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Abstract

This study evaluates the effects of seven biochemical stimulants, ferulic acid, malic acid,
L-carnitine, ergothioneine, magnesium sulfate, trehalose, and betaine, on biomass accumu-
lation, total lipid content, and docosahexaenoic acid (DHA) production in Aurantiochytrium
sp. ATCC PRA-276 under controlled fermentation conditions. The compounds were
selected based on their reported roles in antioxidant defense, carbon flux regulation, os-
moprotection, or methyl group donation, with the aim of assessing whether targeted,
non-GMO supplementation could modestly enhance microbial productivity. Compared
with the control, supplementation with L-carnitine and ferulic acid resulted in the greatest
enhancement of DHA production, increasing DHA concentration by 31.7% and 29.2%,
respectively. These treatments were also associated with statistically significant, albeit
moderate, increases in total lipid accumulation and biomass production. These responses
indicate correlated improvements in overall cellular productivity rather than isolated ef-
fects on lipid biosynthesis. DHA concentrations were quantified following lipid extraction
and transesterification using GC-based analysis; however, comprehensive fatty acid com-
positional profiling (e.g., saturated, monounsaturated, and polyunsaturated fatty acid
distributions or DHA-to-total lipid ratios) was not performed. Although direct mechanistic
assays were not performed, the observed trends are consistent with known biochemical
functions related to redox balance, cofactor availability, and stress adaptation. A prelim-
inary cost-efficiency analysis identified malic acid as the most economical stimulant for
DHA enhancement, whereas ergothioneine was the least cost-effective despite measurable
biological effects. Collectively, these findings demonstrate that biochemical stimulation
can provide incremental yet reproducible gains in DHA production and lipid accumula-
tion. This work supports the use of targeted biochemical supplementation as a scalable,
non-GMO strategy for microbial omega-3 production and establishes a foundation for
future optimization through combinatorial supplementation, multi-omics validation, and
process engineering.

Keywords: Aurantiochytrium; docosahexaenoic acid (DHA); biochemical stimulants;
microbial fermentation; omega-3 fatty acids; lipid metabolism; non-GMO production;
metabolic optimization

1. Introduction
Docosahexaenoic acid (DHA) is a long-chain omega-3 polyunsaturated fatty acid

(PUFA) that plays a critical role in human health, particularly in neural development,
visual function, cardiovascular health, and modulation of inflammatory responses [1].
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DHA consists of 22 carbon atoms and six cis double bonds (22:6 n-3), a highly unsaturated
structure that confers exceptional flexibility and contributes to membrane fluidity, cellular
signaling, and lipid–protein interactions [2–4]. Due to its abundance in neuronal and retinal
tissues, DHA is considered an essential nutrient for maintaining normal physiological
functions throughout life. These membrane-modifying properties are central to DHA’s
biological function and contribute to its widespread physiological importance. Traditionally,
DHA has been obtained from fish oils; however, concerns regarding declining marine
resources, environmental sustainability, contamination risks, and increasing global demand
have stimulated interest in alternative and eco-friendly production systems [2].

Among these alternatives, microbial production of DHA, especially through thraus-
tochytrids, has emerged as a promising solution. Marine protists such as Aurantiochytrium
can accumulate lipids up to 50% of their dry weight, with DHA comprising a significant
fraction of their total fatty acid profile [5,6]. These microorganisms offer several advan-
tages, including fast growth rates, substrate flexibility, and scalability under heterotrophic
conditions, making them ideal candidates for industrial omega-3 production. DHA biosyn-
thesis in thraustochytrids occurs through two major pathways: (1) the elongase/desaturase
(FAS) route, and (2) the polyketide synthase (PKS)-like multi-enzyme system. Recent
evidence indicates that Aurantiochytrium relies predominantly on the PKS pathway, which
includes ketoacyl synthase (KS), acyl transferase (AT), ketoacyl reductase (KR), dehydratase
(DH), and enoyl reductase (ER) modules that cooperatively generate the highly unsatu-
rated 22:6 structure [7]. The activity of these pathways depends on cellular redox balance,
acetyl-CoA availability, and NADPH supply [4,8].

Recent reviews highlight the integration of circular bioeconomy principles into mi-
crobial DHA production, emphasizing the use of waste-derived feedstocks, fermentation
engineering, and antioxidant stabilization to improve both yield and oil quality. These
innovations not only reduce production costs but also enhance the oxidative stability
and nutritional value of microbial DHA oils, making them suitable for functional foods,
nutraceuticals, and pharmaceutical applications [9].

Efforts to enhance microbial DHA production have included media optimization,
metabolic engineering, and process intensification [10,11]. However, the complexity of DHA
biosynthesis spanning aerobic and anaerobic pathways and involving polyketide synthase
(PKS)-like enzymes poses challenges for scalability. In response, non-GMO strategies
using biochemical stimulants have gained traction. These compounds modulate cellular
metabolism by influencing redox balance, energy flux, osmoregulation, and precursor
availability, thereby enhancing lipid biosynthesis without genetic modification [12,13].
These stimulants can influence redox balance, energy flux, osmoregulation, and precursor
availability, thereby enhancing DHA biosynthesis and lipid production [14,15].

Several stimulants have shown promise in boosting lipid production in oleaginous
microorganisms [16–28]. To provide clearer biochemical context, the compounds exam-
ined in this study can be grouped according to their putative metabolic roles. Ferulic
acid and ergothioneine function primarily as antioxidants that reduce oxidative stress and
may protect PUFA-rich membranes from peroxidation, thereby supporting DHA stabil-
ity during fermentation [22–24]. Malic acid contributes to central carbon metabolism, as
its decarboxylation by malic enzyme generates pyruvate and NADPH both essential for
fatty acid biosynthesis [25–27]. Magnesium ions supplied through magnesium sulfate
serve as cofactors for malic enzyme and other ATP-dependent metabolic reactions, influ-
encing acetyl-CoA and NADPH generation [20]. L-carnitine facilitates the transport of
long-chain fatty acids into mitochondria for β-oxidation, potentially increasing precursor
availability for PUFA synthesis [21]. Trehalose and betaine act as osmoprotectants that
help stabilize proteins and membranes under osmotic stress, which in turn may modu-
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late lipid accumulation and DHA biosynthesis [26–28]. These osmolytes may act either
by altering external osmolarity or through intracellular uptake and retention. Osmotic
stress responses in marine and halotolerant microorganisms can also trigger glycerol accu-
mulation as a counter-osmolyte, which interacts with central carbon and lipid metabolic
pathways [18], and stress-induced changes in membrane fluidity and thickness have been
shown to influence PUFA incorporation and DHA biosynthesis [19].

Emerging research has also demonstrated the effectiveness of adaptive laboratory
evolution (ALE) in enhancing DHA production. By acclimating Aurantiochytrium strains
to low pH and optimizing oxygen and temperature conditions, ALE has led to significant
increases in biomass and DHA yield. Transcriptomic analyses reveal upregulation of key
enzymes in glycolysis, the PKS pathway, and the pentose phosphate pathway, indicating a
rewiring of central carbon metabolism to favor polyunsaturated fatty acid synthesis [29].

Furthermore, recent studies underscore the importance of optimizing physical pa-
rameters such as carbon source, nitrogen availability, salinity, and pH to maximize DHA
production in microbial systems. These factors influence enzyme activity, membrane
fluidity, and metabolic fluxes, and their fine-tuning is essential for achieving high-yield
fermentation processes [18,30].

This study investigates the impact of seven biochemical stimulants, ferulic acid, malic
acid, L-carnitine, ergothioneine, magnesium sulfate, trehalose, and betaine, on biomass
growth, lipid content, and DHA production in Aurantiochytrium sp. ATCC PRA-276. By
identifying the most effective stimulants and understanding their metabolic roles, this
research provides critical insights into non-GMO strategies for maximizing microbial DHA
production. The outcomes have broad implications for sustainable omega-3 biotechnology,
supporting the development of high-quality supplements, infant nutrition products, and
therapeutic formulations targeting cardiovascular, neurodegenerative, and inflammatory
diseases. While several of these biochemical stimulants have been individually investigated
in previous studies, a systematic side-by-side comparison under standardized fermentation
conditions remains limited. The present study addresses this gap by providing a controlled
comparative evaluation of multiple stimulants, enabling direct assessment of their relative
physiological performance and economic feasibility.

2. Materials and Methods
2.1. Microorganism and Cultivation Conditions

The microorganism utilized in this study was Aurantiochytrium sp. ATCC PRA-276,
obtained from the American Type Culture Collection (ATCC, Baltimore, MD, USA). The
procedures for culture maintenance, seed preparation, and fermentation were adapted
from previously established protocols [31]. The strain was maintained on seawater nutrient
agar (SNA), composed of 28 g/L nutrient agar and 17.5 g/L artificial seawater. Seed
cultures were initiated by transferring a strip of 48-h-old SNA containing ten colonies
(approximately) into a 500 mL Erlenmeyer flask containing 100 mL of seed medium. The
seed medium consisted of 60 g/L glucose, 6 g/L artificial sea salt, 2 g/L yeast extract,
and 8 g/L monosodium glutamate (MSG). Cultures were incubated at 30 ◦C for 48 h with
continuous agitation at 250 rpm. For fermentation, 10 mL of seed culture was inoculated
into 100 mL of production medium, which had the same composition as the seed medium
except for an increased glucose concentration of 70 g/L. The fermentation/production
medium was supplemented with various biochemical stimulants as described below. The
fermentations were carried out for 144 h at 30 ◦C. To ensure that all cultivations were
harvested at comparable physiological stages, the growth kinetics of Aurantiochytrium
sp. ATCC PRA-276 were monitored in preliminary time-course experiments. Optical
density at 600 nm (OD600), glucose consumption, and pH were monitored every 24 h. At
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each sampling point, 1 mL of culture was aseptically withdrawn from each flask using
sterile techniques for analytical measurements. The sampled volume represented less than
1% of the total culture volume and did not significantly affect fermentation performance.
Across all conditions, cultures consistently reached the stationary phase between 120 and
132 h, characterized by a plateau in biomass accumulation and greater than 95% glucose
consumption. Lipid and DHA accumulation also stabilized during this period. Based on
these observations, the 144-h endpoint was selected to ensure that all cultures, control and
stimulant-treated, were compared in the same physiological growth phase. All materials
and reagents were sterilized before fermentation by autoclaving at 121 ◦C for 20 min
and were sourced from Sigma-Aldrich (Millipore Sigma, St. Louis, MO, USA) unless
otherwise stated.

2.2. Biochemical Stimulants and Reagents

Different biochemical stimulants were selected based on preliminary findings and
their proposed roles in enhancing lipid accumulation, mitigating oxidative stress, and sup-
porting osmotic regulation in microbial systems. All reagents were of analytical grade and
procured from certified suppliers to ensure experimental consistency and reproducibility.
Ferulic acid (≥99%), trehalose dihydrate (≥99%), malic acid (≥99%), L-carnitine (≥98%),
ergothioneine (≥98%), magnesium sulfate heptahydrate (MgSO4·7H2O, ACS grade), and
betaine anhydrous (≥98%) were purchased from Sigma-Aldrich (Millipore Sigma, St. Louis,
MO, USA). Stock solutions were prepared in sterile deionized water, depending on the
solubility of each compound, and filtered using 0.22 µm membrane filters. Prior to the main
fermentation experiment, a series of preliminary dose–response trials were conducted to
identify appropriate concentrations for each biochemical stimulant. For every compound,
at least three concentrations were evaluated typically spanning low (25–50 mg/L), medium
(50–100 mg/L), and high (100–200 mg/L) ranges, or based on reported effective doses in
lipid-producing microorganisms. These concentrations were tested in 100 mL cultures
under identical fermentation conditions. Biomass, total lipid content, DHA yield, medium
clarity, and culture health were assessed after 144 h. Concentrations that caused growth
inhibition, oxidative stress sensitivity, or medium instability were excluded. The final
concentrations used in this study (e.g., 50 mg/L ferulic acid, 75 mg/L malic acid, 100 mg/L
L-carnitine, etc.) corresponded to the lowest doses that reproducibly increased lipid and/or
DHA accumulation while maintaining robust biomass formation. These screening results
ensured that each stimulant was tested under physiologically relevant and non-inhibitory
conditions. Based on our preliminary optimization experiments, the following final con-
centrations were used in the fermentation medium: 50 mg/L ferulic acid, 75 mg/L malic
acid, 100 mg/L L-carnitine, 75 mg/L ergothioneine, 0.5 g/L magnesium sulfate, 75 mg/L
trehalose, and 100 mg/L betaine. All reagents were stored according to manufacturer’s
recommendations to preserve chemical stability throughout the study.

2.3. Cell Biomass Quantification

Cell biomass was harvested by centrifugation at 4000× g for 15 min. The collected
cells were washed twice with 30 mL of sterile water and subsequently freeze-dried for 18 h.
Dry cell weight (DCW) was determined gravimetrically following the method described in
our previous investigations [32,33].

2.4. Lipid Extraction and Fatty Acid Profiling

Lipid extraction was conducted utilizing the Folch method [34]. Approximately 30 mg
of freeze-dried biomass was mixed with a chloroform–methanol solution in a 2:1 volume
ratio. Methylation was carried out for 4 h with 10% methanolic HCl at a temperature
of 60 ◦C [29,30,33,34]. Fatty acid methyl esters (FAMEs) were extracted using n-hexane
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and subsequently analyzed through gas chromatography–mass spectrometry. The Gas
Chromatograph (GC–MS 8890N, Agilent, Wilmington, DE, USA) used for this analysis was
equipped with an Agilent model 5977N mass selective (MS) detector. A Supelco SP-2380
column, measuring 30 m in length, 0.25 mm in diameter, and featuring a film thickness of
0.2 µm, was employed. The temperature program for the GC was as follows: initially held
at 50 ◦C for 3 min, then ramped to 200 ◦C at a rate of 6 ◦C/min, followed by an increase to
250 ◦C at 4 ◦C/min, and finally held for an additional 5 min [35–38]. Fatty acid identification
and quantification were performed according to the analytical procedures described in prior
studies [35–38], which provide complete methodological details regarding chromatographic
conditions, FAME identification, and quantification protocols.

2.5. Statistical Analysis

All experiments were conducted in triplicate. Data are presented as mean ± standard
deviation (SD) and were analyzed using one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test to evaluate differences among treatments. Statistical groupings
are indicated by superscript letters in Table 1 and asterisks in Figure 1. The suitability of
ANOVA assumptions was assessed by inspection of residual plots and Q–Q plots. Statistical
analyses were performed using GraphPad Prism 7.0 (GraphPad Software LLC, San Diego,
CA, USA), with significance accepted at p < 0.05. To further assess data consistency, the
coefficient of variation (CV%) was calculated for all measured parameters across biological
replicates. Variability remained within acceptable ranges for most treatments, confirming
the reproducibility of observed trends.

Figure 1. Effect of various biochemical stimulants, Ferulic Acid, Malic Acid, L-Carnitine, Ergoth-
ioneine, MgSO4, Trehalose, and Betaine, on percent increase in biomass (blue bars), total lipid (orange
bars), and DHA yield (green bars) in Aurantiochytrium sp. ATCC PRA-276 after 144 h of cultivation.
Control represents untreated conditions. Values are means ± standard deviation from triplicate
biological replicates (n = 3). Statistical significance relative to the control is indicated by asterisks:
** p < 0.01, and *** p < 0.001. Percent increases reflect mean values and should be interpreted as
modest, correlated enhancements rather than precise biological effects. Additionally, absolute values
(g/L) and normalized lipid content (% DCW) are provided in Table 1 for quantitative interpretation.
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Table 1. Biomass, total lipid, and DHA concentrations (g/L) measured at 144 h of cultivation in
cultures supplemented with various biochemical stimulants.

Stimulant Biomass (g/L) ± SD Total Lipid (g/L) ± SD Total Lipid (% DCW) DHA (g/L) ± SD

Control 7.80 ± 0.10 a 4.50 ± 0.16 a 57.7 1.20 ± 0.13 a

Ferulic Acid 8.76 ± 0.12 b 5.41 ± 0.48 b 61.7 1.55 ± 0.32 b

Malic Acid 8.38 ± 0.04 c 5.03 ± 0.06 c 60.1 1.35 ± 0.40 c

L-Carnitine 8.60 ± 0.27 b 5.39 ± 0.44 b 62.7 1.58 ± 0.34 b

Ergothioneine 8.28 ± 0.32 c 5.09 ± 0.20 c 61.5 1.34 ± 0.31 c

MgSO4 8.35 ± 0.14 c 5.07 ± 0.09 c 60.5 1.32 ± 0.41 c

Trehalose 8.29 ± 0.71 c 5.10 ± 0.04 c 61.5 1.32 ± 0.42 c

Betaine 8.22 ± 0.60 c 5.13 ± 0.72 c 62.4 1.31 ± 0.33 c

Data are presented as mean ± SD (n = 3). The control represents baseline productivity without supplementation.
Values sharing the same letter are not significantly different (p > 0.05); different letters indicate significant
differences (p < 0.05) in one-way ANOVA with Tukey’s post hoc test.

3. Results and Discussion
Initial screening trials were carried out to assess how compounds like Ferulic acid, tre-

halose dihydrate, malic acid, L-carnitine, ergothioneine, magnesium sulfate heptahydrate,
and betaine anhydrous influence the growth, lipid accumulation, and DHA synthesis in
Aurantiochytrium sp. ATCC PRA-276. These stimulants and their respective concentrations
were chosen based on our preliminary experiments.

A comprehensive overview of biomass, total lipid, and DHA yields for each treatment
is provided in the following table (g/L at 144 h), offering quantitative insight into the
stimulants’ differential effects on cellular output (Table 1).

3.1. Biomass Enhancement

Biomass accumulation in Aurantiochytrium sp. ATCC PRA-276 showed reproducible
gains but was consistently enhanced by supplementation with the tested biochemical
stimulants (Figure 1; Table 1). When normalized to dry cell weight, total lipid content
ranged from 57.2% in the control to 62.7% in L-carnitine-treated cultures, confirming that
observed increases were not solely due to biomass enhancement but also reflected true
intracellular lipid accumulation. All treatments resulted in statistically significant increases
relative to control; however, the magnitude of these effects remained relatively low, with
mean biomass improvements generally below 13%. These results indicate that biochemical
stimulation exerts a measurable but limited influence on cellular growth under the tested
batch fermentation conditions, and that the observed improvements should be interpreted
as incremental rather than transformative.

Among the evaluated compounds, ferulic acid and L-carnitine produced the high-
est mean increases in biomass, approximately 12.3% and 10.2%, respectively. Although
these differences were statistically significant, the associated standard deviations reveal
biological variability among replicates and overlapping biomass ranges were observed be-
tween treatments. Accordingly, these outcomes are best described as statistically supported
trends rather than precise or uniform biological gains across replicates. Importantly, the
present study did not include direct measurements of oxidative stress, metabolic flux, or
gene expression; consequently, mechanistic interpretations are inferred from established
literature rather than experimentally validated here. Although both biomass (dry cell
weight) and total lipid accumulation were quantified, biomass alone cannot be directly
attributed to lipid biosynthesis because cellular mass also includes proteins, carbohy-
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drates, and other macromolecules. However, normalization of lipid content to dry cell
weight (% DCW) and the observed correlation between lipid and DHA production provide
stronger evidence that the stimulants enhanced intracellular lipid accumulation rather than
biomass alone.

The comparatively higher biomass observed with ferulic acid supplementation is
consistent with previous reports describing the role of phenolic antioxidants in allevi-
ating oxidative stress and stabilizing cellular membranes in microbial systems [39–42].
In addition to any effects on lipid metabolism, alleviation of oxidative stress itself can
directly enhance cellular growth and biomass yield by preserving metabolic efficiency
and cellular integrity during fermentation. Ferulic acid has also been shown to regulate
genes associated with lipid homeostasis and stress resistance [43], which may contribute to
improved cellular robustness during fermentation. In the context of the present study, the
elevated biomass associated with ferulic acid suggests improved cellular resilience during
cultivation, although direct evidence of redox modulation was not assessed and remains to
be confirmed in future work.

Moderate biomass increases were also observed with malic acid, ergothioneine, tre-
halose, magnesium sulfate, and betaine, with no clear separation among these treatments
based on statistical grouping. These compounds are known to influence central metabolism,
redox balance, osmotic regulation, or enzymatic activity [44–48], suggesting that multi-
ple pathways may contribute incrementally to growth enhancement. Magnesium sulfate
supplementation, for example, resulted in a biomass increase of approximately 7.1%, con-
sistent with the essential role of magnesium ions as cofactors in ATP-dependent enzymatic
reactions and metabolic stabilization under stress [9,47]. Similarly, the modest effect of
betaine (~5.4%) aligns with its function as a methyl donor and osmoprotectant, which
supports cellular stability without substantially altering growth dynamics [48,49]. The
lack of pronounced differentiation among these treatments suggests that their effects on
biomass are likely supportive rather than strongly growth-limiting or growth-driving.

Overall, biomass data demonstrate that biochemical stimulation can reproducibly
yield small but positive effects on Aurantiochytrium growth. The principal contribution
of this section lies in the controlled, side-by-side experimental comparison of multiple
stimulants under identical conditions, providing an internally consistent dataset for evalu-
ating relative performance. These findings establish a quantitative baseline indicating that
biochemical supplementation alone is unlikely to drive large biomass increases but may
serve as a complementary strategy when integrated with combinatorial supplementation,
process optimization, or strain improvement approaches [38,50–55]. Although variability
was observed in certain treatments (e.g., DHA values under malic acid supplementation),
overall trends remained consistent across biological replicates. This variability likely reflects
inherent biological heterogeneity in microbial fermentation systems rather than experimen-
tal inconsistency. The observed trends are consistent with established biochemical roles
of these compounds; however, this study intentionally focuses on phenotypic screening
outcomes relevant to industrial application rather than mechanistic validation.

3.2. Lipid and DHA Accumulation

Biochemical supplementation modestly but significantly enhanced total lipid and
DHA accumulation in Aurantiochytrium sp. ATCC PRA-276, as shown in Figure 1 and
summarized in Table 1. Among the compounds tested, L-carnitine and ferulic acid yielded
the highest average increases in DHA and lipid production, consistent with previous stud-
ies, but the observed variability among biological replicates indicates that these effects
should be interpreted cautiously. Although biological variability was observed among
treatments, the statistical analysis supports the overall trends presented in Table 1. Nev-
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ertheless, treatments exhibiting similar mean responses should be interpreted cautiously,
and the results are best viewed as evidence of general trends in productivity enhancement
rather than strict quantitative rankings of stimulant effectiveness. These findings indicate
that biochemical supplementation can reproducibly improve lipid and DHA production,
while highlighting the importance of considering biological variability when comparing
treatments with relatively similar performance.

Malic acid also contributed positively to lipid synthesis, with an ~11.9% increase
in total lipids and ~12.8% in DHA yield. One possible explanation is that malic acid
contributes to cellular NADPH generation through central carbon metabolism, which has
been reported to support fatty acid biosynthesis in oleaginous microorganisms [56,57].

Ergothioneine and trehalose showed comparable responses (~13% increases in lipids
and ~10–11% increases in DHA). These observed trends may reflect the antioxidant and
osmoprotective properties previously reported for ergothioneine and trehalose, which can
help maintain cellular integrity and metabolic activity during lipid biosynthesis [58,59].

L-carnitine supplementation resulted in a 31.7% increase in DHA concentration and a
19.8% increase in total lipid accumulation relative to the control, while ferulic acid increased
DHA concentration and total lipid accumulation by 29.2% and 20.2%, respectively. These
findings are consistent with previous reports suggesting that L-carnitine may support fatty
acid transport and metabolism, potentially contributing to enhanced lipid biosynthesis and
increased production of polyunsaturated fatty acids such as DHA [52,53]. Similarly, ferulic
acid possesses antioxidant properties and has been reported to support lipid metabolism in
various microbial systems, potentially contributing to improved DHA stability and lipid
accumulation under fermentation conditions [43,54,55].

Correlation analysis revealed a very strong positive relationship between total lipid
content and DHA production (r = 0.99), indicating that increases in DHA production were
closely associated with increased lipid accumulation. A strong positive correlation between
biomass and lipid accumulation (r = 0.91) further suggests that metabolic stimulation
influences both cellular growth and storage lipid formation. These relationships support the
interpretation that biochemical stimulation promotes coordinated enhancement of cellular
growth, lipid accumulation, and DHA biosynthesis rather than isolated pathway-specific
effects. The observed correlation indicates that increases in DHA production occurred
concurrently with increased lipid accumulation. However, because comprehensive fatty
acid profiling was not performed, the present data do not allow assessment of whether
DHA enrichment, dilution, or redistribution within the overall lipid fraction occurred.
Consequently, the correlation should be interpreted as a relationship between total lipid
accumulation and DHA titer rather than evidence of changes in fatty acid composition.

DHA yields reported in this study were determined by GC analysis following fatty acid
methyl ester (FAME) preparation. However, comprehensive fatty acid profiling, including
quantification of saturated, monounsaturated, and polyunsaturated fatty acid fractions, was
not performed. Therefore, while increases in DHA titers (g/L) were observed under several
treatments, broader changes in fatty acid composition remain beyond the scope of the
present study. The observed lipid accumulation trends are consistent with extensive prior
literature demonstrating enhanced lipid biosynthesis under nitrogen-limited conditions in
oleaginous microorganisms [31–35].

Magnesium sulfate and betaine induced modest lipid/DHA improvements. MgSO4

enhanced lipid and DHA by ~12.6% and ~9.8%, respectively. Based on published literature,
one possible explanation is the role of magnesium as a cofactor for enzymes involved in
fatty acid biosynthesis, including acetyl-CoA carboxylase [60,61]. Betaine, which supports
methylation and osmoregulation, led to increases of ~10.8% in lipids and ~9.1% in DHA [62].
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Although statistically supported, these differences are small in magnitude, and do not
indicate substantial shifts in lipid metabolism under the tested conditions.

Beyond our selected stimulants, recent studies have reported promising alternatives.
Laminaria japonica hydrolysate (LPH), enriched in plant hormones, enhanced DHA by
40.78% and total lipids by 49.48%, primarily through upregulation of ACC1 and FAS2 [50].
Ferric chloride (FC) improved DHA production by 66%. Based on previous studies, this
effect may be associated with the involvement of iron in desaturase activity and cellular
redox regulation [38]. Genetic strategies such as plasma mutagenesis led to up to an 80%
DHA yield increase via enhanced G6PDH activity and NADPH supply [51]. Additionally,
adaptive laboratory evolution under acid stress resulted in a 106.3% DHA increase via acti-
vation of the PKS pathway and central metabolism genes [63]. Carbon source optimization
is also emerging as a viable strategy. Glycerol substitution for glucose has been shown
to upregulate glycerol kinase and redirect flux toward lipid synthesis, offering improved
yields and reduced substrate cost [64].

Overall, our results demonstrate that biochemical stimulants produce consistent but
modest improvements in lipid and DHA productivity, and their utility may lie in combinato-
rial or integrative applications, rather than as standalone solutions. Although several mech-
anistic explanations are discussed based on established biochemical functions reported in
the literature, the present study was designed as a comparative phenotypic screening inves-
tigation and did not directly assess reactive oxygen species levels, enzyme activities, gene
expression, intracellular metabolite concentrations, or metabolic flux distributions. Conse-
quently, the proposed mechanisms should be regarded as literature-supported hypotheses
rather than experimentally validated conclusions and warrant further investigation through
targeted mechanistic studies.

Future work should include metabolic flux analysis, gene expression profiling, and ox-
idative stress assays to validate proposed mechanisms and enhance practical relevance [65].

3.3. Translational Relevance and Cost-Efficiency Analysis

A key contribution of this work lies in the comparative evaluation of multiple stimu-
lants under identical conditions, allowing direct ranking of their effectiveness, an approach
that is rarely addressed in prior studies focusing on single-compound optimization. The
observed increases in DHA titer and lipid accumulation across all tested stimulants support
the viability of non-GMO biochemical strategies to enhance both the quantity and quality
of microbial oils. By leveraging well-characterized, food-grade compounds, this study
introduces a potentially accessible and scalable alternative to genetic modification, aligning
with industry trends favoring regulatory-friendly, consumer-acceptable ingredients for
omega-3 production.

Unlike prior studies that primarily focus on single metabolic pathways or genetic
engineering, the present work delivers a comparative, systems-level assessment of bio-
chemical stimulants under standardized fermentation conditions. Through side-by-side
evaluation, the effects of each compound on biomass, total lipid yield, and DHA production
were decoupled and quantified (Figure 1; Table 1), offering mechanistic insight into how
specific metabolites may modulate metabolic resilience, oxidative stress responses, and
lipid biosynthesis.

To evaluate the economic feasibility of incorporating these stimulants into scaled
fermentation processes, a preliminary cost-effectiveness analysis was conducted. Based
on current bulk market prices, the estimated cost to achieve a 1% increase in DHA pro-
duction per 1000 L of medium was as follows: ferulic acid ($0.91), malic acid ($0.10),
L-carnitine ($1.01), ergothioneine ($23.97), magnesium sulfate ($0.80), trehalose ($0.16), and
betaine ($0.35).
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For total lipid enhancement, the corresponding costs were: ferulic acid ($1.14), malic
acid ($0.11), L-carnitine ($1.27), ergothioneine ($20.70), magnesium sulfate ($0.62), trehalose
($0.12), and betaine ($0.24). Malic acid emerged as the most cost-effective compound for
both lipid and DHA enhancement, while ergothioneine was the least economical, due to its
high cost despite moderate performance gains.

This cost performance mapping provides a useful decision-making framework for
industrial biomanufacturers seeking to balance efficacy and economic viability. It also
reinforces the value of process optimization, where low-cost, metabolically synergistic
additives, such as malic acid and trehalose, could be prioritized for commercial application
in combination with optimized dosing strategies.

Nonetheless, several limitations must be acknowledged. Biochemical responses to
these additives may vary across Aurantiochytrium strains or fermentation platforms. Ad-
ditionally, trade-offs between lipid accumulation and biomass growth were observed in
certain cases, suggesting the need for tailored supplementation regimes. The long-term
performance, stability, and scalability of these enhancements under industrial conditions
have yet to be validated.

Future investigations should explore combinatorial and time-resolved supplemen-
tation protocols, possibly guided by real-time metabolic sensing. Given its favorable
cost-performance profile, future studies should prioritize systematic optimization of malic
acid concentration and feeding strategy using multi-level experimental designs (e.g., re-
sponse surface methodology or time-resolved supplementation) to maximize DHA and
lipid productivity. Moreover, integrating multi-omics profiling including transcriptomics,
proteomics, metabolomics, and lipidomics will help decipher regulatory feedback mech-
anisms and optimize the metabolic network for sustained omega-3 production. Such
studies will also enable the identification of synergistic interactions between compounds
or with environmental stressors, such as pH or salinity, which could further amplify yield
and robustness.

Ultimately, this study lays the groundwork for a precision fermentation framework
that leverages non-GMO biochemical cues, cost-effectiveness considerations, and systems-
level insights to improve microbial omega-3 biomanufacturing. Despite measurable in-
creases in DHA titers, the absence of complete fatty acid profiles and lipid class analyses
limits interpretation of how individual stimulants influence the broader PUFA spectrum.
Previous studies in thraustochytrids and other oleaginous microorganisms have demon-
strated that targeted biochemical or process-level interventions can alter fatty acid com-
position, often resulting in reduced saturated fatty acids and enhanced DHA or PUFA
enrichment [9,47,66–69]. Such compositional shifts have been linked to changes in redox bal-
ance, precursor availability, and desaturase or polyketide synthase pathway activity [70–73].
However, validation of these effects requires comprehensive fatty acid profiling and lipid
class analysis, which were beyond the scope of the present study. Future studies should
incorporate full FAME-based compositional analysis and lipid-omics approaches to deter-
mine whether DHA enhancement arises from selective enrichment, altered desaturation
flux, or overall lipid accumulation. Notably, incremental yet consistent improvements
achieved through non-GMO biochemical stimulation are industrially relevant, as they can
be readily integrated into existing fermentation workflows without regulatory or genetic
modification constraints.

While the observed increases in biomass, lipid accumulation, and DHA production
are modest, they are statistically significant and biologically relevant within the context
of non-genetic metabolic modulation. However, the present study remains primarily
phenomenological in nature, and further targeted analyses including redox profiling,
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enzyme activity assays, and transcriptomic or metabolomic approaches will be required to
elucidate the precise molecular mechanisms underlying these enhancements.

4. Conclusions
This study demonstrates that targeted biochemical stimulation can modestly but

reproducibly enhance biomass yield, total lipid accumulation, and DHA production in
Aurantiochytrium sp. ATCC PRA-276. Among the tested stimulants, L-carnitine and ferulic
acid produced the greatest enhancement of DHA production, increasing DHA concen-
tration by 31.7% and 29.2%, respectively, relative to the control. These treatments were
also associated with increased lipid accumulation and biomass production, indicating
coordinated improvements in overall cellular productivity. While the observed gains were
moderate, they demonstrate the potential of targeted biochemical supplementation as a
practical non-GMO strategy for improving microbial omega-3 production.

These findings support the feasibility of using non-GMO biochemical inputs as scal-
able and tunable levers for improving microbial omega-3 biosynthesis. While specific
mechanistic pathways were inferred based on known biochemical roles, they were not di-
rectly validated in this study. Nonetheless, trends align with antioxidant defense, NADPH
regeneration, and stress adaptation functions, providing a rational framework for future
system-level optimization through nutrient supplementation.

A preliminary cost-efficiency analysis identified malic acid as the most economical
stimulant for DHA enhancement, reinforcing its industrial relevance. Conversely, ergoth-
ioneine, despite potential cellular benefits, was the least cost-effective, highlighting the
importance of balancing efficacy with affordability.

Future research should prioritize combinatorial and time-resolved supplementation
strategies, integration of multi-omics profiling, and validation under fed-batch and pilot-
scale fermentation conditions to determine whether the observed responses can be trans-
lated to industrial production systems. Ultimately, this work lays the foundation for
precision fermentation approaches that leverage biochemical cues and process engineering
to advance sustainable DHA production for nutraceutical, pharmaceutical, and functional
food applications.

The primary contribution of this study lies in establishing a comparative and economi-
cally contextualized framework for biochemical stimulation, enabling rational selection of
cost-effective additives for scalable microbial omega-3 production. Importantly, the inte-
gration of comparative biochemical screening, quantitative normalization (% DCW), and
correlation analysis provides a more robust framework for evaluating non-GMO metabolic
interventions in microbial lipid production systems.
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