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Abstract

Microalgae are increasingly being utilized as sustainable materials for

aquaculture feed production. As microalgae-derived compounds, including those

with health benefits to humans, can accumulate in the bodies of fish and shellfish,

enhancing the production of these compounds will further add value to the

utilization of microalgae as aquaculture feed. Although light intensity has been

known to affect the composition of intracellular compounds, the relationship

between light intensity and the production of health-beneficial metabolites in

microalgae remains unclear. Hence, in this study, the changes in the production

of water- and lipid-soluble compounds in Chaetoceros gracilis, a diatom species

used as aquaculture feed, under high and normal light conditions were

quantified by performing metabolome analyses. While there was no significant

difference in the growth of C. gracilis between the light conditions, the overall

composition of compounds differed between the light intensities, and several

health-beneficial metabolites were specifically produced under each light

condition. Interestingly, these included compounds such as nobiletin and

carnosine, which are not commonly reported to be produced by microalgae. Our

results suggest the potential that by varying light intensity, we selectively



modulate the types and amounts of health-beneficial metabolites in microalgal

cells without altering the overall yield of the feed.
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Introduction

As microalgae only require light, water, and carbon dioxide to exhibit

autotrophic growth, they are considered sustainable biological materials due to

their low environmerital impact 1. For instance, microalgae have been recently

utilized in various industries, including aquaculture, fuel, and food production 2-

4, of these industries, microalgae are in high demand in aquaculture.

Aquaculture accounts for 49.2% of the global fishery harvest, and its demand

continues to increase °. However, as traditional feed sources such as fishmeal

have a high environmental impact and, thus, are not sustainable -9, microalgae

have gained attention as a substitute. Therefore, it is imperative to develop

better methods of producing feed made from microalgae.



Aside from yield and efficiency, the chemical composition of the feed is crucial

in aquaculture feed production. Some microalgae-derived compounds that have

health benefits for both fish and humans accumulate in the bodies of predatory

fish. For example, astaxanthin, an industrially important antioxidant that

imparts a vibrant pink color to salmon flesh, is derived from microalgae 1!9;

through the food web, it is incorporated into salmon and later on accumulates

in their bodies as a result of bioconcentration 1°. Thus, the compounds present

in microalgal feed significantly influence seafood, either indirectly or directly,

enhancing the value of both the seafocd and the feed itself. Therefore, it is

essential to understand the types and quantities of health-beneficial metabolites

to human present in thie cells of microalgal species used as feed.

Light intensity is among the crucial factors that influence the quantity and

variety of compounds in microalgae. Light intensity is closely related to

photosynthesis, the mechanism of energy and compound production within

microalgal cells 1. Generally, increasing light intensity enhances growth and,

thus, increases the net production of compounds; however, exceeding a certain

light intensity causes photoinhibition, resulting in growth stagnation or even cell

death 1213, Moreover, light intensity also affects the production of specific



compounds. For example, it has been reported that light intensity influences the

production of lipids such as a-linolenic acid as well as pigments such as

astaxanthin and fucoxanthin in microalgal cells 10.14-16  Various methods have

been developed utilizing this mechanism to control the production of specific

compound groups, such as lipids and pigments, by controlling light intensity in

several microalgal species, including commercial species such as FEuglena

(Subphylum Euglenoida) and Haematococcus (Phylum Chlorophyta) 15.17-20,

However, the relationship between cultivation light initensity and the production

of health-beneficial metabolites in microalgae used for aquaculture feed remains

unknown.

Among the microalgae used for aquaculture feed, the marine diatom

Chaetoceros gracilis has been recognized as an important species; it has been

widely cultured as feed for shrimp larvae and bivalves such as oysters 21-23,

Recently, it has been reported that controlling nutrient supplementation and

light intensity can increase the production of fucoxanthin and eicosapentaenoic

acid in this species!6. However, C. gracilis has not yet been subjected to

comprehensive metabolite analyses, and the changes in the types and amounts

of health-beneficial metabolites it produces under varying light intensities



remain unclear. Additionally, although it would vary by compound group, low-
molecular-weight (LMW) compounds are generally considered to have higher
bioavailability 24-26, Therefore, a comprehensive analysis of health-beneficial
LMW compounds should be given particular attention from the perspective of

bioavailability in the bodies of predatory fish and ultimately human consumers.

Therefore, this study aimed to determine whether the types and amounts of
health-beneficial LMW compounds accumulate in the cells of C. gracilis cultured
under different light intensities (50 and 250 pmol photon/m?/s), by performing
both water- and lipid-soluble metaboleme analyses. The findings of this study
suggest that manipulating light intensity could be a simple yet effective
technique for controlling the production of health-beneficial metabolites in
aquaculture microalgae, which can be readily implemented by aquaculture

producers.

Methods

Culture experiment of Chaetoceros gracilis

Chaetoceros gracilis strain UTEX LB 2658 was procured from the culture



collection of microalgae at the University of Texas at Austin (UTEX, US) and

maintained axenically in Daigo’s Artificial Seawater SP (FUJIFILM Wako Pure

81 Chemical Corp., Osaka, Japan) supplemented with Daigo’s IMK medium

(FUJIFILM Wako Pure 81 Chemical Corp) at 25 °C under continuous light

conditions at 50 pmol photons m~2 s~! (fluorescent lamps).

For the cultivation of cells for metabolome analysis, 3 mL of late-log phase cells

(6.96 x 106 cells/mL) were added to 207 mL of IMK medium (initial cell density

1 x 10° cells/mL). A total of six flasks were prepared, and the cultures were

maintained at 25 °C under either normal light (NL, 50 pmol photon/m?/s) or high

light (HL, 250 pmol photon/m?/s) conditions; the flasks were agitated at 75 rpm.

Fluorescent lamps were used as the light source. The NL and HL conditions

were set to approximate the values from previous studies that cultured this

species under non-high-light (30-60 pmol photon/m?/s) 27.28 and high-light

conditions (300 pmol photon/m?/s) 28, respectively. The three flasks cultured

under each light condition were designated as replicate flasks I-III. To

investigate shifts in cell density and size during cultivation, 1 mL of culture was

sampled on days 1, 2, 3, 4, 7, and 9. The density and size of cells in 40 uL of the

sample were measured in bright field cell-counting mode using a Luna FX7



automated cell counter (Logos Biosystems, South Korea). Significant differences
in cell density and size on day 9 were analyzed using the Wilcoxon rank-sum

test.

Sample preparation for mass spectrometry

On days 3, 7, and 9 of cultivation, 30, 20, and 20 mL of the culture were sampled,
respectively. Cells were collected by centrifugation (25 °C, 16,000 g, 10 min),
and the supernatant was discarded. An equal volume of artificial seawater was
added to wash the cells, and the cells were collected again by centrifugation
under the same conditions. The washing step was repeated, and the final
supernatant was completely removed. The collected cell pellets were stored at

-80 °C until further analysis.

For the capillary electrophoresis-Fourier transform mass spectrometry (CE-
FTMS) analysis of water-soluble compounds, the cell pellets were treated with
1,600 pL of methanol, followed by ultrasonication for 30 s to dissolve the pellet.
Next, 1,100 pL of Milli-Q water containing internal standards [H3304-1002;
Human Metabolome Technologies (HMT), Tsuruoka, Yamagata, Japan] was

added to the cell extract, which was left at room temperature for another 30 s.



The mixture was then cooled down on ice and centrifuged at 2,300 X g for 5 min

at 4 °C. Subsequently, 700 pL of the supernatant was centrifugally filtered

through a 5-kDa cutoff filter (UltrafreeMC-PLHCC, HMT) at 9,100 xg, 4 °C to

remove macromolecules. The filtrate was evaporated to dryness under vacuum

and reconstituted in 25 pL of Milli-Q water for metabolome analysis at HMT.

Similarly, for the liquid chromatography-Fourier transform mass spectrometry

(LC-FTMS) of lipid-soluble compounds, 1,300 pL of ethanol containing internal

standards (H3304-1002, HMT) was added to the cell pellets, followed by

ultrasonication for 30 s to dissolve the pellet. Afterwards, 1,000 pL of the cell

solution was transferred to a fresh tube and resuspended in an equal volume of

Milli-Q water. The mixture was further ultrasonicated for 30 s and then

centrifuged at 2,300 xg, 4 °C for 5 min. Subsequently, the supernatant was

evaporated to dryness under nitrogen and was reconstituted in 400 pL of 50%

isopropanol (v/v) for metabolome analysis at HMT.

Capillary electrophoresis-Fourier transform mass spectrometry

analysis

CE-FTMS analysis was conducted according to HMT’s w Scan package, based



on the methods described previously 2°. Briefly, this package is a plan to analyze

over 1,100 types of water-soluble and ionic metabolites including sugar

phosphates, amino acids, nucleic acids, organic acids, vitamins, short- and

medium-chain fatty acids, and dipeptides. CE-FTMS analysis in this package was

carried out using an Agilent 7100 CE capillary electrophoresis system equipped

with a Q Exactive Plus (Thermo Fisher Scientific, Waltham, MA, USA), Agilent

1260 isocratic High-Performance Liquid Chromatography pump, Agilent

G1603A CE-MS adapter kit, and Agilent G1607A CE-ESI-MS sprayer kit (Agilent

Technologies, Santa Clara, CA, USA). The systems were controlled by Agilent

MassHunter Workstation Data Acquisition (Agilent Technologies) and Xcalibur

(Thermo Fisher Scientific) and connected by a fused silica capillary (50 pm 7.d.

x 80 cm total length) with commercial electrophoresis buffer (H3301-1001 and

13302-1023 for cation and anion analyses, respectively, HMT) as the electrolyte.

The spectrometer was scanned from /260 to 900 in the positive mode and from

my/z 70 to 1,050 in the negative mode 29 Peaks were extracted using

MasterHands (Keio University, Tsuruoka, Yamagata, Japan), which is an

automatic integration software, to obtain peak information, including m/z peak

area, and migration time (MT) 30, Signal peaks corresponding to isotopomers,



adduct ions, and other product ions of known metabolites were excluded, and
the remaining peaks were annotated according to HMT’s metabolite database
based on their m/zvalues and MTs. Afterwards, the areas of the annotated peaks
were normalized to the internal standards and sample volume to determine the
relative levels of each metabolite. The 83 compounds listed in Table S1 were
absolutely quantified based on one-point calibrations using their respective

standard compounds, as they generally induce health-beneficial effects.

Liquid chromatography-Fourier transform mass spectrometry

analysis

LC-FTMS analysis was conducted according to HMT’s LC-w Scan package,
based on the methods described previously 3132, Briefly, this package is a plan
to analyze over 450 types of lipid-soluble and neutral metabolites including fatty
acids, acylcarnitines, bile acids, and steroid derivatives. LC-FTMS analysis in
this package was performed using the Vanquish Flex Ultra-High-Performance
Liquid Chromatography System (Thermo Fisher Scientific). The systems were
controlled by Xcalibur (Thermo Fisher Scientific) and connected by an ODS

column (2 mm i.d. X 50 mm, 2 pm). The spectrometer was scanned from m/z 100



to 1,500, and peaks were extracted using MasterHands (Keio University,
Tsuruoka, Yamagata, Japan) to obtain peak information including m/z, peak area,
and retention time (RT) 30. Signal peaks corresponding to isotopomers, adduct
ions, and other product ions of known metabolites were excluded, and the
remaining peaks were annotated according to HMT’s metabolite database based
on their m/z values and RTs. Subsequently, the areas of the annotated peaks
were normalized to the internal standards and sample amount to determine the

relative levels of each metabolite.

Comparison of compound composition and statistical analyses

Welch's t-test was used to statistically compare the relative abundance of
metabolites between samples. Hierarchical cluster analysis and principal
component analysis (PCA) were performed by HMT’s proprietary MATLAB and
R programs, respectively 33, Briefly, hierarchical clustering was performed using
the unweighted pair group method with arithmetic mean (UPGMA), where the
inter-cluster distance was calculated as the average of all pairwise distances
between metabolites. Prior to analysis, all metabolite values were standardized

(mean = 0, SD = 1), and non-detectable (N.D.) values were replaced with a



minimal value (27°2). Principal component analysis (PCA) was performed using a
MATLAB-based program, where metabolite data were mean-centered and
scaled before computing eigenvectors from the correlation matrix; the
'‘princomp’ function was used as part of this program. Detected metabolites were
mapped on metabolic pathway using VANTED version 2.1.0 (https://cls.uni-

konstanz.de/software/vanted/) 34.

Results
Shifts in cell densities and sizes under high and normal light

conditions

Firstly, to investigate the effects of differences in light intensity on the cell yield
of C. gracilis, we examined the changes in cell density and size under high light
(HL) and normal light (NL) conditions. The cell density under HL conditions
reached the late exponential growth phase (6.60 = 0.71 x 106 cells/mL) by day
9. A similar trend was observed under NL conditions (7.37 £+ 0.58 x 106 cells/mL
on day 9), and there was no significant difference in cell density on day 9 (p =

0.4) (Figure 1a). As C. gracilisis generally harvested during the late exponential



growth phase for aquaculture feed 35, the ninth day of cultivation is defined as
the harvest period. In terms of cell size, it decreased from day O to day 1 under
both HL (4.51 = 0.10 pym) and NL (4.7 £ 0.21 pm) conditions. However, after
day 1, it gradually stabilized between 4.93 = 0.06 to 5.43 £ 0.08 pm under HL
conditions and between 4.88 = 0.06 to 5.30 = 0.05 pm under NL conditions,
with no significant difference in cell size observed on day 9 between the light
conditions (p = 0.3017) (Figure 1b). These results revealed that NL and HL
conditions did not significantly affect cell density and size, suggesting that the
light conditions set in this study did not cause clear photoinhibition and that

there is no substantial difference in ceil yield under these two conditions.

Changes in the composition of Ilow-molecular-weight

compounds under high and normal light conditions

To reveal the effect of light intensity differences on the production of water-
soluble and lipid-soluble LMW compounds in C. gracilis, we performed CE-FTMS
(for water-soluble compounds) and LC-FTMS (lipid-soluble compounds) analyses.
CE-FTMS analysis facilitated the detection of a total of 279 and 282 water-

soluble LMW compounds in the NL and HL samples, respectively, on any of days



3, 7, and 9 (Table S1). On the other hand, L.C-FTM analysis enabled the detection

of 84 and 77 lipid-soluble LMW compounds in the NL and HL samples (Table

S2), respectively. The relative abundance of these compounds is presented in

Supplementary Tables 1 and 2.

The results of PCA analysis, which was conducted to determine the effects of

varying light intensities on the overall composition of LMW compounds, are

presented in Figure 2. Regarding the water-soluble compounds, PC1 (34.4%)

and PC2 (15.3%) tended to be associated with culture duration and light

intensity, respectively. Compounds with high factor loadings on PC1 were ¥-

Glu-Val, ¥ -Glu-Phe, N6,N6,N6-trimethyllysine, ¥ -Glu-lle/ ¥ -Glu-Leu and

cytidine diphosphate, while those with high factor loadings on PC2 were N-

acetyltyrosine, p-hydroxyphenylacetylglycine, and 2-oxoglutaric acid (Table S3).

The latter three compounds are candidates for the light intensity-dependent

accumulation, which is the main focus of this study. Focusing on the HL samples,

the replicates on the same day samples were closely plotted (Figure 2a),

suggesting the compound composition changed tightly linking to the duration of

the culture period. However, while the NL samples were also clustered and

plotted according to each replicate, the plots from days 7 and 9 were grouped



together, indicating that there may have been fewer changes in compound

composition compared to those in the HL samples. When comparing the light

conditions, the plots were already separated on day 3; moreover, the NL and HL

samples were distinctly plotted on the harvest day (day 9), suggesting that

varying light intensities affected compound composition.

In the case of lipid-soluble compounds, PC1 (24.5%) also tended to be associated

with culture duration, while PC2 (18.4%) was linked to light intensity. However,

upon examining the plot positions of each sample, they displayed different

behavior compared to the water-soluble compounds (Figure 2b). On day 3, all of

the HL and NL samples were clustered and plotted together. Although the HL

and NL plots shifted thereafter, the replicates of these samples were not

clustered, resulting in less clear differences between the light conditions

compared with those observed in the water-soluble compounds. Therefore,

although compounds 1,2-dipalmitoyl-glycero-3-phosphoglycerol-3, a-tocopherol,

and sphinganine have high factor loadings on PC1, and tetradecanedioic acid,

decanoic acid, and 2-arachidonoylglycerol-2 have high factor loadings on PC2

(Table S4), it remains uncertain whether these compounds are truly influenced

by culture duration or light intensity.



To determine whether these changes in compound composition are due to
variations in the abundance of specific compounds, changes in relative
abundance of each compound were analyzed at the individual compound level
(Figure 3). For water-soluble compounds, there was minimal variation between
replicates, and the accumulated compounds tended to change with the culture
period (Figure 3a). Even on the same cultivation day, the accumulated
compounds differed between the HL and NL conditions, consistent with the
results of the PCA analysis. Thus, specific compounds were considered to
accumulate according to the culture period and the light intensity. On the
contrary, for lipid-soluble compounds, there was variation between replicates
(Figure 3b), and a less clear difference in the compound composition between
NL and HL sampies was observed, supporting the findings of the PCA analysis.
It is possible that the composition of lipid-soluble compounds may be less
sensitive to light intensity compared to water-soluble compounds. However, the
overall trend was similar to that observed for water-soluble compounds, with
specific compounds accumulating based on the cultured period and the light

intensities.

Low-molecular-weight compounds accumulated on the harvest



day

Given the differences in the relative abundance of each compound throughout

the culture period and between the light conditions, the compounds that were

detected on day 9 were focused on to identify the compounds that accumulated

at the harvest period. Of the 247 water-soluble compounds detected under both

NL and HL conditions, 22 and 9 compounds were detected under HL and NL

conditions, respectively (Figure 4a, left). Moreover, of the 247 commonly

detected compounds, 46 had significantly higher relative abundance under HL

conditions, while only 5 did under NL conditions (Figure 4b, left). Meanwhile, of

the 67 lipid-soluble compounds that were detected under both NL and HL

conditions, 5 were detiected only under HL conditions, while 10 were only

detected under NL conditions (Figure 4a, right). Among the 67 commonly

detected compounds, 5 and 3 compounds had significantly higher relative

abundance under HL and NL conditions, respectively (Figure 4b, right). These

compounds that either appeared exclusively or had significantly higher relative

abundance in the day 9 samples under either HL or NL conditions were labeled

as HL- (78 in total) or NL-specific compounds (27 in total) (Supplementary

Tables 5 and 6). Among these, 8 HL- and 9 NL-specific compounds were detected



only in the day 9 samples (Supplementary Tables 1 and 2). The accumulation of

these compounds may be strongly influenced not only by light intensity but also

by the duration of cultivation. Note that the candidates for HL-related

compounds refined through PCA, such as N-acetyltyrosine, p-

hydroxyphenylacetylglycine, and 2-oxoglutaric acid, were not included among

the HL-specific compounds.

In contrast, 196 and 59 of the water- and lipid-soluble compounds demonstrated

no significant difference in relative abundance between HL and NL conditions

(Supplementary Tables 1 and 2). These were referred to as non-specific

compounds. The water-soluble non-specific compounds included four essential

amino acids (His, Lys, Met, and Phe), and the lipid-soluble non-specific

compounds included two essential fatty acids (arachidic acid and linoleic acid).

These compounds may have been produced independently of the differences in

light intensity set in this study.

Low-molecular-weight compounds specifically accumulated

under high or normal light conditions

As the HL- and NL-specific compounds were considered to be specifically



produced under each light condition at the harvest period, previous studies and

public databases were referred to in identifying the compounds with health

benefits to humans and aquatic organisms. It was found that 14 out of the 78

HL-specific compounds and 9 out of the 27 NL-specific compounds have health

benefits (Tables 1 and 2).

Ile, Leu, Thr, Trp, and Val are the essential amino acids 36 detected in the HL-

specific compounds. Citric acid and carnosine are known for their antioxidant

and antiaging effects 3738, Citrulline is beneficial to muscle and metabolic health

in susceptible and elderly populations 3. N5-Ethyl-glutamine (theanine) is a

stress-reducing compound 49, Retinoic acid is considered effective in promoting

the recovery of the skin from photodamage 4!. Supplementation with creatine

plays a role in enhancing exercise performance 42. Gamma-aminobutyric acid

(GABA) is an inhibitory neurotransmitter that contributes to the prevention and

improvement of vascular diseases 3. Piperine possesses antioxidant and anti-

inflammatory properties 44. Among these aforementioned compounds, carnosine,

GABA, and piperine were only detected in the HL samples on day 9 (Table S5).

On the other hand, the NL-specific compounds that have health benefits include



the following: pyroglutamine, which is known to have a risk-reducing effect for

COVID-19 45; ribavirin, an antiviral agent effective at treating hepatitis C 46; 6-

keto-prostaglandin E1, whose antithrombotic properties prevent platelet clot

formation 47; fucoxanthin, which is widely known for its antioxidant and anti-

inflammatory properties 48; palmitoleic acid, with anti-inflammatory properties

in human endothelial cells 49; cholestenone, which acts as an antibiotic against

Helicobacter pylori 39; linolenic acid, an essential fatty acid for humans °1;

nobiletin, which has anti-inflammatory and anti-tuinor effects and is beneficial

for treating Alzheimer’s and Parkinson’s diseases °2-54; and prostaglandin D2,

which exhibits potential as an anti-inflammatory agent °>. Among these

compounds, cholestenone was detected only in the NL samples on day 9 (Table

S5).

Since the HL-specific compounds citric acid, citrulline, carnosine, p-Ala, creatine,

GABA, Ile, Leu, Thr, Trp, and Val are considered highly beneficial for both

humans and aquatic organisms, their absolute abundance on day 9 was

quantitatively compared (Figure 5). All of these compounds exhibited

significantly higher absolute quantities in the HL samples than in the NL

samples (p < 0.05) or were even only detected in the HL samples.



Discussion

In the present study, comprehensive metabolomic analysis was performed to

determine the effect of the difference in the light intensities during cultivation

on the type and quantity of health-beneficial metabolites produced by C. gracilis,

an important microalgal species for aquaculture feed. The results revealed that

although the difference in the light intensities did not significantly affect the

overall feed vyield, several compounds, including health-beneficial ones,

accumulated in a light-intensity-specific manner. Additionally, the absolute

abundance of citric acid, citrulline, carnosine, B-Ala, creatine, GABA, Ile, Leu,

Thr, Trp, and Val were significantly higher under HL conditions than under NL

conditions, emphasizing the potential different nutritional characteristics of C.

gracilis when cultured under different light intensities. Although it remains

unclear whether the concentrations of these metabolites are sufficient as

aquaculture feed, a more detailed evaluation could be achieved in the future by

conducting actual fish and shellfish production using these microalgae.

Additionally, as absolute quantification was not performed for some of the

health-beneficial metabolites detected in this study, their exact accumulation

levels remain unknown. Nevertheless, as significant differences in relative



quantities were observed, it cannot be ruled out that microalgal feed with

different nutritional characteristics can still be produced, and their effects need

to be evaluated through practical fish and shellfish production. Interestingly,

there were health-beneficial metabolites not only known to be produced by

microalgae responding to changes in light intensity but also those scarcely

reported to be present in microalgal cells.

Ten of the following health-beneficial metabolites identified in this study have

been reported to be produced by microalgal cells in response to light intensity.

Fucoxanthin is the most notable example of a microalgae-derived compound

related to light intensity. Fucoxanthin is a characteristic pigment in diatoms and

has antioxidant properties 26, In this study, the relative abundance of

fucoxanthin was higher under NL conditions than under HL conditions,

suggesting that degradation and/or a decrease in production of fucoxanthin

occurred at 250 pmol/m?/s. This result is consistent with the common notion that

a light intensity of 10-100 pmol/m?/s is optimal for several diatom species 6. As

GABA is known to be produced by microalgae, such as red algae, and has been

reported to alleviate severe light stress within microalgal cells 57:%8, it likely

contributed to the reduction of oxidative stress under HL conditions. The



relationship between light intensity and the production of linolenic acid and

palmitoleic acid has been described in previous studies 15.59-61 In this study, the

production of linolenic and palmitoleic acids decreased under HL conditions,

consistent with the results of previous studies involving the green microalga

Chlorella protothecoides (linoleic acid) and the diatom Staurosira sp.

(palmitoleic acid) 5960, On the other hand, there have been studies reporting

that the accumulation of linoleic acid in Fuglena gracilis and palmitoleic acid in

the ochrophyte Nannochloropsis salinaincreased with nigher light intensity 15.61,

However, the “high light” defined as 610 footcandles (approx. 6,595 Ix) in the

former, when converted assuming white fluorescent lighting, equates to 87-92

pmol photons/m?/s 62, which nearly corresponds to the NL condition in our study.

In the latter case, while high light intensity of 250 pmol photons/m?/s was indeed

optimal during the exponential phase, when comparing the production yield

during the late linear growth phase corresponding to the harvest period in this

study, the peak occurred at 25-50 pmol photons/m?/s. These values also match

the NL condition of our study. This suggests that, despite some variations across

species and experimental conditions, these fatty acids are likely to accumulate

at the NL condition (50 pmol photons/m?/s). Retinoic acid, an antioxidant in plant



cells 93, is known to increase during natural microalgal blooms, suggesting that

it may also increase in microalgal cells under certain conditions 4. The fact that

the occurrence of blooms responds to certain light intensities explains the

abundance of retinoic acid under HL conditions. The origin of Ile, Leu, Thr, Trp,

and Val is likely associated with amino acid recycling; however, pinpointing the

exact cause remains challenging. Considering that fucoxanthin decreased under

HL conditions, indicating potential light inhibition, it could be hypothesized that

these amino acids are derived from the degradation of fucoxanthin or

chlorophyll/light-harvesting complexes.

Furthermore, there were health-beneficial metabolites known to be produced by

microalgae; however, their relationship with light intensity is not clarified.

Citrulline is known to be produced by Chlorella vulgaris and Chlorella

sorokiniana 656, Although its intracellular function in microalgae is not well

understood, it acts as a strong antioxidant in melons 67, suggesting it may

perform a similar role in microalgal species. Citric acid plays a role in the

tricarboxylic acid cycle and other metabolic pathways. It is also known to

mitigate oxidative stress 68, likely contributing to the reduction of oxidative

stress under HL conditions. Cholestenone has been reported to be produced by



red algae 69, however, the mechanisms by which light intensity affects its

production remain unclear. In terrestrial plants, changes in the photoperiod

during cultivation affect the production of cholestenone 79, indicating a possible

relationship with light. Pyroglutamine is known to be produced in algal cells,

such as the brown seaweed /shige okamurae and the green microalgal model

species Chlamydomonas reinhardtii 71.72; however, its relationship with light

intensity is unknown. Although prostaglandin D2 is also produced in algal cells

73 and is involved in multiple physiological processes in animal cells, its role and

relationship with light intensity in algal cells remain unclear 73.

Interestingly, some health-beneficial metabolites that were not commonly

reported to be produced by microalgae were detected in this study. So far,

carnosine, a histidine-containing dipeptide, has been exclusively found in

animals 74. However, a previous study reported that exogenous application of

carnosine alleviated drought stress in a terrestrial plant, Bermudagrass,

suggesting its antioxidant properties in plant cells 7>. In this study, B-alanine

(HL-specific) and histidine, precursors of carnosine 76, have been detected,

suggesting the potential presence of the metabolic pathway. Although the

relationship between these compounds and light intensity is not well known, it



is possible that their biosynthetic pathways could be regulated by light intensity.

The production of theanine within microalgal cells is rarely reported;

nonetheless, its antioxidant properties in tea leaves 77 could potentially alleviate

oxidative stress under HL conditions. However, theanine concentrations tend to

increase under shaded or low light conditions in tea leaves 77-79, indicating that

the light-responsive production mechanism of theanine may differ between tea

leaves and microalgae. Similar to the detection of carnosine, glutamine, a

precursor of theanine, has been detected, although it is not HL-specific,

suggesting that the metabolic pathway may exist. Similarly, the production of

piperine and nobiletin by algal cells has not been reported. These compounds

are antioxidants derived irom plant cells 4480 and might have played a role in

mitigating oxidative stress under HL conditions in this study. For piperine, its

precursors piperidine and lysine 8! have been detected (not HL-specific

compounds), suggesting that its metabolic pathway may exist. Regarding

nobiletin, related compounds, such as 3’,4’,6-demethyl nobiletin and 7- demethyl

nobiletin 82 were not detected in this study (Table S1&S2). While the detection

of nobiletin cannot rule out the risk of contamination, the related compounds

were not listed in the database used for this study and may not have been



annotated even if they were present. Ribavirin, an antiviral agent synthesized in

1972 83.84 is unlikely to be produced by algal cells. According to previous studies,

this compound has been released into the environment and has accumulated in

certain aquatic environments 5. On the other hand, since the culture medium

used in this study was consistently based on purified water, it cannot be ruled

out that the compounds may have been contaminated during the analysis rather

than accumulated during culture. Although this species may possess the novel

metabolic pathway to synthesize ribavirin, these possibilities remain issues that

should be investigated further in future studies. Additionally, the low levels of

ribavirin observed under HL conditions are consistent with its reported

photodegradability in previous studies 85. The production of 6-keto-

prostaglandin E1 in either microalgal or plant cells has not been reported so far;

thus, further studies are required to elucidate the role of 6-keto-prostaglandin

E1 in this species. Similar to the case of nobiletin, the precursor compound,

prostacyclin 47, was not detected and not listed in the database used for this

study (Table S1&S2). Thus, there are both possibilities that the contamination

and its precursor prostacyclin was not annotated even if it were present.

It is noteworthy that these compounds possess diverse health-beneficial



functions. For instance, the HL-specific compounds exhibit antioxidative, skin-

regenerating, anti-aging, anti-inflammatory, athletic-performance-improving,

and muscle-enhancing properties (Table 1). Meanwhile, the NL-specific

compounds not only exhibited antioxidative and anti-inflammatory properties

but were also effective against COVID-19, hepatitis C virus, and Helicobacter

pylori(Table 2). These results indicate that there are advantages associated with

each cultivation light intensity. Therefore, aquaculture producers could adjust

light intensity according to their goals. Future studies should be conducted to

investigate the extent to which these compounds accumulate in seafood.

Furthermore, it has been reported that the oral administration of C, gracilis

alleviated liver lipid accumulation in rats fed with a high-sucrose and cholesterol

diet. If this species were to be utilized not only as aquaculture feed but also as

a food resource, the aforementioned health benefits and medicinal effects may

offer potential additional value.

Indeed, this study reveals the presence of microalgae-derived health-beneficial

metabolites that accumulate in response to light intensity, which has rarely been

reported before. However, there are several challenges. The study primarily

focuses on metabolome analysis, which elucidates the outcomes of the synthesis



and degradation of various compounds. Consequently, the mechanisms

underlying the accumulation of health-beneficial metabolites in response to light

intensity remain unclear. This issue may be addressed by combining data from

transcriptomics, proteomics, and flux analysis using !3C stable isotopes, which

represents a future research direction. Furthermore, if the goal is to mass-

produce and commercialize specific compounds described above, genetic

engineering methods such as gene modification would be preferable. For

example, in the production of carnosine, the use of recombinant Escherichia coli

has successfully achieved a production level of 133.2 mM in a 5 L bioreactor 86,

On the other hand, there is a possibility that the results of this study could be

highly compatible with those methods for the following reasons. In this study, it

was revealed that the production levels of numerous compounds vary with

differences in light intensity. Therefore, as mentioned above, by applying

transcriptomics, proteomics, and !3C stable isotope analysis in addition to

metabolomics to microalgae cultured under varying light conditions, it may be

possible to identify the regulatory factors controlling these production levels,

thereby providing valuable information for genetic engineering methods.

However, as the data from this study also indicate, light intensity affects several



metabolic processes, making the identification of specific regulatory factors

challenging. Hence, the ability to control the quantity of health-beneficial

metabolites through light intensity alone, as demonstrated in this study, is

advantageous. Furthermore, this method holds several advantages over genetic

engineering methods for commercial applications: 1) unlike recombinant

organisms, there are no regulatory restrictions; 2) it does not require breeding

using specialized techniques; 3) the quantities of multiple compounds can be

enhanced; and 4) there is no significant difference in growth quantity but

allowing for the modification of chemical composition. Altogether, this approach

potentially enables adjustmenis to the added value of the feed without

significantly altering the cell yield. This study did not calculate the costs

associated with cultivation, and thus whether aquaculture producers can

feasibly implement the methods has not been thoroughly examined. However,

the light intensity set in this study is feasible for several cultivation equipment

used in practical algae production, such as raceway ponds and photobioreactors

87, suggesting that the cost for electricity may not be a major issue. Therefore,

this approach may be implemented even by aquaculture producers who may not

possess advanced technical expertise or specialized equipment. Furthermore, as



noted above, it cannot be ruled out that the concentrations of focal health-

beneficial metabolites in actual aquaculture production may be too low to exert

health-promoting effects on fish or humans. However, it is also known that

variations in the amounts of nutrients such as silicon, nitrogen, and phosphorus,

as well as cultivation temperature, can affect the accumulation of lipids and

other compounds 8889 By controlling these cultivation conditions in addition to

light intensity, there is potential to create a synergistic effect that more

efficiently increases the production of health-beneficial metabolites.

Although adjusting light intensity is a classical technique, combining it with

state-of-the-art metabolome analysis, as demonstrated in this study, could lead

to the discovery of new added value for aquaculture feed. In the future, it will

be important not only to expand the evaluation of feed value, including

macronutrients, under a broader range of culture conditions, such as varying

light intensities, but also to verify, through practical fish and shellfish production,

whether these microalgal feeds actually influence the health of fish and humans.

Acknowledgements



We are grateful to Prof. Kentaro Ifuku from Kyoto University and Prof. Yasuhiro

Kashino from the University of Hyogo for their valuable advice on algae

cultivation.

Author contributions

AS and SI contributed the project administration. HT and SI contributed to the

design of the study. HT performed experiments and analyses. HT and SI

prepared the manuscript.

Data availability

The raw data supporting the conclusions of this article will be made available

from the corresponding author on reasonable request.

Funding

The authors declare that no external financial support was received for the

research, authorship, and/or publication of this article.

Competing interests

Authors HT, AS, and SI are employed by NTT, Inc., which supported this

research.



References

1. Satyanarayana, K. G., Mariano, A. B. & Vargas, J. V. C. A review on

microalgae, a versatile source for sustainable energy and materials. /nt.

J. Energy Res. 35, 291-311 (2011).

2. Torres-Tiji, Y., Fields, F. J. & Mayfield, S. P. Microalgae as a future food

source. Biotechnol Adv. 41, 107536 (2020).

3. Muller-Feuga, A. The role of microalgae in aquaculture: Situation and

trends. J. Appl. Phycol 12, 527-534 (2000).

4. Lam, M. K. & Lee, K. T. Microalgae biofuels: A critical review of issues,

problems and the way forward. biotechnol. Adv. 30, 673-690 (2012).

5. Mair, G. C., Halwart, M., Derun, Y. & Costa-Pierce, B. A. A decadal

outlook for giobal aquaculture. /. World Aquac. Soc. 54, 196-205

(2023).

6. Jannathulla, R. et al. Fishmeal availability in the scenarios of climate

change: Inevitability of fishmeal replacement in aquafeeds and

approaches for the utilization of plant protein sources. Aquac. Res. 50,

3493-3506 (2019).

7. Macusi, E. D. et al. Protein fishmeal replacement in aquaculture: A



systematic review and implications on growth and adoption viability.

Sustainability 15, 12500 (2023).

8. Napolitano, G. et al. Towards sustainable aquaculture systems:

Biological and environmental impact of replacing fishmeal with

Arthrospira platensis (Nordstedt) (spirulina). /. Clean. Prod. 374,

133978 (2022).

9. McKuin, B. et al. Comparative life cycle assessment of marine

microalgae, Nannochloropsis sp. and fishmeal 1or sustainable protein

ingredients in aquaculture feeds. Elem. Sci. Anthr. 11, 00083 (2023).

10. Stachowiak, B. & Szulc, P. Astaxanthin for the food industry. Molecules

26, 2666 (2021).

11.Eilers, P. H. C. & Peeters, J. C. H. A model for the relationship between

light intensity and the rate of photosynthesis in phytoplankton. Ecol

Model. 42, 199-215 (1988).

12.Krause, G. H. Photoinhibition of photosynthesis. An evaluation of

damaging and protective mechanisms. Physiol. Plant. 74, 566-574

(1988).

13. Goh, C.-H., Ko, S.-M., Koh, S., Kim, Y.-]. & Bae, H.-]. Photosynthesis and



14.

15.

16.

17.

18.

19.

environments: Photoinhibition and repair mechanisms in plants. /. Plant

Biol. 55, 93-101 (2012).

Nzayisenga, J. C., Farge, X., Groll, S. L. & Sellstedt, A. Effects of light

intensity on growth and lipid production in microalgae grown in

wastewater. Biotechnol. Biofuels 13, 4 (2020).

Constantopoulos, G. & Bloch, K. Effect of light intensity on the lipid

composition of Euglena gracilis. J. Biol. Chem. 242, 3538-3542 (1967).

Tachihana, S. et al. High productivity of eicosapentaenoic acid and

fucoxanthin by a marine diatom Chaetoceros gracilis in a semi-

continuous culture. Front. Bioeng. Biotechnol. 8, (2020).

Wang, Y., Seppanen-Laakso, T., Rischer, H. & Wiebe, M. G. Euglena

gracilis growth and cell composition under different temperature, light

and trophic conditions. PLOS ONE 13, e0195329 (2018).

Kim, Z.-H., Kim, S.-H., Lee, H.-S. & Lee, C.-G. Enhanced production of

astaxanthin by flashing light using Haematococcus pluvialis. Enzyme

Microb. Technol 39, 414-419 (2006).

Imamoglu, E., Dalay, M. C. & Sukan, F. V. Influences of different stress

media and high light intensities on accumulation of astaxanthin in the



green alga Haematococcus pluvialis. New Biotechnol. 26, 199-204

(2009).

20.Kobayashi, M., Kakizono, T., Nishio, N. & Nagali, S. Effects of light

intensity, light quality, and illumination cycle on astaxanthin formation

in a green alga, Haematococcus pluvialis. J]. Ferment. Bioeng. 74, 61-63

(1992).

21.Simon, C. M. The culture of the diatom Chaetoceros gracilis and its use

as a food for penaeid protozoeal larvae. Aquacuitvre 14, 105-113

(1978).

22.Enright, C. T., Newkirk, G. ., Craigie, J. S. & Castell, J. D. Growth of

juvenile Ostrea edulis 1.. fed Chaetoceros gracilis Schutt of varied

chemical composition. /. Exp. Mar. Biol. Ecol. 96, 15-26 (1986).

23.Napolitano, G. E., Ackman, R. G. & Ratnayake, W. M. N. Fatty acid

composition of three cultured algal species (Isochvysis galbana,

Chaetoceros gracilis and Chaetoceros calcitrans) used as food for

bivalve larvae. J. World Aquac. Soc. 21, 122-130 (1990).

24.Tannuzzo, F. et al. A food-grade method for enhancing the levels of low

molecular weight proanthocyanidins with potentially high intestinal



25.

26.

27.

28.

29.

bioavailability. /nt. J. Mol Sci. 23, 13557 (2022).

Lee, Q. et al. Low molecular weight polysaccharide of 7remelia

fuciformis exhibits stronger antioxidant and immunomodulatory

activities than high molecular weight polysaccharide. /nt. J. Biol

Macromol 281, 136097 (2024).

Du, Q. et al. Structural analysis and bioavailability study of low-

molecular-weight chondroitin sulfate-iron complexes prepared by

photocatalysis-Fenton reaction. Carbohydr. Polym. 342, 122435 (2024).

Li, Y., Li, R. &Yi, X. Effects of light quality on growth rates and

pigments of Chaetoceros giracilis (Bacillariophyceae). /. Oceanol.

Limnol. 38, 795-501 (2020).

Nagao, R., Ueno, Y., Yokono, M., Shen, J.-R. & Akimoto, S. Alterations of

pigment composition and their interactions in response to different light

conditions in the diatom Chaetoceros gracilis probed by time-resolved

fluorescence spectroscopy. Biochim. Biophys. Acta BBA - Bioeneryg.

1859, 524-530 (2018).

Sasaki, K. et al. Metabolomics platform with capillary electrophoresis

coupled with high-resolution mass spectrometry for plasma analysis.



Anal. Chem. 91, 1295-1301 (2019).

30. Sugimoto, M., Wong, D. T., Hirayama, A., Soga, T. & Tomita, M.

Capillary electrophoresis mass spectrometry-based saliva metabolomics

identified oral, breast and pancreatic cancer-specific profiles.

Metabolomics 6, 78-95 (2010).

31.0hashi, Y. et al. Depiction of metabolome changes in histidine -starved

Escherichia coli by CE-TOFMS. Mol. Biosyst. 4, 135-147 (2008).

32.0o0ga, T. et al. Metabolomic anatomy of an aninial model revealing

homeostatic imbalances in dyslipidaemia. Mol Biosyst. 7, 1217-1223

(2011).

33.Yamamoto, H. et a/. Statistical hypothesis testing of factor loading in

principal component analysis and its application to metabolite set

enrichment analysis. BMC Bioinformatics 15, 51 (2014).

34.Junker, B. H., Klukas, C. & Schreiber, F. VANTED: A system for

advanced data analysis and visualization in the context of biological

networks. BMC Bioinformatics 7, 109 (2006).

35.Hatate, H., Ohgai, M., Murase, N., Miyake, N. & Suzuki, N.

Accumulation of fatty acids in Chaetoceros gracilis (Bacillariophyceae)



36.

37.

38.

39.

40.

41.

42.

during stationary growth phase. Fish. Sci. 64, 578-581 (1998).

Hou, Y. & Wu, G. Nutritionally essential amino acids. Adv. Nuir. 9, 849-

851 (2018).

Singh, S. K., Kaldate, R. & Bisht, A. Chapter4.5 - Citric acid, antioxidant

effects in health. in Antioxidants Effects in Health (eds. Nabavi, S. M. &

Silva, A. S.) 309-322 (Elsevier, 2022).

Reddy, V. P., Garrett, M. R., Perry, G. & Smith, M. A. Carnosine: A

versatile antioxidant and antiglycating agent. Sci. Aging Knowl.

Environ. 2005, pel2-pel2 (2005).

Allerton, T. D. et al. 1-Citrulline supplementation: Impact on

cardiometabolic health. Nutrients 10, 921 (2018).

Williams, J. L. et al. The effects of green tea amino acid 1-theanine

consumption on the ability to manage stress and anxiety levels: A

systematic review. Plant Foods Hum. Nutr. 75, 12-23 (2020).

Griffiths Christopher et a/. Restoration of collagen formation in

photodamaged human skin by tretinoin (retinoic acid). N. Engl. J. Med.

329, 530-535 (1993).

Kreider, R. B. Effects of creatine supplementation on performance and



training adaptations. Mol Cell. Biochem. 244, 89-94 (2003).

43.Yang, Y., Luo, H., Cheng, L.-X. & Liu, K. Inhibitory role for GABA in

atherosclerosis. Med. Hypotheses 81, 803-804 (2013).

44.Haq, 1.-U. et al. Piperine: A review of its biological effects. Phytother.

Res. 35, 680-700 (2021).

45.Su, W. et al. Mendelian randomization study on causal association of

pyroglutamine with COVID-19. J. Epidemiol. Glob. Health 12, 541-547

(2022).

46.di Bisceglie, A. M. et al. A pilot study of ribavirin therapy for chronic

hepatitis C. Hepatology 16, 649 (1992).

47.Hoult, J. R. S. & Moore, P. K. 6-Keto-prostaglandin E1: A naturally

occuring stable prostacyclin-like mediator of high potency. 7rends

Pharmacol. Sci. 7, 197-200 (1986).

48.Peng, J., Yuan, J.-P., Wu, C.-F. & Wang, ]J.-H. Fucoxanthin, a marine

carotenoid present in brown seaweeds and diatoms: Metabolism and

bioactivities relevant to human health. Mar. Drugs 9, 1806-1828

(2011).

49.de Souza, C. O. et al. Palmitoleic acid has stronger anti-inflammatory



potential in human endothelial cells compared to oleic and palmitic

acids. Mol. Nutr. Food Res. 62, 1800322 (2018).

50.Kobayashi, ]J. et al. Cholestenone functions as an antibiotic against

Helicobacter pylori by inhibiting biosynthesis of the cell wall component

CGL. Proc. Natl. Acad. Sci. 118, e2016469118 (2021).

51.Sardesai, V. M. The essential fatty acids. Nutr. Clin. Pract. 7, 179-186

(1992).

52.Lin, N. et al. Novel anti-inflammatory actions of nobiletin, a citrus

polymethoxy flavonoid, on human synovial fibroblasts and mouse

macrophages. Biochem. Pharmacol. 65, 2065-2071 (2003).

53.Nakajima, A. & Ohizumi, Y. Potential benefits of nobiletin, a citrus

flavonoid, against Alzheimer’s disease and Parkinson’s disease. /nt. J.

Mol. Sci. 20, 3380 (2019).

54.Yoshimizu, N. et al. Anti-tumour effects of nobiletin, a citrus flavonoid,

on gastric cancer include: Antiproliferative effects, induction of

apoptosis and cell cycle deregulation. Aliment. Pharmacol. Ther. 20,

95-101 (2004).

55.Scher, J. U. & Pillinger, M. H. The anti-inflammatory effects of



prostaglandins. /. Investig. Med. 57, 703-708 (2009).

56.Khaw, Y. S. et al. Fucoxanthin production of microalgae under different
culture factors: A systematic review. Mar. Drugs 20, 592 (2022).

57.Li, Q. et al. Gamma-aminobutyric acid facilitates the simultaneous
production of biomass, astaxanthin and lipids in Haematococcus
pluvialis under salinity and high-light stress conditions. Bioresour.
Technol. 320, 124418 (2021).

58.Scandolera, A. et al. GABA and GABA-alanine from the red microalgae
Rhodosorus marinus exhibit a significant neuro-soothing activity
through inhibition of neuro-inflammation mediators and positive
regulation of TRPV1-related skin sensitization. Mar. Drugs 16, 96
(2018).

59.Krzeminska, 1., Piasecka, A., Nosalewicz, A., Simionato, D. &
Wawrzykowski, J. Alterations of the lipid content and fatty acid profile
of Chlorella protothecoides under different light intensities. Bioresour.
Technol. 196, 72-77 (2015).

60. Cointet, E. et al. Effects of light and nitrogen availability on

photosynthetic efficiency and fatty acid content of three original benthic



61.

62.

63.

64.

65.

66.

diatom strains. PLOS ONE 14, e0224701 (2019).

Van Wagenen, ]J. et al. Effects of light and temperature on fatty acid

production in Nannochloropsis Salina. Energies 5, 731-740 (2012).

Thimijan, R. W. & Heins, R. D. Photometric, radiometric, and quantum

light units of measure: A review of procedures for interconversion.

HortScience 18, 818-822 (1983).

Pradedova, E. V., Isheeva, O. D. & Salyaev, R. K. Classification of the

antioxidant defense system as the ground for reasonable organization of

experimental studies of the oxidative stress in plants. Russ. J. Plant

Physiol. 58, 210-217 (2011)

Yeung, K. W. Y., Zhou, G.-]., Hilscherova, K., Giesy, J. P. & Leung, K. M.

Y. Current understanding of potential ecological risks of retinoic acids

and their metabolites in aquatic environments. Environ. Int. 136,

105464 (2020).

Ballesteros-Torres, J. M. et al. Amino acids and acylcarnitine production

by Chlorella vulgaris and Chlorella sorokiniana microalgae from

wastewater culture. Peer/ 7, €7977 (2019).

Koochi, Z. H., Jahromi, K. G., Kavoosi, G. & Ramezanian, A. Fortification



of Chlorella vulgaris with citrus peel amino acid for improvement

biomass and protein quality. Biotechnol. Rep. 39, e00806 (2023).

67.Kusvuran, S., Dasgan, H. Y. & Abak, K. Citrulline is an important

biochemical indicator in tolerance to saline and drought stresses in

melon. Sci. World J. 2013, 253414 (2013).

68. Afshan, S. et al. Citric acid enhances the phytoextraction of chromium,

plant growth, and photosynthesis by alleviating the oxidative damages

in Brassica napus .. Environ. Sci. Pollut. Res. 22, 11679-11689 (2015).

69.Tsuda, K., Akagi, S. & Kishida, Y. Discovery of cholesterol in some red

algae. Science 126, 927-928 (1957).

70.Wang, J. et al. Metabolomic and transcriptomic basis of photoperiodic

response regulation in broomcorn millet (Panicum miliaceum L.). Sci.

Rep. 14, 21720 (2024).

71.Cho, J.-Y. et al. Isolation of antifouling active pyroglutamic acid, triethyl

citrate and di-n-octylphthalate from the brown seaweed Ishige

okamurae. J. Appl. Phycol 17, 431-435 (2005).

72.Chaiboonchoe, A. et al. Microalgal metabolic network model refinement

through high-throughput functional metabolic profiling. Front. Bioeng.



73.

74.

75.

76.

77.

78.

79.

Biotechnol 2, (2014).

Di Costanzo, F., Di Dato, V., Ianora, A. & Romano, G. Prostaglandins in

marine organisms: A review. Mar. Drugs 17, 428 (2019).

Fakhri, M., Yoneda, K., Maeda, Y. & Suzuki, I. Functional analysis of the

carnosine synthase-like gene conserved in Monoraphidium braunii.

Algal Res. 78, 103387 (2024).

Hao, T., Yang, Z., Liang, J., Yu, J. & Liu, J. Foliar application of

carnosine and chitosan improving drought tolerance in bermudagrass.

Agronomy 13, 442 (2023).

Parthasarathy, A., Savka, M. A. & Hudson, A. O. The synthesis and role

of B-alanine in plants. Front. Plant Sci. 10, (2019).

Elango, T. ei al. Influence of shading intensity on chlorophyll,

carotenoid and metabolites biosynthesis to improve the quality of green

tea: A review. Energy Nexus 12, 100241 (2023).

Deng, W.-W. et al. Effect of shade treatment on theanine biosynthesis in

Camellia sinensis seedlings. Plant Growth Regul. 71, 295-299 (2013).

Too, J. C., Kinyanjui, T., Wanyoko, J. K. & Wachira, F. N. Effect of

sunlight exposure and different withering durations on theanine levels



80.

81.

82.

83.

84.

85.

in tea (Camellia sinensis). Food Nutr. Sci. 6, 1014-1021 (2015).

Martins, R., Sales, H., Pontes, R., Nunes, J. & Gouveia, I. Food wastes

and microalgae as sources of bioactive compounds and pigments in a

modern biorefinery: A review. Antioxidants 12, 328 (2023).

Lv, Y. et al. Metabolome profiling and transcriptome analysis filling the

early crucial missing steps of piperine biosynthesis in Piper nigrum L.

Plant J. 117, 107-120 (2024).

Giler, M. S. & Yildiran, H. Comprehensive review of nobiletin, a citrus

flavonoid: Metabolism and anti-tumor properties. Clin. Exp. Health Sci.

14, 561-571 (2024).

Potter, C. W., Phair, j. P., Vodinelich, L., Fenton, R. & Jennings, R.

Antiviral, immunosuppressive and antitumour effects of ribavirin.

Nature 259, 496-497 (1976).

Sidwell, R. W. et al. Broad-spectrum antiviral activity of virazole: 1-B-d-

ribofuranosyl-1,2,4-triazole-3-carboxamide. Science 177, 705-706

(1972).

Guo, Z. et al. The photolytic behavior of COVID-19 antivirals ribavirin in

natural waters and the increased environmental risk. /. Hazard. Mater.



452, 131320 (2023).

86.Liu, Y. et al. Combinatorial protein engineering and transporter

engineering for efficient synthesis of l-carnosine in Escherichia coli

Bioresour. Technol 387, 129628 (2023).

87.Abdur Razzak, S. et al. Microalgae cultivation in photobioreactors:

Sustainable solutions for a greener future. Green Chem. Eng. 5, 418-

439 (2024).

88. Maltsev, Y., Kulikovskiy, M. & Maltseva, S. Nitrogen and phosphorus

stress as a tool to induce lipid production in microalgae. Microb. Cell

Factories 22, 239 (2023).

89.Adams, C. & Bugbee, B. Enhancing lipid production of the marine

diatom Chaetoceros gracilis: Synergistic interactions of sodium chloride

and silicon. J. Appl. Phycol. 26, 1351-1357 (2014).



Figure legends

Figure 1. Shifts in cell density and size during the culture period. (A)

Shifts in cell density (cells/mL). The horizontal axis shows the cultured period

(day), and the vertical axis represents the cell densities. Cell density was

measured using a LUNA-FX7 cell counter. The average density from triplicate

flasks are shown for each day. Error bars indicate the standard deviation in cell

density (cells/mL). (B) Shifts in cell size (um). Cell size was measured using a

LUNA-FX7 cell counter. The average size from triplicate flasks are shown for

each day. Error bars indicate the standard deviation in cell size (um).

Figure 2. Comparison of compound compositions in each sample. Water-

soluble compounds (a) and lipid-soluble compounds (b). The area of detected

peaks (compounds) in each sample was normalized, and principal component

analysis was performed. Samples are distinguished by colors based on the

treatments and culture periods. The sample ID indicates sample condition (N for

NL and H for HL), cultured period (3, 7, or 9), and the number of replicate flasks.

Figure 3. Distribution of compounds across samples. Water-soluble



compounds (a) and lipid-soluble compounds (b). The horizontal axis shows

samples, and the vertical axis represents the detected peaks (compounds). For

hierarchical clustering analysis, the area of detected peaks (compounds) in each

sample was normalized, and the distances of normalized peak areas were

calculated. The dendrogram represents the distance of each peak. The colors in

the figure represent z-scores, which were calculated with normalized peak area.

The darker green indicates smaller values, and the darker red indicates larger

values. The sample ID indicates sample condition (N for NL and H for HL),

cultured period (3, 7, or 9), and the number of replicate flasks.

Figure 4. Venn diagiram comparing the number of compounds detected

under each light intensity in the samples on day 9. (a) Presence and

absence of compounds based on relative abundance. (b) Compounds detected in

both normal light (NL) and high light (HL) conditions, but showed significantly

higher relative abundance in any sample (p < 0.05). *: The number of compounds

that did not show significantly different relative abundance between NL and HL.

The water- and lipid-soluble compounds are shown separately.



Figure 5. Absolute quantification of water-soluble substances in the

samples on day 9. For citric acid, citrulline, carnosine, B-Ala, creatine, GABA,

Ile, Leu, Thr, Trp, and Val, internal standards with known concentrations were

analyzed together using capillary electrophoresis-Fourier transform mass

spectrometry. The absolute amounts in the samples were calculated by

referencing the peak areas of the internal standards using single-point

calibration. N.D: Not detected. p-values are indicated by asterisks.



Tables

Table 1. List of high light (HL)-specific compounds identified as health-

beneficial metabolites. The table includes the effects of each compound, a

comparison of relative quantities in the samples on day 9, and their statistical

significance. In the metabolome analysis, two peaks were annotated for piperine,

and since it was unclear which was the isomer, they were named piperine-1 and

piperine-2.
Relative abundance
(peak area ratio to the internal
Compounds Health-beneficial effect
standard)
NL HL p-value
Citric acid Antioxidant effect 3.878 6.186 0.00962

Muscle and metabolic health in
Citrulline 0.136 0.182 0.0471
susceptible/elder populations

N5-
Reduction of stress,

Ethylglutamin 0.0357 0.0553 0.0321
antioxidant

e (Theanine)

Promoting recovery from
Retinoic acid 0.00392 0.0110 0.0373
photodamage to the skin

Antioxidant and antiaging

Carnosine N.D. 0.0141 -
effect
Enhancing exercise

Creatine N.D. 0.0914 -
performance

GABA Inhibitory neurotransmitter N.D. 0.0672 -
Essential amino acid for

Ile 8.653 11.939 0.0411
humans

Essential amino acid for
Leu 10.230 15.112 0.0145
humans



Thr

Trp

Val

B-Ala

Piperine-2

Essential amino acid for
humans

Essential amino acid for
humans

Essential amino acid for
humans

Improvement of exercise
performance
Antioxidant and anti-

inflammatory effect

4.474

0.660

11.913

0.179

N.D.

5.632

0.929

21.437

0.392

0.270

0.0478

0.0179

0.0128

0.0197




Table 2. List of normal light (NL)-specific compounds identified as

health-beneficial metabolites s. The table includes the effects of each

compound, a comparison of relative quantities in the samples on day 9, and their

statistical significance.

Relative abundance

(peak area ratio to the internal

Compounds Health-beneficial effect
standard)
NL HL p-value
Risk-reducing effect for
Pyroglutamine 0.00460 N.D. -
COVID-19
Ribavirin Antiviral agent 0.00240 N.D -
6-Keto-
prostaglandin Antithrombotic effects 0.184 0.0869 0.00235
El
Antioxidant and anti-
Fucoxanthin 2027.026 1024.736 0.00711
inflammatory effect
Anti-inilammatory
Palmitoleic acid properties in human 0.0751 0.0300 0.0377
endothelial cells
Antibiotic against
Cholestenone 0.636 N.D. -
Helicobacter pylori
Essential fatty acid for
Linolenic acid 0.000429 N.D. -
humans
Anti-inflammatory
Nobiletin 0.00633 N.D. -
effects
Prostaglandin Anti-inflammatory
0.0389 N.D. -

D2

effects
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(Figure 3, Takebe et al.)
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(Figure 5, Takebe et al.)
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