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Abstract
Endosymbiotic dinoflagellates provide the nutritional basis for marine invertebrates, especially reef–building corals. These 
dinoflagellates are sensitive to environmental changes, and understanding the factors that can increase the resistance of 
the symbionts is crucial for the elucidation of the mechanisms involved with coral bleaching. Here, we demonstrate how 
the endosymbiotic dinoflagellate Durusdinium glynnii is affected by concentration (1760 vs 440 µM) and source (sodium 
nitrate vs urea) of nitrogen after light and thermal stress exposure. The effectiveness in the use of the two nitrogen forms 
was proven by the nitrogen isotopic signature. Overall, high nitrogen concentrations, regardless of source, increased D. 
glynnii growth, chlorophyll–a, and peridinin levels. During the pre–stress period, the use of urea accelerated the growth of 
D. glynnii compared to cells grown using sodium nitrate. During the luminous stress, high nitrate conditions increased cell 
growth, but no changes in pigments composition was observed. On the other hand, during thermal stress, a steep and steady 
decline in cell densities over time was observed, except for high urea condition, where there is cellular division and peridinin 
accumulation 72 h after the thermal shock. Our findings suggest peridinin has a protective role during the thermal stress, 
and the uptake of urea by D. glynnii can alleviate thermal stress responses, eventually mitigating coral bleaching events.
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Introduction

Dinoflagellates of the family Symbiodiniaceae play a crucial 
role in coral reef ecological balance providing chemical 
energy (in carbohydrate form) produced by photosynthetic 
pathways, enabling calcium carbonate accretion and 
growth. Furthermore, these dinoflagellates can produce 
several metabolites that can improve the coral reef health, 
and this resulted in recent interest to understand these 
host–Symbiodiniaceae relationships (Jiang et al. 2014). 

Additionally, these dinoflagellates have attracted great 
pharmacological attention, because many of these molecules 
have been proving as potential anti–inflammatory, analgesic, 
vasoconstrictor, cytotoxic, and antitumor compounds 
that can inspire new drugs (Bigham Soostani et al. 2021; 
Assunção et al. 2017). This has led to recent efforts to 
improve the cultivation techniques of these dinoflagellates 
(Sánchez-Suárez et al. 2021; Oliveira et al. 2020).

Endosymbiotic dinoflagellates have a complex life 
cycle composed by two stages: the motile mastigote stage 
and the non–motile coccoid one. In natural environment, 
Symbiodiniaceae cells grow as mastigotes during the light 
phase, and divide in the dark as coccoid cells. The coccoid 
cells of Symbiodiniaceae are spherical with an average 
diameter of 10 µm and, in this stage, they become intracellular 
symbionts inside of the coral and other hosts (Shah et al. 2020; 
Figueroa et al. 2021). On the other hand, motile mastigote 
cells (sometimes referred as free–living cells) have different 
dimensions of the epicone and hypocone among species, and 
they can be found in different marine ecosystems (Wham et al. 
2017). The free–living mastigote cells are essential to about 
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80% of coral species that establish endosymbiotic relationships 
anew each generation or during an environmental change (e.g., 
salinity reduction and temperature rise) (Claar et al. 2020). 
In view of this, it is clear that exploring the diversity and 
coral–specificity, the nutritional strategies, the responses to 
stress of free–living Symbiodiniaceae is crucial to understand 
the functioning of coral reefs.

Nitrogen is an essential nutrient for microalgae growth and 
plays a fundamental role in biosynthesis of protein, lipid, and 
carbohydrate (Su 2021). Microalgae can assimilate nitrogen in 
the form of nitrate, nitrite, urea, and ammonium; nonetheless, 
although the latter is often most efficiently assimilated, at 
high concentrations (approxiamtely at 25 µM), it may exhibit 
toxicity to cells (Yaakob et al. 2021). Intracellularly, the excess 
nitrogen might be stored in chemical and biochemical forms, 
such as free amino acids, proteins (especially Rubisco), and 
chlorophylls (Guilherme et al. 2019; Walker et al. 2018). On 
the other hand, under nitrogen deplete condition, microalgae 
cells change their carbon storage patterns in favor of neutral 
lipids, generally by the degradation of polyunsaturated fatty 
acids for triacylglycerol (Rodolfi et al. 2009; Wang et al. 
2019). Although there is a number of studies on the effects of 
nitrogen–replete and –deplete in microalgae cultivation, these 
studies mainly focus on lipid profile and yield of biomass 
produced, generally aiming a boosting in biofuels production 
(Tarazona Delgado et al. 2021; Wei et al. 2022), and almost 
never to assess the physiological state of cells and their 
susceptibility to stress factors.

Understanding nutritional strategies that can improve 
resistance of endosymbiont dinoflagellates can contribute 
for optimization of large–scale cultivation of the endosym-
biotic dinoflagellates and elucidation of their susceptibility 
to environmental stress resulting in coral bleaching events. 
Here, we described the physiological mechanisms of Durus-
dinium glynnii cells cultured under high and low nitrogen 
supply, using sodium nitrate and urea as nitrogen source. 
Our approach is based on two main hypotheses: (1) nitro-
gen–replete condition increases the resistance of D. glynnii 
to stresses and; (2) urea is more efficient than nitrate to sup-
port cell growth and to improve the resistance to stresses.

Materials and methods

Biological material

Durusdinium glynnii was maintained in filter–sterilized 
seawater (salinity of 30 psu) enriched with f/2 medium–Si 
(Guillard 1975) at 22 ± 1 °C, under continuous lighting at 
150 μmol photons m−2 s–1. Cultures were kept in exponential 
growth by regular transfer to fresh medium to avoid nutrient 
limitation.

Experimental setup

A methodological flowchart of the experimental setup is 
presented in Fig. 1. Experimental acclimated cultures of D. 
glynnii were performed in 250-mL Erlenmeyer flasks, under 
irradiance of 300 μmol photons m−2 s−1 provided by 36 W 
light–emitting diodes panels, and bubbled with atmospheric 
air. In order to assess the effects of concentration and source 
of nitrogen on the light– and heat–tolerance of D. glynnii, 
two concentrations, double and half the amount of nitrogen 
present in the f/2 culture medium (i.e., 1760 and 440 µM 
resulting in a N:P ratio of 28:1 and 7:1, respectively), in 
form of sodium nitrate (NaNO3) and urea (CH4N2O), nor-
malized by nitrogen percentage in each form, were evaluated 
resulting in a bi–factorial (2 × 2) design with six independent 
replicates (n = 6) for each condition.

Initially, cultures grown for 96 h, and then, they were 
diluted to a mean cell concentration of 21.4 ± 2.6 × 104 cells 
mL−1. After dilution, the nitrogen concentration in each 
of the treatments was adjusted as close as possible to the 
time before dilution (after growth), when necessary. Then, 
two experimental units from each nitrogen condition were 
submitted for stress assays: (1) in the thermal stress, the 
cultures were transferred to a germination chamber with a 
thermostat adjusted to 30 ± 0.5 °C, under the same illumina-
tion regime (i.e., 300 μmol photons m−2 s−1); (2) in the light 
stress, the irradiance subjected to the cultures was increased 
to 600 μmol photons m−2 s−1, by adding a new LED panel, 
and adjusting using a quantameter and the distance of the 
cultures from the light source. The other cultures (control 
group) were maintained at the same conditions previously 
described (i.e., 22 ± 1 °C and 300 μmol photons m−2 s−1). 
The stress assays were maintained for 96 h. Stress levels 
were chosen based on previous photoacclimation (Oliveira 
et al. 2022) and thermal stress (Lin et al. 2019) studies with 
Symbiodiniaceae species.

Nitrogen quantification

For nitrogen quantification, samples from filtered medium 
were conducted following the Hach® colorimetric methods. 
For nitrate and urea determination, the NitraVer 5 (Hach 
method 8171) and Total Nitrogen Kit (Hach method 10071), 
respectively, were used according to the manufacturer's 
instructions.

Growth analysis

Cell concentration (c, cells mL−1) and cell type (mastigote and 
coccoid forms based on morphological characteristics reported 
in Kang et al. (2020)) were analyzed using a hemocytometer 
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under an optical microscope (400 or 1000 × of magnification). 
An asymmetric logistic equation was used for fitting the cell 
concentration (C(t)) vs. time (t) data in order to accurately 
determine the specific growth rate (µ, day–1), before (µc), and 
after the stress (µs) according to equation elsewhere described 
(Oliveira et al. 2022).

Photosynthetic pigments

At the end of the stress assays, samples from each experimen-
tal unit were taken to analyze intracellular pigments. After cen-
trifuging 100 mL of algal culture for 10 min at 2000 rpm, the 
remained biomass was subjected to pigment extraction using 
acetone 90% (Strickland and Parsons 1972). Chlorophylls–a 
(Chl–a) and c (Chl–c; c1 + c2) contents were calculated 
according to Jeffrey and Humphrey (1975), while carotenoid 
content (i.e., total carotenoids, β–carotene, and peridinin) were 
analyzed following the methods proposed by Carreto and 
Catoggio (1977) and Prézelin (1976). Values for all pigment 
concentrations were expressed as pg cell−1.

Stable isotope analysis

Sample preparation

At the end of the stress assays, 50 mL from each dupli-
cate treatment were pooled together and vacuum filtrated 
(~ 200 mbar) onto pre–combusted (450 °C for 4 h) GF/C 
glass microfiber filters (pore size 1.2 μm), and stored in ster-
ile glass Petri dishes. Filters were oven dried at 60 °C for 
24 h and decarbonated with concentrated HCl (12 M) for 4 h 
in a desiccator (Lorrain et al. 2003). Afterwards, the filters 
were cut and encapsulated in high purity aluminum disc.

Elemental and stable isotope analysis

Cellular particulate organic carbon (POC) content, carbon sta-
ble isotope ratio (δ13C), nitrogen stable isotope ratio (δ15N), 
and the stoichiometric ratio of particulate organic carbon to 
nitrogen (C:N) were determined with an elemental analyzer 
(EA, EuroVector, model EA3000 Single) coupled to an 

Fig. 1   Flowchart for the experimental setup
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isotopic ratio mass spectrometer (IRMS, Thermo Scientific, 
model Delva V Advantage). The temperature in the EA fur-
nace was maintained at 980 °C. Helium (purity: 99.99%) was 
used as a carrier gas at a flow rate of 93 mL min−1. A pulse 
of 15 mL of oxygen (purity: 99.99%) was introduced into 
the reactor to facilitate combustion of the sample. The gases 
generated in the reactor were separated in a chromatographic 
column maintained in an isothermal oven (70 °C), and then 
transferred to the IRMS. The analysis time of a sample totaled 
5 min. The IRMS was routinely calibrated with reference gases 
(CO2 and N2) traceable to an international isotopic standard 
(Vienna Pee Dee Belemnite — VPDB). A certified reference 
material (casein, Elemental Microanalysis P/N B2155) was 
employed for quality control. Analytical precision for δ13C 
was 0.02‰. Results are presented according to the commonly 
used δ–notation (Eqs. (1) and (2)) expressed as per mil (‰) 
as follow:

(1)δ13C =
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× 1000

Statistical analysis

One-way analysis of variance (ANOVA), followed by 
the Tukey’s test, when necessary, was applied, using a 
significance level of 0.05 for growth data before stress 
incubation (n = 6). Normality and homoscedasticity were 
evaluated by the Shapiro–Wilk and Levene tests, respectively.

Results

In the first 96 h of Durusdinium glynnii growth in control 
conditions, the high urea concentration accelerated cell 
growth (p < 0.01, n = 6), reaching 91.83 ± 16.83 × 104 
cells mL−1 at 0.55 ± 0.05 day−1, while the other nitrogen 
conditions grown at nearly 0.24 day−1. In the 96 h after 
cultures dilution, without environmental changes, the 
high nitrogen concentration presented higher growth 
in comparison to the low one. During the light stress, in 
oppose to control conditions, the use of sodium nitrate 
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Fig. 2   Growth curves (a–c) and 
cell type proportion (d–f) of 
Durusdinium glynnii subjected 
to the light (b and e) and tem-
perature (c and f) stress. Figures 
a and d represent the control. 
Black arrows indicate the dilu-
tion of the culture and the start 
of stress assay. Yellow and red 
arrows indicate the approximate 
timing of nitrogen depletion at 
low and high concentrations, 
respectively. Points plotted in 
cell type figures represent mean 
values from each experimental 
unit during the 96 h of stress
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showed a higher growth performance compared to urea, 
in both concentrations. In the temperature stress, a gradual 
reduction in cell concentration was observed for all nitrogen 
conditions, except the high urea concentration, resulting 
in negatives values of µs due to decline in cell densities 
(Fig. 2a–c; Table 1).

The cell morphotype of Durusdinium glynnii was mostly 
(over 80% of the total population) mastigote cells in the 
control conditions (Fig. 2d) and in the light stress (Fig. 2e) 
assay. On the other hand, the percentage of mastigote 
cells was lower (below 90%) during the temperature stress 
(Fig. 2f), except for the use of high urea concentration 
— above 95% of the population was mastigote cells. In 
addition, the population in the low nitrate concentration 
condition at the temperature stress was composed mainly 
by coccoid cells.

The cellular δ13C values were relatively stable both with 
respect to the use of sodium nitrate and urea, their respec-
tive concentrations, and also when subjected to thermal and 
light stress, ranging from −16.45 to −13.85‰. For δ15N, a 
clear distinction between nitrogen sources was observed: 
the sodium nitrate source ranged from −29.44 to −27.95‰, 
while for urea one, ranged from −3.03 to −0.67. Further-
more, for the use of urea as nitrogen source, higher δ15N 

values were reported for both stress assays compared to 
control conditions. Finally, cells grown using sodium 
nitrate (5.27 ± 0.20) as nitrogen source showed higher C:N 
ratio (p < 0.05; n = 6) compared to those grown using urea 
(4.76 ± 0.22) (Table 1).

Pigments contents in D. glynnii subjected to light and 
thermal stress showed differences compared to the control 
(Fig. 3). Overall, cells grown under high nitrogen condition 
had higher contents of chlorophyll–a. Cells subjected 
to the light stress had higher content of total carotenoids 
when grown using urea as nitrogen source at the two 
concentrations — it was also reflected in the contents of 
β–carotene and peridinin. In the thermal stress, the contents 
of all pigments in cells grown at high urea concentration 
were higher than other treatments.

Discussion

The dataset here analyzed suggests that nitrogen 
overaccumulation can increase the tolerance of the 
endosymbiotic dinoflagellate Durusdinium glynnii subjected 
to light and thermal stress. Moreover, the use of high urea 
concentration was the only condition that supported cell 

Table 1   Response of 
Durusdinium glynnii cultured 
using sodium nitrate and urea in 
terms of growth performance, 
stable carbon and nitrogen 
isotopes, and carbon–to–
nitrogen ratio

c — cell concentration; C:N — carbon-to-nitrogen ratio; High — 1760 µM-N; Low — 440 µM-N; µc — 
specific growth rate before stress induction; µs — specific growth rate after stress induction. Samples for 
δ13C, δ15N, and C: N were pooled for analysis, resulting in single data for each treatment

Parameter Sodium nitrate Urea

High Low High Low

Control
c (104 cells mL−1) 44.50 ± 2.13 35.12 ± 10.78 84.5 ± 10.61 24.75 ± 3.18
µc (day−1) 0.32 ± 0.03 0.21 ± 0.08 0.55 ± 0.05 0.19 ± 0.01
µs (day−1) 0.23 ± 0.04 0.25 ± 0.14 0.47 ± 0.03 0.16 ± 0.06
δ13C (‰)  − 14.10  − 14.06  − 15.90  − 13.85
δ15N (‰)  − 29.44  − 28.19  − 3.03  − 2.23
C:N 5.19 5.03 4.78 4.64
Light stress
c (104 cells mL−1) 58.62 ± 5.83 27.00 ± 0.71 43.62 ± 6.19 22.87 ± 0.88
µc (day−1) 0.32 ± 0.03 0.21 ± 0.08 0.55 ± 0.05 0.19 ± 0.01
µs (day−1) 0.24 ± 0.01 0.14 ± 0.03 0.18 ± 0.04 0.11 ± 0.00
δ13C (‰)  − 14.71  − 16.16  − 14.07  − 14.02
δ15N (‰)  − 28.96  − 28.15  − 1.90  − 1.80
C:N 5.16 5.51 4.88 4.65
Temperature stress
c (104 cells mL−1) 2.25 ± 2.47 0.87 ± 0.53 13.12 ± 5.13 0.62 ± 0.25
µc (day−1) 0.32 ± 0.03 0.21 ± 0.08 0.55 ± 0.05 0.19 ± 0.01
µs (day−1)  − 0.69 ± 0.41  − 0.81 ± 0.15  − 0.12 ± 0.10  − 0.56 ± 0.01
δ13C (‰)  − 16.45  − 16.31  − 14.52  − 16.33
δ15N (‰)  − 28.50  − 27.95  − 1.76  − 0.67
C:N 5.18 5.52 4.60 5.12
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growth and division of D. glynnii subjected to thermal 
stress. This may be associated with the fact that urea is more 
rapidly converted intracellularly into amino acids compared 
to nitrate–based compounds, as demonstrated in Fig. 4. The 
use of urea as nitrogen source also has a less energetic cost 
during its assimilation (Su 2021).

Some authors suggest that the preferred order 
of nitrogen utilization by eukaryote microalgae is 
ammonium > nitrate > nitrite > urea (Perez-Garcia et al. 2011; 
Su 2021). However, some recent reports (e.g., Ou et al. 2019; 
Huang et al. 2020) suggest that urea is the most preferred 
nitrogen source by dinoflagellates, as reported by Matantseva 
et al. (2016) that the addition of urea to the nitrate–acclimated 

culture of the marine dinoflagellate Prorocentrum minimum 
led to noticeable suppression of the nitrate–nitrogen uptake. 
Thus, probably, the preferred order of nitrogen assimilation 
for dinoflagellates is “ammonium > urea > nitrate > nitrite” 
or “urea > ammonium > nitrate > nitrite,” depending on 
species (Burford 2005). For decades, the use of urea as 
nitrogen–based fertilizer by farmers has pointed out as one 
of the main contributing factors to coastal eutrophication 
(Glibert et al. 2006). The escalating use of urea has been 
associated with harmful dinoflagellate blooms, due to the 
higher urease activity compared to other phytoplankton 
groups (Solomon and Glibert 2008; Jing et al. 2017). The 
findings of the present study corroborate this information, 
since D. glynnii presented high cell division when using urea 
as nitrogen source.

Regarding the isotopic signatures, no major changes were 
observed in the δ13C values, and these values were within 
the range reported for D. glynnii under control conditions 
(Müller et al. 2021) and other C4–photosynthetic microalgae 
(Raven et al. 2020). On the other hand, a clear difference 
in the δ15N signature was observed between the nitrogen 
sources, providing the effectiveness in the uptake of the 
different nitrogen source in the medium. The δ15N signatures 
for D. glynnii cultured using urea as nitrogen source were 
similar to those reported by Bateman and Kelly (2007) for 
urea fertilizers from different manufacturers. Similarly, 
Freyer and Aly (1974) reported that the isotopic composition 
of sodium nitrate is much lower than that of other sources 
of inorganic nitrogen due to residual nitrogen oxides from 

Fig. 3   Pigments content and composition of Durusdinium glynnii 
grown using sodium nitrate and urea as nitrogen source under control 
(a), light (b), and temperature (c) stress. HU, high urea; LU, low urea; 
HN, high sodium nitrate; LN, low sodium nitrate; Chl–a, chloro-
phyll–a; Chl–c, chlorophyll–c; TC, total carotenoids; βc, β–carotene; 
Per, peridinin

Fig. 4   Schematic representation of the inorganic nitrogen assimila-
tion pathway and glutamate/glutamine cycle in Durusdinium glynnii 
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the nitric acid process, resulting in δ15N signatures close 
to –22 ‰. Although stable isotope analysis is routinely 
used in ecological studies of phytoplankton (e.g., Cai et al. 
2019; Yang et al. 2020; Sabadel et al. 2022), it is rarely 
used to prove the effectiveness in absorption of dissolved 
compounds in microalgae cultures. Thus, this analysis 
can be successfully used to effectively track the uptake of 
inorganic and organic compounds by microalgae.

Contrary to our second hypothesis, the use of sodium 
nitrate as nitrogen source was more efficient than urea in 
terms of growth performance of D. glynnii subject to the 
light stress. This can be associated with the fact that light 
can stimulate the enzymatic activity of nitrate reductase 
and glucose–6–phosphate dehydrogenase, which may have 
increased the rate of nitrate uptake and assimilation to protein 
(Tischner and Hüttermann 1978; Wang et al. 2022). Moreover, 

Fig. 5   Schematic illustration of the main ecological implications of high–light exposure and temperature rise for the endosymbiotic dinoflagel-
late Durusdinium glynnii in nitrogen–poor and –rich waters
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it may also be associated to increased nitrogen accumulation 
during the 96 h before the stress. At this moment, the cells 
cultured with high urea concentration presented a faster 
metabolism and this resulted in an intense cell division in the 
first days of cultivation, while the cultures with nitrate may be 
accumulating nitrate during this first moment.

The high content of peridinin in high nitrogen cultures 
can be linked to the fact that this carotenoid is associated 
with proteins, in the form of peridinin–chlorophyll–protein 
complex, and thus, the nitrogen limitation may inhibit the 
peridinin biosynthesis (Di Valentin et al. 2016; Dorrell et al. 
2019). During the thermal stress, the higher peridinin content 
in high urea condition may explain greater cellular health at 
this condition, while in the other conditions, the peridinin 
may have oxidized. The oxidation of intracellular metabolites 
(such as fatty acids and pigments) in Symbiodiniaceae 
subjected to thermal stress has also been previously reported. 
For example, Botana et al. (2022) reported an increase in 
oxy–polyunsaturated fatty acids in Breviolum minutum cells 
after heat shock (at 34 °C). Here, we also provide evidence 
that peridinin may act as a protector against oxidative stress 
resulting from a temperature rise. In a previous study (Oliveira 
et al. 2022), we reported that under optimal irradiance for 
growth D. glynnii maintained a peridinin to chlorophyll–a ratio 
of approximately 1 (at 3.5 pg cell−1), while under high–light 
exposure, this ratio increased to approximately 4, before the 
photoinhibition zone. Here, this ratio was close to 1, in the 
high nitrate condition, but at a content of 1.5 pg cell−1. These 
differences can be attributed to the cell concentration, since 
higher number of cells increases the light attenuation (Pruvost 
et al. 2015), reducing potential photo–oxidative stress.

Ecological implications

Our findings cannot be directly applied to natural environments 
for the obvious reason that artificial nitrogen enrichment would 
result in an invaluable environmental imbalance. Furthermore, 
the physiological responses of non–motile coccoid cells in 
endosymbiosis may be different from free–living mastigote 
cells. However, it is worth noting that the presence of 
free–living cells of Symbiodiniaceae in the environment 
represents important pools for coral symbiont acquisition 
(Claar et al. 2020). Additionally, the results herein presented 
may help for understanding the Symbiodiniaceae susceptibility 
to changing environmental conditions, particularly those 
linked to global warming and increased solar irradiance due 
to intensified stratification of the upper ocean layer. Thus, a 
schematic drawing was constructed to summarize the response 
of D. glynnii related to a rise temperature or an exposure to high 
light (Fig. 5). Overall, our findings support the idea that corals 
from nutrient–poor waters (particularly in nitrogen) are more 
susceptible to bleaching events in a situation of temperature 
rise. Similarly, Symbiodiniaceae cells when using urea tend to 

accumulate the carotenoid peridinin to prevent photo–oxidation 
— these results may be related to the shallow water reefs.

Undoubtedly, the temperature rise is one of the 
main stressors for endosymbiotic dinoflagellates. Here, 
we show that a well–established culture of D. glynnii 
gradually reduced its population over time after increasing 
temperature — except for the high urea condition. In the 
natural environment, a temperature rise may occur in 
combination with another environmental stressors, such 
as the presence of an emerging pollutant or a change in 
salinity, resulting in even more severe impacts (Coles and 
Jokiel 1978; Camp et al. 2016; Stien et al. 2020), and these 
multiple disturbances of the host–symbiont relationship 
can rapidly impact the ecological balance of reef systems. 
Therefore, the synergism between various environmental 
stressors should be a priority issue, given the modern 
changing world.

Several factors, such as geographic (e.g., river inputs on 
coastal), anthropogenic (e.g., industrial wastewater disposal 
and eutrophication), temporal (e.g., seasonality of inorganic 
fertilization of agricultural land in coastal regions), and 
oceanographic (e.g., remineralization and lateral transport 
of nutrients), can influence the sources and dynamics of 
nitrogen in the oceans (Zehr and Ward 2002; Howarth 2008). 
This causes seas to be diversified in terms of nitrogen sources 
and concentrations, resulting in different coral susceptibilities 
depending among other factors, on main sources of nitrogen 
input (Roff and Mumby 2012; Cannon et al. 2021). However, 
it is worth noting that due to the diversity of Symbiodiniaceae 
taxa, the behavior reported here for D. glynnii may not be the 
same for other Symbiodiniaceae species.

Conclusions

Our approach showed nitrogen as a key nutrient involved 
with resistance to light- and thermal-stressors for D. glynnii. 
The availability of reduced nitrogen form, such as urea, can 
accelerate intracellular metabolism and alleviate environmental 
stressors (i.e., thermal stress). Additionally, our findings 
provide initial evidence that the carotenoid peridinin may have 
a thermal protective role for endosymbiont dinoflagellates. 
However, future interspecific and molecular investigations 
(assessing the regulation of correlated genes) still need to be 
conducted.
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