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Arginine as the sole nitrogen
source for Ostreococcus tauri
growth: Insights on nitric oxide
synthase enzyme

Noelia Foresi1*, Gonzalo Caló2, Fiorella Del Castello1,
Andres Nejamkin1, Graciela Salerno2, Lorenzo Lamattina1,
Giselle Martı́nez-Noël2* and Natalia Correa-Aragunde1*

1Molecular and Integrative Physiology Lab, Instituto de Investigaciones Biológicas-CONICET, Universidad
Nacional de Mar del Plata, Mar del Plata, Argentina, 2INBIOTEC and FIBA, Mar del Plata, Argentina
Introduction: Photosynthetic organisms respond to nitrogen (N) deprivation

with the slowdown of photosynthesis and electron transport resulting in the

balance the carbon (C)/N ratio. Under this extreme condition, organisms trigger

complex mechanisms to keep growing using different N sources and recycling

N containing molecules. In particular, phytoplankton are able to uptake L-

arginine (L-Arg) as an organic N source. L-Arg can be assimilated mainly by the

arginase, arginine deimidase, arginine decarboxylase or L-amino oxidase

pathways.

Results: We analyzed the effect of different N sources on the growth of the

green algae Ostreococcus tauri. N starvation caused an inhibition of culture

growth and a decrease in chlorophyll content. The addition of L-Arg to an N-

deprived medium promotes a sustained growth rate of O. tauri culture and the

increase of chlorophyll levels. The transcript level of genes involved in N uptake

and metabolism were increased in N-starved condition while the addition of L-

Arg as the sole N source reduced their induction. Since the O. tauri genome

lacks the classical pathways to metabolize L-Arg, another enzyme/s may be

responsible for L-Arg catabolism. Previously, we characterized the nitric oxide

synthase (NOS) enzyme fromO. tauri (OtNOS) which oxidizes L-Arg producing

nitric oxide (NO) and citrulline. The NOS inhibitor L-NAME blocks the effect

promoted by L-Arg on N-deprivedO. tauri growth. Besides, NO level increased

in O. tauri cells growing in L-Arg containing medium, suggesting the

participation of OtNOS enzyme in L-Arg metabolism during N starvation.

Discussion: Our hypothesis suggests that, after NOS-dependent Arg

degradation, non-enzymatic oxidation of NO produces N oxides (mainly

NO2
-) that are re-incorporated to the N primary metabolism. As expected, N

deprivation increases the lipid content in Ostreococcus. The addition of L-Arg

or NO2
- as the sole N sources showed a similar increase in lipid content to N

deprivation. In summary, our results demonstrate that L-Arg is able to function
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as N source in Ostreococcus. The evidences on an alternative pathway of N

supply and metabolism in a photosynthetic microorganism are discussed.

These results could also allow the development of biotechnological tools for

increasing lipid production for industry.
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Introduction

All living organisms require constant nitrogen (N) supply

for growth and survival. N is an essential macronutrient

necessary for the biosynthesis of amino acids, proteins and

nucleic acids. The ocean’s N cycle is driven by complex

microbial transformations, including N fixation, assimilation,

nitrification and denitrification. N can be incorporated in

eukaryotic organisms from either organic or inorganic forms.

The availability and concentrations of inorganic N sources

fluctuate in the environment limiting growth and productivity

(Raven et al., 2014). Ammonia (NH4
+), nitrite (NO2

-) and

nitrate (NO3
-) with different spatial distributions in oceans are

the most frequent inorganic N sources assimilated by

photosynthetic organisms (Gruber and Galloway, 2008).

Based on the function they fulfill within the ecosystem;

microalgae possess diverse adaptations for an appropriate N

uptake and assimilation. Two adaptive strategies are generally

considered when N sources are insufficient: i) increase uptake of N

sources by inducing high-affinity transporters and/or by changing

growth patterns or chemotaxis, known collectively as N

scavenging, and ii) mobilize internal N reserves such as storage

proteins and N-rich molecules, known collectively as N salvaging

(Andersson et al., 2006; Sanz-Luque et al., 2015; Terrado et al.,

2015; Shahar et al., 2020; Lage et al., 2021; van Tol and Armbrust,

2021). The expression of genes that participate in N collecting and

recovering is inhibited when the primary N sources are available.

This response to N source quality in the growing medium is called

N catabolite repression and has been extensively studied in the

model system Saccharomyces cerevisiae (Zhang et al., 2018).

Assimilation of inorganic N sources requires a significant

amount of carbon (C) skeletons and reducing equivalents

forcing an increase in photosynthetic products (Foyer et al.,

2018). Under N-limitation, many photosynthetic organisms

change their C storage pattern in favor of carbohydrates and

neutral lipids (NLs) mainly in the form of triacylglycerol (TAG) as

a protective response (Illman et al., 2000; Rodolfi et al., 2009; Li

et al., 2012; Johnson and Alric, 2013; Rodolfi et al., 2017).
02
Generally, unicellular algae show little significant ability to use

amino acids supplied at near-natural concentrations (Flynn,

1990). In this sense, among 18 amino acids tested, only L-Arg

was efficiently assimilated in Chlamydomonas reinhardtii and

Volvox carteri (Kirk and Kirk, 1978; Muñoz-Blanco et al., 1990).

Munz et al. (2020), recently demonstrated that L-Arg-fed cultures

of C. reinhardtii activate N catabolic genes together with N

starvation-induced responses such as gametogenesis and TAG

accumulation while supporting a growth rate comparable to even

higher than NH4
+-fed cultures. Additionally, L-Arg sustains

growth and lipid accumulation in the non-photosynthetic green

alga Polytomella parva (Lapina et al., 2022). In photosynthetic

eukaryotic organisms, several N-producing ways of L-Arg

degradation were described: the arginase pathway which

produces ornithine and urea, the arginine decarboxylase (ADC)

pathway that converts L-Arg to agmatine and then to N-

carbamoyl-putrescine and NH4
+ (by agmatine iminohydrolase;

AIH) and the L-Arg deiminase (ADI) pathway which produces

NH4
+, CO2, and ATP in 3 step-enzyme reactions (Vallon and

Spalding, 2009). Moreover, the L-amino oxidase (LAO) activity

can also provide assimilable N from L-Arg (Calatrava et al., 2019).

Picoplankton is the smallest group of microorganisms of the

plankton with a diameter of 0.2-3 mm, and are the most

abundant primary producers in the oceans, despite

representing less than 1% of the photosynthetic biomass

(Falkowski, 1994; Field et al., 1998; Falkowski et al., 2008;

Seymour, 2014). Therefore, a change in the phytoplankton

population will severely affect the biogeochemical cycles. The

picoeukaryote Ostreococcus represents a diversified and widely

distributed genus within the algae (Le Bihan et al., 2011).

Ostreococcus is one of the smallest picoeukaryote, with a very

simple cell structure, including only one chloroplast and

mitochondrion and no flagella (Six et al., 2005; Cardol et al.,

2008; Demir-Hilton et al., 2011). Specifically, in Ostreococcus

tauri, we characterized three calcium-dependent protein kinases

(CDPKs) and showed that they are involved in the stress

response to N deprivation (Caló et al., 2017). Moreover, it was

proposed that CDPK signaling originated early in the green
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lineage is crucial for nutrient perception in Prasinophytes. In a

recent study, we described the TOR kinase and its regulation

under nutrient stress conditions in O. tauri, highlighting the

importance of this microalgae as a model for studying signaling

pathways in photosynthetic organisms (Caló et al., 2022).

Additionally, we described a nitric oxide synthase in O. tauri

(OtNOS) that metabolizes L-Arg generating NO and citrulline

(Foresi et al., 2010; Weisslocker-Schaetzel et al., 2017). The

recombinant OtNOS has a Km for the substrate L-Arg of ∼12
mM and its activity is suppressed by the specific inhibitor L-

NAME. NOS activity is 3-fold higher during the exponential

growth phase than the stationary phase and is increased under

high light, evidencing a link between NO production and the

microalgal physiology (Foresi et al., 2010).

The influence of different N conditions on O. tauri cell

physiology was investigated in the present study. Results showed

that N deficiency triggers growth inhibition and a decrease of

chlorophyll content in the first days of treatment. On the other

hand, L-Arg supplementation to N-deprived cells allows this

culture to grow at similar rates to those of N-complete medium

for the first 10 days. Based on in silico analysis, we propose a

possible pathway of L-Arg catabolism that may overlook the N

physiological status. Our results report a study system where N

starvation responses are induced without compromising growth,

unraveling the way in which cellular N status in eukaryotic

phototrophs is sensed and modified. This evidence would allow

the development of biotechnological tools that could increase

algae growth and lipids content under N deprivation.
Materials and methods

Reagents

Antibiotics penicillin, neomycin and kanamycin as well as

amino acids L-Arginine (L-Arg) and L-Lysine (L-Lys), Nw-

Nitro-L-arginine methyl ester hydrochloride (L-NAME), were

purchased at Sigma-Aldrich. Sodium nitrite and sodium

tungstate were purchased in BDH Chemicals.
Biological material and culture
conditions

Ostreococcus tauri OTTH0595 (RCC745) cell cultures

were obtained from Roscoff Culture Collection. Cells were

grown in Keller medium (MK) (8.82 x 10-4 M NaNO3, 5 x 10-5

M NH4Cl, 1 x 10
-5 M Na2 b-glycerophosphate.6H2O, 1 x 10

-8 M

H2SeO3, 1 x 10
-3 M Tris-base (pH 7.2), trace metal solution (1.12 x

10-4 M Na2EDTA.2H2O, 1.17 x 10
-5 M FeCl3.6H2O, 9.1 x 10

-7 M

MnCl2.4H2O, 7.65 x 10-8 M ZnSO4.7H2O, 4.2 x 10-8 M CoCl2.6

H2O, 2.6 x 10
-8 M Na2MoO4.2H2O, 3.92 x 10

-8 M CuSO4.5H2O),

supplemented with f/2 vitamin solution (1 x 10-10 M
Frontiers in Marine Science 03
cyanocobalamin, 1 x 10-9 M biotin, 1 x 10-7 thiamine-HCl) and

filtered through 0.22 mm filters before use (Keller et al., 1987). The

cultures were grown in the presence of penicillin 25 µg.ml-1,

neomycin 20 µg.ml-1 and kanamycin 25 µg.ml-1, and maintained

under a 12:12 h light: dark regime in 60 µE white light at 20 ± 1°C.

For growth curves, cells were cultured in 15 ml of MK starting at

OD 660 nm of 0.2 units and readings were taken each 48 h.

For N starvation, amino acid and inhibitor treatments, 15 ml

of cells were centrifuged at 3,500 rpm in conical tubes for 20 min

at room temperature. Cell pellets were resuspended depending

on treatment in: (MK, control), MK lacking N source [MK (-N)]

or MK (-N) supplemented with the different N sources (L-Arg,

L-Lys, NO2
-) and inhibitors (L-NAME, tungstate). The osmotic

balance in MK (-N) was covered by equal NaCl quantities.

Cultures were grown for 17-19 d.

Chlorophyll was extracted with 100% ethanol for 15 min in

the dark. Ethanolic extracts were centrifuged at 8,000 rpm for

10 min at 4°C and chlorophyll levels were determined by

measuring at 665 nm (OD665). Cell count and chlorophyll

fluorescence intensity were assessed by flow cytometry in a

Partec Cyflow Space cytometer using FloMax software. Data

analysis was performed with FlowJo software (https://www.

flowjo.com/).
Lipid quantification

Total lipids were determined by the sulfo-phospho-vanillin

method using commercial canola oil as lipid standard (2 mg.ml-1).

On 20 ml of reaction volume, 400 ml of concentrated sulfuric acid

was added and the samples were boiled for 10 min. After that, 1 ml

vanillin reagent was added. The samples were incubated for

15 min at 37°C, shaking at 200 rpm. The absorbance was read

at 530 nm (Mishra et al., 2014).
RNA isolation, reverse transcription and
quantitative RT-PCR

O. tauri cultures (150 ml) of each treatment were harvested

at exponential phase and sonicated at 40 W in an ice bath (10

cycles of 10 s, followed by a 10 s pause each). Total RNA was

isolated using the RNeasy plant mini kit (Qiagen).

Quantitation of RNA was determined using the Nanodrop

spectrophotometer (Thermo Scientific). Treatment with DNase

was performed after RNA extraction at 37°C for 1 h using DNase

(Promega). Reverse transcription was performed from 3 µg of

total RNA, 1 ml of random primers (Macrogen), 1 ml of 10 mM

dNTP, 2 ml of 0.1 M DTT and M-MLV reverse transcriptase

(Invitrogen) in a final volume of 20 ml. For RT-qPCR, reactions
were performed on a Step-one Real-time PCR system (Applied

Biosystems, California, USA) with Fast Universal SYBR Green

Master Rox (Roche) to monitor double-stranded DNA synthesis.
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LinRegPCR software v2014.7 (Ruijter et al., 2009) was used to

calculate N0 values, which reflects the initial amount of template.

Data were normalized against the levels of GAPDH transcript.

The primer sequences used are listed in Supplemental Table S1.
NO production in O. tauri cultures

NO content in O. tauri cultures was quantified using the

NO-sens i t ive probe 4-amino-5-methylamino-2 ’ ,7 ’-

difluorofluorescein diacetate (DAF-FM DA, Invitrogen). DAF-

FM DA (10 mM) was added to the culture medium and

incubated in dark 20 min before measurement. NO

fluorescence intensity (excitation 495 nm; emission 525 nm)

was measured using a fluorescence plate reader (Fluoroskan

Ascent; Thermo Electron) over an hour. Data are expressed as a

fold increase of arbitrary units (a.u.) per min.
Statistical analysis

Results are expressed as means ± standard error (SE) or

standard deviations (SD). Data were analyzed using ANOVA

with post-hoc Tukey or Dunnett’s method comparisons as

indicated. We have developed a linear mixed-effects model,

using the lme function from the nlme library in R software

(version 3.1; R Foundation for Statistical Computing). Fixed

effect was the nutrient media; experiments were treated as a

random effect.
Results

O. tauri can grow in the presence of the
amino acid L-Arg as sole N source

To analyze the effect of N deprivation and the utilization of

L-Arg as N source, O. tauri was grown on Keller medium (MK),

MK without N supply (MK(-N)) or (MK(-N)) supplemented

with L-Arg as the sole N source. Growth and cell number were

determined by optical density (OD 660 nm) and flow cytometry

(Figures 1A, B). As reported, N deprivation drastically reduced

O. tauri growth compared to culture with MK. The decrease in

OD 660 nm correlated with the cell number quantified

(Figure 1B). Interestingly, O. tauri can grow in the presence of

the amino acid L-Arg (0.1 mM) up to the first 10 d. This growth

was inhibited by the NOS inhibitor L-NAME (Figures 1A, B). In

the presence of another basic amino acid, L-Lys, O. tauri growth

was not restored, suggesting that this basic amino acid is not

used as a N source in O. tauri. The addition of increasing doses

of L-Arg (0.1, 0.5, 1 mM) maintains sustained O. tauri growth

(Supplemental Figure S1).
Frontiers in Marine Science 04
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FIGURE 1

O. tauri can grow in a culture medium containing L-Arg as the
sole source of N. O. tauri OTTH0595 (RCC745) culture was
obtained from Roscoff Culture Collection. (A) For cell growth
curves, 15 ml of cell culture grown at a 12:12 h light: dark regime
in 60 µE white light at 20 ± 1°C were centrifuged at room
temperature at 3,500 rpm for 20 min. Cell pellets were
suspended N-completed K medium (MK), MK without N source
[MK(-N)] and MK(-N) supplemented with 0.1 mM L-Arg (MK(-N)
+L-Arg) or 0.1 mM L-Lys (MK(-N)+L-Lys) or 0.1 mM of the NOS
inhibitor L-NAME (MK(-N)+L-NAME) or 0.1 mM L-Arg plus 0.1
mM L-NAME ((MK(-N)+L-Arg/L-NAME). Optical densities at 660
were taken every 2-3 d over 17 d of cell culture. (B) Cell number
was quantified by flow cytometry at day 0 and day 10 of the
growth culture. Values are means ± SD (n = 2, for each
parameter). Two independent experiments (n =2 and n=3) were
performed with similar results. The asterisks indicate statistical
difference compared to MK (-N), (ANOVA, post-hoc Dunnett
method, **p < 0.01, *p <0.05).
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N deficiency is accompanied by chlorophyll loss and a

drastic reduction of photosynthetic activity (Saux et al., 1987;

Plumley and Schmdt, 1989). Thus, we tested the effect of L-Arg

as the sole N source on chlorophyll content in O. tauri cultures.

Figure 2A shows that N deprivation significantly reduced total

chlorophyll content (Figure 2A) and the mean chlorophyll

fluorescence in the cell distribution (Figures 2B, C). Cultures

supplemented with L-Arg showed a 20% increase in mean

fluorescence intensity of chlorophyll compared to MK (-N)

cultures (Figure 2C). Thus, the N incorporation by L-Arg

degradation in O. tauri can reverse the N deficiency effect on

chlorophyll content. L-NAME is an L-Arg analogue, which

inhibits the synthesis of NO by competitive antagonism

towards NOS (Scheller et al., 1998). At identical concentration

of L-Arg and inhibitor, a 50% reduction of NOS activity is

expected. Figures 2A–C shows a decrease of about 50% in

growth and chlorophyll fluorescence intensity in the presence

of the L-NAME. In concordance with the OD660 results, the use

of L-Lys as an N source was not able to restore the chlorophyll

content (Figures 2A–C). Furthermore, the addition of 0.1 mM L-

Arg in complete MK resulted in an improvement of O. tauri OD

and increase of 16% mean chlorophyll content per cell with

respect to the MK condition at 10 days (Supplemental Figure

S1). These results suggest that chlorophyll reduction is a direct

response to N starvation signaling in O. tauri, a physiological

process that is partially restored by L-Arg supplementation.
Frontiers in Marine Science 05
Increase of lipid content and transcript
level of N-associated genes in L-Arg-fed
O. tauri culture

When N deprivation is imposed upon a culture exposed to

suitable irradiances, photosynthesis occurs at a reduced rate, and

the flow of fixed C is diverted from proteins to either lipids or

carbohydrate synthesis (Hu et al., 2008; Rodolfi et al., 2009). In

accordance, Figure 3 shows that total lipid content in O. tauri

cells subjected to N starvation increased as was previously

described (Caló et al., 2022). Interestingly, L-Arg-fed cells also

accumulated lipids similar to N-deprivation (Figure 3), even

when the growth rate was not equally affected in these

conditions. Cells cultured in L-Arg produced higher amounts

of total lipids in a short period of treatment compared to control

and N-deprived condition at 24 h (10%) and also, they had

higher lipid content than control at 10 days (10%) with similar

OD values as in the complete medium.

We further investigated whether L-Arg supplemented cultures

activate unique molecular responses of N-starved cultures. It was

reported that when N concentration in the culture medium is

scarce, cells activate the expression of genes involved in N uptake

and assimilation (Schmollinger et al., 2014; Munz et al., 2020). We

evaluated the mRNA levels of the NO3
- transporter (NTR), NO3

-

reductase (NR) and nitrite reductase (NIR), three N-starvation

marker genes involved in NO3
- uptake and assimilation. Figure 4 A
A B

C

FIGURE 2

Chlorophyll content in O. tauri growing under different N conditions. O. tauri cell culture (OD 660 ~ 0.3) was grown in the same culture media
described for Figure 1. (A) At the indicated times, cells were centrifuged at 8,000 rpm for 10 min and chlorophyll was extracted with 100%
ethanol for 15 min in dark. Chlorophyll content was determined by measuring the ethanolic fraction at 665 nm. Values are mean ± SE (n ≥ 5).
(B) Histogram shows chlorophyll autofluorescence intensity of O. tauri cells at 10 days of culture measured by flow cytometry with FL3
detector. (C) Mean chlorophyll fluorescence of the cell distribution after 10 days of culture. Values are mean and S.D (n = 3). The asterisks
indicate statistical difference compared to MK (-N), (ANOVA, post-hoc Dunnett method, ***p < 0.001, *p <0.05).
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shows that the three-marker genes were up-regulated in N-

deprived cells. In the N-deprived culture supplemented with L-

Arg, marker genes were partially induced compared to total N

deprivation (Figure 4A). This finding suggests that although L-Arg

is metabolized and can partially bypass the N-deficiency status it is

still up-regulated N deficiency responses such as genes involved in

N uptake and assimilation.

Therefore, we investigated plausible routes of L-Arg catabolism

according to those present in theO. tauri genome. No orthologues of

arginase, ADI and LAO can be identified in the O. tauri genome,

suggesting that three of the four described ways to assimilate N from

L-Arg are not available. This leaves a few alternatives for L-Arg

catabolism in theO. tauri genome: one begins with a homologous to

ornithine/arginine decarboxylase (ODC/ADC) protein and the

second with L-Arg-dependent NOS. We evaluated the transcript

levels of ODC/ADC and NOS, after 24 h in the cultures without N

and with L-Arg as the only source of N. Figure 4B shows that there

are no significant differences in the expression of these genes in the

tested conditions. The expression of the alpha subunit of urease, a

protein involved in the catalysis of urea, was also analyzed. Urease

transcript levels also did not increase significantly in -N cultures and

with L-Arg as the only N source (Figure 4B).
NO production in O. tauri cell cultures

Numerous investigations suggested that algae from diverse

lineages, such as chlorophytes, charophytes, red algae, or
Frontiers in Marine Science 06
diatoms produce NO (Mallick et al., 2002; Sakihama et al.,

2002; Tischner et al., 2004; Vardi et al., 2006; Vardi et al.,

2008; Foresi et al., 2010). To analyze whether O. tauri

produces NO in the different N culture conditions, cell

suspensions were incubated with the NO-specific fluorophore

(DAF-FM DA), after 24 h in the cultures without N, and with L-

Arg as the only source of N. Figure 5 shows that, the addition 0.1

mM L-Arg increased NO production which was blocked by the

treatment with the NOS inhibitor L-NAME. We also quantified

NO production at different times of culture growth in MK(-N)

and MK(-N) supplemented with 0.1 mM L-Arg. NO production

was higher in cultures supplemented with L-Arg after growing

for 1, 2 and 4 days and a pronounced decrease was detected after

7 days (Supplemental Figure S2). These results suggest that NOS

activity is induced in L-Arg-fed cultures. In contrast, the highest

concentration of L-Arg tested, 5 mM, increases more than 10-

fold the NO content and inhibits the growth ofO. tauri, reaching

a similar OD660 to N deprivation (Supplemental Figure S3). NO

is a free radical, reactive nitrogen species (RNS), that functions as

a diffusible gasotransmitter messenger in a dose-dependent

manner. It was demonstrated that at high level, NO is toxic

and induces cell death (Beligni and Lamattina, 1999; Astuti et al.,

2016; Bruand and Meilhoc, 2019). At the same time, here we

show that NO at optimum concentration would be re-

incorporated and assimilated as a N source in O. tauri.

NO3
- and NO2

- can be produced non-enzymatically from NO

oxidation, which then could be assimilated by NR and NIR activity

respectively and re-incorporated into the N metabolism. To

corroborate this hypothesis, we analyzed whether O. tauri can

grow in the presence of NO2
- as the only N source. Figure 6A

shows that a NO2
- dose-dependent growth of O. tauri cell cultures

while a decrease of NO2
- concentration of the cell-free culture

media is observed (Supplemental Figure S4). NO2
- dependent

growth in O tauri is accompanied with lipid accumulation

similar to L-Arg-fed cultures (Figure 6B). In addition, we

evaluated the effect of the molybdenum cofactor inhibitor

(tungstate, unspecific NR inhibitor) in cultures grown in L-Arg

as the only N source. Supplemental Figure S5 shows that the

treatment with tungstate could not block the growth in MK(-N) L-

Arg medium. These findings allow us to infer that NO2
- would be

the main product of NO oxidation that is assimilated by the alga

and incorporated as a source of N in O. tauri.
Discussion

In this report, we showed that cultures ofO. tauri supplemented

with L-Arg display a series of N deficiency responses, including the

induction of genes involved in N metabolism and uptake, reduced

cellular chlorophyll content and accumulation of lipid storage

despite robust growth. Thus, L-Arg-supplemented cultures may

trigger the same signaling that induces N starvation. The N
FIGURE 3

Total lipid content increases in O. tauri cultures grown in the
absence of N and the presence of L-Arg as the sole N source. O.
tauri cultures grown under phototrophic conditions in MK (OD
660 ~ 0.3) were harvested and incubated in MK (green), MK(-N)
(yellow), and MK(-N) + L-Arg (light green) after 1 and 10 days.
Total lipid levels were determined by the sulfo-phospho-vanillin
method. Values are mean ± SE (n ≥ 5). The asterisk indicates
statistical difference compared to MK (ANOVA, post-hoc
Dunnett method, ***p < 0.001, **p < 0.01, *p<0.05).
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starvation responses in L-Arg fed cultures were also observed in C.

reinhardtii and P. tricornutum, suggesting a common effect of L-Arg

supplementation in alga (Flynn and Wright, 1986; Munz et al.,

2020). Triggering N limitation responses requires signaling

mechanisms that perceive external and internal N availability. In

the model alga C. reinhardtii, transcriptional/proteomic changes

upon N starvation have been intensely studied to know the routes of

TAG accumulation in the microalgae (Wase et al., 2014). N

limitation rapidly induces genes including the classical N catabolite

genes for N scavenging and N salvaging, indicating the activation of

N remobilization from purines and amino acids while searching for

other external N sources (Schmollinger et al., 2014; Park et al., 2015).

Additionally, low N resources down-regulate the expression of genes

associated with the antenna system, decreasing light absorption and

electron transport (Huang et al., 2019).
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In this study, we describe that O. tauri can grow at the same

time that produces lipids in an N-deficient medium supplemented

with L-Arg. Previously, Degraeve-Guilbault et al. (2017); Degraeve-

Guilbault et al. (2021) provided a comprehensive study of the

glycerolipidome and validated this species as a model for related

picoeukaryotes. O. tauri lipids showed unique characteristics that

combined traits from green and chromalveolate lineages

(Degraeve-Guilbault et al., 2017; Degraeve-Guilbault et al., 2021).

Ostreococcus presents a single APC-type transporter (Amino acid/

polyamine transporter, NCBI Sequence: XP_003083160.2)

orthologous to AOC5/6 (plant cationic amino acid transporters).

These transporters facilitate the bidirectional transport of cationic

amino acids, thereby supporting critical metabolic functions, such

as the synthesis of proteins, NO, and polyamines (Hatzoglou et al.,

2004). The fact thatO. tauri has an APC-type transporter indicates
A

B

FIGURE 4

Transcript level of genes associated with N assimilation in O. tauri grown in L-Arg as the sole N source. Cultures grown under phototrophic
conditions in MK (OD 660 ~ 0.3) were harvested and incubated in MK (green), MK (-N) (yellow) and MK (-N) + L-Arg (light green) for 24 h. (A)
The transcript levels of genes involved in N scavenging (NO3

- transport, NTR) and NO3
- primary assimilation (NO3

- reductase; NR) and (NO2
-

reductase; NIR) were analyzed by RT-qPCR. Values were normalized to GAPDH mRNA levels. Bars denote means, n ≥ 3. Asterisks indicate
statistical differences (ANOVA, post-hoc Dunnett method, *p < 0.05, ***p < 0.001). (B) The transcript levels of the genes coding for nitric oxide
synthase (NOS), ornithine/arginine decarboxylase (ODC/ADC), and urease were analyzed by RT-qPCR. Values were normalized to GAPDH mRNA
levels. Bars denote means, n ≤ 3. No statistical differences were observed among treatments (ANOVA, p >0.05).
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that this alga will show preferential use of L-Arg over other amino

acids (Vallon and Spalding, 2009).

There are several pathways for L-Arg degradation that produce

reusable N in photosynthetic organisms (Figure 7). Higher plants

use L-Arg as an N source whose utilization is primarily dependent

on arginase activity followed by urease that catalyzes the formation

of NH4
+ and CO2 (Winter et al., 2015). These activities primarily

occur during the germination process where a rapid N

remobilization from N sources is required for plant growth

(Goldraij and Polacco, 2000; Todd et al., 2001; Winter et al.,

2015). In addition to germination, arginase plays a key role in the

recycling of N during plant senescence and grain production in rice

(Ma et al., 2013). However, the arginase enzyme is absent in the O.

tauri genome. The evidence supporting the ADI pathway is also

weak, as no gene/coding sequence was found. The ADI pathway is

present in fungi, algal, and cyanobacterial genomes (Novák et al.,

2016; Noens and Lolkema, 2017; Flores et al., 2019; Flores, 2020).

For example, Chlorella and Chlamydomonas can utilize L-Arg for

growth via the ADI pathway (Laliberté and Hellebust, 1990; Zuo

et al., 2012). In addition, Chlamydomonas can also deaminate

various amino acids including L-Arg in a N-depleted medium by

the action of LAO activity (Calatrava et al., 2019). LAO1 is found in

the periplasmic space and was proposed to contribute to N
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assimilation in oceanic environments. Chlamydomonas genome

encodes for a putative intracellular LAO3 (Calatrava et al., 2019).

The reaction of LAO enzymes produces ammonium, hydrogen

peroxide and the corresponding keto acid; then NH4
+ can be

incorporated and assimilated by algae (Figure 7). In contrast, a

homologous sequence coding for this protein is absent in the

Ostreococcus genome.

The O. tauri genome presents a coding sequence with partial

homology (38% similarity) with ADC from Arabidopsis

thaliana, with the two classical domains required for activity

(PFAM PS00878 and PS00879). ADC cleaves the carboxyl group

of the amino acid group releasing agmatine and CO2. ADC

homologous have been reported in plants and several Chlorella

species (Cohen et al., 1983; Beigbeder et al., 1995; Lin and Lin,

2019). Then, agmatine is converted to N-carbamoylputrescine
FIGURE 5

NO generation increases in O. tauri growing in culture medium
containing L-Arg as the sole N source. Cultures grown under a
phototrophic condition in MK OD 660 ~ 0.3 were harvested and
incubated in MK (green), MK(-N) (yellow), MK(-N) + L-Arg (light
green), and MK(-N) + L-Arg/L-NAME (gray) for 24 h. NO was
determined using the NO sensitive probe DAF-FM DA. NO
fluorescence intensity (excitation 495 nm; emission 525 nm) was
measured using a fluorescence plate reader (Fluoroskan Ascent;
Thermo Electron) over an hour. Data are expressed as a fold
increase of arbitrary units (a.u.) per min. Values are mean ± SE
(n = 3). The asterisk indicates statistical difference compared to MK
(ANOVA, post-hoc Dunnett method, *p < 0.05).
A

B

FIGURE 6

O. tauri can grow and accumulates lipids in a culture medium
containing NO2

- as the sole N source. (A) For cell growth curves,
15 ml of cell culture grown at a 12:12 h light: dark regime in 60
µE white light at 20 ± 1°C were centrifuged at room temperature
at 3,500 rpm for 20 min. Cell pellets were suspended N-
completed K medium (MK), MK without N source [MK(-N)] and
MK(-N) supplemented with 0.1 mM, 0.5 or 1 mM NO2

-. Optical
densities at 660 were taken every 2-3 d over 17 d of cell culture.
(B) Total lipid levels were determined in MK, MK(-N), MK(-N) +
0.1 or 1 mM NO2 after 10 days by the sulfo-phospho-vanillin
method. Different letters indicate significant differences (ANOVA,
posthoc Tuckey method, p < 0.05).
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and NH4
+ by agmatine iminohydrolase (AIH) and then to

putrescine by N-carbamoylputrescine amidohydrolase (CPA,

Figure 7). The agmatine catabolic enzymes, encoded by two

AIH1 and AIH2 in Chlamydomonas, are predicted to localize to

the mitochondria meaning the ADC pathway would likely be

directed to the mitochondria. Both AIH and CPA genes are

conserved in Volvox, but not in Ostreococcus (Vallon and

Spalding, 2009). Thus, this evidence suggests that there should

be another pathway apart from the ones described to get

assimilable N from L-Arg in O. tauri.

Our results evince that O. tauri grown in L-Arg produces NO

by NOS, which was previously described and characterized in O.

tauri (Foresi et al., 2010). NO has a half-life of only a few seconds

since it rapidly interacts with O2, producing nitrogen oxides

(NOx), such as NO3
- and NO2

- (Lancaster, 2015). This NO

oxidation may be also catalyzed by globins (GLBs), a ubiquitous

class of proteins present in all kingdoms (Vinogradov et al., 2006;

Figure 7). Curiously, we could not find a sequence coding for GLBs

in the O. tauri genome. In this sense, our results suggest that NO2
-

produced by spontaneous NO oxidation could be assimilated by

NIR and incorporated into the N metabolism of the alga.

Assimilation of NO2
- derived from NO in flue gas influences the

growth of the microalgae Nannochloropsis salina and

Phaeodactylun tricornutum (Brown, 1996; Matsumoto et al.,
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1997). Moreover, Botryococcus braunii can grow in NO2
- as the

sole N source for in a range about 2-4 mM while higher

concentrations inhibit algae growth (Yang et al., 2004).

So far, this pathway would be a possible way to re-assimilate

N from L-Arg in O. tauri. On the other hand, NOS activity

produce citrulline, which may be further processed into

ornithine and carbamoyl phosphate by the enzyme ornithine

carbamoyltransferase (OTC) and then to CO2 and NH4
+ by

carbamate kinase (CK) again absent in the O. tauri genome

(Vallon and Spalding, 2009). The role of NOS in N assimilation

from L-Arg is supported by the use of the L-NAME, which

prevents growth and NO production in O. tauri grown in L-Arg.

Although transgenic lines of O. tauri have been generated using

pOtOXLuc transgenics (Degraeve-Guilbault et al., 2020), no

commercial mutant lines of O. tauri are currently available.

Therefore, employing a pharmacological approach using specific

inhibitors is now extremely useful.

Besides N source, the latest data have described NO as a signal

molecule in algae (Foresi et al., 2010; Foresi et al., 2017; Astier et al.,

2021; Chatelain et al., 2021). NO acts as a signal in the

transcriptional and posttranslational regulation of NR and

inorganic N transport in Chlamydomonas (Sanz-Luque et al.,

2015). NO participates in stress responses, in cell physiology,

and is involved in greenhouse gas emission due to the reduction
FIGURE 7

Simplified scheme proposing L-Arg metabolism in photosynthetic cells containing NOS enzyme. Arginine uptake from the medium is carried
out by cationic amino acid transporters (APC) or degraded extracellularly by L-amino oxidases (LAO) enzyme to produce NH4

+ that then is
incorporated by ammonium transporters (AMT). There are also intracellular LAO enzymes described in algae. Intracellular Arginine can be
metabolized in the cytoplasm by arginine decarboxylase (ADC) with the formation of agmatine, which then is metabolized in the mitochondria
to putrescine and NH4

+by the action of agmatine iminohydrolase (AIH) and N-carbamoylputrescine amidohydrolase (CPA). Arginine can also be
metabolized by nitric oxide synthases (NOS) to produce citrulline and NO. NO can be rapidly oxidized by cellular globins (GLBs) or non-
enzymatically in the presence of O2 to produce N oxides (NOx). Arginine can also be metabolized in chloroplasts by the arginine deiminase
(ADI) pathways including the enzymes ornithine carbamoyltransferase (OTC) and carbamate kinase leading to NH4

+, CO2 and ATP. Finally,
Arginine may also be degraded by arginase to produce urea. Urea can be exported to cytosol and metabolized by ureases to produce NH4 and
CO2. Gray dash arrows represent the enzymes that were not found in the O. tauri genome.
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of NO into N2O in algae (Romano et al., 2011; Kumar et al., 2015;

Burlacot et al., 2020). Burlacot et al. (2020) reported that C.

reinhardtii produces N2O in the light by NO reduction catalyzed

by flavodiiron proteins (FLVs), whereas in unlighted N2O

production is catalyzed by cytochrome P450 (CYP55). Through

a sequence homology search we identify a flavodiiron protein

(XP_003075215.2, 60-52% similarity to Chlamydomonas FLVs)

and several cytochrome P450 (40-50% similarity to CYP55) in O.

tauri. This is extremely interesting for the study of the relationship

between NOS function and N2O production in O. tauri.

This report provides evidence that that directly relates NOS

activity with a function in the Nmetabolism and growth in algae.

In a previous work, we analyzed the effect of recombinant

OtNOS expressed under IPTG-induced promoter in E. coli,

which lacks the gene NOS. The OtNOS expression promotes

E. coli growth in a complete nutrient medium and provides a

more efficient metabolization of L-Arg as an N source (Correa-

Aragunde et al., 2022). Furthermore, the expression of OtNOS

under the control of the Cauliflower Mosaic Virus (CaMV) in

Nicotiana tabacum enhances growth and seed production,

suggesting that OtNOS expression in plants has a straight

impact on N metabolism (Nejamkin et al., 2020).

This alga has commercial potential as photoautotrophic cell

factories capable of producing high-value biofuels and specialty oils

(Degraeve-Guilbault et al., 2017). Advances in bioprocess

technology, coupled with strain improvement through traditional

methods of mutagenesis or genetic engineering, now offer the

potential to improve the economics of oil production. Recently a

promising transformation protocol for O. tauri has been reported

(Sanchez et al., 2019). The characterization of NOS as an enzyme

that metabolizes L-Arg and allows the growth of O. tauri

demonstrates a novel and potential biotechnological role of NOS

in N metabolism in photosynthetic organisms.
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TOR signaling in the green picoalga Ostreococcus tauri. Plant Sci. 323, 111390.
doi: 10.1016/ j.plantsci.2022.111390
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Novák, L., Zubáčová, Z., Karnkowska, A., Kolisko, M., Hroudová, M., Stairs, C.
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Six, C., Worden, A. Z., Rodrıǵuez, F., Moreau, H., and Partensky, F. (2005). New
insights into the nature and phylogeny of prasinophyte antenna proteins:
Ostreococcus tauri, a case study. Mol. Biol. Evol. 22 (11), 2217–2230.
doi: 10.1093/molbev/msi220

Terrado, R., Monier, A., Edgar, R., and Lovejoy, C. (2015). Diversity of nitrogen
assimilation pathways among microbial photosynthetic eukaryotes. J. Phycology 51
(3), 490–506. doi: 10.1111/jpy.12292

Tischner, R., Planchet, E., and Kaiser, W. M. (2004). Mitochondrial electron
transport as a source for nitric oxide in the unicellular green alga Chlorella
sorokiniana. FEBS Lett. 576 (1-2), 151–155. doi: 10.1016/j.febslet.2004.09.004

Todd, C. D., Cooke, J. E., Mullen, R. T., and Gifford, D. J. (2001). Regulation of
loblolly pine (Pinus taeda L.) arginase in developing seedling tissue during
germination and post-germinative growth. Plant Mol. Biol. 45 (5), 555–565.
doi: 10.1023/ A:1010645616920

Vallon, O., and Spalding, M. H. (2009). “Amino acid metabolism,” in The
Chlamydomonas Sourcebook (Academic Press), 115–158. doi: 10.1016/B978-0-12-
370873-1.00012-5

van Tol, H. M., and Armbrust, E. V. (2021). Genome-scale metabolic model of
the diatom Thalassiosira pseudonana highlights the importance of nitrogen and
sulfur metabolism in redox balance. PloS One 16 (3), e0241960. doi: 10.1371/
journal.pone.0241960

Vardi, A. (2008). Cell signaling in marine diatoms. Communicative Integr. Biol. 1
(2), 134–136. doi: 10.4161/cib.1.2.6867

Vardi, A., Formiggini, F., Casotti, R., de Martino, A., Ribalet, F., Miralto, A., et al
(2006). A stress surveillance system based on calcium and nitric oxide in marine
diatoms. PLos Biol. 4 (3), e60. doi: 10.1371/journal.pbio.0040060

Vinogradov, S. N., Hoogewijs, D., Bailly, X., Arredondo-Peter, R., Gough, J.,
Dewilde, S., et al. (2006). A phylogenomic profile of globins. BMC Evolutionary
Biol. 6 (1), 1–17. doi: 10.1186/1471-2148-6-31

Wase, N., Black, P. N., Stanley, B. A., and DiRusso, C. C. (2014). Integrated
quantitative analysis of nitrogen stress response in Chlamydomonas reinhardtii
using metabolite and protein profiling. J. Proteome Res. 13 (3), 1373–1396.
doi: 10.1021/pr400952z
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