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Abstract

Glycine is an amino acid that functions as both a carbon and nitrogen source. Glycine mixotrophy
enhances microalgal biomass, reduces dependency on light, and optimizes carbon and nitrogen
allocation, thereby facilitating the adaptation of microalgae to industrial production environments.
This study investigated the physiological and biochemical parameters, as well as gene expression
profiles, of Isochrysis zhanjiangensis under varying glycine concentrations to elucidate the effects of
glycine on fucoxanthin content and yield, along with its underlying mechanisms. At the physiological
and biochemical level, fucoxanthin yield peaked at 4.74 mg/L under an 8 g/L glycine concentration,
a 6.36-fold increase compared to the control group. Biomass reached its maximum of 9.38 x 10¢
cellssmL" at a 2 g/L glycine concentration, reflecting a 62.41% increase over the control. Chlorophyll
content and fluorescence parameters revealed that glycine treatment increased chlorophyll levels,
enhanced the photosynthetic activity of photosystem II (PSII), and mitigated photoinhibition. At the
gene expression level, transcriptome analysis indicated that glycine significantly upregulated the
expression of genes encoding enzymes in the Calvin cycle, potentially enhancing carbon fixation and
providing energy for algal cell proliferation. A portion of the carbon flux was redirected toward fatty
acid storage. Additionally, the fucoxanthin biosynthesis pathway gene ZEP1 exhibited elevated
expression, collectively contributing to the observed increase in fucoxanthin yield.

Keywords: Isochrysis zhanjiangensis; glycine; mixotrophy; fucoxanthin; photosynthesis; transcriptome
analysis; carbon metabolism

1. Introduction

Fucoxanthin (Fx) is a carotenoid unique to brown algae, diatoms, and golden algae, exhibiting
significant potential as a bioactive molecule. It possesses critical physiological functions, including
the suppression of cancer cell expression [1], treatment of Alzheimer’s disease [2], anti-obesity effects
[3], and anti-diabetic properties [4]. Furthermore, fucoxanthin offers potential protective effects
against various inflammation-related diseases. Traditionally, fucoxanthin is extracted from
macroalgae such as Undaria pinnatifida and Laminaria japonica, but its low content in these sources
renders it extremely costly, far exceeding the price of gold. Microalgae, with their rapid growth rates
and elevated fucoxanthin content, have emerged as a focal point for fucoxanthin production research.

Isochrysis zhanjiangensis, a marine unicellular microalga rich in fucoxanthin [5], lacks a cytoderm
[6], which facilitates fucoxanthin extraction. This species can withstand temperatures up to 35°C, and
thrives across a broad temperature range, underscoring its potential for industrial fucoxanthin
production. Recent studies indicate that fucoxanthin content in I. zhanjiangensis is significantly
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influenced by light intensity and spermidine [7]. Under low light conditions (20 pmol-m2-s') and 150
UM spermidine treatment, both fucoxanthin content and yield reached their highest levels, although
the yield remained below 1.0 mg/L. While most microalgae are cultivated autotrophically, some are
grown mixotrophically [8] or heterotrophically [9] using carbon or nitrogen sources. Compared to
mixotrophic cultivation, autotrophic growth requires more time to achieve equivalent biomass
accumulation and is often constrained by light availability in later growth stages. Mixotrophy,
however, partially alleviates light limitation, yielding greater biomass. Certain species, such as
Nannochloropsis laevis and Cyclotella cryptica, can grow heterotrophically in the dark using organic
carbon sources, sometimes exhibiting higher fucoxanthin content than autotrophic cultures [10,11].
Supplementing nutrients and altering microalgal nutritional modes offer an effective strategy for
high-density cultivation.

Glycine (Gly), an amino acid with dual carbon and nitrogen source properties, demonstrates
high bioavailability as a nitrogen source for microalgae due to its solubility and stability in aquatic
environments [12]. Its metabolites contribute to energy metabolism pathways, including glycolysis
and the tricarboxylic acid cycle, in algal cells [13]. Glycine mixotrophy has been shown to promote
biomass accumulation in 1. zhanjiangensis [14], a finding corroborated in other algal species [15,16].
Additionally, glycine enhances secondary metabolite content in plants and algae [16,17], though its
impact on fucoxanthin levels in I. zhanjiangensis remains unreported.

Notably, glycine also modulates photosynthesis in plants. For instance, 2.85 mM glycine
increases photosynthesis in rice leaves under cold stress by upregulating chlorophyll content, Y(II),
and qP [18]. Exogenous 10 mM glycine mitigates drought stress in Pinus bungeana by enhancing
Fv/Fm, Y(II), and NPQ [19], while 5 mM glycine boosts the net photosynthetic rate in Caragana
korshinskii [20]. Whether glycine similarly enhances photosynthetic efficiency in I. zhanjiangensis,
thereby influencing the synthesis of the light-harvesting pigment fucoxanthin, remains unexplored.

Transcriptome analysis has increasingly been applied to investigate algal metabolite
metabolism. Liu, et al. [21] utilized transcriptomics to identify key genes and their functions in methyl
jasmonate-induced fucoxanthin synthesis in Phaeodactylum tricornutum, suggesting that methyl
jasmonate enhances fucoxanthin content via amino acid biosynthesis and carbon metabolism
pathways. Li, et al. [22] employed transcriptomics to examine the effects of different light
wavelengths on carotenoid biosynthesis in Dunaliella salina. Additionally, transcriptomics has
elucidated the influence of nutritional modes on secondary metabolite production within the same
species. Pal, et al. [23] used comparative transcriptomics to uncover differences in autotrophic and
heterotrophic modes related to secondary metabolite biosynthesis in Swertia chirayita. Given the
complex and poorly understood metabolic processes of I. zhanjiangensis, transcriptome analysis
represents a viable and comprehensive approach to investigate the mechanisms by which glycine
mixotrophy affects fucoxanthin synthesis pathways in this species.

2. Results

2.1. Effects of Glycine Concentration on the Growth of I. zhanjiangensis

The effects of different glycine concentrations on the growth of 1. zhanjiangensis are presented in
Figure 1. On the 11th day, the 2 g/L Gly treatment group exhibited the highest cell density, reaching
9.38x10¢ cellss-mL', which was 62.41% higher than that of the control group. All glycine-treated
groups showed a substantial increase in cell density compared to the control group, with all
differences being highly significant (P < 0.001). Meanwhile, the control group gradually entered the
plateau phase on the sixth day, whereas the glycine-treated groups continued to increase in cell
number, with a decline in growth rate observed only on the tenth day, marking the onset of the
plateau phase. Although the high-concentration glycine treatment groups (16 g/L and 32 g/L)
exhibited evident growth inhibition compared to the control group during the early stage of algal
growth (days 1 to 6), their cell densities by the 11th day were still highly significantly greater than
that of the control group (P < 0.001).
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Figure 1. Effects of glycine on the growth of 1. zhanjiangensis.

2.2. Effects of Glycine Concentration on Fucoxanthin Content and Yield in I. zhanjiangensis

The influence of glycine on fucoxanthin content is depicted in Figure 2A. Except for the 2 g/L
treatment group, the intracellular fucoxanthin content of I. zhanjiangensis increased highly
significantly with increasing glycine concentration (P < 0.001). The intracellular fucoxanthin content
exhibited a continuous upward trend with increasing glycine concentration and began to stabilize at
16 g/L; the 16 g/L and 32 g/L treatment groups displayed the highest intracellular fucoxanthin
content, reaching 5.44~5.51x10~* mg/105 cells, representing an increase of 96.35% to 99.04% compared
to the control group.

Fucoxanthin yield (Figure 2B) was significantly higher in all glycine treatments compared to the
control (P <0.0001). The fucoxanthin yield per unit volume of algal culture showed a trend of initially
increasing and then decreasing with increasing glycine concentration; at 8 g/L glycine, the optimal
treatment concentration, the fucoxanthin yield reached its maximum value of 4.78 mg/L, which was
5.41-fold higher than the control.

In scaled-up cultures (1 L), the fucoxanthin content and yield results for the control group and
the optimal glycine treatment concentration (8 g/L) of I. zhanjiangensis are presented in Figure 2C and
Figure 2D. Under the 8 g/L glycine treatment, the fucoxanthin yield of I. zhanjiangensis was 2.96 g/L,
an increase of 69.16% compared to the control group; the content was 3.50x10* mg/10° cells, an
increase of 50.89% compared to the control group, with both differences being highly significant (P <
0.0001).
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Figure 2. Effects of glycine on fucoxanthin content and yield in I. zhanjiangensis. (A) Fucoxanthin content, (B)
Fucoxanthin yield, (C) Fucoxanthin content in scaled-up cultures, (D) Fucoxanthin yield in scaled-up cultures.

2.3. Effects of Glycine Concentrations on Chlorophyll Concentration in I. zhanjiangensis

The impact of glycine on chlorophyll content is shown in Figure 3. Glycine-treated groups
exhibited higher chlorophyll a, chlorophyll ¢, and total chlorophyll levels than the control, with
concentrations initially increasing and then declining with rising glycine levels. The 8 g/L treatment
yielded the highest values: 2.19 mg/L (chlorophyll a), 1.37 mg/L (chlorophyll c), and 3.54 mg/L (total
chlorophyll), corresponding to 6.16-fold, 1.44-fold, and 2.72-fold increases over the control,
respectively (P < 0.0001). Chlorophyll a showed a more pronounced increase than chlorophyll c.
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Figure 3. Effects of glycine on chlorophyll content in I. zhanjiangensis.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.2342.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 July 2025 do0i:10.20944/preprints202507.2342.v1

5 of 16

2.4. Effects of Glycine Concentrations on Chlorophyll Fluorescence Parameters and ROS Levels
in 1. zhanjiangensis

Changes in chlorophyll fluorescence parameters with glycine concentration are illustrated in
Figure 4. The maximum quantum yield (Fv/Fm) decreased at 2 g/L and then increased (Figure 4A).
The actual photosynthetic efficiency (Y(II)) rose with concentration, stabilizing at 0.493-0.497 beyond
8 g/L (P < 0.0001 vs. control) (Figure 4B). The photochemical quenching coefficient (qP) increased
significantly at higher concentrations (P < 0.01) (Figure 4C), while non-photochemical quenching
(NPQ) decreased significantly across all treatments (P < 0.0001) (Figure 4D). Reactive oxygen species
(ROS) levels initially declined, reaching a minimum at 16 g/L, then increased (Figure 4E).
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Figure 4. Effects of glycine on chlorophyll fluorescence parameters in I. zhanjiangensis. (A) Fv/Fm, (B) Y(II), (C)
qP, (D) NPQ, (E) ROS.

2.5. Potential Mechanisms of Glycine Affecting Cell Proliferation and Fucoxanthin Synthesis in I. zhanjiangensis

Figure 5 reveals the potential mechanisms by which glycine affects cell proliferation and
fucoxanthin accumulation in I. zhanjiangensis. Transcriptome results showed that the expression of
the glycine decarboxylase gene (GLDC), a key enzyme in the glycine cleavage system (GCS), was
upregulated by 1.10, suggesting that after entering the cell, glycine may be catalyzed by GCS to form
ammonia, carbon dioxide, and serine. The expression of glutamine synthetase (GS), a key enzyme in
nitrogen assimilation, was upregulated by 2.27, indicating that the ammonia produced may be linked
to the glutamine synthetase-glutamate synthase (GS-GOGAT) cycle and participate in nitrogen
assimilation. As shown in Figure 5, the expression of genes involved in catalyzing the interconversion
of various substances in the Calvin cycle, namely GAPDH, TK, PGK, PRK, and rbcL, was upregulated
by 3.05, 3.07, 2.7, 2.26, and 1.57, respectively. Simultaneously, the gene transcription level of
ferredoxin-NADP* reductase (FNR) was observed to increase by 4.78.

The expression of genes related to the fucoxanthin chlorophyll a/c-binding protein (FCP)
subunits, which are closely associated with algal photosynthetic efficiency and composed of
fucoxanthin, also underwent significant upregulation. A total of 29 FCP subunit genes were
significantly upregulated, with Lhcql1, Lhcr2, and Lhcfl upregulated by 4.42, 4.03, and 3.72,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.2342.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 July 2025 d0i:10.20944/preprints202507.2342.v1

6 of 16

respectively. In the fucoxanthin biosynthesis pathway, PDS, ZEP, and VDE were upregulated by 1.51,
2.18, and 1.33 times, respectively, while ZDS and LCYb were downregulated by 0.83 and 0.72 times,
respectively (Figure 5).
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Figure 5. Exogenous glycine influences cell proliferation and fucoxanthin synthesis in I. zhanjiangensis. Note:
Transcriptome sequencing was conducted at 8 g/L glycine. Red indicates upregulated gene transcription; blue

indicates downregulated gene transcription. Purple represents decreased content.

In the carbon source metabolism process, the transcription level of the ACS gene, which encodes
the key enzyme acetyl-CoA carboxylase (ACCase), increased by 2.95. ACCase has been confirmed as
a critical enzyme in fatty acid synthesis, and its expression is closely related to fatty acid synthesis.
Fatty acids are the primary form of energy storage and transfer in cells and may serve as the metabolic
direction for the carbon flow produced by carbon fixation.

To verify the direction of carbon flow, we measured the fatty acid profiles of I. zhanjiangensis in
an 8 g/L glycine treatment group and a control group (Figure 6). Following the addition of glycine,
the overall fatty acid content was higher than that of the control group, with all individual fatty acids
except hexadecatetraenoic acid(C16:4) exhibiting a highly significant increase (P < 0.01). Specifically,
the content of eicosapentaenoic acid (EPA, C20:5) was relatively high and increased by 77.60%
compared to the control group. Additionally, in the glycine-treated I. zhanjiangensis, oleic acid (C18:1),
linoleic acid (C18:2), and arachidonic acid (C20:4) also showed substantial increases, with elevations
of 168.45%, 151.25%, and 138.04%, respectively, compared to the control group.
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Figure 6. Effects of glycine (8 g/L) on fatty acid content in I. zhanjiangensis.
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3. Discussion
3.1. Glycine Significantly Promotes the Accumulation of Biomass in 1. zhanjiangensis

Growth results indicate that the cell number in the glycine treatment group was significantly
higher than that in the control group. This effect is not exclusive to I. zhanjiangensis; when certain
microalgae utilize glycine as a nitrogen source, they also exhibit higher cell densities [24-26].
Concurrently, studies have found that Tetraselmis sp. under glycine treatment demonstrates a higher
cell growth rate [27]. Research confirms that glycine can form dissolved free amino acids in the
culture medium, making it more readily utilizable by microalgae [24]. Within cells, glycine can be
catalyzed by glycine decarboxylase (GDC) and serine hydroxymethyltransferase (SHMT) to convert
two glycine molecules into one serine molecule, releasing one molecule of CO, and NHjs [28]. The
NH; can be reutilized to form various amino acids required by the cell, while CO; can participate in
numerous metabolic activities within the cell. Additionally, glycine can assist algal cells in alleviating
photoinhibition during the mid-to-late growth stages, potentially by reducing photosynthetic
metabolic stress and regulating energy metabolism to promote algal cell proliferation. Woo et al. [29]
suggest that glycine, through oxidative decarboxylation in mitochondria, provides NADH for NOs"
reduction. The increase in intracellular NH; and CO; levels may supply fundamental substances for
cell metabolism, enhance its reaction capacity, and accelerate energy production processes, thereby
resulting in faster cell growth and increased density.

However, ammonia also exerts an inhibitory effect on cells, which varies depending on the
microalgal species. Reports indicate that the marine microalga Dunaliella tertiolecta exhibits cell
growth inhibition when ammonia concentrations exceed 10 mM [30]. Since glycine is enzymatically
decomposed into CO, and NH; within cells, higher glycine concentrations may lead to excessively
high intracellular ammonia levels. This excessive ammonia concentration may be one of the reasons
why the cell concentrations in the 16 g/L and 32 g/L treatment groups showed growth inhibition in
the early growth stage compared to the control group, while the overall cell number remained lower
than that in the 2 g/L, 4 g/L, and 8 g/L treatment groups.

3.2. Glycine Induces the Production of Fucoxanthin in Algae Through Carbon and Nitrogen Supplementation

Glycine can serve as both a nitrogen source and a carbon source to promote the accumulation of
fucoxanthin in microalgae. Studies confirm that, compared to culture media without a carbon source,
supplementation with a carbon source increased the fucoxanthin content in Paviova sp. OPMS 30543
by 0.84 times [31]. The fucoxanthin content obtained from mixotrophic Nitzschia laevis was higher
than that from autotrophic growth [32]. High nitrogen concentrations (=300 mg/L) also facilitate
greater fucoxanthin accumulation in microalgae (0.54% to 2.33% Dry Weight) [33-35]. As a light-
harvesting pigment that absorbs light energy and transfers it to chlorophyll a, fucoxanthin can be
utilized to synthesize fucoxanthin-chlorophyll protein complexes (FCP), enhancing the efficiency of
light energy utilization in algal cells, as demonstrated in Phaeodactylum tricornutum [36]. Limited by
nitrogen availability, the number of FCPs may be influenced by nitrogen levels [37]. Alleviating
nitrogen limitation in algal cells may promote FCP formation, indirectly facilitating fucoxanthin
production. Research shows that under low light conditions, an increased nitrogen supply directly
promotes the formation of FCP complexes, yielding 2.78 times more fucoxanthin than in autotrophic
cells [38]. [39] reported that in Tisochrysis lutea, nitrogen supplementation significantly enhanced FCP
complex synthesis and increased fucoxanthin accumulation; furthermore, the gene expression levels
of FCP complexes were markedly affected by nitrogen supply, suggesting that nitrogen is a critical
factor in the synthesis of FCPs and fucoxanthin. High nitrogen supplementation may explain why
the fucoxanthin content in the 16 g/L and 32 g/L treatment groups was significantly higher than in
other groups. However, the 2 g/L glycine treatment group, which exhibited the highest cell density,
and the 16 g/L and 32 g/L groups, with the highest fucoxanthin content, did not achieve the highest
yield, possibly due to the mutual exclusivity between cell growth and pigment storage. After scaling
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up the culture, glycine maintained a significant advantage in promoting fucoxanthin production,
providing a theoretical foundation for subsequent large-scale industrial production.

3.3. Glycine Promotes the Synthesis of Chlorophyll as a Nitrogen Source

Chlorophyll, a nitrogen-rich compound, serves as an intracellular nitrogen pool to support
further cell growth and biomass production. Studies demonstrate that when nitrogen (70 and 700 mg
L N) was added to nitrogen-starved Chlorella, the contents of chlorophyll a and chlorophyll b
increased. This suggests that when nitrogen is sufficient, it accumulates within chlorophyll molecules
[40]. Meanwhile, insufficient nitrogen stresses microalgae, impairing their chlorophyll and protein
biosynthesis; algal cells grown without nitrogen typically adjust their metabolism to accumulate
lipids and carotenoids, favoring respiration over photosynthesis [41,42]. On this basis,
supplementing nitrogen mitigates stress, reduces respiration (including photorespiration), enhances
algal photosynthesis, and increases photosynthetic pigment content. Thus, adding glycine as a
nitrogen source is beneficial to the synthesis of photosynthetic pigments. Fathy et al. [16] found that
glycine increased chlorophyll a, chlorophyll b, and carotenoids in Synechocystis sp. by 19.4, 44.3, and
55.3 times, respectively, compared to untreated strains. However, more nitrogen is not always better.
At higher glycine treatment concentrations, the chlorophyll content in I. zhanjiangensis began to
decline, possibly due to nitrogen stress. Ahmad et al. [43] observed that both low and high nitrogen
treatments (0 and 300 kg ha™!) resulted in lower chlorophyll a content in sorghum compared to a
medium nitrogen treatment (150 kg ha), with reductions of 26.2% and 27.7%, respectively. Excessive
nitrogen supply does not enhance wheat growth, yield, or fertilizer use efficiency but instead reduces
chlorophyll content and net photosynthetic rate [44]. Therefore, an appropriate nitrogen treatment
concentration is crucial for increasing chlorophyll content.

3.4. Glycine Enhances the Photosynthetic Activity of 1. zhanjiangensis

After adding glycine, the Fv/Fm ratio slightly increased compared to the control group,
indicating that under mixotrophic conditions with glycine, photoinhibition in I zhanjiangensis
decreased, unlike other mixotrophic sources that may induce PSII photoinhibition [32]. Additionally,
under high glycine concentration treatment, Y(II) significantly increased (P < 0.0001), reaching up to
1.80 times that of the control group. This suggests that glycine enables I. zhanjiangensis to utilize more
energy for photosynthesis, rendering PSII more active and enhancing photosynthetic activity.
Furthermore, qP results indicate an increase in energy used for photochemical reactions. Cao et al.
[18] reported a similar phenomenon, where glycine treatment significantly improved Y(II) and qP
values in rice seedlings, suggesting that glycine increases the proportion of open PSII reaction centers
and maximizes light capture efficiency. This may, to some extent, promote the synthesis of the light-
harvesting pigment fucoxanthin. Moreover, culturing with glycine significantly reduces energy loss
due to non-photochemical quenching in I. zhanjiangensis. The reduction in NPQ indicates that most
of the light energy captured by I. zhanjiangensis is utilized, decreasing the over-reduction of the
photosynthetic electron transport chain caused by excess photons, reducing ROS production, and
preventing damage to photosynthetic components, thereby ensuring the effective operation of the
photosynthetic electron transport chain. Badran et al. [45] also confirmed in salt-stressed wheat that
glycine facilitates more efficient ROS scavenging.

3.5. Potential Mechanisms by Which Glycine Affects Cell Proliferation and Fucoxanthin Synthesis
in 1. zhanjiangensis

The addition of glycine upregulates the expression of a series of enzymes related to carbon
fixation, among which the rbcL gene encodes the large subunit of ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO), a key enzyme in the Calvin cycle that catalyzes the incorporation
of inorganic carbon (CO;) into carbon fixation and the formation of energy-rich carbohydrates [46].
Part of the CO, generated from glycine decomposition may be transferred to the chloroplast stroma
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for carbon fixation. The elevated transcription level of the rbcL gene facilitates I. zhanjiangensis in
fixing more inorganic carbon released from glycine, aiding in the accumulation of additional biomass.
Photorespiration involving glycine has been shown to enhance carbon fixation in the Calvin cycle by
reducing carbon loss [47], which may explain the upregulation of genes related to Calvin cycle
enzymes. The exogenous addition of glycine may enhance photorespiratory metabolism, with
downstream serine production serving as a carbon skeleton for further metabolism into PGA,
participating in the Calvin cycle and increasing its carbon fixation capacity. According to Li et al. [48],
under low light conditions, the carbon fixation capacity of I. zhanjiangensis is weak. Exogenous glycine
addition strengthens carbon fixation within algal cells, enabling I. zhanjiangensis to synthesize more
carbohydrates for central carbon metabolism, providing additional energy for cell growth, division,
and the conversion of other metabolites. The increased transcription level of the FNR gene suggests
that electron transfer between ferredoxin and NADPH may accelerate in glycine-treated algal cells,
supplying sufficient reducing power for the Calvin cycle. The elevated transcription level of the
GAPDH gene may indicate that more reducing power enters the Calvin cycle, enhancing the carbon
fixation level in microalgal cells.

The addition of glycine also contributes to improved photosynthetic efficiency. Excessive
reactive oxygen species (ROS) production is detrimental to algal cells, causing oxidative damage to
photosynthetic systems and reducing photosynthetic efficiency. Li et al. [48] found that high light
conditions (HL) generate more ROS, leading to attacks on photosynthetic components by ROS and
inhibiting fucoxanthin formation. Glycine addition effectively reduces ROS content in I.
zhanjiangensis, thereby mitigating oxidative damage to the photosynthetic system by ROS and
allowing the electron transport process in photosynthesis to proceed efficiently. Additionally, low
light conditions produce less ROS than high light conditions and induce algae to synthesize more
carotenoids, such as lutein, to capture and transfer light energy, potentially promoting the formation
of the light-harvesting complex FCP. Simultaneously, nitrogen, an essential nutrient for protein
synthesis, influences FCP synthesis. In Phaeodactylum tricornutum, FCP and general photosynthetic
pathways are downregulated during nitrogen stress [49]. Glycine treatment provides a nitrogen-rich
growth environment for I. zhanjiangensis, resulting in significant upregulation of 29 FCP subunit
genes. The upregulation of FCP protein subunit gene expression following nitrogen supplementation
may induce more fucoxanthin to bind with them, promoting fucoxanthin synthesis to some extent.

The key enzyme genes in the fucoxanthin synthesis pathway, ZEP and VDE, have been proven
critical for fucoxanthin synthesis in Phaeodactylum tricornutum, with diatom mutants lacking VDL2 or
ZEP1 showing no fucoxanthin [50]. Additionally, zeaxanthin, an upstream precursor in fucoxanthin
synthesis, increases in content to favor conversion to downstream products, promoting fucoxanthin
synthesis [51] The ZEP gene exhibits a greater fold increase in expression compared to VDE,
facilitating the conversion of zeaxanthin to violaxanthin and thus promoting fucoxanthin synthesis.
Therefore, glycine treatment enhances the upregulation of genes in the fucoxanthin synthesis
pathway in . zhanjiangensis, increasing fucoxanthin content and yield.

During carbon source metabolism, the transcription level of the ACS gene, encoding the key
enzyme acetyl-CoA carboxylase (ACCase), increased by 2.95. ACCase is confirmed as a critical
enzyme in fatty acid synthesis, with its expression closely tied to fatty acid production. Studies show
that 2-oxoglutarate (2-OG) enhances fatty acid synthesis efficiency by alleviating inhibition of
ACCase [52]. The carbon fixation process also provides numerous precursors for fatty acid synthesis,
such as PGA and G3P. Fatty acids, the primary form of energy storage and transfer within cells, may
represent the metabolic fate of carbon flow from carbon fixation.

The measured fatty acid profile (Figure 6) indicates that the overall fatty acid content following
glycine treatment was significantly higher than that of the control group, partially validating the
direction of carbon flow, where excess carbon is converted into fatty acids for cellular storage. Fatty
acids participate in multiple metabolic pathways and are closely linked to carbon, nitrogen, and
energy metabolism. As a mixotrophic source with both carbon and nitrogen properties, glycine
provides a carbon- and nitrogen-rich environment for algal cells. Fathy et al. [16] found that glycine

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.2342.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 July 2025 d0i:10.20944/preprints202507.2342.v1

10 of 16

promotes photosynthesis in Synechocystis sp. PAK13 and Chlorella variabilis DT025, inducing sugar
production that supports fatty acid biosynthesis by providing intermediates such as acetyl-CoA, G3P,
and the energy required for synthesis. Glycine may regulate carbon source allocation in microalgae,
promoting the conversion of starch to lipids and pigments, thereby facilitating the synthesis of fatty
acids and fucoxanthin, as also observed in Lu et al. [32]. As a mixotrophic source with dual carbon
and nitrogen properties, glycine regulates carbon and nitrogen allocation within I. zhanjiangensis,
promoting the metabolic conversion to fucoxanthin and achieving increased fucoxanthin production.

4. Materials and Methods

4.1. Algal Strains and Culture Conditions

The I. zhanjiangensis strain used in this study was obtained from the Laboratory of Marine
College, Ningbo University. Algal cells were inoculated at an initial concentration of 1x10¢ cells-mL-
into F/2 culture medium prepared with seawater, supplemented with varying concentrations of
glycine (Gly) as an organic carbon source. The medium formulation adhered to DB3302/T 162-2018
(Technical Specifications for Large-Scale Cultivation of Marine Microalgal Feed). Cultures were
maintained in an illuminated incubator under a light intensity of 55 umol-m--s, a photoperiod of 12
h light : 12 h dark, and a temperature of 25°C. The initial algal cell concentration was 1x10¢ cells-mL-
1, with a culture volume of 100 mL. Glycine was added at seven concentrations: 0 g/L, 2 g/L, 4 g/L, 8
g/L, 16 g/L, and 32 g/L, with 0 g/L serving as the control. Each treatment was conducted in triplicate.
Cultures were manually shaken several times daily to prevent cell adhesion to the flask walls.

4.2. Determination of Cell Parameters

From 0 h, 3 mL of algal suspension was sampled every 24 h until the stationary phase was
reached. The optical density at 680 nm was measured using a UV-5200 UV-Vis spectrophotometer
(Shanghai Metash Instruments Co., Ltd.). Cell density of I. zhanjiangensis was calculated using the
regression equation:

Y =94.446 x X - 6.6741 (R2=0.9934)
Y: cell number (10° cells'mL1); X: absorbance at 680 nm; R2 coefficient of determination.

4.3. Determination of Fucoxanthin Content and Yield

On day 7 of cultivation(the start of stationary phase), 5 mL of algal culture was collected from
each flask and centrifuged at 6,000 rpm for 10 min. The supernatant was discarded, and the resulting
pellet was resuspended in 2 mL of absolute ethanol. The suspension was mixed thoroughly and
incubated in a 45 °C water bath in the dark for 1 h. Following incubation, the mixture was centrifuged
again at 6,000 rpm for 10 min, and the supernatant was collected. The extraction was repeated once
under identical conditions, and the two supernatants were combined. The absorbance of the pooled
extract was measured at 445 nm using a spectrophotometer. Fucoxanthin content and yield were
calculated based on the absorbance values according to the following equations. All treatments were
performed in triplicate with three biological replicates.

The equation for calculating fucoxanthin content is as follows:

D = (1000 x A5 x N x V) / (100 x Arzlem x Y)

D: fucoxanthin content (mg/10° cells); A445: absorbance of the extract at 445 nm; N: dilution
factor; V: volume of the crude extract (mL); Aix'e™: theoretical absorbance of fucoxanthin at 1 g/L in
a1 cm cuvette (1600); Y: cell density (10° cells/mL).

Fucoxanthin yield (mg/L) was calculated as:

Yield = (1000 x D x Y) / V1

D: fucoxanthin content (mg/10° cells); Y: cell density (105 cells/mL); Vi: volume of algal
suspension used for centrifugation.
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4.4. Determination of Fucoxanthin Content and Yield in Scaled-Up Cultures

Algal cells were inoculated at 1x10° cells'mL into F/2 medium supplemented with glycine at
the optimal concentration, determined from prior experiments. Cultures were maintained under the
same conditions as in section 2.1, with an initial cell concentration of 1x106 cells-mL-! and a volume of
1 L. The control group was cultured without glycine. Each treatment was performed in triplicate, and
cultures were shaken daily to prevent cell adhesion. Cell density, fucoxanthin content, and yield were
measured following the methods outlined in sections 2.2 and 2.3.

4.5. Effects of Glycine on Photosynthetic Parameters in 1. zhanjiangensis

4.5.1. Determination of Chlorophyll Content

Take 10 ml from each bottle of algal culture that has grown to the stationary phase. Use a high-
speed refrigerated centrifuge (Eppendorf, Germany) to centrifuge at 4°C, 4000 rpm for 10 min,
discard the supernatant. Add an equal volume of methanol (10 ml) to the pellet, and incubate in the
dark for 24 h. Then centrifuge again at 6000 rpm for 10 min, take the supernatant, and use a UV
spectrophotometer to measure the absorbance at 663 nm and 645 nm. The concentrations of
chlorophyll a, chlorophyll ¢, and total chlorophyll in the extract can be calculated using standard
formulas:

Chla=12.7x Aee3-2.59% Asss

Chlc=22.9xAe15-4.68x Ass3

ChlT=20.2xAes5+8.02x Aes3
Ase3 = absorbance at 663 nm; Aess = absorbance at 645 nm.

4.5.2. Chlorophyll Fluorescence Parameters

On the 7th day post-glycine treatment, 2 mL of algal suspension was sampled from each
treatment group. Chlorophyll fluorescence parameters were measured using AquaPen and FluorPen
software, following the manufacturer’s instructions. This technique evaluates the photosynthetic
efficiency of photosystem II (PSII) in microalgal cells. Light intensities at 540 nm were set to 10, 20,
50, 100, 300, 500, and 1000 umol-m2s? for 60 s. An induction curve was measured with a 20 s delay
before illumination (300 umol-m?-s7), followed by saturation pulses (3000 pmol-m2-s7) to assess non-
photochemical quenching (NPQ) and quantum yield. Saturation pulses were applied every 21 s for 2
s until photoinactivation occurred after 4 min. The minimal fluorescence (Fo) was maintained between
200~500 au to ensure measurement accuracy. Following 15 minutes of dark adaptation, Fv/Fm, Y(II),
NPQ, and qP were recorded.

4.6. Determination of ROS Content

Cells from cultures grown for 7 days under 0 g/L and 8 g/L Gly conditions (15 mL each) were
harvested by low-temperature centrifugation at 500 x g for 10 min. The supernatant was discarded,
and the pellet was washed and resuspended in phosphate-buffered saline (0.1 mol/L PBS, pH 7.2).
The cell suspension was incubated with 10 uM 2’,7’-dichlorofluorescein diacetate (DCFH-DA) at 37°C
in the dark for 40 min, with gentle mixing every 5 min. After incubation, cells were washed with PBS
and resuspended for fluorescence measurement. Fluorescence intensity was detected using a
multifunctional microplate reader (SpectraMax iD3) at an excitation wavelength of 488 nm and
emission wavelength of 525 nm. As values may vary across instruments, reactive oxygen species
(ROS) levels were expressed in arbitrary units (AU).

4.7. Transcriptome Assay

After culturing I. zhanjiangensis with 8 g/L glycine for 24 h, 50 mL of algal suspension was
centrifuged at 5000 rpm for 10 min at 4°C. The supernatant was discarded, and the pellet was
resuspended in 1 mL PBS buffer, transferred to a 1.5 mL RNA-free centrifuge tube, and centrifuged
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again under the same conditions. After removing the supernatant, the tube containing the algal pellet
was flash-frozen in liquid nitrogen for 5 min and stored at -80°C. Samples were labeled and shipped
under low-temperature conditions to Suzhou Anshengda Company for sequencing. Differential gene
expression analysis was conducted using DESeq2 (v1.6.3) from the Bioconductor package, with
significance defined as a fold change > 2 and g-value (FDR, padj) < 0.05. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed using the
clusterProfiler package in R (v3.4.3). Metabolic pathways related to fucoxanthin synthesis were
investigated using KEGG mapper and clusterProfiler.

4.8. Esterification and Analysis of Fatty Acids

On the seventh day of cultivation, the algae culture was centrifuged to concentrate the cells,
which were then vacuum-dried for 24 hours using a vacuum pump. From each sample, 35 mg of
dried algae powder was taken and subjected to lipid extraction using a chloroform-methanol mixture
(chloroform:methanol = 2:1, v/v). The resulting supernatant was collected and evaporated to dryness
under a stream of nitrogen. For methylation, 1.5 mL of methanolic sulfuric acid solution (sulfuric
acid:methanol = 5:95, v/v) was added to the residue and incubated in a water bath at 70 °C for 4 hours
to convert fatty acids into fatty acid methyl esters (FAMEs). Following methylation, 1.5 mL of n-
hexane and 1.5 mL of ultrapure water were added to the mixture, which was then vortexed
thoroughly and allowed to stand for 30 minutes. The upper organic phase was carefully collected
and filtered through a 0.22 um organic membrane filter into a GC vial for subsequent analysis.
FAMESs were analyzed using gas chromatography—-mass spectrometry (GC-MS) on an Agilent 5977C
GC/MSD system.

4.9. Data Statistics and Analysis

Three groups of experimental data were collected under identical conditions and analyzed in
parallel. Statistical analysis was performed using Microsoft Excel 2019, and the standard deviation
(SD) was calculated for each group. All error bars in the figures represent the mean+standard
deviation (mean+SD), reflecting the variability among biological replicates. Statistical significance
was assessed using SPSS Statistics 19 with one-way ANOVA and post-hoc LSD tests, with a
significance level of P <0.05.

5. Conclusions

This study investigated the effects of exogenous glycine on cell proliferation and fucoxanthin
synthesis in I. zhanjiangensis. Fucoxanthin production reached its highest level under the treatment
with 8 g/L glycine. Glycine enhances photosynthetic efficiency and reduces reactive oxygen species
(ROS) levels, thereby minimizing oxidative damage to the photosynthetic apparatus. It upregulates
genes encoding FCP subunits and ZEP, promoting fucoxanthin formation. Additionally, glycine
strengthens the Calvin cycle, enabling greater fixation of inorganic carbon and production of
carbohydrates, which supports biomass accumulation and cell proliferation. These combined effects
ultimately maximize fucoxanthin yield.
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