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ABSTRACT Temperature is a critical environmental factor that affects the cell growth of
dinoflagellates and bloom formation. To date, the molecular mechanisms underlying the
physiological responses to temperature variations are poorly understood. Here, we applied
quantitative proteomic and untargeted metabolomic approaches to investigate protein
and metabolite expression profiles of a bloom-forming dinoflagellate Prorocentrum shiko-
kuense at different temperatures. Of the four temperatures (19, 22, 25, and 28°C) investi-
gated, P. shikokuense at 25°C exhibited the maximal cell growth rate and maximum
quantum efficiency of photosystem Il (Fv/Fm) value. The levels of particulate organic car-
bon (POC) and nitrogen (PON) decreased with increasing temperature, while the POC/
PON ratio increased and peaked at 25°C. Proteomic analysis showed proteins related to
photoreaction, light harvesting, and protein homeostasis were highly expressed at 28°C
when cells were under moderate heat stress. Metabolomic analysis further confirmed
reallocated amino acids and soluble sugars at this temperature. Both omic analyses
showed glutathione metabolism that scavenges the excess reactive oxygen species, and
transcription and lipid biosynthesis that compensate for the low translation efficiency
and plasma membrane fluidity were largely upregulated at suboptimal temperature.
Higher accumulations of glutathione, glutarate semialdehyde, and 5-KETE at 19°C implied
their important roles in low-temperature acclimation. The strikingly active nitrate reduc-
tion and nitrogen flux into asparagine, glutamine, and aspartic acid at 19°C indicated
these three amino acids may serve as nitrogen storage pools and help cells cope with
low temperature. Our study provides insights into the effects of temperature on dinofla-
gellate resource allocation and advances our knowledge of dinoflagellate bloom forma-
tion in marine environments.

IMPORTANCE Marine phytoplankton is one of the most important nodes in global biogeo-
chemical cycle. Deciphering temperature-associated marine phytoplankton cell stoichiometric
changes and the underlying molecular mechanisms are therefore of great ecological concerns.
However, knowledge of how phytoplankton adjust the cell stoichiometry to sustain growth
under temperature changes is still lacking. This study investigates the variations of protein and
metabolite profiles in a marine dinoflagellate across temperatures at which the field blooms
usually occur and highlights the temperature-dependent molecular traits and key metabolites
that may be associated with rapid cell growth and temperature stress acclimation.
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mong the biotic and abiotic parameters, temperature is recognized as a significant

factor modulating the diversity and distribution of phytoplankton in global oceans
(1, 2). It affects phytoplankton abundance directly through its effect on the rates of cell me-
tabolism and cell division and indirectly through its effect on ocean stratification, which
influences the movement of bottom level nutrients to surface oligotrophic seawater (3, 4).
Dinoflagellates are one widespread and abundant phytoplankton group in global oceans.
They are the major source of harmful algal blooms (HABs), which can severely affect marine
ecosystems and aquaculture (5, 6). Long-term field investigation and niche model analyses
show that the coastal dinoflagellate blooms are increasing due to ocean warming, in terms
of frequency, intensity, and geographic distribution (7, 8). Since the phylogenetically
diverse dinoflagellates exhibit distinct thermal traits (9), understanding the functional
response to temperature among different species is therefore a requisite for the prediction
and management of dinoflagellate bloom:s.

The phytoplankton growth-temperature relationship often exhibits a bell-shaped
curve with gradual increases and steep declines in growth rate at sub- and supraopti-
mal temperatures (10). Each species is known to exhibit a narrow range of temperature
for optimal cell growth (11, 12). Outside the optimal temperature range, cell motility,
biochemical properties, and stoichiometry will vary largely. Dinoflagellates and other
phytoplankton have adopted a series of response strategies to cope with sub- and
supraoptimal temperatures, such as regulating nutrient acquisition, reallocating ele-
ment stoichiometry, biosynthesizing protective compatible solutes and antioxidant
metabolites, and changing the fluxes of vital metabolic pathways (13-15). In addition,
high levels of photoprotective pigments at supraoptimal temperature and accumula-
tions of polyunsaturated fatty acids and toxins at suboptimal temperature have been
reported in dinoflagellates (16-19). All these strategies are aimed at establishing a new
balance of resource allocation and energy consumption that will enable cells to survive
and reproduce at nonoptimal temperatures.

Thus, deciphering temperature acclimation-related molecular events in phytoplankton is
important for predicting the community variations under climate change and identifying traits
that are subject to environmental selection. Using metatranscriptomics, Toseland et al. (20)
found that phytoplankton significantly increase the rate of protein synthesis and decrease the
number of ribosomes and their associated rRNAs as temperature rises. Increasing photosyn-
thetic electron transport at low temperature and upregulating oxidative phosphorylation at
high temperature are invoked to compensate for repressed photosynthesis in a green alga
(21). Pathways to maintain necessary protein processing machinery and membrane structure
are induced at nonoptimal temperatures in diatoms (22). To date, only several temperature
stress-related genes/proteins are established in dinoflagellates (23, 24), and responses of a
global metabolism to temperature changes in this phytoplankton group using multi-omics
approaches are still less studied.

The dinoflagellate Prorocentrum shikokuense annually forms extensive large-scale HABs
in the coastal East China Sea (ECS) in the spring (25, 26). Field investigations show that P. shi-
kokuense exhibits relatively high growth rates between 16°C and 26°C in the coastal ECS
(27). In the laboratory, it is able to grow at temperatures ranging from 10°C to 31°C (28). In
our study, culture temperatures of 19, 22, 25, and 28°C were used to simulate temperature
transitions from the early to late spring in the coastal ECS, covering the temperature range
of a whole bloom period. The goal of this study was to decipher the underlying traits associ-
ated with temperature responses that may facilitate P. shikokuense to form blooms in spring.
The iTRAQ-based quantitative proteomics and untargeted metabolomics approaches were
used to investigate the protein and metabolite profiles of P. shikokuense. Our results showed
some proteins and macromolecules that may serve as important agents of stress response
and nutrient storage to sustain cell growth under different temperatures.
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FIG 1 The physiological responses of Prorocentrum shikokuense at different temperatures. Growth rate (A),
Fv/Fm value and DNA content (B), POC and PON content, and POC/PON ratio (C). POC: particulate organic
carbon, PON: particulate organic nitrogen.

RESULTS

Physiological parameters at different temperatures. The growth rates of P. shiko-
kuense at 19, 22, 25, and 28°C were 0.39, 0.54, 0.68, and 0.69 d~', respectively.
Significant differences in the growth rates were observed between any pair of the four
temperatures except 25°C and 28°C (P < 0.05). The optimal temperature of P. shiko-
kuense was determined to be 26.8°C through Boltzmann-Arrhenius model analysis (Fig.
1A). Maximum quantum efficiency of photosystem Il (Fv/Fm) values and DNA contents
at 19, 22, 25, and 28°C were 0.55, 0.56, 0.60, and 0.58, and 7.24, 6.30, 5.71, and 6.21 pg/
cell, respectively (Fig. 1B).

The POC and PON decreased with increasing temperatures, but the ratios of POC/PON
increased from 19°C to 25°C and then decreased at 28°C (Fig. 1C). The POC and PON for
19, 22, 25, and 28°C were 16.18, 13.79, 11.66, and 11.21 ng/cell and 3.80, 2.57, 1.75, and
1.80 ng/cell, while the ratios of POC/PON were 4.34, 5.48, 6.68, and 6.24, respectively.

Overview of the quantitative iTRAQ proteomics. In total, 70,898 of the output
336,029 mass spectra matched 22,308 peptides, which resulted in the identification of
4,562 high-confidence proteins. Of the high-confidence proteins, 3,933 (86.3%) and
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FIG 2 KEGG enrichment of differentially expressed proteins (DEPs) at 28°C versus 25°C (A), 22°C versus 25°C (B), and 19°C versus 25°C (C). Functional
categories of DEPs are grouped at KEGG level 3. GSEA-derived normalized enrichment scores (NES) for DEPs are shown. A positive NES of 22°C versus 25°C
indicates that the pathway was highly enriched at 22°C, while a negative NES of 22°C versus 25°C indicates that the pathway was highly enriched at 25°C.
P adjusted <0.05 indicates a significant enrichment.

3,044 (66.8%) proteins were annotated using the NCBI nonredundant protein (NCBInr)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases, respectively.
Compared with 25°C, 375, 1,274, and 1,918 differentially expressed proteins (DEPs)
were identified at 28, 22, and 19°C, respectively (Fig. S1A). Heatmap based on protein
expressions revealed that DEPs at 19°C and 22°C and at 25°C and 28°C were clustered
together with high similarities, respectively (Fig. S2A). Moreover, most DEPs showed
clear patterns of increase or decrease from 19°C to 28°C (Fig. S2B).

KEGG pathway enrichment analysis showed that the pathways related to protein proc-
essing in the endoplasmic reticulum and photosynthesis-antenna proteins were signifi-
cantly enriched at 28°C relative to 25°C, whereas carbon metabolism and biosynthesis of
secondary metabolites and amino acids were highly but not significantly enriched at 25°C
relative to 28°C (Fig. 2A). A comparison between 22°C and 25°C showed that the mRNA
surveillance pathway and RNA transport were significantly enriched at 22°C, while ribo-
some, carbon metabolism, carbon fixation, glycolysis/gluconeogenesis, fructose and man-
nose metabolism, pentose phosphate pathway, biosynthesis of amino acids and secondary
metabolites, and photosynthesis-antenna proteins were significantly enriched at 25°C (Fig.
2B). A comparison between 19°C and 25°C showed that the spliceosome, mRNA surveil-
lance pathway, RNA transport and degradation, 2-oxocarboxylic acid metabolism, and glu-
tathione metabolism were significantly enriched at 19°C, while ribosome, carbon fixation,
glycolysis/gluconeogenesis, fructose and mannose metabolism, pentose phosphate path-
way, porphyrin and chlorophyll metabolism, photosynthesis, and photosynthesis-antenna
proteins were significantly enriched at 25°C (Fig. 2C).

Overview of the untargeted metabolomics. We detected a total of 331 metabolites
from cells growing at 19, 25, and 28°C. Among them, 142 and 116 differentially expressed
metabolites (DEMs) were identified at 28°C versus 25°C and 19°C versus 25°C, respectively
(Fig. S1B). Most of these DEMs were identified and classified as amino acids, peptides and
their analogues, carbohydrates and carbohydrate conjugates, and fatty acids and conju-
gates. More upregulated DEMs belonging to purine and pyridine nucleosides, fatty acids
and conjugates, amino acids, peptides and analogues, benzene and substituted derivatives,
and carbohydrates and carbohydrate conjugates were observed at 28°C compared with
25°C (Fig. 3A), while more upregulated DEMs belonging to purine and pyridine nucleosides
were observed at 19°C compared with 25°C (Fig. 3B).

Compared with 25°C, metabolisms of amino sugar and nucleotide sugar, arginine and
proline, fructose and mannose, galactose, glyoxylate and dicarboxylate, nicotinate and nic-
otinamide, and isoquinoline alkaloid biosynthesis with more DEMs were enriched at 28°C
(Fig. 4A). A comparison between 19°C and 25°C showed that metabolisms of glutathione,
purine, arachidonic acid, beta-alanine, cysteine, and methionine with more DEMs were
enriched at 19°C, while galactose metabolism and carbapenem biosynthesis with more
DEMs were enriched at 25°C (Fig. 4B).

Cell growth-related and stress response-related DEPs and DEMs between 28°C
and 25°C. For proteomics, DEPs involved in photosynthesis, and photosynthesis-antenna
proteins, such as chlorophyll a-c binding protein (CAB), light harvesting protein (LHP), PsaB,
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FIG 3 Classification and distribution of differentially expressed metabolites (DEMs) between temperature
comparisons. “28°C versus 25°C" means 28°C compared with 25°C.

and PsaC were significantly upregulated at 28°C relative to 25°C (Fig. 5A). Moreover, heat
shock protein 90 (HSP90) was also upregulated at 28°C. The majority of DEPs involved in
carbohydrate metabolism, translation, and amino acid metabolism were upregulated at
25°C relative to 28°C. For metabolomics, abundances of carbohydrates and amino acids
varied largely between 25°C and 28°C (Fig. 5B). The typical carbohydrates L-fucose, manni-
tol, and p-mannose and amino acids L-proline and t-lysine were largely accumulated at
28°C, while amino acids L-asparagine, L-histidine, ornithine, and L-glutamine were largely
accumulated at 25°C.

Cell growth-related and stress response-related DEPs and DEMs across 19°C,
22°C, and 25°C. Cell growth-related proteins such as carbonic anhydrate (CA), ribulose
1,5-bisphosphate carboxylase/oxygenase (RBC), nitrate transporter (NT), LHP, and CAB
were significantly downregulated at 19°C and 22°C relative to 25°C, while those involved
in stress responses such as copper/zinc superoxide dismutase (Cu/Zn SOD) were signifi-
cantly upregulated at both 19°C and 22°C (Fig. 6A and B). Specifically, more DEPs
involved in cold acclimation and lipid and nucleotide metabolisms, such as cold shock
protein (CSP), long-chain fatty acid CoA ligase (ACSBG), acetyl-CoA acyltransferase 1
(ACAA1), long-chain acyl-CoA synthetase (ACSL), uridine kinase (udk), CTP synthase
(pyrG), GMP synthase (guaA), IMP dehydrogenase (IMPDH), and adenosine kinase (ADK),
were significantly upregulated at 19°C relative to 25°C (Fig. 6B, Fig. S3, and Table S1).

A comparison between 19°C and 25°C showed that amino acids gamma-aminobu-
tyric acid (GABA), L-glutamine, L-aspartic acid, and L-asparagine were accumulated at
19°C, while L-lysine and L-proline were accumulated at 25°C (Fig. 6C). Fatty acids gluta-

FIG 4 The top 15 enriched KEGG terms of differentially expressed metabolites (DEMs) at 28°C versus 25°C (A) and 19°C versus 25°C (B). Red
numbers with plus signs and blue numbers with minus signs indicate upregulated and downregulated DEMs, respectively.
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FIG 5 Color-coded scatterplots of log, fold change in protein (A) and metabolite (B) abundances at 28°C
versus 25°C. “28°C versus 25°C" means 28°C compared with 25°C. Functional categories of differentially
expressed proteins (DEPs) are grouped at the KEGG level 2.

rate semialdehyde and 5-KETE were accumulated at 19°C, indicating their important
roles at low temperature acclimation. Unlike other metabolites, the majority of the dif-
ferentially expressed purine and pyridine nucleotides, such as IMP, AMP, thiamine, cy-
tosine, inosine, adenosine, and adenine, were observed to have accumulated at 19°C
(Fig. 6C and Fig. S4D).

DISCUSSION

Changes in essential resource allocation associated with rapid cell growth
when temperature increased from 19°C to 25°C. Temperature is recognized as one of
the most important drivers affecting cell growth and the stoichiometry of phytoplankton
in global oceans (20). In our study, cell growth rates of P. shikokuense gradually increased
from 19°C to 25°C (Fig. 1A), accompanied by the increased numbers of upregulated DEPs
involved in photosynthesis-antenna proteins, photosynthesis, translation, carbon fixation,
glycolysis/gluconeogenesis, fructose and mannose metabolism, and pentose phosphate
pathway (Fig. 2 and Table S1). Among these pathways, abundances of the indicative pro-
teins, such as LHPs, photosystem genes, NT, CA, RBC, and ribosomal proteins, increased
from 19°C to 25°C (Fig. 6A and B and Table S1). These results suggested that P. shikokuense
actively incorporated and allocated light, CO,, and nutrients into the necessary macromole-
cules of carbohydrates, chlorophylls (Chls), and proteins essential for cell division to sup-
port rapid cell growth at high temperature. Consistent with the proteomics screening, the
majority of identified DEMs belonging to carbohydrates and fatty acids were found to
accumulate with increasing temperatures (Fig. 3).

Cell stoichiometry is the result of cellular resource allocation across different compound
classes that vary in their carbon (C), nitrogen (N), and phosphate (P) contents. Generally,
the major constituents of polysaccharides, lipids and carbohydrates, Chls, amino acids and
proteins, and DNA and RNA are C, N, and P, respectively (29). The proteomics and metabo-
lomics results showed that C was mainly allocated to carbohydrates, while N was largely
allocated to Chls and proteins with increasing temperatures. Healthy cultures of phyto-
plankton usually exhibit a Redfield C:N ratio around 106:16 (6.63) (30). To date, the global
data still show no repeatable relationship between temperature and phytoplankton C:N
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FIG 6 Color-coded scatterplots of log, fold change in protein abundance at 22°C versus 25°C (A), and
19°C versus 25°C (B), and log, fold change in metabolite abundance at 19°C versus 25°C (C). “22°C
versus 25°C" means 22°C compared with 25°C. Functional categories of differentially expressed proteins
(DEPs) are grouped at the KEGG level 2.

ratios (31, 32). For P. shikokuense, the contents of POC and PON per cell decreased from
19°C to 25°C (Fig. 1C). This can be explained by the “temperature-size rule” in phytoplank-
ton that cell body size decreases when temperature increases (31, 33). Meanwhile, the
POC/PON ratio of P. shikokuense increased and peaked at 25°C with a value of 6.68 (very
close to 106:16). This change in POC/PON ratio may be due to the fact that the PON con-
tent decreased faster than POC when exposed to higher temperature and is consistent
with the finding of a previous study that diatom cells with smaller size at high temperature
may increase photosynthetic efficiency per Chl a and boost cellular C per biovolume with
low N input (34). Among the detected carbohydrates, L-fucose and mannitol varied largely
and accumulated gradually with increasing temperatures (Fig. 6C and Fig. S4B). L-fucose, a
common monosaccharide produced by algae, is a major component of fucose-containing
sulfated polysaccharides (FCSPs). The recalcitrant FCSPs are known to resist microbial enzy-
matic degradation and contribute largely to marine C sinks after the diatom blooms (35).
On the other hand, mannitol is one of the major photosynthetic products that serve as im-
portant C storage and antioxidant in algae (36). Field studies showed significant increases
in mannitol in some algae during summer compared with other seasons (37). Taken to-
gether, these results suggested that warming may enhance the accumulations of (-fucose
and mannitol in marine phytoplankton.

Acclimation strategies in response to supraoptimal temperature. The Fv/Fm
value is a measure of the maximum quantum efficiency of photosystem Il (PSIl) and is
widely used as a stress indicator in phytoplankton studies (38). We observed that P.
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shikokuense had a similar growth rate but significantly lower Fv/Fm value at 28°C than
25°C (Fig. 1B), suggesting the supraoptimal temperature of 28°C had affected the algal
biophysiological activities. Photosystems are particularly sensitive to thermal stress in
photosynthetic organisms (39). DEPs in P. shikokuense involved in photosynthesis and
photosynthesis-antenna proteins were more abundant at 28°C than 25°C (Fig. 5A).
Among them, higher expressions of psaB and psaC, which are the essential enzymes
for the catalysis of light-induced water oxidation and electron transfer across thylakoid
membrane, reinforced photoreaction of P. shikokuense to compensate for the reduced
quantum efficiency of PSIl under thermal stress. Moreover, we observed concomitant
increased expression levels of several CABs and LHPs at 28°C (Fig. 5A and Table S1).
CABs are one vital component of light harvesting complex (40). In addition to acting as
light harvesting agents in dinoflagellates, CABs and LHPs can prevent thermal stress-
induced photo-damage in cells through dissipating the excessive heat and protecting
the photosynthetic apparatus (41, 42).

HSPs act as molecular chaperones by preventing the aggregation of misfolded pro-
teins at high temperatures (43, 44). Accumulation of HSPs in various organisms under
thermal stress has been widely observed, including the temperate, tropical, and symbi-
otic dinoflagellates (23, 24, 45). In addition, HSP70 plays an essential role in repairing
the disassembled PSIlI core complex through binding to the thylakoid membrane in
green algae (46). Higher expression of HSP70 and HSP90 at 28°C may protect the pro-
tein structure and ensure PSII stability in P. shikokuense (Fig. 5A, Fig. S3A, and Table
S1). Also, even moderate thermal stress can disrupt cellular protein homeostasis and
reallocation of amino acids, which was evidenced by the boosted protein processing in
the endoplasmic reticulum, and a large number of differentially expressed amino acids
between 28°C and 25°C (Fig. 2A and 3). Among these amino acids, proline was found
to be related to a variety of thermal resistance in numerous plants (47). The finding
that higher content of L-proline in P. shikokuense at 28°C (than 25°C) (Fig. 5B) implies
that L-proline is a key amino acid in thermal protection.

Carbon metabolism in P. shikokuense was negatively affected by the moderate thermal
stress at 28°C compared with 25°C (Fig. 2A). Thermal stress normally modifies carbon metabo-
lism through inhibiting enzyme activities and downregulating genes expressions (48). In our
study, carbon metabolism related-enzymes of pyruvate water dikinase (PPS), transketolase
(tktA), methylenetetrahydrofolate reductase (metF), and glycine hydroxymethyltransferase
(SHMT) were significantly downregulated at 28°C than 25°C (Table S1). The downregulated
carbon metabolism will reallocate organic carbohydrates between polysaccharides and solu-
ble sugars. Since heat stress interrupts intracellular osmotic homeostasis, accumulations of
soluble sugars to reduce the negative effects has been observed in plants (49). The enriched
mechanisms of fructose and mannose and galactose in P. shikokuense at 28°C suggested their
important roles at heat stress acclimation (Fig. 4A). Thus, the significantly accumulated mono-
saccharides of L-fucose, mannitol, b-mannose, sorbitol, and stachyose that involved in these
two processes may function at osmotic adjustment under the moderate thermal stress (Fig.
S4B and Table S2).

Acclimation strategies in response to suboptimal temperature. Compared with
25°C, the suboptimal temperatures of 19°C and 22°C seriously influenced the cell
growth and photosystem of P. shikokuense (Fig. 1). Since similar expression patterns
and enriched pathways were observed when temperature changed at 19°C and 22°C
relative to 25°C (Fig. 2 and S2), we focused on the changes in the DEPs and DEMs
between 19°C and 25°C to reveal low temperature acclimation strategies. When photo-
synthetic organisms are exposed to cold stress, the photosynthetic rate decreases and
excessive electrons are transferred to O, to generate reactive oxygen species (ROS)
(50). The antioxidant enzymes and scavengers in plants and algae are normally initi-
ated to reduce the negative effects of excess ROS on proteins, DNA, and lipids (51).
The relatively low photosynthetic efficiency and highly expressed antioxidant enzymes
of Cu/Zn SOD and CSPs at 19°C (Fig. 1B and 6B) may imply the excess production of
ROS in P. shikokuense at this temperature. Alternatively, organisms can overproduce
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glutathione to relieve oxidative damage caused by ROS (52). In our study, KEGG analy-
ses of both DEPs and DEMs showed that glutathione metabolism was enriched at 19°C.
The six essential enzymes glutamate-cysteine ligase catalytic subunit (GCLC), glutathi-
one S-transferase (GST), glutathione dehydrogenase/transferase (DHAR), isocitrate
dehydrogenase (IDH1), 6-phosphogluconate dehydrogenase (PGD), and L-ascorbate
peroxidase (APX) (Fig. S3A and Table S1) and the three metabolites glutathione (GSH),
glutathione disulfide, and ascorbate were significantly upregulated at 19°C compared
with 25°C (Table S2), indicating their important roles in ROS scavenging at low
temperature.

Since low temperature may damage the plasma membrane, phytoplankton adjust the
composition of their plasma membranes to optimize the liquid/crystalline physical struc-
ture necessary for proper membrane function (53, 54). Lipids, the major component of
algal plasma membrane, are made up of phospholipids, sterols and fatty acids. A series of
key proteins involved in glycerophospholipid metabolism, e.g., glycerol-3-phosphate dehy-
drogenase (GPD1), acetylcholinesterase (ACHE), and 1-acylglycerone phosphate reductase
(AYR1), and steroid biosynthesis, e.g., delta14-sterol reductase (TM7SF2), delta24-sterol re-
ductase (DHCR24), sterol 24-C-methyltransferase (SMT1), and cycloartenol synthase (CAS1),
were significantly upregulated at 19°C compared with 25°C (Fig. S3B and Table S1). Higher
expressions of these enzymes reflected accumulations of glycerophospholipid and steroid
in plasma membrane to cope with low temperature stress. In addition, the absolute con-
tent and relative proportion of saturated and polyunsaturated fatty acids determine the
plasma membrane fluidity (55). Previous studies report sharp increases of total and polyun-
saturated fatty acids in dinoflagellates during the transition from 30°C to 15°C (16) and
higher proportions of polyunsaturated fatty acids in cold-adapted dinoflagellates than
warm-adapted species (56). Enzymes such as fabD, FASN, ACSL, and ACSBG for fatty acid
biosynthesis and enzyme ACAA1 for polyunsaturated fatty acid biosynthesis were more
highly expressed at 19°C than 25°C (Fig. 6B and Fig. S4C), implying the possible greater
accumulation of fatty acids in P. shikokuense at low temperature. Glutarate semialdehyde, a
straight chain fatty acid, and 5-KETE, a long-chain fatty acid, were largely accumulated at
19°C (Fig. 6Q). Since the profile of fatty acids is seldom reported in phytoplankton especially
under high- or low-temperature stresses, little is known about the exact role of these fatty
acids identified in low-temperature acclimation. However, it is reasonable to propose that
the greater accumulation of these two fatty acids at 19°C was incorporated into the plasma
membrane of P. shikokuense to compensate for the reduced membrane fluidity (Fig. 7).

Allocation of P and N for bloom occurrence. Spliccosome and mRNA surveillance
pathway were significantly enriched at 19°C compared with 25°C (Fig. 2C). Active alter-
native pre-mRNA splicing, which is controlled by splicecosome, can be quickly induced
to produce protein isoforms under low temperature (57, 58). Hence, the enriched spli-
ceosome and mRNA surveillance pathway in P. shikokuense guaranteed the correctness
of gene expression and protein synthesis at low temperature. More nucleotides at low
temperature should be required as the spliceosome is mainly composed of five small
nuclear RNAs (snRNAs). Consistently, the majority of DEPs and DEMs involved in purine
and pyrimidine nucleotide metabolism was significantly upregulated at 19°C than 25°C
(Fig. 6B and C). Enzymes such as ADK, IMPDH, and guaA, responsible for catalytic con-
version of adenosine and AMP to DNA, and udk and pyrG for catalytic conversion of cy-
tosine to RNA were observed (Fig. 7). Indeed, the omics results were supported by a
decrease in the content of DNA per cell from 19°C to 25°C (Fig. 1B). The low content of
RNA at high temperature was consistent with the “translation compensation hypothe-
sis,” which states that because ribosomal reaction rate increases with temperature, low
ribosomal density is needed to sustain the same level of protein synthesis at high tem-
perature (20, 59). Moreover, higher contents of DNA and RNA at 19°C than 25°C may
be due to an arrest at G, phase of part of the P. shikokuense cell population, which
needs further investigation. The central compositional element role played by P in
nucleic acids (60) indicated that P. shikokuense largely allocated P to DNA and RNA at
low temperature. The limited P availability in the coastal ECS is one major factor
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FIG 7 Schematic illustration of the key differentially expressed proteins (DEPs) and differentially expressed metabolites
(DEMs) in Prorocentrum shikokuense involved in nutrient storage and stress acclimation at 19°C. Red and green colors
represent the upregulated and downregulated levels at 19°C compared with 25°C. IPT, inorganic phosphate transporter.

regulating the bloom successions from diatom to dinoflagellate P. shikokuense (25).
The powerful P remodeling and storage capacities, as reflected in the accelerated ATP
cycling, the switch from phospholipids to nonphospholipids, and the formation of pol-
yphosphate, are reported to largely contribute to the occurrence of P. shikokuense
blooms (61, 62). Additionally, the high demand for P and the preferential allocation of
P into DNA and RNA at 19°C indicated that a relatively large amount of P was retained
in DNA and RNA at low temperature. Once seawater temperature increases, the ele-
mental P in DNA and RNA can be remodeled into other essential compounds for cell
growth, and therefore partially relieve the low P stress caused by the diatom blooms.
The strong metabolic capability of organic compounds, such as amino acids and pep-
tides, is a competitive advantage that facilitates P. shikokuense bloom under low inorganic
nutrient condition (63). In our study, nearly half of the differentially expressed amino acids
such as GABA, L-glutamine, L-aspartic acid, and L-asparagine was found to accumulate
more at 19°C rather than 25°C (Fig. 6C). Moreover, the contents of L-asparagine, L-gluta-
mine, and GABA were included in the top 10 abundant amino acids identified at 19°C
(Table S2). Accumulation of amino acids and their derivatives is a common protective
mechanism for phytoplankton to relieve low temperature stress (64). The four accumulated
amino acids in P. shikokuense at 19°C may play the same role. Indeed, greater GABA accu-
mulation at low temperature acclimation has been reported in plants and green algae (65-
67). In addition, asparagine is an ideal N storage compound that exhibits a high N:C ratio
compared with other amino acids (68). It is synthesized from glutamine and aspartic acid
in the ATP-dependent reaction catalyzed by the enzyme AS. AS was observed to be more
(although not significantly) highly expressed at 19°C than 25°C. Moreover, NR and NiR,
which catalyze the reduction of nitrate to ammonia, and GS, which further incorporates
ammonia into glutamine, were more highly expressed (although not significantly) at 19°C
than 25°C (Fig. 7 and Fig. S3D). The consistent expression pattern of these enzymes and
metabolites suggested that cellular N flux was largely channeled into glutamine, aspartic
acid, and asparagine at low temperatures. Combined with the large amount of PON per
cell at 19°C (Fig. 1Q), these results indicated that these amino acids may serve as important
N storage pools for P. shikokuense under low temperature. Once the seawater temperature
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increases, the stored N within them can be quickly reallocated into other necessary macro-
molecules (e.g., proteins and Chls) to sustain higher growth rates for bloom occurrence.

Conclusion. Our study sheds light on the response mechanisms invoked by the dinofla-
gellate P. shikokuense to sustain growth under a temperature gradient (19 to 28°C), which cov-
ers the whole bloom period from early to late spring in the coastal ECS. We observed that P.
shikokuense exhibited increasing growth rates from 19°C to 25°C. Along this gradient, path-
ways of photosynthesis-antenna proteins, porphyrin and chlorophyll metabolism, photosyn-
thesis, carbohydrate metabolism, and ribosome were consistently upregulated. Compared
with 25°C, cells at 28°C endured moderate heat stress as they showed similar growth rates
but a lower Fv/Fm value. Proteins involved in photoreaction, light harvesting, and protein ho-
meostasis, such as LHP, CAB, and HSP, were more highly expressed to compensate for the
negative effects of the moderate heat stress. Soluble sugars such as L-fucose, mannitol, b-man-
nose, sorbitol, and stachyose were largely accumulated at 28°C to compensate for the reduced
carbon metabolism and sustain osmotic homeostasis. In addition, metabolites such as gluta-
thione, glutarate semialdehyde, 5-KETE, and GABA were found, which may play important
roles in low-temperature acclimation. Moreover, the significant accumulation of the nucleo-
tides adenosine, cytosine, and AMP and the amino acids L-asparagine, L-glutamine, and L-as-
partic acid at 19°C may serve as important P and N repositories that can be reallocated into
other necessary macromolecules to form large-scale blooms when ocean temperature
increases.

Based on the number of macromolecules detected, metabolomics showed a relatively
lower identification depth than proteomics. This was mainly caused by the complex phys-
icochemical property of metabolites and the limited phytoplankton reference database
for metabolite identification. However, it is interesting to note that the two approaches
were complementary and some findings could be confirmed by cross-correlations. Since
abiotic factors such as temperature, nutrient, and light initially control the growth rate
and cell stoichiometry of photosynthetic organisms in global oceans (20), further com-
bined use of proteomics and metabolomics promises a better understanding of how
interactions among these abiotic factors affect marine dinoflagellates. Insights gained
from such studies will help us to comprehensively understand the community variation
and distribution trends of marine dinoflagellates in a warming ocean.

MATERIALS AND METHODS

Microalga isolation and culture. Strain of P. shikokuense (CCMA206) was originally isolated from
the frequent bloom-occurring coastal ECS in 2014 and was provided by the Collection Center of Marine
Algae (CCMA), Xiamen University, China. Batch cultures of P. shikokuense were maintained in K medium
(69) prepared with 0.22 um filtered and autoclaved seawater (30 psu) and grown under cool white fluo-
rescent light at an irradiance of 100 umol quanta m~2 s~' with a 14:10-h light:dark cycle at 25°C. The
stock cultures were maintained at the exponential phase by dilution with fresh medium approximately
every 6 days. Bactericidal penicillin (100 U/ml) and streptomycin (0.1 mg/ml) were added into the stock
culture to minimize the growth of bacteria before the commencement of temperature experiments.

Experimental design. Triplicated experiments at 19, 22, 25, and 28°C were performed in 2 liters of acid-
washed and autoclaved polycarbonate bottles containing 1.6 liter of medium. To obtain cells with a stable
metabolic activity, P. shikokuense at each temperature were cultured and semicontinuously diluted daily for
approximately 20 days before sampling. Cell cultures were diluted every morning with fresh medium to an
initial cell density of approximately 10,000 cells/ml for a diurnal cycle. Sampling was conducted every day
consecutively for 10 days.

Growth rate and thermal trait. Culture suspension (1 ml for each sample), fixed by mixing with
Lugol’s solution (5 ul), was counted daily before and after the dilutions with a light microscope. The
growth rate was calculated using the equation: u = In(N,/N,)/(t, — t,), where N, is the cell density after
dilution at day 1 (t,) and N, is the cell density before dilution at day 2 (t,), respectively. A unimodal
extension of the Boltzmann-Arrhenius model was performed to determine the optimal growth tempera-
ture (70). We added an experiment at 30°C to increase the model accuracy. The data on growth rates at
different temperatures were applied to fit the model:

A
M= MKy : Lii(#il) 5
I+ 525 efv\Topt T

where u is the specific growth rate at each temperature, u, is a preexponential constant independent of
temperature, k, is Boltzmann's constant (8.62 x 107° evK™"), E, is estimated as the slope of linear regres-
sion of the log-transformed rate against the Boltzmann temperature-1/k,T, T, is the optimal
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temperature at which the rate reaches the maximum value, and £, is added to describe the “steepness”
of the decrease of the rate when the temperature exceeds T,

Fv/Fm, DNA, POC, and PON measurement. To determine the maximum photochemical efficiency
of PSII (Fv/Fm), whole cultures (5 ml for each sample) at 19, 22, 25, and 28°C were dark adapted for
15 min and then measured daily using a PHYTO-PAM (Walz GmbH, Effeltrich, Germany). Whole cultures
(20 ml for each sample) at the four investigated temperatures were harvested by centrifugation (6,000 x g,
10 min, 4°C) at day 4. Cell pellets were suspended in 0.5 ml solution | (50 mM Tris-HCI, 50 mM EDTA, and
50 mM sucrose [pH 8.0]) reagent for DNA extraction. Cell pellets were frozen in liquid nitrogen for 5 min
and sonicated in ice, and then DNA extractions were performed following the enzyme/phenol-chloroform
extraction protocol (71). DNA concentration was quantified using the NanoDrop 2000 (Thermo Fisher
Scientific, Wilmington, DE, USA).

Whole cultures (10 ml for each sample) at the four investigated temperatures were filtered through
precombusted (500°C, 4 h) 1.6-um GF/A membranes (diameter 25 mm) at day 4. The filtration mem-
branes were exposed to HCl fumes and oven dried at 65°C for 24 h to remove inorganic carbon and
nitrogen before mass spectrometric (MS) analysis. The POC and PON were determined using a PE 2400
Series Il CHNS elemental analyzer (Perkin EImer, Norwalk, CT, USA). Statistical comparisons of the treat-
ment groups were assessed with one-way ANOVA using SPSS522.0 software (SPSS Inc., Chicago, IL, USA).

Protein extraction, digestion, peptide labeling, and liquid chromatography-MS/MS analysis.
Whole cultures (100 ml for each sample) at 19, 22, 25, and 28°C were harvested by centrifugation (6,000 x g,
10 min, 4°C) at day 4. The pelleted cells were immediately frozen in liquid nitrogen and then stored at
—80°C before further processing. Cell pellets (of two of the three biological repeats for each temperature)
were suspended in 1 ml TRIzol (Invitrogen, Carlsbad, CA, USA) reagent for protein extraction, following the
previous protocol (72). Protein concentration was quantified using a 2D Quant kit (GE Healthcare, San
Francisco, CA, USA). After adjusting the pH to 8.5 with 1 M ammonium bicarbonate, 100 g protein from
each sample was first reduced with DTT (1 h) at 60°C and then alkylated with iodoacetamide (45 min, in the
dark) at room temperature. Each sample was digested twice using Trypsin Gold (Promega, Madison, WI,
USA) with a protein/trypsin ratio of 30:1 (wt/wt) for 14 h at 37°C. After desalting on a Strata X C18 solid-
phase extraction column (Phenomenex, Torrance, CA, USA), trypsin-digested samples were evaporated and
reconstituted in 0.2 M triethylammonium bicarbonate (TEAB). Desalted peptides of eight samples (two bio-
logical repeats for each temperature) were then labeled with iTRAQ reagents 8-plex kit (Applied Biosystems,
Foster City, CA, USA) according to the manufacturer's instructions: Tag113 and Tag114, 19°C; Tag115 and
Tag116, 22°C; Tag117 and Tag118, 25°C; and Tag119 and Tag121, 28°C. After a 2 h of incubation, the labeled
samples were combined, desalted with a Strata X C18 column (Phenomenex), and then vacuum dried.

The peptides were reconstituted with buffer A (5% ACN, pH adjusted to 9.8 with ammonia) to 2 ml
and then were separated on a Shimadzu LC-20AB HPLC Pump system coupled with a high-pH RP col-
umn. The peptides were separated at a flow rate of 1 ml/min with isocratic 5% buffer B (95% ACN, pH
9.8) for 10 min, a gradient from 5% to 35% buffer B over 40 min, then 35% to 95% buffer B over 1 min.
The system was then maintained at 95% buffer B for 3 min before being decreased to 5% within 1 min,
and the column was reequilibrated with 5% buffer B for 10 min. A total of 20 fractions were collected
and vacuum dried.

Each fraction was resuspended in buffer C (2% ACN and 0.1% FA) and centrifuged at 16,000 x g for
10 min. The supernatant was loaded onto a C18 trap column 5 uL/min for 8 min using a LC-20AD nano-
HPLC instrument (Shimadzu, Kyoto, Japan) autosampler that was interfaced to a Q EXACTIVE mass spec-
trometer (Thermo Fisher Scientific, San Jose, CA, USA). The peptides were eluted from the trap column
and separated by a capillary C18 column (inner diameter, 75 um) packed in-house. The gradient was run
at 300 nl/min starting from 8% to 35% of buffer D (98% ACN and 0.1% FA) in 35 min, then going up to
60% in 5 min, then maintained at 80% D for 5 min, and finally returned to 5% in 0.1 min and equilibrated
for 10 min. The separated peptides were subject to nano-electrospray ionization (nano-ESI) and MS
data-dependent acquisition (DDA). The parameters for MS analysis were as follows: electrospray voltage,
1.6 kV; precursor scan range, 350 to 1,600 m/z at a resolution of 70,000 in Orbitrap; MS/MS fragment
scan range, >100 m/z at a resolution of 175,000 in HCD mode; normalized collision energy setting, 27%;
dynamic exclusion time, 15 s; and automatic gain control (AGC) for full MS target and MS2 target, 3e6
and 1e5, respectively; The number of MS/MS scans following 1 MS scan was 20 most abundant precursor
ions above a threshold ion count of 20,000.

Protein identification, quantification, and bioinformatics analysis. The raw MS/MS data were
converted to MGF files by Proteome Discoverer 1.4 (Thermo Scientific, Waltham, MA, USA) and the
exported MGF files were searched using Mascot (v2.3.02, MatrixScience; London, UK) against a database
containing translated protein sequences from transcriptomes of P. shikokuense pure culture (73). Mascot
parameters were set as follows: trypsin was selected as the specific enzyme with a maximum of two
missed cleavages permitted per peptide; fixed modifications of carbamidomethyl (C), iTRAQ8-plex (N-
term), and iTRAQ8-plex (K); variable modifications consisting of oxidation (M); peptide charge, 2+, 3+,
and 4+; 20 ppm of peptide mass tolerance; and 0.05 Da of fragment mass tolerance. The automatic
Mascot decoy database search was performed. The Mascot results were processed by IQuant utilizing
MascotPercolator to rescore the peptide spectrum matches (PSMs) (74). The identified peptide sequen-
ces were assembled into a set of confident proteins using the Occam’s razor approach implemented in
IQuant, and the false discovery rate (FDR) at 1% was set in both PSM and protein levels. For this study,
high-confidence proteins containing at least one unique peptide and two unique spectra were chosen
and DEPs (differentially expressed proteins) were filtered with the cutoffs of fold ratios =1.2 or =0.83
and P value of <0.05. Functional annotations were performed against the database of NCBI
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nonredundant protein (NCBInr) and Kyoto Encyclopedia of Genes and Genomes (KEGG), and KEGG
enrichment of DEPs was performed using the R package GSEA.

Metabolite extraction and LC-ESI/MS analysis. Biological activity of the cultured P. shikokuense
cells (100 ml for each sample) was first quenched by adding 50 uL HgCl, saturated solution. Whole cul-
tures at 19, 25, and 28°C were harvested by centrifugation (6,000 g, 10 min, 4°C) at day 4, immediately
frozen in liquid nitrogen and then stored at —80°C. Cell pellets (6 repeats for each temperature) were
suspended in 2 ml centrifuge tube with 1 ml extraction buffer (acetonitrile:methanol:water, 2:2:1, vol/
vol/vol) and 100-mg glass beads. The centrifuge tubes were allowed to freeze in liquid nitrogen for
5 min and then thawed at room temperature. The thawed samples were then ground at 55 Hz for 2 min
(the freeze-thaw-grind cycle was repeated 3 times). Following another round of centrifugation (12,000 x
g, 10 min, 4°C), the supernatant was transferred to a new tube, vacuum-dried and redissolved in 300 uL
2-amino-3-(2-chloro-phenyl)-propionic acid (4 ppm). The solution was then filtered through a 0.2 um
(PALL Life Sciences, USA) membrane prior to LC-MS/MS analysis.

LC-MS/MS analysis was conducted on a Vanquish UHPLC System (Thermo Fisher Scientific, USA)
using an ACQUITY UPLC HSS T3 (150 x 2.1 mm, 1.8 um) (Waters, Milford, MA, USA). The column was
maintained at 40°C. The flow rate and injection volume were set at 250 uL/min and 2 ul, respectively.
For LC-ESI (+)/MS analysis, the mobile phases consisted of buffer E (0.1% formic acid in CAN) and buffer
F (0.1% formic acid in water). Separation was conducted under the following gradient: 2% E, 0 to 1 min;
2 to 50% E, 1 to 9 min; 50 to 98% E, 9 to 12 min; 98% E, 12 to 13.5 min; 98 to 2% E, 13.5 to 14 min; and
2% E, 14 to 20 min. For LC-ESI(—)/MS analysis, the analysis was carried out with mobile phases of ACN
and ammonium formate (5 mM). Separation was conducted under the following gradient: 2% ACN, 0 to
1 min; 2 to 50% ACN, 1 to 9 min; 50 to 98% ACN, 9 to 12 min; 98% ACN, 12 to 13.5 min; 98% to 2% ACN,
13.5 to 14 min; and 2% ACN, 14 to 17 min.

Mass spectrometric detection of metabolites was performed on Q Exactive (Thermo Fisher Scientific,
USA) with ESl ion source. Simultaneous MS1 and MS/MS (full MS-ddMS2 mode, data-dependent MS/MS)
acquisition was used. The parameters were as follows: sheath gas pressure, 30 arb; aux gas flow, 10 arb;
spray voltage, 3.50 kV and —2.50 kV for ESI(+) and ESI(—), respectively; capillary temperature, 325°C;
MS1 range, m/z 81 to 1,000; MS1 resolving power, 70,000 FWHM; number of data dependent scans per
cycle, 10; MS/MS resolving power, 17,500 FWHM; normalized collision energy, 30%; and dynamic exclu-
sion time, automatic.

Metabolite identification, quantification, and bioinformatics analysis. The raw data were con-
verted to mzXML format by MSConvert in the ProteoWizard software package (v3.0.8789) (75) and proc-
essed using XCMS for feature detection, retention time correction and alignment. The metabolites were
identified by mass accuracy (<30 ppm) and MS/MS data that were matched with HMDB, Massbank,
LipidMaps, mzclound, and KEGG. The robust LOESS signal correction (QC-RLSC) was applied for data nor-
malization to correct for any systematic bias. After normalization, only ion peaks with relative standard
deviations (RSDs) less than 30% in QC were kept to ensure proper metabolite identification.

All the multivariate data analyses were performed using Ropls software (76). After scaling data, mod-
els were built on principal-component analysis, orthogonal partial least-square discriminant analysis
(PLS-DA) and partial least-square discriminant analysis (OPLS-DA). The metabolite profiles were visual-
ized as score plot with each point representing a sample. The corresponding loading plot and S-plot
were generated to provide information on the metabolites that influence clustering of the samples. All
the models evaluated were tested for over fitting with methods of permutation tests. The descriptive
performance of the models was determined by R2X (cumulative) (perfect model: R2X [cum] = 1) and R2Y
(cumulative) (perfect model: R2Y [cum] = 1) values while their prediction performance was measured by
Q2 (cumulative) (perfect model: Q2 [cum] = 1) and a permutation test. The permuted model was applied
to predict classes: R2 and Q2 values at the y axis intercept must be lower than those of Q2 and the R2 of
the nonpermuted model. OPLS-DA allowed the determination of discriminating metabolites using the
variable importance on projection (VIP). The P value, VIP and fold change (FC) were applied to discover
the contributable-variable for classification. Finally, a P value of <0.05 and VIP values of >1 were consid-
ered to be statistically differentially expressed metabolites (DEMs). The identified metabolites were func-
tionally annotated to the KEGG database, and pathway enrichment and topology analyses of DEMs were
performed using MetaboAnalyst (77).

Data availability. The mass spectrometry proteomics data were deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the data set identifier PXD033681.
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