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The physiological response of symbiotic
Symbiodiniaceae to high temperature is believed to
result in coral bleaching. However, the potential
effect of nitrogen availability on heat
acclimatization of symbiotic Symbiodiniaceae is still
unclear. In this study, physiological responses of
Symbiodiniaceae Cladocopium goreaui to temperature
and nitrogen nutrient stress conditions were
investigated. Nitrogen deficiency caused significant
declines in cell concentration and chlorophyll
content per cell, but significant increases in nitric
oxide synthase activity, caspase3 activation level,
and cellular carbon content of C. goreaui at normal
temperature. Algal cells under high temperature and

nitrogen deficiency showed significant rises in Fv/
Fm, catalase activity, and caspase3 activation level,
but no significant changes in cell yield, cell size,
chlorophyll content, superoxide dismutase, nitric
oxide synthase activity, and cellular contents of
nitrogen and carbon, in comparison with those
under normal temperature and nitrogen deficiency.
Growth, chlorophyll, and nitrogen contents of algal
cells under the high temperature and nitrogen-
replete conditions were significantly higher than
those under high temperature or nitrogen deficiency
alone, whereas nitric oxide synthase activity,
superoxide dismutase activity, catalase activity,
carbon content, and caspase3 activation level
exhibited opposite trends of variation.
Transcriptomic and network analyses revealed ion
transport and metabolic processes mainly involved
in regulating these physiological activities under
different temperature and nitrogen nutrient. The
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totality of results shows that high temperature
activates stress responses, induces antioxidant
capacity of apoptosis, and limits the growth rate of
C. goreaui. Adequate nitrogen nutrient can improve
the resilience of this Symbiodiniaceae against heat
stress through repressed apoptosis, promoted ion
transport, and optimized metabolism.

Key index words: apoptosis; heat stress; nitrogen limi-
tation; stress response; symbiodiniaceae

Abbreviations: CAT, catalase; DEGs, differentially
expressed genes; FPKM, Fragments Per Kilobase of
exon per Million fragments mapped; GO, gene
ontology; Heat_N�, heat stress and N-deficient
group; Heat_N+, heat stress and N-supplemented
group; L1-N, L1 medium without N-nutrient addi-
tion; N�, N-deficient group; N+, N-supplemented
group; N-nutrient, nitrogen nutrient; NOS, nitric
oxide synthase; Nr, non-redundant protein database;
PBS, phosphate-buffered saline; SMART, Simple
Modular Architecture Research Tool; SOD, superox-
ide dismutase; SRA, Short Read Archive

Dinoflagellates of the family Symbiodiniaceae are
the most prevalent photosynthetic microalgae in tropi-
cal and subtropical coral reef ecosystems and provide
energy and organic carbon to support the growth of
scleractinian corals and the function of the reef ecosys-
tems (Rosenberg et al. 2007). Phylogenetic reconstruc-
tion, genomic comparison, and morphological
characterization have indicated that the family Symbio-
diniaceae is composed of diverse lineages, including
genera of Symbiodinium (Clade A), Breviolum (Clade B),
Cladocopium (Clade C), Durusdinium (Clade D), Effre-
nium (Clade E), Fugacium (Clade F), and Gerakladium
(Clade G; LaJeunesse et al. 2018). These genera
except Effrenium contain species able to live symbioti-
cally with many invertebrates, notably scleractinian
coral, and the mutualisms are fundamental to the
existence of coral reef ecosystems worldwide (Houl-
breque and Ferrier-Pages 2009). These symbionts
provide up to 95% of their coral hosts’ energy
requirements by transferring photosynthetically fixed
carbon to the coral (Falkowski et al. 1984, Gonzalez-
Pech et al. 2019).

The symbiotic association of scleractinian coral
and Symbiodiniaceae commonly flourishes in nutri-
ent-poor environments, mainly by nutrient recycling
within the symbiotic system (Radecker et al. 2015).
The symbiotic association takes up and assimilates
extremely limited nutrients, especially nitrogen,
which is needed as a building block of nucleic acids
and proteins, from the ambient seawater to sustain
their growth (Tanaka et al. 2018). Within the symbi-
otic association, the coral host provides soluble inor-
ganic nitrogen such as ammonium for its symbiont
as the primary nitrogen source, in exchange for
photosynthates (Shinzato et al. 2011, Pernice et al.

2012). Under inadequate nitrogen supply to the
holobiont, symbiodiniacean symbionts usually expe-
rience nitrogen limitation since they require more
nitrogen than does their coral host (Peng et al.
2012). It is believed that some level of nitrogen limi-
tation in the symbionts is beneficial for the mainte-
nance of the symbiotic relationship because it
causes the symbionts to produce and translocate
more photosynthetic carbon products and while
consuming less for their own proliferation
(Radecker et al. 2015, Morris et al. 2019). There-
fore, the degree of nitrogen limitation can be criti-
cal to the symbiotic relationship’s stability (Morris
et al. 2019). The role of nitrogen nutrients in the
physiological performance of Symbiodiniaceae
under global climate and seawater warming, the pri-
mary cause of coral bleaching, is still poorly under-
stood, however.
The question about nutrients and seawater warm-

ing is important, particularly because global warm-
ing, largely due to greenhouse gas released by
humans, is accompanied by coastal eutrophication,
another consequence of human activities. Against
this backdrop are the frequent and severe bleaching
episodes of scleractinian coral over the past decades
(Vidal-Dupiol et al. 2011). Heat bleaching of sclerac-
tinian coral could result from excessive oxidative
pressure owing to increased reactive oxygen species
and damaged D1 protein in symbiotic Symbiodini-
aceae (Lesser 1997, Downs et al. 2002). Nitrogen
enrichment in the environment can raise the sym-
bionts’ reproduction rate, and symbiont overpopula-
tion can result in coral bleaching through induced
respiratory burst and apoptosis (Lin et al. 2017,
Yuan et al. 2017). Furthermore, there are potentially
interactive effects of seawater warming and nitrogen
enrichment on scleractinian coral. However, results
documented to date are inconsistent, some showing
increases and others decreases in the susceptibility of
scleractinian corals to heat bleaching under elevated
temperature and nitrogen availability (Wiedenmann
et al. 2012, Zhou et al. 2017, Hall et al. 2018).
In this study, we used Cladocopium goreaui as a rep-

resentative Symbiodiniaceae species to investigate
the effect of temperature and nitrogen availability
on Symbiodiniaceae. Cladocopium goreaui is a Symbio-
diniaceae species that belongs to clade C, the most
abundant clade of Symbiodiniaceae in coral reef
ecosystems in the Pacific. To understand the poten-
tial effects of nitrogen availability on this species’
heat resistance, its growth and photosynthesis
parameters, antioxidative and apoptotic enzyme
activities, cellular nitrogen and carbon contents,
and transcriptome profiles were analyzed under
stress treatments with two temperature and two
nitrogen conditions. Our results provide fundamen-
tal insights for predicting how coral reefs will cope
with the pressure of global warming and eutrophica-
tion in the future ocean.
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MATERIALS AND METHODS

Algal culture and experimental treatment. C. goreaui strain
CCMP 2466 (Clade C1), originally isolated from the anemone
Discosoma sanctithomae, was provided by the National Center for
Marine Algae and Microbiota (Bigelow Laboratory for Ocean
Sciences, East Boothbay, Maine, USA). Cells were cultured in
sterilized oceanic seawater (from oligotrophic sea area, nitrogen
concentration 0.5–1.5 µmol � L�1), which was filtered through
0.22-µm membranes, enriched with the full nutrient regime of
the L1 medium (Su et al. 2020). Control cultures were incu-
bated at 26°C and under a 14:10 h light night cycle, with a pho-
ton flux of 110 lmol photons � m�2 � s�1.

For nitrogen nutrient (N) treatment, a normal culture was
grown until it reached the exponential growth phase, and
then, it was inoculated into the fresh L1 medium without N
addition (L1-N; i.e., the low concentration of N in the ocea-
nic seawater was the only N available). When the culture
stopped growing, this culture was used as inoculum to set up
four different treatments, with the same initial concentration
of 6.89 � 0.08 9 104 cells � mL�1: (i) 26°C with L1-N med-
ium as N-deficient group (N�, control), (ii) 26°C with the L1
medium as N-supplemented group (N+), (iii) elevated tem-
perature at 32°C with L1-N medium as heat stress and N-defi-
cient group (Heat_N�), and (iv) elevated temperature at
32°C with L1 medium as heat stress and N-supplemented
group (Heat_N+). For the heat stress groups, temperature
was gradually increased by a rate of 1°C per 12 h. All the
groups were carried out with five replicates. Each culture was
sampled at 24, 48, 72, and 84 h after the onset of the treat-
ment to determine the cell concentration, cell size, and
enzyme activities. Samples at 84 h were also subjected to mea-
surements of photosynthesis parameters, cellular carbon and
nitrogen contents, and transcriptome profiling.

Measurement of cell concentration, cell size, photochemical effi-
ciency, and chlorophyll a content. Cell concentration was deter-
mined by direct counting using a Sedgwick-Rafter counting
chamber under the microscope, and growth curves were plot-
ted to depict growth phases (Lin et al. 2012). The average
cell size was measured as equivalent spherical diameter using
Z2-Coulter Particle Counter (Beckman Coulter, Indianapolis,
IN, USA; Li et al. 2016). Photochemical efficiency was mea-
sured using Xe-PAM (Walz, Effeltrich, Germany) after the
samples had been incubated in the dark for 15–30 min.

A 5-mL sample was filtered using a 25 mm Whatman GF/F
glass microfiber filter (GE Healthcare, Little Chalfont, UK) to
obtain the cells. The algae-containing filter was immersed in
90% acetone and then incubated in the dark for 48 h at 4°C
to extract Chlorophyll a, which was determined by using
Turner Trilogy fluorometer (Turner Designs, San Jose, CA,
USA) according to the non-acidification method (Arar and
Collins 1997) and averaged to per cell content.

Determination of antioxidative enzyme activities and caspase3
activation level. Algal cells were harvested from a 10 mL sam-
ple by centrifugation at 5,000g 4°C for 10 min. Cells pellets
were resuspended in 1 9 PBS (phosphate-buffered saline, pH
7.4) and homogenized using glass beads (0.5 mm diameter
ceramic beads), and a bead-beater (FastPrep� �24 Sample
Preparation System, MP Biomedicals, Santa Ana, CA, USA) at
the setting of 6 m � s�1 and duration of 1 min until all cells
were found broken under the microscope (cycle num-
ber = 3). The homogenate was centrifuged at 12,000g 4°C for
10 min to obtain the supernatant. The activities of total
superoxide dismutase (SOD), catalase (CAT), and nitric
oxide synthetase (NOS) in the supernatants were measured
using commercial kits (A001, A007, and A014, Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China), following
the manufacturer’s recommendations. Then, the concentra-
tion of total protein in the supernatant was quantified with

BCA Protein Assay kit (Sangon Biotech, Shanghai, China)
and used to normalize the measured activities of SOD, CAT,
and NOS to U � mg�1 protein.

The caspase3 activity in the supernatant was measured by
caspase3 Colorimetric Assay Kit (KeyGen Biotech, Nanjing,
China) according to the manufacturer’s protocol. Briefly,
50 lL reaction buffer and 5 lL substrate were added in
50 lL supernatant, followed by incubation in the dark at
37°C for 4 h. Then, the color change was measured spec-
trophotometrically at a wavelength of 405 nm. The activity of
caspase3 was defined as the absorbance of the reaction solu-
tion at 405 nm (A405), and its activation level of caspase3 in
algal cells was defined as the ratio of A405 in samples to that
of the N� group.

Measurement of cellular carbon and nitrogen. GF/F glass
microfiber filters wrapped with aluminum foil were pre-com-
busted at 450°C for 3–5 h in a Muffle Furnace. Samples were
collected at 84 h after the treatments, and a 7-mL sample was fil-
tered onto the pre-combusted filter. The total mass of carbon or
nitrogen in the filter was measured using PE2400 SERIESⅡ
CHNS/O Elemental Analyzer and calculated as per cell content.

RNA extraction and transcriptome sequencing (RNA-seq). At
the end of the experimental treatments (cultured for 84 h),
107 cells from each culture were harvested by centrifugation
at 5000g 4°C for 10 min and resuspended in 1 mL TRI-
Reagent (Molecular Research Center, Inc., Cincinnati, Ohio,
USA). RNA extraction was carried out using TRI-Reagent
combined with the Qiagen RNeasy Mini kit (Qiagen, Valen-
cia, CA, USA) following a previously reported protocol (Lin
et al. 2010). RNA concentrations of the samples were mea-
sured using NanoDrop ND-2000 spectrophotometer (Thermo
Scientific, Wilmington, DE, USA), and the RNA quality was
evaluated using the RNA 6000 Nano LabChip Kit in micro-
capillary electrophoresis (Agilent 2100 Bioanalyzer, Agilent
Technologies, Santa Clara, CA, USA).

Twelve paired-end fragment libraries (2 9 100 bp, three
replicates each group) were constructed and sequenced on the
BGISEQ-500 platform according to the manufacturer’s instruc-
tions (BGI, Shenzhen, China). The generated raw sequencing
reads have been deposited at the NCBI Short Read Archive
(SRA) BioProject, under accession: PRJNA510645.

Identification and annotation of differentially expressed genes. -
Raw reads were first processed using the Fastx-toolkit pipeline
(http://hannonlab.cshl.edu/fastx_toolkit/index.html) to sum-
marize data production, evaluate sequencing quality, and
remove low-quality reads and adaptor sequences. Quality filtra-
tion removed sequences in which 80% of the base pairs had a
Phred score of <20, while adaptor sequences were removed
using the trimmer package. The genome sequences, genome
annotation, and protein sequences of Cladocopium goreaui avail-
able at a repository for marine genomics data (http://symbs.
reefgenomics.org/; Liu et al. 2018) were used as the reference
database. The alignment of paired-end reads to the reference
was performed using the HISAT2.2.1 software with default
parameters (Pertea et al. 2016). StringTie v2.0 and DESeq2 soft-
ware were used to estimate transcript abundances and identify
differentially expressed genes (DEGs) for the comparisons of
N+/N�, Heat_N�/N�, Heat_N+/N�, and Heat_N+/Heat_N�
(FDR < 0.05; Love et al. 2014).

After the identification of DEGs, their protein sequences
were retrieved to align to the non-redundant protein data-
base (Nr) using the online BLASTP program (https://blast.
ncbi.nlm.nih.gov/Blast.cgi). Furthermore, these proteins’
domains were further predicted through Simple Modular
Architecture Research Tool 8.0 (SMART, http://smart.embl-
heidelberg.de/; Schultz et al. 1998). These protein homo-
logues and possible domains were both used for functional
annotation of our DEGs.
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Gene Ontology (GO) overrepresentation and network analysis of
DEGs. For GO analysis, sequences of all 35,913 Symbiodini-
aceae proteins were aligned by local BLASTP search to the
UniProt database with the threshold evalue < 0.001 and ana-
lyzed using InterProScan software to predict their domains
(UniProt 2015). The results obtained were parsed using Blas-
t2GO software (https://www.blast2go.com/) for assigning GO
terms. GO overrepresentation analysis was implemented via
the hypergeometric test with a filter value of 0.05 (N+/N�
and Heat_N�/N� comparisons) or 0.001 (Heat_N+/
Heat_N� comparison). The significantly up-regulated or
down-regulated genes were selected as the test set, while all
genes were used as the reference set. The BiNGO tool was
employed to calculate the overrepresented GO terms in the
network and display them as a network of significant GO
terms (Maere et al. 2005). Based on the mRNA expression
level (FPKM, Fragments Per Kilobase of exon per Million
fragments mapped) of DEGs in all transcriptome libraries,
the WGCNA package was employed to construct a weighted
correlation network (Langfelder and Horvath 2008). The net-
work was further analyzed and displayed in the Cytoscape
software (Shannon et al. 2003).

Statistical analysis. All data were presented as means � s-
tandard deviation (SD). The data of cell concentration, cell
size, and enzyme activities during the whole experiment pro-
cess were subjected to a two-way analysis of variance (two-way
ANOVA) followed by multiple comparisons (S-N-K) using
SPSS v22.0 to determine the significant effects of different
treatments and times. For cell concentration, chlorophyll a
content, photochemical efficiency, and cellular nitrogen and
carbon content at 84 h, the data were subjected to one-way
ANOVA and S-N-K multiple comparisons to determine signifi-
cant differences among different treatments. Differences were
considered significant at P < 0.05.

RESULTS

Temporal trends of algal concentration and cell size
under nitrogen supplement and high temperature. Nitro-
gen supplement increased the population growth of
Cladocopium goreaui, whether under elevated or nor-
mal temperature (Fig. 1A). The highest level of cell
concentration occurred in the N+ group
(11.01 � 1.24 9 104 cells � mL�1; ANOVA, F3,15 =
67.365, P < 0.05) at 84 h after the treatments. The
cell concentration in the Heat_N+ group was
8.28 � 0.63 9 104 cells � mL�1, which was also sig-
nificantly higher than those in the N� (4.91 �
0.45 9 104 cells � mL�1) and Heat_N� (5.10 � 0.54
9 104 cells � mL�1) groups (Fig. 1B). However, no
significant differences were observed in the cell size
under the different conditions used during the
whole treatment process (Fig. 1C).
Effects of nitrogen supplement and high temperature on

photosynthesis parameters. At 84 h after the treat-
ments, the highest level of photochemical efficiency
Fv/Fm was observed in the Heat_N� group (0.90 �
0.03; ANOVA, F3,14 = 27.566, P < 0.05), and it was
significantly higher than those that in the other
three groups (Fig. 1D). However, chlorophyll a con-
tent in this group (0.12 � 0.01 pg � cell�1; ANOVA,
F3,14 = 10.762, P = 0.01) was significantly lower than
that in the N+ group (0.17 � 0.03 pg � cell�1) and
the Heat_N+ group (0.16 � 0.03 pg � cell�1) group.

There was no significant difference in chlorophyll a
content between the Heat_N� and N� groups
(Fig. 1E).
Antioxidative enzyme activities under nitrogen supple-

ment and high temperature. No significant difference
was observed in SOD activity when the N+,
Heat_N�, and Heat_N+ groups were compared with
the N� group (Fig. 2A). However, the CAT activity
was significantly higher in the Heat_N� group
(67.98 � 16.72 U � mg�1) than the Heat_N+ group
(47.29 � 7.90 U � mg�1) at 24 h, but not in other
conditions (Fig. 2B). The NOS activity in the N+
group was markedly lower than that in the N� group
(control group) in the first 3 d, and the difference
diminished at 84 h (Fig. 2C). Similarly, the NOS
activity in the Heat_N+ group was notably lower than
in the N� group in the first 3 days. However, there
was no significant difference in the NOS activity
between the Heat_N+ and Heat_N� groups during
the whole experiment except at 24 h, when the activ-
ity in the Heat_N+ group (4.64 � 0.89 U � mg�1)
was significantly lower than that in the N� group
(Fig. 2C). Overall, the effects of the treatments on
NOS activity disappeared at 84 h.
Caspase3 activation level under nitrogen supplement

and high temperature. The effects of nitrogen supple-
ment and temperature increase on caspase3 activa-
tion were observed mostly on and after 72 h of
treatment (Fig. 2D). The activation level in both the
N+ and Heat_N+ groups decreased significantly dur-
ing the treatment period of 72–84 h, compared to
those in the N� group (control group). The great-
est decrease was observed at 72 h in the N+ group
(0.56 � 0.19-fold) and 84 h in the Heat_N+ group
(0.43 � 0.07-fold). However, the caspase3 activation
level in the Heat_N� group (2.38 � 0.56-fold) was
significantly higher than that in the N� group only
at 84 h.
Effects of nitrogen supplement and high temperature on

cellular nitrogen and carbon contents. The only signifi-
cant difference in nitrogen content was observed in
the Heat_N+ group, which was higher
(0.97 � 0.14 ng � cell�1; ANOVA, F3,15 = 8.202,
P = 0.02) than that in the N� group (control
group, 0.81 � 0.05 ng � cell�1) at 84 h (Fig. 3A).
Nitrogen contents in the N+, Heat_N�, and N�
groups were all similar. In contrast, the carbon con-
tents in the N+ (4.66 � 0.32 ng � cell�1) and
Heat_N+ groups (6.26 � 0.90 ng � cell�1) were both
significantly lower than that in the N� group
(9.43 � 0.53 ng � cell�1; ANOVA, F3,15 = 62.737,
P < 0.05). Furthermore, while carbon contents in
the N� and the Heat_N� groups were similar, the
content in the Heat_N+ group was higher than that
in the N+ group (Fig. 3B).
Gene expression of algal cells under nitrogen supplement

and high temperature. Twelve paired-end (2 9
100 bp) transcriptome libraries were sequenced,
with three replicates for each group (N�, N+,
Heat_N�, and Heat_N+ groups). All libraries were
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sequenced to saturation to reveal gene expression
differences among nitrogen supply and high tem-
perature conditions. After strict quality control, a
total of 362,814,453 high-quality reads were
obtained, about 25–35 million reads per library
(Table 1). These clean reads were mapped to the

reference genome of Cladocopium goreaui using
HISAT2 software. Their mapping rates ranged from
87.55% to 89.07%, yielding 22,265 to 22,638 genes
(Table 1), indicating that most of the genome’s
encoding genes were represented in the transcrip-
tomes.

FIG. 1. Variations of cell physiology of cultured Cladocopium goreaui under nitrogen deficiency and high temperature. (A) Heat map of
algal cell density at different times after culturing. (B) Histogram of cell density at 84 h after culturing. (C) Graph of algal cell size at dif-
ferent times after culturing. (D) Photochemical efficiency Fv/Fm at 84 h after culturing. (E) Chlorophyll a content at 84 h after culturing.
The N�, N+, Heat_N�, and Heat_N+ groups represent C. goreaui under nitrogen deficiency, nitrogen supplement, nitrogen deficiency
with high temperature, and nitrogen supplement with high temperature, respectively. Data points represent means and error bars repre-
sent standard deviations (N = 5). Bars with different letters were significantly different (P < 0.05).

FIG. 2. Temporal patterns of superoxide dismutase (SOD, A), catalase (CAT, B), nitric oxide synthase (NOS, C) activities, and caspase3
activation level (D) in cultured Cladocopium goreaui under nitrogen deficiency and high temperature. The N�, N+, Heat_N�, and Heat_N+
groups represent C. goreaui under nitrogen deficiency, nitrogen supplement, nitrogen deficiency with high temperature, and nitrogen sup-
plement with high temperature, respectively. Data points represent means, and error bars represent standard deviations (N = 5). Bars with
different letters were significantly different (P < 0.05).
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The resulting mapped BAM files were fed into
StringTie software to export the counts of mapped
reads for each gene, which were further used by
DESeq2 software to identify DEGs (Table S1 in the
Supporting Information). All DEGs in the four com-
parisons of N+/N�, Heat_N�/N�, Heat_N+/N�,
and Heat_N+/Heat_N� were retrieved and analyzed
(Figs. S1-S4 in the Supporting Information), and
there were 301 (152 up-regulated, 149 down-regu-
lated), 352 (235 up-regulated, 117 down-regulated),
1,397 (676 up-regulated, 721 down-regulated), and
4,371 (2,555 up-regulated, 1,816 down-regulated)
DEGs in the four comparisons, respectively
(Table 2, Tables S2–S5 in the Supporting Informa-
tion).
Functional profile of differentially expressed genes under

nitrogen supplement and high temperature. In the com-
parison of N+/N� libraries, a total of 301 DEGs
were detected, comprised of 152 up-regulated and
149 down-regulated ones. The up-regulated DEGs
did not overrepresent any GO terms, but the down-
regulated DEGs were enriched in eight GO terms,
mainly involved in fatty acid biosynthesis mediated
by acetyl-CoA carboxylase and ammonium trans-
membrane transport (Fig. 4A, Table S6 in the Sup-
porting Information).

The Heat_N�/N� comparison revealed 235 up-
regulated and 117 down-regulated DEGs. The up-
regulated DEGs were overrepresented in 4 GO
terms related to AP-type membrane coat adaptor
complex and motor activity (Table S7 in the Sup-
porting Information). The down-regulated DEGs, in
contrast, were mainly overrepresented in 11 GO
terms that are primarily related to substrate-specific
transmembrane transport and response to an
organic substance (Fig. 4B, Table S8 in the Support-
ing Information).
Many more DEGs were found, 2,555 up-regulated

and 1,816 down-regulated, in Heat_N+/Heat_N�
comparison, indicating the nutrient and heat inter-
active effects. Twenty-nine GO terms overrepre-
sented by the up-regulated DEGs function in ion
transport, photosynthetic endomembrane, and basal
metabolism (Fig. 4C, Table S9 in the Supporting
Information). Furthermore, 11 GO terms related to
protein binding and microtubule motor activity
were found in the down-regulated DEGs in the
Heat_N+/Heat_N� comparison (Table S10 in the
Supporting Information). Besides, malate dehydro-
genase, the enzyme known to be important in heat
resistance in invertebrates (Dong et al. 2018) and
plants (Kaur and Nainawatee 1989), was significantly
up-regulated in the Heat_N+ condition relative to
the Heat_N� condition. This result suggested that
nitrogen nutrient deficiency might reduce the
capacity to resist heat stress.

FIG. 3. Nitrogen (A) and carbon (B) content of cultured Cladocopium goreaui at 84 h under nitrogen deficiency and high temperature.
The N�, N+, Heat_N�, and Heat_N+ groups represent C. goreaui under nitrogen deficiency, nitrogen supplement, nitrogen deficiency
with high temperature, and nitrogen supplement with high temperature, respectively. Data points represent means, and error bars repre-
sent standard deviations (N = 5). Bars with different letters were significantly different (P < 0.05).

TABLE 1. Transcriptome mapping statistics.

Library Total reads Mapped rate Detected genes

N�_1 35,455,373 89.07% 22,270
N�_2 35,487,428 88.26% 22,638
N�_3 28,347,275 87.83% 22,571
N+_1 29,805,336 88.63% 22,265
N+_2 32,258,651 88.31% 22,493
N+_3 24,770,369 87.79% 22,350
Heat_N�_1 29,603,195 87.55% 22,563
Heat_N�_2 27,899,840 87.70% 22,548
Heat_N�_3 28,923,643 87.73% 22,527
Heat_N+_1 30,663,799 87.75% 22,453
Heat_N+_2 32,261,682 87.90% 22,477
Heat_N+_3 27,337,862 87.67% 22,364

TABLE 2. The number of differentially expressed genes
(DEGs) under nitrogen deficiency and high temperature.

Comparisons
N+/
N�

Heat_N�/
N�

Heat_N+/
N�

Heat_N+/
Heat_N�

Total DEGs 301 352 1,397 4,371
Up-regulated
DEGs

152 235 676 2,555

Down-regulated
DEGs

149 117 721 1,816

1192 ZHI ZHOU ET AL.



Network analysis of DEGs under nitrogen supplement
and high temperature. We merged all DEGs in the
N+/N�, Heat_N�/N�, and Heat_N+/N� compar-
isons, removed redundancy, and obtained 1,709
unique DEGs. Based on their expression level in all
transcriptome libraries, a weighted gene co-expres-
sion network was constructed with five modules
(Figs. 5A and S5 in the Supporting Information).
Weight threshold = 0.35 was used to refine the net-
work, and a subnetwork was retrieved, which was
comprised of 64 nodes (genes) and 167 edges.
Venn analysis revealed 20 and 23 genes in the
refined subnetwork that were exclusively DEGs in
the Heat_N�/N� and Heat_N+/N� comparisons,
respectively. In addition, there were 21 common
genes in the subnetwork and between the above two
comparisons (Fig. 5B, Table S11 in the Supporting
Information).

After removing genes (nodes) and edges with no
functional annotation, the subnetwork was displayed
using the Cytoscape software (Fig. 5C). We observed
three genes encoding signal pathway-related pro-
teins, including GTP-binding nuclear protein and
two AP-1 complex subunit gamma. We also found
three crucial hub genes, which encoded Copia

protein (SymbC1.scaffold401.1, 38 edges), Nipped-
B-like protein (SymbC1.scaffold509.2, 23 edges) a
nd 1-acyl-sn-glycerol-3-phosphate acyltransferase
(SymbC1.scaffold1982.5, 23 edges). According to
functional annotation, the rest of the genes fell into
three categories: synthesis and modification of
nucleic acids, metabolism enzyme, and other func-
tions. Notably, there were three DNA methyltrans-
ferase and two transporter (for calcium and UDP-
galactose/glucose) genes in the subnetwork.

DISCUSSION

There is evidence that scleractinian coral can con-
trol the growth of symbiotic Symbiodiniaceae and
promote its photosynthetic organic carbon output
by regulating nitrogen supply (Radecker et al.
2015). In the present study, we found that nitrogen
limitation promoted apoptosis in Cladocopium goreaui
to suppress its growth and enhanced its carbon
assimilation. High temperature stress imposed upon
nitrogen limitation further induced antioxidant abil-
ity and apoptosis of C. goreaui, whereas nitrogen
supplement reduced the negative effect of high tem-
perature stress on algal cells through repressed

FIG. 4. Overrepresented GO terms of the differentially expressed genes of cultured Cladocopium goreaui at 84 h under nitrogen defi-
ciency and high temperature. The N�, N+, Heat_N�, and Heat_N+ groups represent C. goreaui under nitrogen deficiency, nitrogen sup-
plement, nitrogen deficiency with high temperature, and nitrogen supplement with high temperature, respectively. (A) the down-
regulated DEGs in the N+/N� comparison; (B) the down-regulated DEGs in the Heat_N�/N� comparison; and (C) the up-regulated
DEGs in the Heat_N+/Heat_N� comparison. “Ref” refers to the proportion of genes functionally assigned a GO term out of all genes
existing in the reference genome, while “test” refers to the proportion of genes assigned to that GO term out of the differentially
expressed genes. [Color figure can be viewed at wileyonlinelibrary.com]
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apoptosis, promoted ion transport, and optimized
metabolism.
Suppressed growth, promoted carbon assimilation and

apoptosis of Cladocopium goreaui under nitrogen limi-
tation. The comparison between the N+ and N�
groups was employed to reveal the effect of nitrogen
limitation on the physiological activities of Clado-
copium goreaui. Compared to the N+ group, we
observed a significant decrease in cell concentration
and chlorophyll a content, and a significant increase
in NOS activity, caspase3 activation level, and cellu-
lar carbon content in the N� group. These results
demonstrated that nitrogen limitation repressed the
growth and chlorophyll a content in cultured
C. goreaui and meanwhile induced NO production,
apoptosis, and the accumulation of photosyntheti-
cally assimilated carbon. Symbiodiniaceae yield
reduction under nitrogen limitation has previously
been reported (Jiang et al. 2014), and this could be
due to the elevation of NO production and apopto-
sis observed in the present study, as NO has been
implicated in the heat stress-induced cell death of
Symbiodinium microadriaticum (Bouchard and

Yamasaki 2009). The continuous photosynthetic car-
bon assimilation under nitrogen limitation, as previ-
ously reported in dinoflagellates (Jing et al. 2017),
is consistent with the observations of lipid droplet
accumulation in Symbiodiniaceae by nitrogen depri-
vation (Jiang et al. 2014, Weng et al. 2014) and the
enrichment of GO terms related to fatty acid biosyn-
thesis by the significantly down-regulated genes in
the N+/N� comparison. Furthermore, our GO
enrichment analysis showed that the expression
levels of three ammonium transporter genes in
C. goreaui increased under nitrogen limitation. This
is, interestingly, although the N+ cultures were pro-
vided nitrate instead of ammonium, but consistent
with the fact that Symbiodiniaceae possess more
ammonium transporter genes than nitrate trans-
porter genes (Lin et al. 2015) and the proposition
that ammonium is the main nitrogen resource for
Symbiodiniaceae (Radecker et al. 2015). Taken
together, the results from the physiological, bio-
chemical, and gene expression measurements sug-
gest that nitrogen limitation can restrict the growth
of cultured C. goreaui probably through NO

FIG. 5. (A) The cluster dendrogram of all the differentially expressed genes in the N+/N�, Heat_N�/N�, and Heat-N+/N� compar-
isons, based their expression levels in twelve transcriptome libraries. (B) grouping of the differentially expressed genes in the N+/N�,
Heat_N�/N�, Heat-N+/N� comparisons and weighted gene co-expression network. (C) Weighted gene co-expression network (thresh-
old = 0.35) of all differentially expressed genes on their expression level in all transcriptome libraries and exhibited in the Cytoscape soft-
ware. The boxes with bold border label three crucial hub genes. Three crucial hub genes included Copia protein (SymbC1.scaffold401.1,
38 edges), Nipped-B-like protein (SymbC1.scaffold509.2, 23 edges), and 1-acyl-sn-glycerol-3-phosphate acyltransferase (SymbC1.scaf-
fold1982.5, 23 edges). [Color figure can be viewed at wileyonlinelibrary.com]
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production and apoptosis induction, but allow con-
tinued photosynthetic carbon assimilation and accu-
mulation in the Symbiodiniaceae cells.
Heat induction of antioxidant and apoptosis level of

Cladocopium goreaui under nitrogen limitation. To
understand how Cladocopium goreaui responds to
high temperature under nitrogen limitation, we
compared various physiological parameters between
the Heat_N� and N� groups. Fv/Fm, CAT activity,
and caspase3 activation levels in the Heat_N� group
were significantly higher than those in the N�
group at 84, 24, and 84 h after culturing, respec-
tively. The rise of Fv/Fm under Heat_N� was a sur-
prise, and the underlying mechanism is unclear, but
this, along with the unchanged carbon content in
C. goreaui, indicated that photosynthesis was not sig-
nificantly damaged by the heat and N-deficiency
combined treatment. The increase in CAT activity
could have resulted from increased production of
H2O2 in cultured C. goreaui under Heat_N�, as heat
stress has been reported to induce H2O2 production
in a symbiotic dinoflagellate Symbiodinium spp (Sug-
gett et al. 2008). If H2O2 reacted with NO, it could
promote apoptosis of C. goreaui.

DEGs analysis in the comparison of Heat_N�/
N� could provide insights about whether nitrogen
limitation aggravates heat-induced caspase3 activa-
tion of cultured Cladocopium goreaui. Genes associ-
ated with clathrin-coated vesicles were significantly
up-regulated under Heat_N�, suggesting induction
of phagocytosis in C. goreaui because clathrin-coated
vesicles typically function in endocytosis (Ehrlich
et al. 2004). The overrepresented GO terms for the
significantly down-regulated genes were mainly
related to transmembrane transport of ions, includ-
ing chloride, magnesium, potassium, sodium, and
calcium. The down-regulated expression of these
ion channel genes could contribute to the apoptosis
induction of cultured C. goreaui because transmem-
brane ion flux has been reported to be associated
with the change of cell state and cell cycle in
dinoflagellates (Gordeeva et al. 2004, Yeung et al.
2006, Smith et al. 2011). Therefore, although no
significant change in the cell yield was observed dur-
ing our experimental period, the apoptosis of algal
cells could be induced and would eventually result
in the decrease of cell yield, as commonly observed
in the symbiotic Symbiodiniaceae of scleractinian
coral under heat stress (Strychar et al. 2004).
Together, these results suggest that under nitrogen
limitation and high temperature can activate stress
response and induce antioxidant capacity and apop-
tosis level of C. goreaui to decrease its population,
without apparent effect on photosynthesis.
Nitrogen availability lessened heat stress effects on

Cladocopium goreaui through repressed apoptosis, tran-
scriptional regulation, and optimized metabolism. Nitro-
gen nutrient elevation has been shown to alter
coral-Symbiodiniaceae symbiosis’s susceptibility to
heat bleaching (D’Angelo and Wiedenmann 2014,

Fernandes de Barros Marangoni et al. 2020). How-
ever, little is known about the potential effect and
mechanism of nitrogen availability on heat resis-
tance or acclimation of symbiotic Symbiodiniaceae.
To explore this issue, a comparison of the Heat_N+
group with the Heat_N� group is potentially
insightful. In the present study, growth, chlorophyll
a, and nitrogen content in the Heat_N+ group
increased significantly at 24 h, 48 h, and 84 h
respectively, whereas NOS activity (24 h), SOD activ-
ity (24 h), CAT activity (24–48 h), carbon content
(84 h), and caspase3 activation level (72–84 h)
decreased significantly in a temporarily sequential
manner. These are evidence of reducing heat-in-
duced stress by the availability of nitrogen.
The nitrogen content of Cladocopium goreaui cells

in the Heat_N+ group was higher than all other
treatment groups, indicating that nitrogen supple-
ment can meet the increased demand for nitrogen
to cope with heat stress. Furthermore, the increases
in chlorophyll a content and total carbon content,
together with the enrichment of GO terms related to
thylakoid membrane by the up-regulated DEGs in
the Heat_N+/Heat_N� comparison, testify the
enhancement of the photosynthesis of C. goreaui
under nitrogen supplement. The supply of nitrogen
and fixed carbon could support population growth
in C. goreaui after heat stress. Furthermore, the
repression of apoptosis owing to the dramatic decline
of caspase3 activation demonstrates that nitrogen
availability repressed apoptosis promoted by nitrogen
limitation and heat stress. The decrease of oxidative
stress owing to the significant decreases of SOD,
CAT, and NOS activities could also result in the
repression of apoptosis of C. goreaui under this condi-
tion. Furthermore, other GO terms overrepresented
by the up-regulated DEGs in the Heat_N+/Heat_N�
comparison were mainly related to ion transport,
which were down-regulated in the Heat_N�/N�
comparison, demonstrating that nitrogen availability
might promote ion transport and further repress
apoptosis in C. goreaui. The enhancement of nitrogen
and carbon assimilation, the promotion of ion trans-
port, and the repression of apoptosis together con-
tributed to the growth of C. goreaui under heat stress
and nitrogen availability. Finally, the up-regulation of
malate dehydrogenase under Heat_N+ also suggests
enhanced heat resistance conferred by nitrogen
nutrient supply. It has been reported that the struc-
tural stability and enzymatic activity of malate dehy-
drogenase are important for the thermal resistance
in marine molluscs (Dong et al. 2018) and plants
(Kaur and Nainawatee 1989). Therefore, nitrogen
availability could reduce the negative effects of heat
stress on symbiotic Symbiodiniaceae and may
improve the resistibility of coral-Symbiodiniaceae sym-
biotic association to heat bleaching.
To further illuminate the core molecular mecha-

nism underlying the role of nitrogen availability
in acquiring heat resistance of symbiotic
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Symbiodiniaceae, a weighted gene co-expression
network of all differentially expressed genes was
constructed and condensed (weight thresh-
old = 0.35). There were 64 nodes (genes) and 167
edges (reciprocities) in the core network. The net-
work analysis also revealed that three crucial hub
genes (most reciprocities), copia protein, Nipped-B-
like protein, and 1-acyl-sn-glycerol-3-phosphate acyl-
transferase, were up-regulated in both Heat_N�/
N� and Heat_N+/N� comparisons, and all respon-
sive to high temperature. Copia protein has been
postulated to be heat-activated retrotransposons in
S. microadriaticum (Chen et al. 2018). Among other
genes in the network, the expression levels of three
signal pathway molecules, including one small G
protein and two AP-1 proteins, were all elevated in
the Heat_N�/N� comparison, whereas only one
AP-1 protein was up-regulated in the Heat_N+/N�
comparison. Because AP-1 is an important transcrip-
tion factor mediating the regulation of apoptosis
activation under internal and external environment
changes (Shaulian and Karin 2002, Ameyar et al.
2003), nitrogen availability could attenuate the
induction of heat stress through the small G pro-
tein/AP-1 pathway by down-regulating expression of
these genes, which would increase the resilience of
C. goreaui to high temperature. Similarly, two trans-
porter genes and metabolic enzymes in the core
network further highlight the nitrogen regulation of
metabolisms and apoptosis in Symbiodiniaceae
C. goreaui in response to heat stress. In sum, results
from the present study suggest that nitrogen avail-
ability has the potential to improve the resilience of
symbiotic C. goreaui to high temperature stress
through a multitude of mechanisms (Fig. 6).
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Heat_N�/N� and Heat-N+/N� comparisons,
based their expression levels in twelve transcrip-
tome libraries.

Table S1. The mapped reads number of algal
genes in the twelve libraries.

Table S2. Differentially expressed genes in the
comparison of N+/N� groups.

Table S3. Differentially expressed genes in the
comparison of Heat_N�/N� groups.

Table S4. Differentially expressed genes in the
comparison of Heat_N+/N� groups.

Table S5. Differentially expressed genes in the
comparison of Heat_N+/Heat_N� groups.

Table S6. Overrepresented GO terms of signifi-
cantly downregulated genes in the comparison of
N+/N� groups.

Table S7. Overrepresented GO terms of signifi-
cantly upregulated genes in the comparison of
Heat_N�/N� groups.

Table S8. Overrepresented GO terms of signifi-
cantly downregulated genes in the comparison of
Heat_N�/N� groups.

Table S9. Overrepresented GO terms of signifi-
cantly upregulated genes in the comparison of
Heat_N+/Heat_N� groups.

Table S10. Overrepresented GO terms of signif-
icantly downregulated genes in the comparison of
Heat_N+/Heat_N� groups.

Table S11. Gene information in the weighted
gene co-expression network.
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