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Fucoxanthin is a new dietary ingredient applied in healthy foods with specific

benefits of body weight loss and liver fat reduction. The marine diatom

Phaeodactylum tricornutum is a highly suitable species for fucoxanthin

production. In the present study, aiming to promote fucoxanthin biosynthesis

in mixotrophic P. tricornutum, NaNO3, tryptone, and urea were evaluated as

nitrogen sources with 0.10 mol L−1 of glycerol as the organic carbon source for

mixotrophic growth in shake flasks. Compared to NaNO3, the mixture of

tryptone and urea (referred to as T+U, 1:1, mol N:mol N) as organic nitrogen

sources could induce a higher biomass and fucoxanthin production. Through

nitrogen utilization analysis, leucine, arginine, lysine, and phenylalanine in the

T+U medium were identified as the amino acids that primarily support cell

growth. Among those amino acids, arginine causes the highest rate of nitrogen

utilization and cell growth promotion. After 12 days of cultivation, the highest

biomass concentration (3.18 g L−1), fucoxanthin content (12.17 mg g−1), and

productivity (2.68 mg L−1 day−1) were achieved using 25 mmol N L−1 of arginine

and 5 mmol N L−1 of urea as nitrogen sources, indicating that arginine and urea

performed synergistically on enhancing biomass and pigment production. This

study provides new insights into the promotion of fucoxanthin biosynthesis by

nitrogen utilization analysis and verifies the synergetic effect of arginine and

urea on facilitating the development of a promising strategy for efficient

enhancement of fucoxanthin production through mixotrophic cultivation of

P. tricornutum.
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Introduction

Fucoxanthin is a carotenoid that is widely distributed in

diatoms, brown algae, and golden algae (Yang et al., 2020). Given

its antioxidant, anticancer, anti-obesity, anti-diabetes, and anti-

Alzheimer’s disease properties (Lourenco-Lopes et al., 2021; Seth

et al., 2021), fucoxanthin draws a growing attention and an

increasing demand in the global market. Due to its health

benefits and non-toxicity, fucoxanthin obtained the

acknowledgement f rom the U.S . Food and Drug

Administration (FDA) as a new dietary ingredient in 2017 for

application in human health food (https://www.fda.gov/media/

108748/download), especially for body weight management and

liver health improvement (Yang et al., 2020; Sun et al., 2022). For

example, fucoxanthin has been applied in commercial products

of whole milk and skimmed milk as a weight loss drink (Mok

et al., 2016; de Gonzalez et al., 2021). Currently, the commercial

source of fucoxanthin is mainly brown seaweeds, but the very

low content (<0.1% DW) of fucoxanthin and the difficulties of

extraction result in the low quality and high cost of fucoxanthin-

rich oil products (Rajauria et al., 2017).

Marine diatoms are microalgae that produce bioactive

compounds like long-chain polyunsaturated fatty acids

[eicosapentaenoic acid (EPA) and docosahexaenoic acid

(DHA)], natural pigments (fucoxanthin and other high-value

carotenoids, phycobiliproteins), and polysaccharides

(chrysolaminarin, etc.), with broad applications in aquaculture,

health foods, pharmaceuticals, and cosmetics (Yang et al., 2020).

The marine diatom Phaeodactylum tricornutum is recognized as

a suitable fucoxanthin producer due to its high content of

fucoxanthin (Yang and Wei, 2020), and the highest level of

fucoxanthin could reach 59 mg g−1 using flat panel

photobioreactors (McClure et al., 2018). It can be cultivated at

a large scale under autotrophic conditions for industrial

purposes (Gao et al., 2017; Delbrut et al., 2018). The

mixotrophic cultivation of P. tricornutum could achieve higher

biomass productivity (1.01 g L−1 day−1) compared to autotrophic

conditions, but the photosynthetic system was significantly

inhibited, causing the low content of carotenoids (<0.7% DW)

(Ceron-Garcia et al., 2013). As fucoxanthin is the main

carotenoid in P. tricornutum, the content was even lower in

the mixotrophic biomass. The results above suggested that it is

hard to accumulate biomass and fucoxanthin simultaneously.

Therefore, the development of a high-efficient manufacturing

technology is an urgent demand for the commercial production

of fucoxanthin by mixotrophic marine diatoms.

Since fucoxanthin exists in the form of a fucoxanthin–

chlorophyll–protein complex (FCP) in the photosynthetic

system of diatoms (Wang et al., 2019), nitrogen plays a vital

role in FCP formation during cultivation. In diatoms,

fucoxanthin biosynthesis requires nitrogen-rich conditions

(Jauffrais et al., 2016; McClure et al., 2018; Wang et al., 2018).

The fucoxanthin content was increased immediately after nitrate
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addition and then decreased with the consumption of nitrate

(Pajot et al., 2022). The increase of nitrogen concentration from

40 to 400 mmol L−1 promoted a two-fold increase in pigment

contents (including chlorophyll and fucoxanthin) (Jauffrais

et al., 2016). The highest level of fucoxanthin content (5.92%

DW) was reported under 10-fold NO3
− addition (McClure et al.,

2018). Biomass concentration and fucoxanthin content were also

significantly enhanced around 50% and 70%, respectively, by

extra nitrogen supply in the growth of P. tricornutum (Wang

et al., 2018). Transcriptome analysis indicated that genes

involved in the photosynthesis system and fucoxanthin

biosynthesis pathway were upregulated under nitrogen-replete

conditions (Alipanah et al., 2015; Remmers et al., 2018), and

RNA-seq analysis demonstrated that the expression of light-

harvesting complex genes (including FCP genes) was decreased

with nitrogen depletion, resulting in the reduction of

fucoxanthin content (Pajot et al., 2022). Thus, sufficient

nitrogen is an essential nutrient for both cell growth and

fucoxanthin biosynthesis in P. tricornutum.

Phaeodactylum tricornutum can utilize not only inorganic

nitrogen sources like nitrate, nitrite, and ammonium but also

organic nitrogen sources like urea, tryptone, and amino acids

(Smith et al., 2019; Contreras and Gillard, 2021; Yang and Wei,

2020). Compared with nitrate and ammonium, P. tricornutum

preferred to use urea, achieving a higher biomass concentration

with no significant difference in fucoxanthin content (Zhang

et al., 2016). Furthermore, the fucoxanthin production was 3.45-

fold higher than that in the presence of urea when tryptone was

used as a nitrogen source (Wang et al., 2021), and P. tricornutum

could utilize most of the amino acids, in which the maximum

uptake rate of nitrogen was reached by using arginine (Rees and

Allison, 2006; Contreras and Gillard, 2021). Among 20

proteinogenic amino acids, arginine has four amino moieties,

leading to the highest nitrogen to carbon ratio in the molecule. It

is thus regarded as an effective storage of organic nitrogen in vivo

(Winter et al., 2015). However, the impact of different types and

concentrations of amino acids as well as the synergetic effect

with other nitrogen sources on fucoxanthin biosynthesis is still

not known clearly.

Phaeodactylum tricornutum cells assimilate nitrogen through

glutamine synthetase (GS) and glutamine 2-oxoglutarate

aminotransferase (GOGAT) cycle working with transport systems

(Smith et al., 2019). Nitrate, nitrite, ammonium, and several amino

acids that are metabolized extracellularly are assimilated in the

chloroplast via GSII-GOGATFd and shuttle nitrogen to the

mitochondria through the aspartate system (Smith et al., 2019;

Contreras and Gillard, 2021). In contrast, urea, arginine, and lysine

are assimilated by mitochondrial GSIII-GOGATa,b, and amino

moieties are transported to the chloroplast through the alanine

system (Flynn and Syrett, 1986; Smith et al., 2019). The aspartate

and alanine systems both utilize the pyruvate carbon skeleton to

transport nitrogen between organelles (Smith et al., 2019). In

addition, pyruvate is an important precursor of photosynthetic
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pigment synthesis (Yang et al., 2020). To improve the efficiency of

nitrogen assimilation, adequate carbon source and glycolysis

capacity are required for the fast growth of cells. Previous studies

indicated that mixotrophic conditions using glycerol as the organic

carbon source could upregulate the pathway of glycolysis and

provide more pyruvate in cells (Villanova et al., 2017), potentially

supporting the biomass accumulation and fucoxanthin biosynthesis

in P. tricornutum. For example, with glycerol and sufficient nitrogen

addition, biomass productivity and fucoxanthin concentration were

increased 43.5% and 97.5% in P. tricornutum, respectively (Wang

et al., 2021). Therefore, it is feasible to improve nitrogen

consumption rate and induce fucoxanthin biosynthesis by

optimizing the types and concentrations of nitrogen sources with

glycerol supply.

In this study, cell growth and fucoxanthin production were

evaluated using inorganic (NaNO3) and organic nitrogen

sources (the mixture of tryptone and urea) in mixotrophic P.

tricornutum. Then, arginine was proven as the preferred amino

acid by free amino acid consumption analysis in the medium

using the mixture of tryptone and urea as nitrogen sources.

Different concentrations of arginine, urea, and their mixture

were investigated and optimized to develop a promising

strategy for the efficient enhancement of fucoxanthin

production. The proposed nitrogen assimilation pathway in

P. tricornutum was fully discussed to explain the promotion of

fucoxanthin biosynthesis.
Materials and methods

Microalgal strain and seed culture

The diatom P. tricornutum CCMP 1327 was kindly donated

by Dr. Hanhua Hu from the Institute of Hydrobiology, Chinese

Academy of Sciences (CAS), Wuhan, China. The seed culture

was grown in 250-ml shake flasks containing 100 ml of modified

f/2 medium with 9.20 g L−1 of glycerol and a mixture of

1.17 g L−1 of tryptone and 3 g L−1 of urea (1:1, N mol:N mol)

in a shaking incubator with continuous illumination under

20 mmol m−2 s−1 by white LED light (OQ-PZP003050,

4,000 K, Guangdong Ocean Quantum Lighting Company,

China) at 20°C and 160 rpm according to our previous work

(Yang and Wei, 2020). The seed culture at the logarithmic phase

was used as the inoculum for further experiments.
Evaluation of nitrogen sources on cell
growth and fucoxanthin production

To investigate the effect of inorganic and organic nitrogen

sources on cell growth and fucoxanthin accumulation, sufficient

nitrogen concentrations (20 mmol L−1) of NaNO3 and the

mixture of tryptone and urea (1:1, N mol:N mol, presented as
Frontiers in Marine Science 03
T+U) selected from our previous study (Wang et al., 2021) were

evaluated in mixotrophic growth with an initial cell density of

1 × 107 cells ml−1 (Yang and Wei, 2020) in shake flasks,

respect ively . Cel l density , pH value, and nitrogen

concentration were detected by sampling every 2 days during

the cultivation. The biomass productivity and fucoxanthin

content were detected at the end of cultivation according to

our previous work (Yang and Wei, 2020).
Identification of the preferred amino
acids in the T+U medium

During the cultivation above, the free amino acid

concentrations in the T+U medium were analyzed by

sampling every 2 days. According to the results of free amino

acid consumption, the top 4 amino acids with high nitrogen

consumption rate were identified as the preferred amino acids,

in which the top 2 amino acids (lysine and arginine) at nitrogen

contents of 0.3, 0.6, 0.9, and 1.2 mmol N L−1 based on the initial

concentration in the T+U medium were then selected to

compare their effects on cell density, biomass concentration,

and chlorophyll fluorescence, as well as on the consumption rate

of carbon and nitrogen. Nitrogen concentrations were selected

according to the initial concentration of the top 2 amino acids

identified in the T+U medium.
Synergetic effects of the preferred amino
acids with urea

After the comparison of the top 2 preferred amino acids

above, arginine, the dominant one, was investigated for its effect

at the final nitrogen contents of 5, 10, 15, 20, 25, and 30 mmol N

L−1 by comparing to urea at final nitrogen contents of 5, 10, 15,

and 20 mmol N L−1. Moreover, their mixture at total nitrogen

contents of 10, 15, 20, 25, and 30 mmol N L−1, in which urea was

at 5 mmol N L−1, was carried out to investigate the synergetic

effects by comparing with the solo nitrogen medium. Cell

density, pH, and nitrogen concentration were monitored

during the cultivation. Biomass concentration and

productivity, pigment content, and fucoxanthin productivity

were analyzed with glycerol consumption rate at the end

of cultivation.
Analytical methods

Cell density and biomass concentration
A 1-ml cell suspension was collected for cell density and

chlorophyll fluorescence determination by CytoFLEX flow

cytometry (Beckman Coulter, USA) according to the operation

manual. The fluorescence intensity of chlorophyll was recorded
frontiersin.org
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in channel PC5.5 (excitation at 488 nm, emission at 690/50 nm

through a BP filter).

The biomass concentration (g L−1) was determined by the

gravimetric method. A 2-ml cell suspension was collected in a

preweighed tube and biomass was measured after centrifuging,

washing, and drying in a 60°C oven to a constant weight.

The specific growth rate (m, day−1) and biomass productivity

(mg L−1 day−1) were calculated using formulae (1) and (2):

m = (lnNt − lnN0)=(t − t0) (1)

Biomass productivity ðmg L−1 day−1Þ
= (Wt −W0)=t � 1, 000 (2)

where Nt and N0 are the cell densities (cells ml−1) at time t and

time t0; Wt and W0 are the biomass concentrations (g L−1) at

time t and time t0, respectively.

Glycerol and nitrogen concentrations
The glycerol concentration was determined by an M-100

biosensor analyzer (Siemens, China). NO3
− and total nitrogen

(TN) concentrations were determined using a water quality

analyzer (HI83200, Hanna, Italy) and DR2700 spectrophotometer

(HACH, USA), respectively (Luo et al., 2020; Yang andWei, 2020).

The urea concentration was determined by the urease kit

(C013-2-1, Jianyang, China). The reaction solution was prepared

according to the kit’s instructions, and the absorbance was

measured at 640 nm. The urea concentration was calculated

using formula (3):

Urea concentration mmol L−1

= (Asample − Ablank) ÷ (Astandard − Ablank)� Cstandard (3)

where Asample, Ablank, and Astandard are the absorbance of the

sample, blank, and standard solution, while Cstandard is the

concentration of the standard (mmol L−1).

Profile and concentration of amino acids
The profile and concentration of free amino acids in the T+U

medium were determined by an automatic amino acid analyzer

(L8900, Hitachi, Japan) (Shim et al., 2013). A 2-ml cell-free

culture broth of the T+U medium was collected every 48 h, and

0.5 ml of 15% sulfosalicylic acid was added for deproteinization.

After mixing, the solution was stored at 2°C–4°C for 60 min. The

supernatant was collected by centrifugation at 10,000×g for

15 min and then filtered through a 0.22-mm syringe

membrane for further detection. The samples were detected by

standard procedure with the MCI* buffer L-8500 pH kit, and

then the free amino acids were identified and quantified by

standard curves (Shen et al., 2021).

The arginine and lysine concentrations in the medium were

determined by the ninhydrin colorimetric method (Tu, 2018).

A 2× pH 5.6 buffer was prepared by 4.15 g of Na2HPO4·12H2O
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(w/v) was prepared using 1× pH 5.6 buffer. Two hundred

microliters of 2× pH 5.6 buffer; a 200-ml supernatant of

arginine, lysine standard, or sample; and a 400-ml ninhydrin
solution were added in a glass tube and then put in a 100°C water

bath for 15 min. Then, 2 ml of double-distilled H2O (ddH2O)

was added to the tube after cooling at room temperature, and

absorbance was measured at 570 nm. The arginine and lysine

concentrations were calculated using arginine and lysine

standard curves, respectively.

Natural pigments
Natural pigments were extracted by organic solvents and

measured by high-performance liquid chromatography (HPLC,

DIONEX P680, Thermo Scientific, Waltham, USA) equipped

with a PDA detector and a YMC™ Carotenoid column

(150 mm × 4.6 mm, 3 mm) (Yang and Wei, 2020). The

fucoxanthin productivity (mg L−1 day−1) was calculated by the

following formula:

Fucoxanthin productivity ðmg L−1day−1Þ
= (Wt � Ct −W0 � C0)=t (4)

whereWt andW0 are the biomass concentrations (g L−1) at time

t and time t0; Ct and C0 are the fucoxanthin contents (mg g−1) at

time t and time t0, respectively.
Statistical analysis

The data were performed by triple biological replicates and

presented as mean ± SD (standard deviation). The Origin V9.0

software was used for drawing the figures. The statistical analysis

was carried out by one-way analysis of variance (ANOVA) and

LDS t-test with SPSS V22.0. Different letters indicate significant

differences (p< 0.05).
Results and discussion

Effects of nitrogen sources on cell
growth and fucoxanthin production

NaNO3 and the mixture of tryptone and urea (T+U) affected

the cell growth of P. tricornutum. Higher cell density

(10.86 × 107 cells ml−1) and specific growth rate (0.17 day−1)

were observed in the T+U medium compared to the NaNO3

medium (p< 0.05) (Figure 1A; Table 1). It is coincident with the

previous studies that P. tricornutum performed better in terms of

cell growth with tryptone or urea addition (Wang et al., 2021).

Compared with nitrate, it was reported that organic nitrogen

sources, including leucine, isoleucine, and valine, could induce

higher cell density in P. tricornutum (Hu et al., 2019). The pH
frontiersin.org
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value in the NaNO3 medium remained around 8.20~8.40 during

the cultivation (Figure 1A), like in previous reports

(Yongmanitchai and Ward, 1991; Eustance et al., 2013). In the

T+Umedium, pH was increased sharply to peak at 9.18 and then

gradually decreased to 7.3 with faster cell growth in the

logarithmic phase (Figure 1A). This pH fluctuation might
Frontiers in Marine Science 05
relate to the priority utilization of nitrogen in the mixture of

urea and free amino acids in the T+U medium. Moreover, the

decline in nitrogen concentration was positively correlated with

the increase of cell growth (Figures 1A, B). The consumption

rate of total nitrogen (11.50 mg L−1 day−1) in the T+U medium

was 15% higher than that in the NaNO3 medium

(p< 0.05) (Table 1).

In the T+U medium, the biomass productivity, glycerol

consumption rate, fucoxanthin content, and chlorophyll a content

were 245.2 mg L−1 day−1, 233.3 mg L−1 day−1, 16.11 mg g−1, and

34.33mg g−1 (Figure 1C; Table 1), which were 40%, 27%, 157%, and

229% higher those in the NaNO3 medium, respectively (p< 0.05).

Notably, the increase of biomass productivity was higher than the

increase of glycerol consumption rate, which indicated that the

higher biomass accumulation in the T+Umedium might be caused

by the additional carbon supply from the organic nitrogen sources.

A previous study demonstrated that carbon and nitrogen tend to

flow toward carbohydrate and protein synthesis rather than the

photosynthetic system under glycerol and NaNO3 supply, which

might explain the low content of photosynthetic pigments

(fucoxanthin and chlorophyll a) in the NaNO3 medium

(Villanova et al., 2017). It is reported that urea induced higher

biomass productivity than nitrate in P. tricornutum (Zhang et al.,

2016), and higher biomass was obtained using tryptone compared

with both nitrate and urea in the diatom Nitzschia laevis (Wen and

Chen, 2001). Earlier research also demonstrated that a 36% increase

of biomass and a 28% increase of fucoxanthin were obtained using

the mixture of tryptone and urea compared to tryptone (Wang

et al., 2021). It is noteworthy that cellular chlorophyll a (1.10 pg

cell−1) in the T+U medium was twice that in the nitrate medium

with a 59% increase of cellular fucoxanthin (p< 0.05) (Table 1),

indicating that the organic nitrogen source significantly promoted

cellular pigment biosynthesis. Ammonium induced higher

intracellular chlorophyll a concentrations in P. tricornutum

compared with nitrate (Frada et al., 2013), and Entomoneis

paludosa also reached the highest level of fucoxanthin content

under ammonium compared to nitrate (Jauffrais et al., 2016) due

to the high activities of the GS and GOGAT systems (Rees, 2003).

Most of the available nitrogen (free amino acids and urea) in the T
B

C

A

FIGURE 1

Cell density and pH value (A), total nitrogen concentration in the
medium (B), pigment (fucoxanthin and chlorophyll a) contents,
and biomass productivity (C) in the mixotrophic growth of
Phaeodactylum tricornutum using inorganic (NaNO3) and
organic nitrogen (tryptone:urea = 1:1, mol N:mol N) sources at
20 mmol N L−1. Different letters indicate a significant difference
(p< 0.05).
TABLE 1 The specific growth rate, carbon and nitrogen consumption
rate, and pigment content in the mixotrophic growth of P.
tricornutum using NaNO3 and the mixture of tryptone and urea (1:1,
mol N:mol N) as nitrogen source at 20 mmol N L−1 in shaking flasks.

Index NaNO3 Tryptone
+ urea

Specific growth rate (day−1) 0.12 ± 0.01b 0.17 ± 0.00a

Glycerol consumption rate (mg L−1 day−1) 183.33 ± 6.80b 233.33 ± 16.67a

Nitrogen consumption rate (mg L−1 day−1) 10.00 ± 0.43b 11.50 ± 0.50a

Fucoxanthin content (pg cell−1) 0.32 ± 0.03b 0.51 ± 0.01a

Chlorophyll a content (pg cell−1) 0.53 ± 0.04b 1.10 ± 0.07a
Different letters (a, b) indicate significant difference (p< 0.05). Glycerol (0.10 mol L−1) was
used as the organic carbon source in the mixotrophic medium.
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+U medium was finally utilized intracellularly as ammonium

(Smith et al., 2019; Contreras and Gillard, 2021), which might

promote intracellular nitrogen metabolism and contribute to the

increased biosynthesis of photosynthetic pigments including FCP.

Therefore, the mixture of tryptone and urea was the optimal

nitrogen source for enhancing biomass and fucoxanthin

production, in which tryptone provided a complex nutrition

(free amino acids, peptides, vitamins, and growth factors).

However, high cost and lower bioavailability limit its

industrial-scale application. Thus, the following experiments

were carried out to determine the dominant nitrogen

components for utilization and simplify of the medium.
Identification of the preferred amino
acids in the T+U condition

To explore the amino acid utilization in the T+U medium, the

concentration of free amino acids was monitored during the

cultivation. As shown in Figure 2, leucine, lysine, arginine, and

phenylalanine were the most abundant amino acids in the T+U

medium (Figure 2A). When preferentially used up in 4~6 days,

their nitrogen consumption rates reached 0.83, 2.09, 2.09, and

0.44 mg L−1 day−1, respectively (Figure 2C). Methionine, tyrosine,

histidine, glutamate, and aspartic acid could be utilized to support

cell growth as well (Figure 2A). A similar phenomenon was

observed in previous studies, in which arginine, glutamate,

leucine, and isoleucine could be used as sole nitrogen sources in

P. tricornutum, and cells performed best by using arginine

(Contreras and Gillard, 2021). A higher cell density was achieved

by using arginine in E. paludosa compared with that using

glutamine and glycine (Jauffrais et al., 2016). Interestingly, the

rapid consumption of leucine, lysine, arginine, and phenylalanine

was observed as the preferred amino acids (Figure 2A). Valine,

serine, threonine, and alanine levels remained stable during the first

2 days and then increased sharply within the following 2 days

(Figure 2B). Though the isoleucine content dropped slightly in the

first 2 days, it reached the highest level on the fourth day. When the

preferred amino acids were used up in the T+U medium after

6 days (Figure 2A), valine, serine, threonine, alanine, and isoleucine

started to be consumed (Figure 2B). However, proline and glycine

were secreted into the medium on the 4th and 10th day,

respectively, without consumption during the cultivation

(Figure 2B). The results were coincident with a previous report

on E. paludosa where glycine was the worst nitrogen source for cell

growth and pigment production (Jauffrais et al., 2016). A similar

phenomenon was observed in P. tricornutum since proline and

serine were hardly utilized after nitrogen deprivation (Rees and

Allison, 2006). The intracellular glycine was reported as the only

amino acid that increased in P. tricornutum after 4 days of

cultivation (Ge et al., 2014), which was consistent with the trend

of glycine in this study. Therefore, leucine, lysine, arginine, and
Frontiers in Marine Science 06
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C
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FIGURE 2

Concentrations of preferred free amino acids (A) and other free
amino acids (B) in the medium and nitrogen consumption rates
of four preferred amino acids (C) in the mixotrophic growth of
Phaeodactylum tricornutum using organic nitrogen source
(tryptone:urea = 1:1, mol N:mol N) at 20 mmol N L−1. Different
letters represent significant difference (p<0.05).
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phenylalanine were identified as the preferred amino acids for P.

tricornutum utilization.

To deeply understand nitrogen assimilation in P. tricornutum,

the proposed assimilation pathway of amino acids and other

nitrogen sources is summarized in Figure 3 according to the

literature. In P. tricornutum, amino acids can be utilized mainly in

two ways (Rees and Allison, 2006). On the one hand, amino acids

are transported into cells by amino acid-specific transporters on

the membrane systems and metabolized intracellularly (Flynn and

Syrett, 1986). On the other hand, amino acids are oxidized to

NH4
+, a-keto acid, and hydrogen peroxide by extracellular L-

amino acid oxidase (LAAO), then taken up by NH4
+ transporters

(AMT) on the membrane systems (Rees and Allison, 2006;

Contreras and Gillard, 2021). Arginine and lysine can be

assimilated by transporters directly and metabolized in vivo

(Flynn and Wright, 1986; Rees and Allison, 2006). After

entering the cells, arginine is converted to urea and ornithine by

arginase (ARG) in the urea cycle in the mitochondrial membrane,

and then urea is metabolized to NH4
+ participating in the GS III-

GOGATa,b cycle in the mitochondria (Smith et al., 2019),

contributing to cell growth and protein synthesis (Zhang et al.,

2015). Meanwhile, lysine is transported into cells directly and
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catabolized by the a-amino adipic acid pathway to produce

glutamate joining in the GS III-GOGATa,b cycle (Arruda and

Barreto, 2020), as well as acetyl-CoA, which finally enters the

tricarboxylic acid (TCA) cycle contributing to carbohydrate

accumulation (Zhang et al., 2015; Pan et al., 2020). In contrast,

alanine, methionine, leucine, glutamate, valine, and asparagine are

oxidized exclusively by LAAO extracellularly, and histidine is

partially oxidized by LAAO in P. tricornutum (Rees and Allison,

2006; Contreras and Gillard, 2021). Phenylalanine, tyrosine,

isoleucine, serine, threonine, aspartic acid, and glycine are also

catalyzed by LAAO in other microalgae (Calatrava et al., 2019). It

was reported that hydrogen peroxide produced by LAAO could

not be utilized by cells and remained in the medium (Palenik and

Morel, 1990), in which the accumulation of hydrogen peroxide

triggered a massive cell death in P. tricornutum (Contreras and

Gillard, 2021). Therefore, amino acids that are metabolized

through LAAO are not considered favorable nitrogen sources

for cell growth due to their indirect cell-damaging effect. All

information above suggested that arginine and lysine are taken up

by membrane transporters without hydrogen peroxide generation

and have a great potential to be used as exclusive nitrogen sources

for cell culturing and fucoxanthin production in P. tricornutum.
FIGURE 3

Proposed pathway of nitrogen assimilation in Phaeodactylum tricornutum and other microalgae. Solid arrow lines represent the direct reactions
between the metabolites, and dash arrow lines represent the multistep reactions between those metabolites. Red boxes represent the amino
acids consumed via LAAO by P. tricornutum; green boxes represent the amino acids consumed via LAAO by other microalgae. NRT, nitrate
transporter; NAR, nitrite transporter; NR, nitrate reductase; NIR, nitrite reductase; GS, glutamine synthetase; GOGAT, glutamine 2-oxoglutarate
aminotransferase; AMT, ammonium transporter; UT, urea transporter; ART, arginine transporter; ARG, arginase; HIT, histidine transporter; LYT,
lysine transporter; LAAO, L-amino acid oxidase; FCP, fucoxanthin–chlorophyll–protein complex.
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Comparison of arginine and lysine on
cell growth and chlorophyll
fluorescent character

As the top 2 preferred amino acids in the T+U medium,

arginine and lysine triggered the same nitrogen consumption

rate (2.09 mg L−1 day−1) (Figure 2C). By taking into account the

original nitrogen concentrations of arginine (0.61 mmol N L−1)

and lysine (0.65 mmol N L−1) in the T+U medium (calculated

from Figure 2A), the initial concentrations of arginine and lysine

were set as 0.30, 0.60, 0.90, and 1.20 mmol N L−1 for the

comparative study. As shown in Figure 4A, the cell density

was higher under arginine supply, and the higher concentration

of nitrogen led to a higher biomass concentration, glycerol, and

nitrogen consumption rate (Figures 4A–D). Compared with the

lysine medium, the biomass concentration increased 6%~30% in

the arginine medium with a 12%~42% increase of glycerol

consumption rate (Figures 4B–D). After inoculation in the

medium, both arginine and lysine were consumed

immediately, and the maximum nitrogen consumption rate

(7.93 mg L−1 day−1) on the second day was achieved in the

1.20 mmol N L−1 arginine medium, which was 1.92-fold higher
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than the highest level in the 1.20 mmol N L−1 lysine medium

(p< 0.05) (Figure 4D). In the literature, cells also performed

better in the arginine medium than in the lysine medium, and

the uptake rate of arginine was 64% higher than that of lysine in

P. tricornutum (Flynn and Syrett, 1986; Rees and Allison, 2006),

indicating that cells preferred arginine to lysine. In P.

tricornutum, arginine has four amino moieties and three of

them finally participated in nitrogen metabolism through the

urea cycle and the GS-GOGAT cycle (Smith et al., 2019), while

lysine only has two amino moieties and one was transported to

the nitrogen metabolism pathway via the saccharopine pathway

to produce glutamate (Arruda and Barreto, 2020) (Figure 3),

suggesting that arginine has a higher nitrogen conversion rate in

vivo. According to the nitrogen consumption curves, arginine

was consumed entirely, while lysine remained in trace amounts

in the medium. Though cells reached a nitrogen-deficient state

in later cultivation, the final chlorophyll fluorescence using

arginine was still 36%~79% higher than lysine (Figure 4B).

Contreras and Gillard reported that P. tricornutum obtained

the highest chlorophyll a fluorescence under arginine supply

compared to other amino acids. The photosynthetic capacity was

positively correlated to fluorescence (Contreras and Gillard,
B

C D

A

FIGURE 4

Cell density (A), mean fluorescence intensity (MFI) of chlorophyll and biomass concentration (B), nitrogen concentration (C), and average (ave.)
glycerol consumption rate and maximum (max.) nitrogen consumption rate (D) using arginine (Arg) and lysine (Lys) at 0.3, 0.6, 0.9, and 1.2 mmol
N L−1 in the mixotrophic medium. Different letters indicate a significant difference (p< 0.05).
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2021), indicating that the photosynthetic system was more active

in the arginine medium. Nitrogen starvation could significantly

inhibit both growth and photosynthetic systems (including FCP)

(Pajot et al., 2022); thus, the arginine supply was selected for an

in-depth survey in the following experiments with the aim to

obtain higher cell density, biomass, and photosynthetic capacity.
Synergetic effect of arginine and urea on
cell growth and pigment production

Principal component analysis
To clarify the role of mixtures of organic nitrogen sources,

urea was chosen to compare algal growth with or without the

addition of arginine. The performance of cell growth under

arginine, urea, and the mixture of arginine and urea (Arg + urea)

in various concentrations is shown in Figure 5. Algal cultures

showed a deeper brown color in the Arg + urea medium than in

those media containing arginine or urea only. With the increase

in nitrogen concentration, cells grew better in arginine and in the

Arg + urea medium, but it was the opposite in the urea medium

(Figure 5A–C). As shown in Figure 5D, a principal component

analysis (PCA) was carried out according to the cell growth,

nutrient consumption, pH change, and pigment production to

understand the differences among various nitrogen sources.

Principal component 1 (PC1) explained 77% of the total

variation and showed a separated arginine cluster on the left,

Arg + urea cluster on the right, and urea cluster in the middle.

With the increase in nitrogen concentration, the dots in arginine

and Arg + urea clusters exhibited a rightward shift, but the urea

cluster showed the opposite trend. The separation in PC1 and

PC2 suggested a significant difference between the three clusters

with nitrogen types and concentrations.

Cell growth
The cell density increased rapidly after inoculating in both

arginine and Arg + urea media. The specific growth rate was

increased with the rise of nitrogen concentration, but it was the

opposite in the urea medium (Figures 6A–C; Table 2) on the first

4 days, which were coincident with the color of algal cultures

(Figure 5) and a previous report (Jauffrais et al., 2016). In the

diatom E. paludosa, the cells obtained higher cell density under a

higher concentration of arginine and achieved the maximum

specific growth rate under a lower concentration of urea

(Jauffrais et al., 2016). However, the cell growth became very

slow after 4 days due to the sharp drop of pH in the arginine

medium (Figure 6A). Though P. tricornutum continued to grow

on the 10th day when adapted to low pH around 4.5, the cell

densities (4.12~6.05 × 107 cells ml−1) on the 12th day were

insignificantly different than those in the urea media

(3.62~6.22 × 107 cells ml−1) but lower than those in the Arg +

urea media. Obviously, the maximum cell density (9.21 × 107

cells ml−1) was obtained in the Arg + urea medium at 25 mmol N
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L−1 even though the pH finally dropped to 5.23, which was 52%

and 48% higher than those in the 30 mmol N L−1 arginine and

5 mmol N L−1 urea media, respectively (Figures 6A–C).
pH and nitrogen consumption
Arginine is a basic amino acid with a positive charge in the

side chain group, and the uptake of arginine results in the release

of hydrogen ions resulting in the decrease of pH value (Allen

et al., 2011). Under an acidic pH environment, the function of

FCPs switched from light-harvesting to energy-quenching via

regulation of energy transfer pathways (Nagao et al., 2020),

which might explain why the cells stopped growing after 4 days

at pH below 4.5 (Figures 6A, C). As shown in Figure 6D, arginine

was fully consumed on the 4th day at 5 mmol N L−1, and the

Arg-N concentration curves in the other concentrations
B

C

D

A

FIGURE 5

The images of the mixotrophic Phaeodactylum tricornutum at
the end of cultivation using (A) Arg (5, 10, 15, 20, 25, 30 mmol N
L−1), (B) urea (5, 10, 15, 20 mmol N L−1), and (C) the mixture of
Arg and urea (10, 15, 20, 25, 30 mmol TN L−1, in which urea was
at 5 mmol N L−1) as nitrogen source and (D) score plot of the
principal component analysis (PCA) for cell growth performance
and pigment production.
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indicated that the consumption rate of arginine also slowed

down due to the decrease of pH, which was coincident with the

cell growth curve (Figure 6A). pH showed an increase after

inoculation of seed cultures in the urea medium within 48 h and

then decreased slightly except in 5 mmol N L−1 of urea, in which

pH decreased to 7.28 after the 8th day (Figure 6B). Similar

results were observed that the utilization of urea would not

change the pH in the medium at the beginning (Eustance et al.,

2013) and decreased to around 7.0 at the end of the culture

period (Wen and Chen, 2001). It was reported that urea was

metabolized intracellularly to form NH4
+ and secreted it into the

medium when urea was used as the only nitrogen source,

causing an elevation of pH (Dhup et al., 2016). The medium

with 5 mmol N L−1 of urea showed a rise in total NH4
+-N

concentration during the first 4 days and complete consumption

on the 12th day (Figure 6E). Because extracellular urea-N

concentration in the medium was determined by the

chromogenic reaction of NH4
+ generated from urea via the

urease kit, the fluctuating curve of total nitrogen demonstrated
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the secretion of extra NH4
+ in the medium (Figure 6E). The

secretion and consumption of extra NH4
+ caused the rise and

decline of pH in the medium with 5 mmol N L−1 of urea (Wen

and Chen, 2001; Eustance et al., 2013). Compared with the solo

arginine media, the addition of 5 mmol N L−1 of urea in the

arginine medium increased cell density and also maintained the

pH in the range of 7.96~9.30 during the first 6 days as expected

(Figure 6C). As shown in Figure 6F, arginine was barely

consumed on the first 4 days with an increase of pH

(Figure 6C), indicating that cells preferred to uptake urea at

the beginning in the Arg + urea medium. After the fourth day,

cells entered the logarithmic phase in the Arg +urea medium and

entered the stationary phase on the eighth day when the pH

decreased to 6.60 (Figure 6C).

Biomass and pigment production
As shown in Figures 6G–I; Table 2, biomass productivity,

glycerol consumption rate, and pigment content were increased

with the rise of nitrogen concentrations in arginine and Arg + urea
B C

D E F

G H I

A

FIGURE 6

Cell density and pH value (A–C), TN concentration in the medium (D–F), and pigment contents (G–I) using Arg (5,10, 15, 20, 25, 30 mmol N L−1)
(A, D, G), urea (5, 10, 15, 20 mmol N L−1) (B, E, H), and the mixture of Arg and urea (10, 15, 20, 25, 30 mmol TN L−1, in which urea was at 5 mmol
N L−1) (C, F, I) as nitrogen sources. The solid and dotted lines represent cell density and pH value (A–C), respectively. Total NH4

+-N
concentration (con.) represents NH4

+ from the decomposed urea and secreted NH4
+ from cells (E). Different letters indicate a significant

difference (p< 0.05).
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media. The maximum biomass concentration (3.18 g L−1) and

productivity (217.9 mg L−1 day−1) with a glycerol consumption

rate of 247.22mg L−1 day−1 were achieved under 30mmol TN L−1 of

Arg + urea medium, significantly higher than the solo arginine or

urea medium (p< 0.05) (Table 2). In contrast, the biomass

productivity in the urea media reached the highest level

(142.93 mg L−1 day−1) at 5 mmol N L−1, 47% higher than that at

30 mmol N L−1 of arginine (Table 2). However, fucoxanthin content

(7.79 mg g−1) and productivity (0.31 mg L−1 day−1) were decreased

by 24% and 69%, respectively, suggesting that urea addition could

significantly promote biomass production but reduce the

biosynthesis of fucoxanthin. A previous study reported that more

arginine–carbon was respired with the same uptake rate when

ammonium and arginine were both present in the medium (Flynn

andWright, 1986). In this study, the addition of urea in the arginine

medium provided sufficient ammonium in vivo. It could induce the

assimilation of arginine, which might explain the higher biomass

accumulation in the Arg + urea media. Furthermore, the maximum

contents of fucoxanthin (12.17 mg g−1) and chlorophyll a

(29.45 mg g−1) were both obtained at the highest concentration

(30mmol TN L−1) in the Arg + urea medium (p< 0.05), significantly

increased by 18%~64% and 68%~133% compared with the solo

arginine and urea media, respectively (Figures 6G–I).

Fucoxanthin and chlorophyll a share the geranylgeranyl

pyrophosphate building block that forms from pyruvate as a

precursor. The biosynthesis of chlorophyll additionally requires the

participation of glutamate (Bertrand, 2010; Meier et al., 2011). The
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synergetic effect of arginine and urea might promote the activity of

the urea cycle, GS-GOGAT cycle, and TCA cycle (Figure 3),

providing more substrate for the biosynthesis of photosynthetic

pigments and proteins, leading to the higher contents of fucoxanthin

and chlorophyll a. After 12 days of cultivation, the highest

fucoxanthin productivity (2.68 mg L−1 day−1) was observed in the

Arg + urea medium with 30 mmol TN L−1, 2.71-fold and 8.64-fold

higher than that in the arginine medium at 30 mmol N L−1 and in

the ureamedium at 5mmol N L−1, respectively (Table 2), but had no

significant difference with the Arg + urea medium at 25 mmol TN

L−1. In the literature, P. tricornutum was cultivated under complex

organic carbon or nitrogen sources, but the bottleneck still remained

for the simultaneous accumulation of biomass and fucoxanthin. For

example, the fucoxanthin content achieved 17.55 mg g−1 with the

supplementation of 1.5 ml L−1 of Laminaria japonica hydrolysate in

P. tricornutum, while the biomass was only 1.59 g L−1 (Wang et al.,

2022). When the spruce hydrolysate and yeast extract (C/N = 60)

were used as carbon and nitrogen sources, biomass concentration

reached 3.31 g L−1, but carotenoid concentration only achieved

16.92 mg L−1, in which the fucoxanthin concentration was lower

(Patel et al., 2019). In this study, the maximum biomass productivity

(217.9 mg L−1 day−1) and fucoxanthin content (12.17 mg g−1) in the

Arg + urea medium at 30 mmol TN L−1 were 24% and 94% higher

than those in the nitrate medium (Figure 1). We could thus realize

the simultaneous accumulation of biomass and fucoxanthin and

provide an efficient strategy for fucoxanthin production by

mixotrophic P. tricornutum. In future studies, a higher biomass
TABLE 2 The specific growth rate, biomass concentration, glycerol consumption rate (CR), and productivities of biomass and fucoxanthin in the
mixotrophic growth of Phaeodactylum tricornutum using different types and concentrations of nitrogen sources in shaking flasks.

N sources m (day−1) Biomass (g L−1) Glycerol CR (mg L−1 day−1) Productivity (mg L−1 day−1)

Biomass Fucoxanthin

Arginine (mmol N L−1)

5 0.10 ± 0.01c 1.37 ± 0.14b 77.78 ± 9.62b 67.71 ± 9.28b 0.31 ± 0.06d

10 0.10 ± 0.01c 1.37 ± 0.10b 77.78 ± 4.81b 61.86 ± 4.37b 0.42 ± 0.05c

15 0.10 ± 0.00c 1.42 ± 0.07b 80.56 ± 4.81b 65.61 ± 1.24b 0.49 ± 0.04c

20 0.11 ± 0.01bc 1.46 ± 0.04b 80.56 ± 4.81b 69.37 ± 2.26b 0.61 ± 0.89b

25 0.12 ± 0.01ab 1.76 ± 0.12a 88.89 ± 4.81ab 99.61 ± 4.69a 0.89 ± 0.03a

30 0.12 ± 0.01a 1.78 ± 0.10a 100.00 ± 16.67a 97.10 ± 6.89a 0.99 ± 0.08a

Urea (mmol N L−1)

5 0.18 ± 0.00a 2.24 ± 0.24a 103.33 ± 5.77a 142.93 ± 21.43a 0.31 ± 0.06a

10 0.16 ± 0.01ab 1.92 ± 0.14a 103.33 ± 11.55a 111.70 ± 13.95b 0.19 ± 0.05b

15 0.15 ± 0.02b 2.04 ± 0.10a 86.67 ± 5.77b 120.01 ± 6.25a 0.37 ± 0.02a

20 0.13 ± 0.01b 2.03 ± 0.14a 90.00 ± 0.00b 120.92 ± 11.51a 0.23 ± 0.04ab

Arginine + urea (mmol N L−1)*

10 0.15 ± 0.01b 2.59 ± 0.08b 236.11 ± 17.35b 166.13 ± 4.62c 1.83 ± 0.09c

15 0.16 ± 0.01ab 2.75 ± 0.08b 230.56 ± 17.35b 180.73 ± 3.48b 2.05 ± 0.07b

20 0.15 ± 0.00b 2.82 ± 0.20b 230.56 ± 4.81b 180.52 ± 10.16b 2.06 ± 0.04b

25 0.16 ± 0.00a 3.13 ± 0.17a 260.11 ± 9.62a 209.72 ± 11.78a 2.59 ± 0.05a

30 0.15 ± 0.00b 3.18 ± 0.12a 247.22 ± 4.81ab 217.86 ± 4.69a 2.68 ± 0.05a
Different letters (a–d) indicate significant difference (p< 0.05). Glycerol (0.10 mol L−1) was used as the organic carbon source in the mixotrophic medium.
*Total nitrogen amount, in which urea was at 5 mmol N L−1.
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and fucoxanthin productivity could be expected with pH control in

synergetic systems of arginine and urea bymixotrophic cultivation of

P. tricornutum.

Conclusion

In this study, various inorganic and organic nitrogen sources

were evaluated for improving cell growth and fucoxanthin

production by mixotrophic P. tricornutum. Arginine was

proven as the dominant amino acid for promoting cell growth

compared to other free amino acids in tryptone and urea media.

The synergetic effect of arginine and urea in the mixotrophic

medium with 0.1 mol L−1 glycerol addition could promote

biomass product ion and fucoxanthin biosynthes is

simultaneously, achieving the highest productivity of biomass

(217.9 mg L−1 day−1) and fucoxanthin (2.68 mg L−1 day−1). The

present study provided new insights into fucoxanthin

biosynthesis promoted by nitrogen metabolism, facilitating the

development of an efficient process for enhancing fucoxanthin

production by mixotrophic P. tricornutum.
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