specific contribution of POA cannot
be isolated [19–21]. Taken together, these findings support continued interest in POA as
a biologically relevant lipid in metabolism and skin physiology, but the evidence base re-
mains heterogeneous across in vitro systems, animal models, observational human studies,
and a relatively small number of intervention trials. Further mechanistic studies, well-
controlled clinical trials, and dose–response evaluations in humans are needed before clear
conclusions can be drawn regarding clinical efficacy or optimal applications.

From a dietary perspective, the richest botanical sources of POA include sea buckthorn
pulp oil, followed by macadamia oil, and to a lesser extent, avocado oil, all of which provide
meaningful levels compared with most conventional vegetable oils. Additionally, marine
foods provide more modest dietary contributions of POA [22–28].

The production of POA by fermentation via microbial strains has been investigated in
several engineered strains, including Yarrowia lipolytica [29], Saccharomyces cerevisiae [30,31],
Scheffersomyces segobiensis [32], Escherichia coli [33], and Komagataella phaffii (formerly Pichia
pastoris) [34]. Broader screening and condition-optimization studies in yeasts, including
Candida krusei and Kluyveromyces polysporus [35], have also been reported. Outcomes range
from high POA enrichment in yeast biomass to the development of high-titer secretion
platforms for POA-rich free FA. In engineered Y. lipolytica, POA reached 50.6% of total
FA, with a POA titer of 25.6 g/L in the bioreactor [29]. In S. cerevisiae, a 5 L fermenter
run resulted in 57.5% POA with a titer of 6.6 g/L, building on earlier cultivation-based
optimization that reported ~55% POA in a shake-flask run [31]. In S. segobiensis, a POA-
targeted lipid production strategy delivered 7.3 g/L POA in a bioreactor [32]. In bacterial
systems, engineered E. coli strains achieved a total free fatty acid (FFA) titer of 33.6 g/L
and a POA content of 30.3%, corresponding to a final POA titer of approximately 10 g/L
in batch fermentation [33]. In a secretion-oriented yeast platform, engineered K. phaffii
increased POA from 5.5% to 22.0% and produced 0.37 g/L extracellular POA, yielding
a total POA production of 0.61 g/L [34]. Finally, a screening and optimization program
across diverse yeast species identified high-performance POA producers under defined
nutrient ratios. Notably, C. krusei produced POA at titers of up to 430 mg/g dry weight
under a carbon-to-nitrogen (C/N) ratio of 30 and a carbon-to-phosphorus (C/P) ratio of 6,
while K. polysporus achieved a POA concentration of 74.5% under selected conditions [35].
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In the present study, we report the first genetically engineered high-POA-producing
strain of the heterotrophic microalga Prototheca moriformis, a chassis previously demon-
strated to achieve high-cell-density oil production at scale [36].

2. Materials and Methods
2.1. Strain and Biolistic Transformation

Wild-type P. moriformis strain isolate UTEX 1533 was genetically engineered to en-
hance POA production obtained by fermentation. For transformation, base strain cells
were cultivated in vegetative growth medium for 16–24 h with an initial cell density of
1 × 105 cells/mL, pelleted by centrifugation, then resuspended in phosphate-free culture
medium to 1.25 × 108 cells/mL. Approximately 5 × 107 cells were plated onto selective
solid medium containing phosphite as the sole phosphorus source. Plates were allowed
to dry under sterile conditions in a biosafety cabinet prior to particle bombardment us-
ing gold nanoparticles. Primary transformants were selected by their ability to grow on
phosphite-containing medium. For primary phenotypic screening, these transformants
were cultivated in lipid production medium in a 96-well plate format (28 ◦C, 72 h, pH 7.0;
with shaking at 900 rpm). FA profiles were determined by harvesting and lyophilizing
biomass from each well, followed by the generation of fatty acid methyl esters (FAMEs)
by direct transesterification and their subsequent analysis by gas chromatography–flame
ionization detection (GC-FID).

2.2. Vector Construction

A gene fragment encoding the 394-amino-acid Macadamia integrifolia ∆9-desaturase
(MiSAD1618) flanked by AvrII and PacI restriction sites was synthesized by GenScript
(Piscataway, NJ, USA). This fragment was inserted into an expression cassette designed
for site-directed genomic integration at the Thi4a locus, utilizing 0.7–0.8 kb homology
arms to enable targeted recombination. The cassette comprised the MiSAD1618 coding
sequence under the control of pNH4T (ammonia transporter promoter), an ammonium-
responsive, pH-regulated promoter native to P. moriformis, as previously described [37]. The
pNH4T promoter is activated under neutral pH conditions during nitrogen-limited lipid
accumulation, enabling inducible expression without the addition of an external chemical
inducer. Accordingly, both nitrogen limitation and pH shift to 7.0 induced promoter
activation during the lipid production phase in tube-scale, flask-scale, and bioreactor
cultivations [37]. The P. moriformis phosphoglycerate dehydratase (PGH) was used as
the 3′ untranslated region (UTR), coupled with a phosphite dehydrogenase (PtxD from
Pseudomonas stutzeri, WP_003118429.1) gene expression cassette as a selectable marker. The
MiSAD1618 expression cassette was designed to allow tandem integration at the target
locus, with repeated regulatory elements flanking the coding region to facilitate gene
amplification during particle bombardment-mediated transformation (Figure 1A,B). The
linearized construct was transformed into wild-type P. moriformis cells, and individual
colonies were subsequently screened for POA production. Correct genomic integration of
the expression cassette was confirmed by PCR-based genotyping. Target integration at the
intended locus was verified by PCR using primer pairs spanning the 5′ and 3′ junctions,
with one primer annealing to the host genome outside the homology arm and the other
annealing within the integrated cassette (Table S1).
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Figure 1. Confirmation of target integration and copy number of the MiSAD1618 expression cassette.
(A) Schematic of the expression construct used for target genomic integration at the Thi4a locus.
(B) Schematic illustration of single-copy and multiple-copy cassette integration scenarios at the
Thi4a locus. (C) PCR-based genotyping of transformants using primer spanning the 5′ and 3′

genome-cassette junctions (P1/P2 and P3/P4, respectively). Primer pair P5/P6 amplifying an
endogenous locus was included as a genomic DNA quality control. Lane labels indicate base strain
(1), Transformant C (2) and Transformant H (3). (D) TaqMan qPCR-based estimation of relative
MiSAD1618 copy number normalized to the endogenous reference gene G2201.

Quantitative PCR (qPCR) was performed using Custom TaqMan gene expression
assay with FAM-labeled probes (Thermo Fisher Scientific, Waltham, MA, USA, Cat No.
4331348). Genomic DNA was isolated from transformants and the parental strain and
treated with RNase. Custom primer–probe sets bound the introduced ∆9-desaturase gene
MiSAD1618 and the endogenous reference gene G2201. Reactions were prepared using
TaqMan universal Master Mix and run on a real-time PCR system according to the manufac-
turer’s recommended cycling conditions. Relative cassette abundance was calculated using
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the comparative Ct (∆∆Ct) method by normalizing cassette Ct values to the endogenous
reference locus and calibrating to the parental strain. Whole-genome sequencing was
performed to evaluate the genomic integration and estimate the relative copy number
of the MiSAD1618 expression cassette in selected transformants (Angstrom Innovation,
Berkeley, CA, USA). Sequencing reads were aligned to reference sequences corresponding
to MiSAD1618 and endogenous reference genes using a long-read alignment pipeline.
Gene-level coverage statistics, including percentage coverage and mean sequencing depth
across the full coding region, were calculated for each locus. P. moriformis is a diploid
organism; therefore, sequencing depth for endogenous reference genes was normalized on
a per-copy basis by dividing total depth by two, corresponding to the average depth per
allelic copy. Relative MiSAD1618 copy number was estimated by comparing its normalized
mean depth to that of the endogenous reference genes within each strain.

2.3. Culture Media Composition and Conditions

Vegetative growth medium contained NaH2PO4 (13.6 mM), K2HPO4 (11.4 mM), cit-
ric acid monohydrate (5 mM), MgSO4·7H2O (5 mM), CaCl2·2H2O (0.155 mM), dextrose
(40 g/L), (NH4)2SO4 (7.5 mM), and Sigma antifoam 204 (0.022%). The vegetative medium
was supplemented with thiamine HCl (2.96 × 10−6 M), D-pantothenic acid (224 nM), biotin
(6.53 nM), cyanocobalamin (83 pM), riboflavin (133 nM), and pyridoxine HCl (127 nM),
and further contained micronutrients including H3BO3 (296 mM), ZnSO4·7H2O (12.2 µM),
MnSO4·H2O (14,6 µM), NaMoO4·2H2O (397 nM), Ni(NO3)2·6H2O (275 nM), citric acid
monohydrate (195 µM), CuSO4·5H2O (396 nM), and FeSO4·7H2O (5.4 µM). Vitamin and
micronutrient components were maintained at the same concentrations in lipid production
medium, while macronutrients were adjusted relative to vegetative medium: the lipid
production medium was supplemented with 100 mM PIPES buffer (pH 7.0), the dextrose
concentration was increased to 50 g/L, and (NH4)2SO4 decreased to 1.5 mM. The veg-
etative medium was adjusted to pH 6.0, and the lipid medium was buffered by PIPES
and adjusted to pH 7.0 with KOH to induce the pNH4T promoter driving MiSAD1618
expression. Cultures grown in tubes (10 mL) were incubated at 28 ◦C with shaking at
200 rpm for 72 h, while cultures in deep well 96-well block-format (500 µL) were incubated
at 28 ◦C with shaking at 900 rpm in a Multitron incubator (Infors HT, Basel, Switzerland).

2.4. Flask Run Conditions in 1 L Bioreactor

Flask fermentation was conducted using the lipid production medium described in
Section 2.3 under conditions similar to tube culture experiments. Initial cultures were
inoculated into a working volume of 600 mL with 50 g/L batch glucose, agitated at
900 rpm, buffered with 100 mM PIPES (pH 7.0), and supplied with overlay aeration at
2 vvm. Fermentation was carried out at 28 ◦C for a duration of 96 h.

2.5. Fermentation at 1 L Bioreactor Scale

Transformant H was cultivated in 1 L glass bioreactors (250 mL working volume)
in a phosphate-buffered POA basal medium containing (per liter): NaH2PO4 (33.1 mM),
KH2PO4 (23.1 mM), MgSO4·7H2O (56.2 mM), CaCl2 (0.544 mM), (NH4)2SO4 (25.0 mM;
equivalent to 50 mM NH4

+), and Antifoam 204 (0.1%, v/v). The same trace metal and
vitamin supplements used for the tube- and block-format cultures were also included in
the batched fermentation medium at identical final (1×) concentrations. Basal medium was
autoclaved (121 ◦C, 30 min), after which glucose and sterile supplements were added post-
sterilization. Glucose was batched at 40 g/L and maintained in excess using a dissolved-
oxygen-stat (DO-stat) feeding strategy, with bolus additions triggered by increases in
dissolved oxygen (DO) indicative of carbon exhaustion. Bioreactors were inoculated at
10% (v/v) using a shake-flask seed culture (OD750 of approximately 5) and operated at
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28 ◦C and pH 7.0. Two nitrogen regimes were evaluated: a high-nitrogen, high-cell-
density condition (HCD) and a low-nitrogen, low-cell-density condition (LCD). In the HCD
condition, nitrogen was supplied as 50 mM NH4

+ equivalents in the batch medium (as
(NH4)2SO4), with additional nitrogen delivered during cultivation as NH4OH, which also
served as the primary base for pH control (total nitrogen of 250 mM as NH4

+ equivalents).
In the LCD condition, nitrogen was supplied solely as batched (NH4)2SO4 (50 mM NH4

+

equivalents) with no NH4OH feed. DO setpoints were maintained at 50% (HCD) or
80% (LCD).

2.6. Fatty Acid (FA) Analysis by Gas Chromatography (GC-FID)

FAs were quantified as FAMEs following direct transesterification with a sulfuric
acid–methanol solution, as previously described [36]. Samples were analyzed using an
Agilent 8890 gas chromatograph equipped with a split/splitless inlet and a flame ionization
detector (Agilent Technologies, Palo Alto, CA, USA). Chromatographic separation was
performed on an Agilent DB-WAX column (30 m × 0.32 mm × 0.25 um dimensions).
A FAME standard mixture purchased from Nu-Chek Prep (Nu-Chek Prep Inc., Elysian,
MN, USA) was injected to establish retention times. Response factor corrections were
determined empirically previously using standard mixtures from Nu-Chek Prep. Methyl
nonadecanoate (19:0) was used as an internal standard for quantitation of individual
FAMEs. The coefficient of variation (CV) of the GC-FID method was less than 0.5% for
major fatty acids, whereas minor components present at low abundance exhibited slightly
higher variability.

2.7. Structural Analysis via Tandem Gas Chromatography–Mass Spectrometry (GC-MS)

4,4-Dimethyloxazoline (DMOX) derivatives of FA were prepared using a modified
published procedure [38] by heating the oil sample (10 mg) directly with 2-amino-2-methyl-
1-propanol (500 µL) under a nitrogen atmosphere at 180 ◦C overnight. The DMOX deriva-
tives were analyzed via GC-MS, with conditions previously described [38].

3. Results
3.1. Engineering and Primary Screening of a High-POA Strain

The P. moriformis base strain was engineered to increase POA by expressing the
Macadamia integrifolia ∆9 desaturase (MiSAD1618) under the control of the pNH4T pro-
moter. Transformants were selected using the phosphite utilization marker (PsPtxD), and
primary transformants were subsequently evaluated for FA composition. Eight selected
transformants, along with the parental base strain, were analyzed for their major FA pro-
files (Table 1). POA content in the transformants ranged from 16.2% to 54.2% of total FA,
while the base strain produced less than 1% POA under the same screening conditions.
The variation in POA content is consistent with the cassette design, which allows tandem
integration and is expected to generate differences in MiSAD1618 copy number among
transformants. The top-performing isolate, designated Transformant H, accumulated 54.2%
POA, accompanied by a corresponding reduction in oleic acid (18:1 n-9; 28.3% vs. 58.5%)
and linoleic acid (18:2 n-6; 3.7% vs. 8.3%), indicating successful diversion of palmitic acid
(16:0) toward POA synthesis and an overall shift in the lipid pool from C18 to C16 monoun-
saturated species. Transformant C with 16.2% POA and Transformant H with 54.2% POA
were selected for genotyping to confirm the genomic integration of MiSAD1618.
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Table 1. Major fatty acid profile of the control and primary transformants of the base strain (N = 1 for
each clone).

Transformant ID 16:0 16:1 n-7 18:1 n-9 18:2 n-6

A 16.6 38.6 36.1 4.3
B 17.2 33.3 38.2 5.9
C 25.2 16.2 44.8 7.5
D 22.5 27.2 39.9 6.9
E 23.2 25.0 40.3 7.0
F 18.1 31.6 37.0 6.9
G 14.5 43.2 31.8 5.4
H 9.8 54.2 28.3 3.7

Base strain 26.1 0.8 58.5 8.3

3.2. Confirmation of Cassette Integration

Correct genomic integration of the expression cassette was confirmed using a combi-
nation of PCR-based genotyping, whole-genome sequencing, and quantitative PCR. The
expression construct consists of a selection marker (SM) and the gene of interest (GOI:
MiSAD1618) driven by their respective promoters and terminators, flanked by 5′ and
3′ homology arms derived from the Thi4a locus to enable targeted genomic integration
(Figure 1A). Genomic integration at the expected locus was assessed via PCR-based geno-
typing using primer pairs spanning the 5′ and 3′ junctions of the integration site. As shown
in Figure 1B, primer pairs P1/P2 and P3/P4 (Table S1) were used to amplify the 5′ and 3′

genome–cassette junctions, respectively. PCR amplification yielded products of expected
size (1.2 kb for the 5′ junction and 1.7kb for the 3′ junction) in the Transformants C and H,
whereas no corresponding products were detected in the base strain, supporting correct
target integration at the Thi4a locus. In addition, primer pair P5/P6 amplified an endoge-
nous control locus (G2060), validating genomic quality and PCR amplifiability across all
three samples (Figure 1C).

Transformant C and H exhibited substantially different levels of palmitoleic acid (POA)
accumulation (16.2% and 54.2%, respectively), suggesting differences in the genomic copy
number of the integrated expression cassette. As illustrated in Figure 1B, these two out-
comes are represented schematically as single-copy and multiple-copy cassette integration
at the target locus, respectively. The GOI is flanked by two repeated sequences (Figure 1A).
This 3kb region is designed for gene amplification during transformation. The above
P3/P4 primer pair validated genomic integration at the target locus, and we employed
quantitative PCR (qPCR) and whole-genome sequencing to detect GOI copy number. Taq-
man probe-based qPCR analysis was performed to estimate the relative abundance of the
heterologous ∆9-desaturase gene (MiSAD1618) compared to the endogenous reference
gene (G2201) (primer–probe sets are shown in Table S1). The relative copy number was
calculated using the ∆∆Ct method, with Transformant C defined as the calibrator and set to
1x. This analysis showed that Transformant H contained an approximately five-fold higher
relative abundance of MiSAD1618 compared with Transformant C, whereas the base strain
displayed only a background-level signal (Figure 1D).

Whole-genome sequencing (WGS) coverage analysis was performed to evaluate the
genomic integration and relative copy number of the heterologous ∆9-desaturase gene
(MiSAD1618). Complete coverage of the MiSAD1618 coding sequence was observed
in both Transformant H and Transformant C, with 100% of bases covered, indicating
intact integration of the expression cassette in both strains. However, the sequencing
depth of MiSAD1618 was substantially higher in Transformant H than in Transformant C,
suggesting increased genomic copy number in Transformant H. To estimate relative copy
number, MiSAD1618 coverage was normalized to the average depth of two endogenous
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reference genes, G2201 and G1295. Using this combined reference, WGS depth analysis
estimated MiSAD1618 copy numbers of approximately 2.79 in Transformant H and 0.66 in
Transformant C, corresponding to an approximately 4.2-fold higher genomic copy number
of MiSAD1618 in Transformant H compared with Transformant C. Independent qPCR and
whole-genome sequencing analyses consistently indicated higher genomic copy number
of MiSAD1618 in Transformant H compared to Transformant C, with qPCR and WGS
estimating approximately five-fold and fourfold difference, respectively.

3.3. Lipid Production in Tube and 600 mL Flask Culture

To quantify lipid accumulation in addition to fatty acid composition analysis, the top-
performing engineered strain (Transformant H) and the parental control were cultivated in
pH 7.0 lipid production medium in 10 mL tubes at 28 ◦C for 72 h. Under these conditions,
the engineered strain retained a POA-enriched profile of 53.9%, with a dry cell weight
(DCW) of 2.98 g/L, a lipid content of 50.0% (DCW-based), and a lipid titer of 1.49 g/L
(Table 2). In contrast, the parental base strain produced 0.78% POA while maintaining a
higher lipid titer under the same tube-based assay conditions. These results indicate that
the genetic modification altered FA partitioning toward POA. To confirm POA enrichment
beyond the initial small-scale screening, oil samples obtained from subsequent 600 mL
shake-flask cultivation were analyzed via GC-FID (Figure 2). In this flask cultivation,
the engineered strain contained 58.2% POA at 96 h, accompanied by the anticipated
composition shifts, including reductions in oleic acid (18:1 n-9; 23.8% vs. 58.5% in the base
strain) and palmitic acid (16:0; 7.9% vs. 26.1% in the base strain). This shift confirms that the
POA-enrichment phenotype is stable and reproducible from tube to flask-scale cultivation.

Table 2. Tube assay lipid metrics and palmitoleic acid (16:1 n-7) concentration in the control and
transformed strain H at 72 h (N = 4). Mean and standard deviation are shown.

Sample Name Lipid Content
(% DCW)

DCW
(g/L)

Oil Titer
(g/L)

16:1 n-7
(% of Total FA)

Transformant H 50.03 ± 1.29 2.98 ± 0.15 1.49 ± 0.05 53.9 ± 2.33
Control base strain 57.13 ± 1.07 8.71 ± 0.25 5.02 ± 0.20 0.78 ± 0.01

Figure 2. Fatty acid profile (expressed in % of total fatty acid) of microbial oil from the engineered
high-POA P. moriformis strain Transformant H grown in 600 mL shake-flask cultures. The experiment
was performed in technical triplicate.
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3.4. Evaluation of POA Production in Bioreactor Cultivation

The POA-enriched strain (Transformant H) was further evaluated in 1 L bioreactors at
28 ◦C and pH 7.0 (63 mM monobasic phosphate buffer) under two nitrogen and dissolved
oxygen (DO) regimes to assess their effects on lipid accumulation and POA enrichment
(Table 3). Under the high-nitrogen condition (250 mM NH4

+; 70% DO), lipid titer increased
from 21 g/L at 51 h to 46 g/L at 77 h and reached 48 g/L at 96 h, while POA content
remained high (46.67% at 51 h and 43.53% at 96 h). Under the low-nitrogen condition
(50 mM NH4

+; 80% DO), the lipid titer increased from 15.4 g/L at 51 h to 33.7 g/L at 94 h,
with POA maintained at approximately 41–45% of total fatty acids across all time points.

Table 3. Lipid titer and palmitoleic acid (16:1 n-7) composition of the engineered P. moriformis
strain (Transformant H) under different nitrogen and dissolved oxygen conditions in 1 L bioreactor
cultivations. Values for lipid titer and POA (%) are reported as mean ± SD (N = 4) from two
independent bioreactor runs with duplicate analytical measurements.

Condition EFT
(h)

NH4
+

(mM)
DO
(%)

Lipid Titer
(g/L)

POA
(% of TFA)

Low N/high DO 51 50 80 15.1 ± 0.2 45.0 ± 0.2
Low N/high DO 77 50 80 28.7 ± 1.7 41.7 ± 0.1
Low N/high DO 94 50 80 33.1 ± 0.5 41.1 ± 0.3
High N/moderate DO 51 250 70 20.9 ± 0.2 46.6 ± 0.1
High N/moderate DO 77 250 70 46.7 ± 1.2 43.4 ± 0.2
High N/moderate DO 96 250 70 47.8 ± 0.4 43.5 ± 0.1

These results demonstrate that high POA enrichment is maintained during process
scale-up and that increased nitrogen availability supports substantially higher lipid titers.
However, POA levels in the bioreactor were lower than those achieved in tube (53.9%)
and shake-flask (58.2%) cultures. This moderate reduction may reflect differences in
bioreactor operating conditions, including dissolved oxygen and mixing and nutrient
supply dynamics, which may influence the activity of the heterologous ∆9-desaturase or
alter fatty acid flux toward POA biosynthesis.

3.5. Structural Confirmation of the 16:1 (n-7) Isomer via GC-MS Analysis

To confirm the identity of the 16:1 isomers present in the oil produced by engineered
P. moriformis, GC–MS analysis was performed to verify the double-bond position of the
predominant 16:1 FAME peak, which had been tentatively assigned as 16:1 (n-7) based on
comparison with authentic standards (double bond at the ∆9 position; see Figure 3). Oil
recovered from the primary screening was converted to DMOX derivatives and analyzed
via GC–MS to verify the identity of the 16:1 species enriched in the genetically engineered
strain. The mass spectrum of the DMOX derivative of 16:1 (n-7) displayed several distinctive
features, including a prominent molecular ion at a mass-to-charge ratio m/z 307 and a
diagnostic 12 amu gap between m/z 196 and 208, consistent with a double bond between
carbons 9 and 10 ([39]; Supplementary Figure S1). Together, these spectral characteristics
confirmed that the enriched 16:1 isomer in the engineered strain was palmitoleic acid (POA;
16:1 n-7).
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Figure 3. Chromatographic separation highlights the fatty acids in engineered P. moriformis oil. The
dominant 16:1 peak corresponds to palmitoleic acid (16:1 n-7, ∆9). Peak identity was confirmed via
GC–MS analysis of DMOX derivatives (Supplementary Figure S1).

4. Discussion
Introducing the Macadamia integrifolia ∆9-desaturase (MiSAD1618) into P. moriformis

resulted in a substantial increase in palmitoleic acid (POA) production, indicating that
enhanced C16 desaturation is an effective way to redirect lipid flux toward omega-7 fatty
acids. The wide variation in POA levels across transformants suggests that differences in
genomic integration and gene dosage have a major impact on strain performance. In the
highest-producing strain, Transformant H, the increase in POA was accompanied by lower
levels of C18 unsaturated fatty acids, consistent with palmitic acid being preferentially
directed toward ∆9 desaturation rather than elongation to C18 fatty acids. Overall, these
results support P. moriformis as a useful platform for POA production and provide a clear
foundation for further genetic analysis of representative low- and high-producing strains.

Among the engineered strains, Transformants H and C represented the extremes
of palmitoleic acid (POA) production, with high and low POA levels, respectively. This
marked phenotypic difference suggested that variation in the genomic integration of the
MiSAD1618 expression cassette, such as differences in copy number, could underline the
observed range in POA accumulation. To test this possibility, these two transformants
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were selected for further molecular characterization, including copy-number analysis using
both qPCR and whole-genome sequencing (WGS). Estimates of the MiSAD1618 genomic
copy number obtained by qPCR and WGS showed minor quantitative differences but were
consistent in overall trend. qPCR indicated that MiSAD1618 abundance in Transformant
H was approximately five-fold higher than in Transformant C, whereas WGS coverage
analysis suggested a slightly lower, approximately four-fold difference. Such variation is
expected given the different principles underlying the two methods, with qPCR measuring
amplification of a short target region, and WGS relying on sequencing depth across the
full gene. Despite these differences, both approaches consistently indicate a substantially
higher MiSAD1618 copy number in Transformant H relative to Transformant C, supporting
a link between increased gene dosage and enhanced POA production through increased ∆9-
desaturase activity that promotes the conversion of palmitic acid (16:0) to POA (16:1 n-7).

Tube, flask, and bioreactor experiments demonstrate that the POA-enriched phenotype
of Transformant H is maintained as cultivation progresses from low-cell-density screening
to high-cell-density fermentation. POA levels exceeded 50% in tube and flask cultures
and remained at relatively high levels (~41–47%) in 1 L bioreactors under both nitrogen
regimes, indicating that MiSAD1618 activity is preserved during scale-up. In the bioreactor,
increased nitrogen availability supported substantially higher lipid titers, reaching nearly
50 g/L, while the POA fraction decreased moderately compared with small-scale cultures.
The differences in POA composition observed between small-scale and high-cell-density
bioreactors likely reflect several process-related factors that influence fatty acid metabolism.
Tube and shake-flask cultures typically operate at relatively low biomass concentrations
with passive aeration and minimal environmental gradients, conditions that may favor
desaturase activity and the formation of unsaturated fatty acids.

Oxygen availability is one important difference distinguishing tube and shake-flask
cultures from bioreactors. ∆9-desaturase enzymes catalyze the conversion of palmitic
acid (16:0) to palmitoleic acid (16:1 n-7) through an oxygen-dependent reaction, making
dissolved oxygen (DO) a key parameter affecting fatty acid desaturation. For example, in
S. segobiensis, maintaining higher DO levels increases the proportion of 16:1 from 13.0%
under uncontrolled DO conditions to 16.4% and 19.9% when DO was maintained above
20% and 40%, respectively, accompanied by a decrease in 18:1 levels. Similar effects
of oxygen on fatty acid composition have also been reported in Lipomyces starkeyi, Y.
lipolytica, and Rhodotorula species [40]. Although DO was controlled in the bioreactor,
the high oxygen demand associated with high cell density may still lead to transient
oxygen limitation, potentially reducing ∆9-desaturase activity and lowering the relative
POA fraction. More broadly, high-cell-density physiology can impose additional metabolic
constraints that are absent in small-scale cultures. Increasing biomass concentrations elevate
cellular oxygen demand, alter intracellular redox balance, and increase flux through central
carbon metabolism, which may further influence the availability of reducing equivalents
and cofactors required for desaturation reactions and contribute to the observed shift in
fatty acid composition [34,41]. Rapid TAG assembly during high-flux lipid accumulation
may also reduce the time available for complete desaturation of fatty acid intermediates,
allowing a greater proportion of palmitic acid (16:0) to be incorporated directly into lipid
pools before conversion to POA. Furthermore, even when expressed heterologously, ∆9-
desaturase activity can be affected by substrate availability, membrane composition, and
cellular redox state, which may further contribute to the differences in POA fraction
observed between small-scale cultures and bioreactor conditions.

The nitrogen regime may also contribute to the observed change in POA fraction dur-
ing the scale-up. In the present study, higher nitrogen availability supported substantially
higher lipid titers, approaching 50 g/L. However, nitrogen levels are known to influence
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carbon flux distribution within lipid metabolic pathways in oleaginous microorganisms.
For example, Kolouchová and colleagues [35] reported that increasing the C/N ratio from 3
to 30 significantly altered fatty acid composition in several yeast species, including changes
in the proportion of palmitoleic acid (16:1), demonstrating that nutrient conditions can
modulate fatty acid desaturation and elongation pathways. Under high-nitrogen condi-
tions, rapid biomass formation and lipid assembly may reduce the extent of fatty acid
modification, allowing palmitic acid (16:0) to be incorporated into lipids or redirected to-
ward elongation before complete conversion to POA. This may partially explain the lower
relative POA fraction observed during high-cell-density fermentation despite increased
overall lipid production [35].

Taken together, the reduced POA fraction observed at the bioreactor scale likely reflects
a process-dependent trade-off between lipid titer and fatty acid composition rather than a
limitation of the engineered strain. Importantly, the POA-enriched phenotype remained
robust under all fermentation conditions tested, indicating that the underlying metabolic
engineering strategy remains effective during scale-up. As summarized in Table 4, recent
efforts to develop fermentation-derived sources of POA have focused on simultaneously
increasing the fraction of POA within cellular lipids and improving overall lipid or free
fatty acid titers. Across microbial hosts, the most effective strategies combine expansion of
the intracellular palmitic acid (16:0) pool; introduction or upregulation of C16-specific ∆9-
desaturases; attenuation of competing elongation pathways leading to C18+ fatty acids; and
optimization of lipid assembly, secretion, and stability through enhanced triacylglycerol
(TAG) or free fatty acid formation. These approaches have enabled substantial POA
production in several engineered systems, including Y. lipolytica, S. cerevisiae, S. segobiensis,
K. phaffii, and E. coli, with reported POA titers ranging from sub-gram levels to more than
25 g/L depending on the host and fermentation strategy (Table 4).

Among these systems, engineered Y. lipolytica achieved one of the highest reported
POA titers (25.6 g/L) with a productivity of approximately 0.13 g/L/h under optimized fer-
mentation conditions, including a temperature shift from 30 ◦C to 20 ◦C during production,
and the POA fraction reached around 50% of total fatty acids [29]. In contrast, engineered
S. cerevisiae strains have demonstrated higher POA enrichment, reaching up to 57% of
total fatty acids under optimized temperature-controlled fermentation conditions, but with
lower titers and productivities of approximately 0.05 g/L/h [30,31]. Other yeast systems,
including S. segobiensis and K. phaffii, have achieved moderate POA titers and productivities,
typically around 7 g/L and 0.04 g/L/h or lower depending on the system [32,34]. Bacterial
platforms such as engineered E. coli can produce relatively high levels of free fatty acids,
with estimated POA titers exceeding 10 g/L and estimated POA productivity approaching
0.7 g/L/h, although these systems generally produce mixed fatty acid pools rather than
POA-rich lipids [33]. Process parameters also play an important role in controlling the
fatty acid composition. Temperature, for example, has been reported to influence fatty
acid desaturation in many microorganisms through regulation of membrane fluidity, with
lower cultivation temperatures often promoting the formation of monounsaturated fatty
acids such as POA. Consistent with this mechanism, several engineered yeast platforms
have incorporated reduced or staged cultivation temperatures to enhance POA enrichment
during fermentation, as reflected in the temperature-shift strategies used in Y. lipolytica and
S. cerevisiae described above [29–31].
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Table 4. Overview of engineered and selected microbial platforms for palmitoleic acid (POA; 16:1 n-7)
production. The table summarizes representative host organisms, the key genetic or process strategies
employed, the maximum POA content (expressed as percentage of total fatty acids, total lipids, or
secreted free fatty acids as indicated), and the corresponding POA titers achieved in laboratory or
pilot-scale fermentations. POA titer values are reported as directly measured or, where indicated,
estimated (est.) or calculated (calc.) from published lipid and composition data; NR, not reported.

Microorganism Ref. Strategy/Key Modifications POA Content
(Basis)

POA Titer (g/L)
[Fermentation
Time]

POA Pro-
ductivity
(g/L/h)

Yarrowia lipolytica [29]

Two-layer strategy: C16-specific
∆9 desaturase + dynamic
elongation control;
lipid-accumulation modules;
reduced lipid degradation;
(30 ◦C→20 ◦C)

51% of total FAs
(max); 46.7% TFA
in 5 L fermentation

25.6 [192 h] 0.13

Saccharomyces
cerevisiae [30]

FA-profile engineering
(elongation/desaturation control)
+ process optimization; two-stage
temperature shift (30 ◦C→20 ◦C)

57% of total FAs 6.56 [144 h] 0.05

Saccharomyces
cerevisiae [31]

DGA1∆N expression in ∆dga1
background; methionine
supplementation; low
temperature

Up to 55% of total
FAs NR NR

Saccharomyces
cerevisiae [42]

Reprogramming metabolism
from ethanol fermentation to
lipogenesis; improved secretion
of FFAs

NR NR NR

Scheffersomyces
segobiensis [32]

Transcriptomics-guided lipid
gene overexpression; Xpk/Pta
acetyl-CoA module; O–S dynamic
regulation

25% of lipid 7.3 [186 h] 0.04

Komagataella phaffii
(Pichia pastoris) [34]

Metabolic engineering for POA
enrichment, reduced FFA
recycling and enhanced export

~19% of secreted
FFAs (best strain)

0.37 (secreted); 0.61
(total) [148 h] 0.004

Komagataella phaffii
(Pichia pastoris) [43]

Methanol-based fatty acid
derivatives production platform;
enhanced acetyl-/malonyl-CoA
and redox supply

NR (54%
unsaturated FAs
total)

NR NR

Kluyveromyces
polysporus, [35] Strain screening and nutrient ratio

optimization (C/N and C/P)
34–74% of total
FAs NR NR

Escherichia coli [33]
Combinatorial metabolic
engineering for high FFA
secretion

30% C16:1 in FFAs 10.2 (calc.) [57 h] 0.18

Escherichia coli [44]

Chain-length control +
hydroxylation (P450); FA
synthesis rewiring for ω-hydroxy
FAs

Not POA
(ω-hydroxy FA
product)

NR NR

Prototheca
moriformis This study

Expression of MiSAD1618
(Macadamia integrifolia ∆9
desaturase gene) in P. moriformis;
strain screening and bioreactor
validation

54% of total FAs
(screening); 58% in
shake-flask and
43% in 1 L
bioreactor

20.8 (est., 1 L) [96
h] 0.22

In this study, we engineered the non-photosynthetic microalga P. moriformis to produce
a POA-rich oil profile through expression of a heterologous macadamia ∆9-desaturase
(MiSAD1618). The engineered strain achieved POA contents exceeding 50% of total fatty
acids during small-scale screening and maintained high POA enrichment across subse-
quent cultivation formats. When the top-performing transformant was evaluated under
high-cell-density 1 L bioreactor cultivation, a lipid titer of 48.0 g/L was achieved at 96 h
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with POA comprising 43.5% of total fatty acids, corresponding to an estimated POA titer of
approximately 20.8 g/L and an average productivity of approximately 0.22 g/L/h. Within
the landscape of previously reported microbial platforms for POA production (Table 4),
this performance is competitive in terms of POA enrichment, titer, and productivity. Im-
portantly, prior work has demonstrated that P. moriformis can be translated to industrially
relevant scales, including multi-m3 fermentors, while sustaining very high biomass and
lipid accumulation, reaching approximately 220 g dry cell weight per kg of fermentation
broth and oil titers on the order of 150 g/L [36]. Together, these characteristics highlight P.
moriformis as a promising and scalable eukaryotic chassis for producing POA-rich microbial
oils. Further strain and process optimization, including improved oxygen transfer, refined
feeding strategies, temperature control, and tuning of desaturase expression, may provide
additional opportunities to further enhance both lipid titer and POA fraction. While the
exact POA percentages observed in small-scale screening may not be fully reproduced
under industrial high-cell-density conditions, targeted optimization of fermentation param-
eters and strain performance is expected to substantially improve POA enrichment while
maintaining industrially relevant lipid titers.

5. Conclusions
In this study, we demonstrate that the heterotrophic microalga P. moriformis can be

genetically engineered into an effective platform to produce POA-enriched oil through
expression of a heterologous ∆9 desaturase (MiSAD1618). The engineered strains substan-
tially increase POA content relative to the parental strain, confirming that this microalgal
host effectively supports the targeted metabolic modification. Structural analysis by GC–
MS of DMOX derivatives verified that the predominant 16:1 isomer produced was POA
(16:1 n-7; ∆9), supporting the selectivity of the desaturase and the precision of the engineer-
ing strategy. Importantly, high POA enrichment was maintained during high-cell-density
fermentation while achieving lipid titers relevant for industrial processes. Collectively,
these results highlight its potential as a promising eukaryotic chassis for fermentation-
based production of POA-enriched oils. Further improvements in strain engineering and
fermentation process optimization will likely enhance both the POA fraction and overall
productivity, supporting the development of green and sustainable microbial sources of
omega-7 fatty acids for applications in nutrition, dietary supplements, cosmetics, and
personal care applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation12030160/s1, The DMOX mass spectra of 16:1 n-7
(POA) identified in the oil produced from the engineered strain can be found as Supplementary
Figure S1. Figure S1. Identification of double-bond position in monoenoic fatty acids by GC–MS of
4,4-dimethyloxazoline (DMOX) derivatives. (Mass spectrum of the DMOX derivative of 9-16:1 (16:1
n-7; POA). Table S1. Primers used in this study. Table S2. WGS coverage statistics used for copy
number estimation.
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Abbreviations
The following abbreviations are used in this manuscript:

AMPK AMP-activated protein kinase
C/N Carbon-to-nitrogen ratio
C/P Carbon-to-phosphorus ratio
CV % Coefficient of variation
DCW Dry cell weight
DMOX 4,4-Dimethyloxazoline
DO Dissolved oxygen
DO-stat Dissolved-oxygen-stat
EFT Elapsed fermentation time
FA Fatty acid(s)
FAME Fatty acid methyl ester
FFA Free fatty acid
TFA Total fatty acid
GC-FID Gas chromatography–flame ionization detection
GC-MS Gas chromatography–mass spectrometry
HCD High-cell-density condition
HDL High-density lipoprotein
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
LCD Low-cell-density condition
LDL Low-density lipoprotein
m/z Mass-to-charge ratio
OD750 Optical density at 750 nm
O–S Oxygen–substrate (dynamic regulation strategy)
POA Palmitoleic acid
PTXD Phosphite dehydrogenase (selectable marker gene)
rpm Revolutions per minute
SCD1 Stearoyl-CoA desaturase-1
TAG Triacylglycerol
UTR Untranslated region
v/v Volume/volume
Xpk/Pta Phosphoketolase/phosphotransacetylase
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