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Chlorella sorokiniana is capable of high-cell-density heterotrophic cultivation, endowing it with exceptional po-
tential for large-scale, efficient lutein production. However, its industrial application has been hindered by low
lutein content and the inability to precisely control carotenoid composition. To address these limitations, a
chlorophyll-deficient and lutein-enriched yellow mutant C. sorokiniana MT03 was employed to investigate the
effects of carbon—nitrogen (C/N) ratio modulation on lutein and protein production under heterotrophic con-
ditions. Systematic optimization identified a C/N ratio of 16 as optimal, resulting in marked enhancement of both
lutein and protein accumulation. Integrated physiological and transcriptomic analyses demonstrated that carbon
depletion combined with nitrogen repletion coordinately regulated central carbon metabolism, macromolecular
biosynthesis, heme homeostasis, and carotenoid biosynthetic pathways. Notably, key genes involved in fatty acid
biosynthesis, starch degradation, amino acid biosynthesis, and carotenoid formation were significantly upre-
gulated, highlighting the tight integration of nitrogen availability with carbon partitioning. Heme accumulation
was found to enhance CYP97-mediated lutein synthesis, further linking nitrogen status to carotenogenic flux. A
two-stage cultivation strategy, comprising (I) fed-batch growth for high-cell-density biomass production, fol-
lowed by (II) carbon-depleted and nitrogen-replete conditions to trigger lutein and protein synthesis, was suc-
cessfully implemented in a 5-L bioreactor. This approach yielded a final biomass concentration of 184.46 g/L,
with volumetric titers of 481.63 mg/L lutein and 76.31 g/L protein, surpassing most values reported in the
literature. These results demonstrate that rational C/N metabolic regulation effectively redirects carbon flux
toward target metabolites, providing a scalable and industrially viable platform for the co-production of lutein
and protein in microalgae.

1. Introduction

Lutein is a major constituent of macular pigment in the human retina
and exhibits potent antioxidant, anti-inflammatory, and natural coloring
properties, leading to its extensive application in animal feed, food
formulations, and pharmaceutical products [1-3]. Currently, commer-
cial lutein is predominantly extracted from marigold; however, this
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approach is constrained by high operational costs and susceptibility to
seasonal and climatic fluctuations, which hinder its sustainable devel-
opment and broader application [1]. Although microbial platforms for
fermentative lutein production are promising, the lengthy biosynthetic
pathway, particularly the asymmetric cyclization and hydroxylation
steps, poses significant challenges, including low yields, byproduct
accumulation, and complex metabolic regulation [4,5]. In contrast,
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microalgae naturally possess a complete lutein biosynthetic pathway
and combine rapid growth with inherently high lutein content, posi-
tioning them as the most promising sustainable platform for natural
lutein production [6,7].

Chlorella is a commercially promising strain that has been exten-
sively studied worldwide [8,9]. Conventional commercial Chlorella
cultivation relies primarily on the photoautotrophic mode, which is
inherently constrained by limited light penetration and cell shading
effects, thereby hindering high-cell-density cultivation and, conse-
quently, high lutein production. Heterotrophic cultivation, by contrast,
represents a more industrially viable strategy, as it enables rapid algal
proliferation driven by organic carbon sources, facilitating high biomass
accumulation within a short timeframe and offering a scalable route for
high-value metabolite production. Notably, recent studies have shown
that Chlorella sorokiniana can achieve ultrahigh-density heterotrophic
cultures (dry cell weight > 200 g/L), highlighting its exceptional po-
tential for industrial-scale bioproduction [10,11]. However, a critical
bottleneck remains: under heterotrophic conditions, the lutein content
in C. sorokiniana (1.73-3.75 mg/g DCW) is substantially lower than that
observed under photoautotrophic or mixotrophic modes (6.16-17.4 mg/
g DCW) [12-19]. Although two-stage strategies combining heterotro-
phic growth followed by photoautotrophic or mixotrophic induction
have been explored to enhance lutein accumulation [15,20], such ap-
proaches require system switching, cell dilution, and light exposure,
thereby increasing process complexity, energy consumption, and oper-
ational costs while compromising production continuity and economic
feasibility. Moreover, under heterotrophic conditions, algal cells
continue to synthesize chlorophyll and other carotenoids, such as vio-
laxanthin, neoxanthin, and p-carotene [12]. Chlorophyll and caroten-
oids both originate from the common precursor geranylgeranyl
pyrophosphate (GGPP) [21]. Meanwhile, other carotenoids, such as
violaxanthin, neoxanthin, and p-carotene, diverge biosynthetically from
lutein, with lycopene serving as their shared precursor [22]. Hence,
chlorophyll and other carotenoids compete with lutein for shared
metabolic precursors. These co-produced pigments also introduce im-
purities during downstream extraction and purification, further
complicating separation and elevating processing costs [23].

The ethyl methanesulfonate (EMS)-derived yellow mutant
C. sorokiniana MTO03 exhibits a chlorophyll-deficient phenotype coupled
with enhanced lutein accumulation under heterotrophic conditions,
resulting in lutein becoming the dominant intracellular pigment [24].
Nevertheless, lutein content in this strain remains suboptimal under
heterotrophy, and effective strategies to achieve high-level lutein
accumulation are still lacking. Modulating the carbon-to-nitrogen (C/N)
ratio offers a simple yet highly effective strategy to enhance metabolite
accumulation and boost both titer and productivity in microalgal sys-
tems. For instance, in heterotrophic cultures of Chlorella sp. MBFJNU-
17, shifting the C/N ratio from 40 (40 g/L glucose, 1 g/L urea) in the
growth phase to 1.7 (5 g/L glucose, 3 g/L urea) in the production phase
successfully redirected intracellular starch toward protein synthesis,
achieving a protein content of 59.75% [25]. Similarly, in C. sorokiniana
CMBB276, a two-stage nitrogen feeding approach involving a reduction
of the C/N ratio from 18 to 6 concurrently enhances both protein content
and volumetric titer, resulting in a peak protein content of 58.6% (w/w)
and a final titer of 87.0 g/L [26]. Given that lutein in microalgal cells
primarily binds to light-harvesting complex proteins, its biosynthesis is
often coordinated with protein production [27]. This co-regulation
suggests that strategic modulation of carbon-nitrogen metabolism
may concurrently enhance both lutein and protein accumulation in
heterotrophically grown microalgae.

In this study, the yellow mutant C. sorokiniana MT03 was employed
as a model system to evaluate how varying C/N ratios influence cell
growth, nutrient utilization, and cellular composition. Integrated tran-
scriptomic analyses were conducted to uncover the molecular mecha-
nisms governing C/N-mediated regulation of lutein and protein
biosynthesis. The efficacy of the developed C/N ratio-based metabolic
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strategy was further validated in a 5-L bioreactor under controlled fed-
batch cultivation conditions. The results provide a rational and scalable
framework to address the key technical bottleneck currently impeding
the industrial-scale production of microalgal lutein and protein.

2. Materials and methods
2.1. Microalgal strain and seed culture

The yellow mutant C. sorokiniana MTO03, developed via EMS muta-
genesis [24], was stored at —80 °C in 15% (v/v) glycerol. Upon thawing,
50 pL aliquots of the algal stock were spread onto solidified modified
Mann and Myer's (MM) medium [12] and incubated in the dark at 30 °C.
After 7 days, algal colonies were inoculated into 100 mL of liquid MM
medium in 250 mL Erlenmeyer flasks and cultivated for 3 days at 30 °C
and 150 rpm to generate seed cultures.

2.2. Cultivation of MTO03 under different carbon-nitrogen ratios

A 100 mL volume of fresh medium in a 250 mL Erlenmeyer flask was
inoculated with the seed culture to achieve an algal cell density of 0.15
g/L. A fixed glucose concentration of 10 g/L was used in the fresh me-
dium, with sodium nitrate varied at 0.5, 1.75, and 3.0 g/L to establish C/
N molar ratios of 57:1, 16:1, and 9:1, respectively. Cultures were incu-
bated in the dark on an orbital shaker at 30 °C and 200 rpm, to ensure
sufficient oxygen supply. Following complete glucose depletion, culti-
vation was continued for an additional three days to monitor post-
depletion physiological responses. Throughout the experiment,
biomass accumulation and nutrient consumption were tracked at regu-
lar intervals. Sampling time points were designated as GD-1, GD, GD+1,
GD+2, and GD+3, corresponding to one day prior to glucose depletion,
the day of glucose depletion, one, two-, and three-days post-glucose
depletion, respectively. The experiments were conducted concurrently
with our previous work [24], sharing the data of the group with a C/N
molar ratio of 16:1 but for distinct analytical objectives.

2.3. Cultivation of MTO3 in a 5-L bioreactor

The seed culture was transferred into a 5-L stirred-tank bioreactor
(T&J-Atype 5 L, T&J Bio-engineering Co. LTD., Shanghai, China) con-
taining 2.5 L of optimized Mann and Myer's medium, formulated as
follows (per liter): 26 g glucose, 0.8 g MgS04-7H50, 1.62 g urea, 0.2 g
CaCl,-2H,0, 0.4 g K,HPO,4-3H,0, 0.15 g EDTA-2Na, 30 mg H3BOs, 30
mg FeSO4-7H,0, 7 mg MnCly-4H50, 1.65 mg ZnSO4-7H,0, 0.035 mg Co
(NO3)2-6H20, and 0.01 mg CuSO4-5H,0. The substitution of sodium
nitrate with urea as the nitrogen source is intended to avoid the need for
substantial acid or alkali supplementation to maintain a stable pH,
thereby preventing the accumulation of high salt levels, such as sodium
chloride, that could subsequently inhibit cell growth [10]. The initial
cell density in the bioreactor was 1.4 g/L. Cultivation was carried out at
30 °C with an agitation speed of 200 rpm and an aeration rate of 1.0
vvm. The pH was controlled at 6.8 through automated dosing of 4 mol/L
NaOH or 1 mol/L H,SO4 as required. To ensure adequate oxygen supply,
the agitation speed was dynamically increased whenever the dissolved
oxygen (DO) concentration fell below 20% air saturation, thereby
maintaining DO at approximately 20%. Throughout the fermentation,
glucose was kept at ~5 g/L by fed-batch addition of a 22.85-fold
concentrated medium via a peristaltic pump. To ensure precise control
of glucose concentration, frequent offline sampling was conducted to
quantify residual glucose in the culture broth, and the pump flow rate
was manually adjusted based on these measurements. The dynamic
profile of flow rate adjustments during the fermentation is detailed in
Fig. S1. Feeding was terminated once the biomass concentration
exceeded 200 g/L, thereby establishing carbon-depleted but nitrogen-
replete conditions for an additional 48-h induction phase. Biomass and
residual nitrogen source concentrations were quantified every 12 h.
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Algal cells were harvested daily by centrifugation, followed by imme-
diate freeze-dried and stored at —80 °C until further analysis of lutein
and protein contents.

2.4. Characterization of algal growth and intracellular composition

Biomass concentration was determined as dry cell weight (DCW)
following a published protocol [12]. Glucose, nitrogen, and carotenoid
levels were quantified using established methods from the same study.
Carbohydrate content was assessed via a modified quantitative
saccharification approach [28], while total lipids were measured using a
direct transesterification procedure [29]. Protein extraction and amino
acid composition analysis were performed following procedures
detailed in an earlier study [30].

Heme extraction and quantification followed a published protocol
with minor modifications [31]. Briefly, 100 mg of dried biomass was
homogenized in a cryogenic grinder (JXFSTPRP-CLN, Shanghai Jingxin
Industrial Development Co., Ltd., China) with 1 mL of ice-cold acetone/
0.1 MNH4OH (9:1, v/v) and 0.5 g of glass beads at 4 °C. The homogenate
was centrifuged at 5000 rpm for 5 min, and the supernatant was dis-
carded. This wash was repeated until the pellet appeared white and the
supernatant was colorless, indicating complete removal of pigments.
Heme was then extracted by resuspending the pellet in 1 mL of acetone/
HCl/dimethyl sulfoxide (10:0.5:2, v/v/v) at 4 °C. The resulting extract
was analyzed by high-performance liquid chromatography (HPLC; LC-
20A, Shimadzu, Japan) equipped with a Poroshell 120 EC-C18 column
(100 mm x 3.0 mm, 2.7 pm particle size). The column was maintained at
30 °C with a flow rate of 0.3 mL/min. Mobile phase A consisted of water
acidified to pH 3.2 with trifluoroacetic acid, and mobile phase B was
methanol. Elution was performed using the following gradient program:
30% B (0-1 min), linear increase to 100% B (1-20 min), hold at 100% B
(20-35 min), return to 30% B (35-45 min), and re-equilibration at 30%
B (45-75 min). Heme was detected at 398 nm and quantified by a
calibration curve generated using haemin (Sigma-Aldrich) as an external
standard.

2.5. Transcriptomic analysis

For transcriptomic analysis, samples were collected from flask cul-
tures grown under a C/N ratio of 16:1 at three defined time points: at the
moment of glucose depletion (designated MOh), 6 h post-depletion
(M6h), and 12 h post-depletion (M12h). Total RNA isolation, cDNA li-
brary construction, high-throughput sequencing, and downstream as-
sembly and functional annotation were carried out following the
established protocols [32]. Differential expression analysis between
MOh versus M6h and MOh versus M12h was identified using both
DESeq2 [33] and edgeR [34]. A gene was classified as differentially
expressed if it met the following criteria: a false discovery rate (FDR) <
0.05 and an absolute logs(fold change) > 1. The loga(fold change) and
FDR values for genes involved in carotenoid biosynthesis, porphyrin
metabolism, central carbon metabolism, amino acid and fatty acid
biosynthesis, starch degradation and synthesis are reported in this study
(Table S1 in the supplementary file).

2.6. Statistical analysis

All experiments were performed in biological triplicate. Results for
algal growth, nutrient uptake, and biochemical content are expressed as
mean + standard deviation (SD). Significant differences in amino acid
composition between M6h/M12h and MOh were assessed using two-
tailed Student's t-tests, with significance defined as p < 0.05 (*) or p
< 0.01 (**).
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3. Results and discussions

3.1. Effect of different carbon-nitrogen ratios on algal growth and
nutrient utilization

As illustrated in Fig. 1(a), when the carbon-to-nitrogen (C/N) ratio
was set to 57:1, sodium nitrate was completely depleted by day 2, while
glucose was exhausted by day 9. During this period, MT03 exhibited
steady growth, reaching a maximum biomass concentration of 5.61 g/L
upon glucose depletion, after which the biomass slightly declined and
stabilized. Notably, following sodium nitrate exhaustion, the glucose
consumption rate markedly decreased, and the growth phase was
significantly prolonged—likely due to nitrogen limitation, which
impaired glucose uptake and consequently suppressed cell proliferation.
In contrast, as shown in Fig. 1(b) and (c), when the C/N ratios were
adjusted to 16:1 and 9:1, glucose was fully consumed by day 4, yielding
maximum biomass concentrations of 5.84 and 5.81 g/L, respectively.
Subsequently, biomass levels initially decreased before stabilizing.
Compared to the C/N ratio of 57:1, these lower C/N ratios enabled more
rapid glucose utilization.

Despite variations in the C/N ratio, the peak biomass concentration
of MTO03 remained relatively consistent across conditions. These results
indicate that, under heterotrophic cultivation, biomass accumulation is
primarily governed by glucose availability. This observation aligns with
previous studies. For instance, the optimal C/N ratio for C. sorokiniana
GT-1 growth was identified as 16, whereas further lowering the ratio to
8 showed no significant effect on either biomass yield or glucose con-
sumption [10]. Similarly, C. sorokiniana CMBB276 achieved higher
biomass at a C/N ratio of 18 compared to ratios of 6, 12, or 24 [11].
Additionally, in all three groups with varying C/N ratios, biomass
exhibited a decline trend upon glucose depletion, followed by a stabi-
lization. These results are consistent with the previous study in
C. sorokiniana GT-1 [10], further confirming the essential role of glucose
availability in biomass accumulation. The reason for this phenomenon
could be that, upon glucose depletion, microalgal cells experience car-
bon starvation, potentially leading to cellular damage or death and a
corresponding decline in biomass concentration. Consequently, intra-
cellular carbon reserves, such as starch (a short-term energy reserve
[35]), may be rapidly degraded into glucose to provide energy for sus-
taining cell viability, resulting in a relatively stable biomass concen-
tration thereafter. Considering both biomass concentration and nutrient
utilization efficiency, a C/N ratio of 16 was identified as optimal for the
heterotrophic cultivation of MT03.

3.2. Effect of different carbon-nitrogen ratios on lutein content and cell
composition

As shown in Fig. 2(a), under three heterotrophic conditions with
varying C/N ratios, the lutein content of MT03 peaked on the third day
after carbon depletion (GD+3). Among all culture conditions, the
highest lutein content was observed at a C/N ratio of 16:1, reaching
4.34 mg/g DCW. The second-highest content (4.24 mg/g DCW) was
achieved at a C/N ratio of 9:1, whereas the maximum lutein content
under a C/N ratio of 57:1 was only 1.37 mg/g DCW. These results align
with previous reports indicating that lower C/N ratios favor enhanced
lutein accumulation in microalgae [19]. For instance, heterotrophic
cultivation of C. sorokiniana at a C/N ratio of 20 yielded significantly
higher lutein content than at a ratio of 60 [36]. These findings collec-
tively indicate that, under heterotrophic conditions, the presence of
glucose is unfavorable for lutein biosynthesis in algae, and lutein syn-
thesis is enhanced under glucose-depleted conditions coupled with the
maintenance of an adequate nitrogen supply.

As illustrated in Fig. 2(b-d), under varying C/N ratios (57:1, 16:1,
and 9:1), the protein content of MTO03 progressively increased following
carbon depletion, reaching maxima on day 1 (GD+1), 2 (GD+2), and 3
(GD+3) at 279.33, 385.31, and 318.28 mg/g DCW, respectively.
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Fig. 1. Time-course profiles of cell growth and nutrient consumption of MT03 cultivated under heterotrophic conditions with varying C/N ratios: (a) 57:1, (b) 16:1,
and (c) 9:1. The data of the group with a C/N molar ratio of 16:1 were the same as our previous work [24], due to that the experiments were conducted concurrently,

but for distinct analytical objectives.



Y. Chen et al.
8
(a) C/N 57:1
T C/N 16:1
@ 6l C/N9:1
an
g 5|
=] — E3
[}
2 4r
o
(]
£ 37
I3
3 ot
1 - ’—L ’—k
0 1 1 1 1 1
GD-1 GD  GD+l GD+2 GD+3
Time (day)
400
(©) C/N57:1
350 CN 16:1
= 300f C/N9:1
By
& 250} +
=
2 200} h u
=]
S
<5 150F
&
3 100
50k
0 1 1 1 1 1
GD-1 GD  GD+l GD+2 GD#3
Time (day)

Algal Research 95 (2026) 104626

600
(b) C/N 57:1
500 C/N 16:1
& C/N9:1
en
é 400 - ‘} _1_
g
3} = _I_
2 300
o
o
=
'S 200t
2
[~
100
GD-1 GD GD+1 GD+2 GD+3
Time (day)
800
(d) C/IN 57:1
o C/N 16:1
) o .
2 ool = CN9:1
E ™ B2 =
2 -
S 400} B A
3 2
s
k]
>
S
2 200
<
O
GD-1 GD GD+1 GD+2 GD+3
Time (day)

Fig. 2. Temporal dynamics of cellular composition in MT03 under varying C/N ratios, including (a) lutein, (b) protein, (c) lipid, and (d) carbohydrate contents. Time
points are defined as follows: GD-1 (one day before glucose depletion), GD (day of glucose depletion), GD+1, GD+2, and GD+3 (one, two, and three days after
glucose depletion, respectively). The data of the group with a C/N molar ratio of 16:1 were the same as our previous work [24], due to that the experiments were

conducted concurrently, but for distinct analytical objectives.

Concurrently, lipid content exhibited a steady rise throughout the
carbon-depleted cultivation period, attaining levels of 251.29, 166.46,
and 177.75 mg/g DCW by GD+3 under the respective C/N conditions. In
stark contrast, carbohydrate content declined markedly across all
treatments, decreasing to 393.45, 262.87, and 332.82 mg/g DCW by
GD+3. These findings underscore the profound influence of the C/N
ratio on the metabolic reprogramming of C. sorokiniana. A previous
study has shown that under heterotrophic cultivation with organic
carbon supplementation, rapidly proliferating algal cells tend to accu-
mulate substantial carbohydrate reserves [10]. Consistently, before
carbon depletion, MTO03 cells typically contained carbohydrates
exceeding 50% of their dry cell weight (DCW). Furthermore, cultures
grown under high C/N ratios (e.g., 57:1) accumulated relatively higher
levels of both lipids and carbohydrates but exhibited lower protein
content. Notably, the lipid content at a C/N ratio of 57:1 was substan-
tially higher than that observed under the lower C/N ratios (16:1 and
9:1), likely due to nitrogen limitation, which redirects carbon flux to-
ward the synthesis of energy-dense storage compounds as an adaptive
strategy under nutrient imbalance [37]. Upon carbon depletion, algal
cells appear to catabolize endogenous carbohydrates to maintain a
carbon supply for essential biosynthetic processes, including the pro-
duction of proteins and energy-rich lipids necessary for cellular main-
tenance and survival. Under these conditions, the availability of
intracellular nitrogen reserves or external nitrogen sources plays a
pivotal role in facilitating enhanced protein synthesis. This metabolic
shift aligns with observations in other microalgal systems. For instance,
during the second-stage cultivation of Chlorella sp. MBFJNU-17 under a
low C/N ratio (1.5), intracellular starch content plummeted from ~55%

to 15% following glucose exhaustion, concomitant with a sharp increase
in protein content from 19.45% to 63.48% [25].

Together, these results highlight the dynamic interplay between
carbon and nitrogen availability in regulating macromolecular parti-
tioning in microalgae. In particular, the increased co-synthesis of lutein
and protein under carbon-depleted and nitrogen-replete conditions
suggests the feasibility of a two-stage cultivation strategy. This approach
would involve supplying sufficient carbon and nitrogen in the first stage
to achieve high biomass concentration, followed by a second stage under
carbon depletion and nitrogen repletion to promote the accumulation of
lutein and protein. Such a strategy may be applicable not only to other
strains of C. sorokiniana, but also potentially to other microalgae species.

3.3. Transcriptomic insights into regulatory mechanisms of
carbon-nitrogen metabolism

To further elucidate the molecular mechanisms underlying the
elevated lutein and protein contents in MT03 under a C/N ratio of 16:1,
particularly in light of their pronounced accumulation following carbon
depletion, comprehensive transcriptomic analyses were conducted at
three time points: the onset of carbon depletion (MOh), 6 h post-
depletion (M6h), and 12 h post-depletion (M12h). As illustrated in
Fig. 3(a), clear separation among samples collected at MOh, M6h, and
M12h along PC1 indicates substantial transcriptional reprogramming in
response to carbon depletion. Differential gene expression (DEG) anal-
ysis revealed that, compared with MOh, 253 genes were significantly
upregulated and 844 were downregulated at M6h (Fig. 3(b)). In the
comparison between M12h and MOh, the number of DEGs increased
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markedly, with 485 genes upregulated and 1596 genes downregulated
(Fig. 3(c)). KEGG pathway enrichment analysis of these DEGs (Fig. 3(d)
and (e)) showed significant overrepresentation of pathways associated
with carbon metabolism, porphyrin metabolism, carotenoid biosyn-
thesis, and several amino acid metabolic pathways. These enriched
pathways are consistent with the observed biochemical composition in
MTO3 (Fig. 2), including the concurrent increases in lutein and protein
contents during carbon depletion, thereby providing a transcriptional
basis for the strain's metabolic adaptation under nutrient stress.

3.3.1. Time-course analysis of gene expression related to carbon and
nitrogen metabolism

Given the significant alterations in carbon metabolism and the
biosynthesis of specific amino acids observed in MTO03 (Table 1), a
comprehensive analysis of gene expression related to carbon and ni-
trogen metabolism was performed. In heterotrophic cultivation, micro-
algal cells utilize glucose as their sole carbon source, which is
catabolized through glycolysis to acetyl-CoA for entry into the tricar-
boxylic acid (TCA) cycle. As illustrated in Fig. 4, key TCA cycle-
—associated genes, including OGDH, SUCS, SDH, and MDH, were
significantly downregulated over time following carbon depletion,
indicating pronounced suppression of TCA cycle activity under carbon-
limited conditions. Since the TCA cycle provides essential carbon skel-
etons and energy in the form of ATP and NAD(P)H to sustain cellular
growth, the decline in biomass concentration observed after carbon
depletion (Fig. 1) is likely a direct consequence of this metabolic
repression.

Concurrently, the expression of ALT (alanine transaminase) exhibi-
ted a progressive upregulation over time, promoting the transamination
of pyruvate and thereby enhancing the biosynthesis of alanine and other
related amino acids. In contrast, GDHA (glutamate dehydrogenase
(NADP+)) was progressively downregulated, which would limit the
deamination of glutamate to 2-oxoglutarate and help preserve intra-
cellular glutamate pools. These transcriptional changes align with the
elevated intracellular concentrations of alanine and glutamate measured
at 6 h (M6h) and 12 h (M12h) post-carbon depletion (Table 1). A pos-
itive correlation between ALT expression and amino acid accumulation
has also been documented in Chlorella species [38], further supporting
the functional relevance of this regulatory pattern.

Acetyl-CoA is a central metabolic node, feeding into both the fatty
acid biosynthesis and TCA cycle. The conversion of acetyl-CoA to

Table 1

Amino acid composition of the MTO03 strain at three time points: glucose
depletion (MOh), 6 h post-depletion (M6h), and 12 h post-depletion (M12h).
Data marked with asterisks indicate significant differences between M6h/M12h
and MOh as determined by two-tailed t-tests (*p < 0.05, **p < 0.01).

Amino acids (AA, %DW) MOh M6h M12h
Essential amino Lys 2.34 £0.05 2.81 £ 0.14** 2.97 + 0.09**
acids (EAAs) Phe 0.88 + 0.03 1.11 + 0.03** 1.18 + 0.03**
Thr 1.17 £ 0.02 1.40 + 0.08** 1.47 £+ 0.04**
Met 0.52 £+ 0.02 0.46 + 0.19 0.65 + 0.02**
Ile 0.64 + 0.03 0.86 + 0.06** 0.91 + 0.02%*
Leu 1.77 £ 0.04 2.30 + 0.11%** 2.41 £ 0.07**
Val 1.11 +£ 0.05 1.29 + 0.11 1.38 + 0.04**
Arg 2.28 + 0.01 2.27 £ 0.19 2.36 + 0.02%*
His 0.55 + 0.01 0.60 + 0.06 0.64 + 0.05*
Non-essential amino  Gly 1.27 £ 0.03 1.40 £ 0.13 1.51 + 0.04**
acids (NEEAs) Ala 1.89 + 0.04 2.14 + 0.26** 2.33 £ 0.05%*
Asp 2.31 + 0.07 2.55 + 0.12* 2.66 + 0.04**
Ser 1.12 + 0.04 1.25 + 0.10 1.33 + 0.03**
Glu 3.60 £+ 0.03 4.84 + 0.45%* 5.34 £ 0.34**
Pro 1.39 + 0.09 1.42 +0.01 1.43 + 0.06
Cys 0.00 + 0.00 0.23 £ 0.06** 0.32 + 0.01%*
Tyr 1.88 + 0.03 2.18 £ 0.07** 2.36 £ 0.03**
Total EAAs 11.28 £ 0.23  10.22 + 0.72* 10.97 £ 0.31
Total NEAAs 13.46 £ 0.14  18.88 + 1.43**  20.28 £+ 0.67**
Total AA 24.74 £0.37  29.10 + 2.14 31.25 + 0.98**
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malonyl-CoA is catalyzed by acetyl-CoA carboxylase (ACC), the first
committed and rate-limiting enzyme in fatty acid biosynthesis,
providing the essential substrate for chain elongation [39]. It was found
that the expression levels of ACC and OASIII in MT03 were significantly
upregulated at both M6h and M12h, which likely promotes fatty acid
biosynthesis. This transcriptional response aligns with the observed in-
crease in lipid content (Fig. 2(c)). Similarly, in a study on Chlamydo-
monas reinhardtii CW-15, overexpression of ACC was shown to directly
enhance lipid accumulation [40].

Starch biosynthesis proceeds from glucose-6-phosphate (G6P) via
glucose-1-phosphate (G1P) and ADP-glucose to amylose formation. As
illustrated in Fig. 4, the expression of GBSS (granule-bound starch syn-
thase), a central gene in starch biosynthesis, was markedly down-
regulated over time in MTO03. In contrast, the starch-degrading gene ISA
(isoamylase) was significantly upregulated at M6h and M12h. A previ-
ous study has demonstrated a strong negative correlation between ISA
expression and starch content [41]. Collectively, the reduction in total
carbohydrate content in MTO3 (Fig. 2(d)) appears to stem from sup-
pressed starch biosynthesis and enhanced starch degradation at the
transcriptional level following carbon depletion. This mechanism may
help the microalgal cells to survive from glucose starvation, resulting in
a relatively stable biomass concentration after an initial decline (Fig. 1).

3.3.2. Time-course analysis of gene expression related to pigment
metabolism

Given the substantial difference in lutein content in MT03 before and
after carbon depletion, the expression profiles of genes involved in
porphyrin and carotenoid biosynthesis were analyzed. Porphyrin
metabolism originates from L-glutamate and proceeds through a series
of enzymatic reactions to form protoporphyrin IX, which serves as the
common branch-point precursor for both heme and chlorophyll
biosynthesis [42]. A previous study has shown that in MT03, a G1106D
substitution in the CHLH subunit of magnesium chelatase impairs
magnesium insertion into PIX, resulting in loss of enzyme activity and
consequent blockade of metabolic flux into the chlorophyll branch [24].
As shown in Fig. 5, genes associated with protoporphyrin IX biosyn-
thesis, such as HMBS and UROD, exhibited a progressive down-
regulation over time. In contrast, heme content was significantly higher
at both M6h and M12h compared to MOh. This accumulation may be
attributed to the pronounced downregulation of heme degradation-re-
lated genes during the post-depletion phase (Fig. 5). Moreover, despite
an overall reduction in porphyrin pathway flux, the obstruction of
chlorophyll synthesis is expected to shunt a greater proportion of the
available PIX toward heme biosynthesis. Heme functions as an essential
cofactor for cytochrome P450 enzymes (e.g., CYP97s), mediating elec-
tron transfer from NADPH to molecular oxygen; thus, its cellular
availability can directly modulate the catalytic efficiency of CYP97s in
lutein biosynthesis [43]. The observed suppression of heme degradation
genes likely promoted heme accumulation, thereby enhancing the
enzymatic capacity of CYP97s to catalyze the conversion of a-carotene
to lutein.

In the carotenoid biosynthetic pathway, which originates from the
terpenoid backbone, phytoene is sequentially desaturated by phytoene
desaturase (PDS) to {-carotene and then by {-carotene desaturase (ZDS)
to lycopene [44]. As illustrated in Fig. 5, PDS and ZDS showed signifi-
cant upregulation at M6h and M12h, potentially increasing lycopene
availability and thereby promoting downstream carotenoid biosyn-
thesis. Previous studies have reported that PDS expression is strongly
upregulated during carotenoid accumulation in Haematococcus pluvialis
[45], and that endogenous overexpression of PDS significantly enhances
carotenoid production [46]. Lycopene is subsequently channeled into
two major branches. One branch involves the conversion of lycopene to
§-carotene, followed by cyclization catalyzed by lycopene B-cyclase
(LCYB) to form a-carotene [47]. a-Carotene is then hydroxylated by
CYP97C or CYP97A to yield a-cryptoxanthin or zeinoxanthin, respec-
tively, which are ultimately converted to lutein [48]. In this study, the
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expression levels of both LCYB and CYP97C exhibited significant upre-
gulation over time, which correlates well with the observed increase in
lutein content following carbon depletion.

Collectively, the findings from these transcriptional analyses provide
a mechanistic basis for the enhanced co-accumulation of lutein and
protein in MT03 under carbon-depleted and nitrogen-replete conditions.
This highlights the coordinated regulation of central carbon metabolism,
macromolecular biosynthesis, heme homeostasis, and carotenoid
biosynthesis in response to nutrient stress. The MTO03 is a chlorophyll-
deficient yellow mutant of C. sorokiniana, resulting from a mutation in

the CHLH subunit of magnesium chelatase. This mutation substitutes
glycine with aspartic acid at position 1106 (G1106D), which impairs the
magnesium chelation reaction and consequently disrupts chlorophyll
biosynthesis [24]. Hence, the mutant MTO3 remains a strain of
C. sorokiniana. The mechanistic basis for the enhanced co-accumulation
of lutein and protein under carbon-depleted and nitrogen-replete con-
ditions may be applicable to other strain of C. sorokiniana.
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3.4. Enhancing lutein and protein co-production through carbon-nitrogen
metabolic regulation in a 5-L bioreactor

The aforementioned results indicate that a C/N ratio of 16:1 repre-
sents the optimal condition for the co-production of lutein and protein in
MTO03. Although further induction under carbon-depleted and nitrogen-
replete conditions is detrimental to cell growth, it markedly enhances
the cellular contents of both lutein and protein. To validate the efficacy
of this two-stage strategy, MT03 was cultivated in a 5-L bioreactor. By
day 2, residual glucose in the broth declined to around 5 g/L (Fig. 6(a)).
Thereafter, glucose was maintained at ~5 g/L through fed-batch addi-
tion of a 22.85-fold concentrated medium (C/N ratio: 16:1) via a

peristaltic pump. Concurrently, the urea concentration in the broth
initially decreased, followed by a slight increase before stabilizing,
suggesting that nitrogen demand varies across different growth phases.
Under this feeding regime, MT03 achieved a biomass concentration of
209.88 g/L after 7.5 days of cultivation. Despite the high cell density,
the fermentation broth remained well-mixed and exhibited good fluidity
throughout the cultivation, with algal cells uniformly dispersed in the
bioreactor without sedimentation or paste formation. This homoge-
neous suspension was maintained through appropriate agitation and
aeration, enabling stable process performance even at such elevated
biomass levels. This performance is consistent with a previous report
demonstrating that C. sorokiniana CMBB276 can achieve ultrahigh-cell-
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density cultivation (>200 g/L biomass within 6 days) when a stepwise
constant feeding approach is employed to maintain glucose concentra-
tions in the 5-10 g/L range [11].

However, at this stage, the cellular contents of lutein and protein
remained relatively low at 1.39 mg/g and 0.35 g/g, respectively (Fig. 6
(b)). To further enhance product accumulation, feeding was terminated
at 7.5 days to establish carbon-depleted and nitrogen-replete conditions.
As illustrated in Fig. 6(a), glucose was rapidly exhausted to 0 g/L
following feed cessation, while urea concentration dropped sharply to
~0.32 g/L and then gradually declined to ~0.20 g/L by day 9.5.
Correspondingly, biomass concentration decreased significantly due to
carbon limitation, falling to 165.52 g/L by day 9.5. Notably, however,
lutein and protein contents increased dramatically within 24 h, by
87.8% and 17.1%, respectively, reaching values of 2.61 mg/g and 0.41
g/g at day 8.5, after which they remained relatively stable (Fig. 6(b)).
These findings demonstrate that while a C/N ratio of 16:1 supports
maximal biomass accumulation, a subsequent shift to carbon-depleted
and nitrogen-replete conditions effectively triggers metabolic reprog-
ramming that favors the co-accumulation of lutein and protein, despite a
trade-off in biomass yield. Additionally, urea was employed as the ni-
trogen source in the bioreactor to circumvent the inhibitory effect of
sodium ion accumulation associated with sodium nitrate use [11]. This
choice resulted in a substantially lower lutein content compared to
shake-flask cultures using sodium nitrate (4.34 mg/g) (Fig. 2(a)).
Similarly, a previous study has reported that lutein accumulation in
C. sorokiniana FZU60 is significantly higher under sodium nitrate than
under urea [12].

Under the implemented two-stage strategy, MTO03 achieved
maximum production of 481.63 mg/L for lutein and 76.31 g/L for
protein (Fig. 6(b)). To the best of current knowledge, lutein production
reported in microalgal systems typically ranges from 14.8 to 415.93 mg/
L [1,2,12,49,50]. Thus, the lutein production attained in this study
represents the highest value documented to date. In comparison, protein
production in microalgae has also been enhanced through advanced
heterotrophic processes. For instance, an ultrahigh-density cultivation
of the high-protein strain C. sorokiniana CMBB276, employing pH con-
trol via ammonium hydroxide and reduced nitrogen feeding, yielded
86.55 g/L protein with a cellular content of 37.3% [11]. More recently,
reducing the C/N ratio from 18 to 6 via a two-stage nitrogen modulation
approach further increased protein content to 58.6% and achieved a
final titer of 87.0 g/L [26]. Although the protein production in MT03 is
marginally lower than these values, it exceeds the majority of previously
reported titers, which typically range from 4.15 to 16.76 g/L [25,51,52].
Notably, the chlorophyll-deficient phenotype of MTO03 is inherently
linked to constitutively elevated lutein and protein levels, highlighting
its strong potential for the industrial-scale co-production of these high-
value biomolecules.

4. Conclusions

Strategic modulation of carbon-nitrogen metabolism through C/N
ratio adjustment effectively enhances lutein and protein biosynthesis in
heterotrophically cultivated C. sorokiniana MT03. Integrated physio-
logical and transcriptomic analyses demonstrate that carbon depletion
coupled with nitrogen repletion redirected metabolic flux toward lutein
and protein synthesis while suppressing competing pathways. Successful
scale-up using a two-stage strategy (i.e., Stage I for high-density biomass
accumulation and Stage II for lutein and protein induction) in a 5-L
bioreactor yielded 184.46 g/L biomass, 415.93 mg/L lutein, and
76.31 g/L protein. This work provides a robust and scalable solution to
the primary bottleneck limiting commercial production of microalgal
lutein and protein.
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