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ABSTRACT

Phosphorus (P) acts as a crucial limiting nutrient for the growth of marine phytoplankton cells and the formation
of algal blooms. The dinoflagellate Alexandrium pacificum is known for causing frequent and intense blooms in
specific estuarine and coastal regions. In this study, we investigated the growth and physiological trans-
formations under conditions characterized by P-deficiency, NaHoPO4, and ATP. For the first time, an integrated
comparative analysis of the secretome and proteome was performed to investigate the global protein expression
profile of A. pacificum, with 355 and 2308 differentially expressed proteins (DEPs), respectively. The results
demonstrated that P-deficiency led to a reduction in growth and notable decreases in metabolic processes in
A. pacificum. In P-deficient and ATP groups, the expression of secretory protein alkaline phosphatase A (PhoA)
was increased, while intracellular acid phosphatase (ACP) displayed significant upregulation in P-deficient
group, indicating that A. pacificum has evolved multiple organic P utilization strategies to adapt to low-P en-
vironments. A. pacificum can utilize the intracellular carbohydrate storage pools via glycolysis and the TCA cycle
to replenish Calvin cycle intermediates. However, the growth of the ATP and NaH2PO4 groups showed no sig-
nificant alteration. These results suggest that A. pacificum possesses distinct adaptive strategies towards P-defi-
ciency in the environment and employs specific mechanisms for utilizing organic P, which may be a crucial factor
in the formation of blooms in low inorganic P environments.

1. Introduction

further raising concerns about the impact on human health (Zhang et al.,
2019a; Leal and Cristiano, 2022). The increased occurrence frequency of

In recent decades, the frequency and scale of global extensive blooms
have been increasing continuously, emerging as a significant marine
calamity of global concern (Smayda, 2001). Dinoflagellates, as one of
the primary biological communities of harmful algal blooms (HABs)
(Wang et al., 2014; Lin et al., 2015; Gong et al., 2017), profoundly
disrupt the marine ecological environment and significantly impact the
economic benefits of aquaculture (Anderson et al., 1990; Hallegraeff,
2003). Certain toxic phytoplankton can produce harmful metabolites,
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blooms is primarily associated with environmental and climatic
changes, as well as eutrophication (Leal and Cristiano, 2022). Nutrients
are considered a key factor, with P being a crucial determinant of algal
abundance (Paerl et al., 2011; Paerl and Otten, 2013; Zhang et al.,
2021).

Phosphorus is crucial in sustaining life, serving as a vital constituent
of biological molecules such as DNA, RNA, ATP, phospholipids, and
signaling molecules, and is essential for the growth of phytoplankton
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(Karl, 2000; Dyhrman, 2016; Lin et al., 2016). The acquisition of P from
marine dissolution primarily stems from the gradual process of rock
weathering, distinguishing it from nitrogen (Tyrrell, 1999; Laakso et al.,
2020), thus its concentration in the surface waters of open oceans is
extremely low. Additionally, due to anthropogenic nitrogen overload,
coastal waters are often under P limitation (Lin et al., 2016). Therefore,
the growth of marine phytoplankton and primary productivity are pre-
dominantly constrained by P (Thingstad et al., 2005; Schindler et al.,
2008). The P in the dissolved state primarily exists in two forms: inor-
ganic P and organic P (Orchard et al., 2009). Dissolved inorganic P (DIP)
mainly exists in the form of orthophosphate ions (Luo et al., 2017),
which can be directly absorbed by phytoplankton. Dissolved organic P
(DOP) is not directly utilized by phytoplankton (Casey et al., 2009), but
dinoflagellates are capable of maintaining their cellular growth by uti-
lizing DOP when DIP is insufficient (Dyhrman, 2016; Lin et al., 2016),
and this ability has become a potential competitive advantage for these
species in phytoplankton competition (Chen et al., 2024). Tran-
scriptomic analysis revealed that Prorocentrum shikokuense can cope
with P-deficiency through membrane phospholipid restructuring and
autophagy (Li et al., 2024). The coordinated synthesis and degradation
of polyphosphate play a crucial role in maintaining P homeostasis in
Karenia mikimotoi (Jin et al., 2023). While researchers report that
alkaline phosphatase can hydrolyze DOP for utilization, the absorption
and response mechanisms of dinoflagellates to P variations in the
environment are still not very clear at present (Dyhrman et al., 2007;
Zhang et al., 2017, 2019b).

Alexandrium pacificum is a prevalent toxic and harmful dinoflagel-
late, capable of generating paralytic shellfish toxins (PSTs) (Penna et al.,
2005). Initially, it was detected in the coastal waters of many Mediter-
ranean countries and subsequently considered to be an introduced alien
species due to human activities (Wyatt and Jenkinson, 1997; Lilly,
2002). In recent years, due to high nitrogen and low P loading, the
Yangtze River Estuary and its adjacent East China Sea have become one
of the most severely eutrophic and P-deficient areas in China. However,
as a region where large-scale Pacific algal blooms frequently occur
(Zhou et al., 2008; Yu et al., 2017), it is accompanied by high chloro-
phyll a concentrations and simultaneously high DOP concentrations
(Huang et al., 2007; Chen et al., 2024). Studies indicate that A. pacificum
possesses the capability to utilize a variety of DOP, such as adenosine
5-triphosphate (ATP), D-glucose 6-phosphate (G-6-P), and p-glycerol
phosphate (SG-P), by regulating growth, photosynthesis, and the syn-
thesis of gene clusters in response to environmental changes (Van Mooy
et al., 2009; Chen et al., 2024). However, in comparison to other
phytoplankton, the investigation into the molecular regulatory mecha-
nisms underlying the response of A. pacificum to environmental phos-
phate fluctuations, particularly concerning P-deficiency and ample DOP
supply, remains significantly limited. This impetus drives us towards a
deeper comprehension of the physiological responses and potential
molecular pathways implicated in the environmental phosphate varia-
tions of A. pacificum.

In this study, we used A. pacificum collected from the Yangtze River
estuary adjacent waters as our materials. We conducted a comparative
proteome analysis and combined it with the secretome to evaluate the
protein expression profiles of A. pacificum under P-deficient, DIP-replete
(NaH3PO4), and DOP-replete (ATP) conditions. Integrated with physi-
ological and biochemical response parameters, we characterized DEPs
and further investigated the molecular mechanisms related to growth,
photosynthesis, and toxin synthesis. This study will contribute to a
better comprehension of the adaptive strategies and response mecha-
nisms of A. pacificum to P variations, providing a basis for its frequent
blooms in the Yangtze River Estuary and its adjacent sea areas.

Environmental Pollution 373 (2025) 126135

2. Materials and methods
2.1. Strain and culture conditions

The A. pacificum algae strain in this study was isolated in the earlier
stages from the laboratory (Chen et al., 2024). The strain was inoculated
into a f/2 medium lacking Na,;SiO309H0 (f/2-Si) (Huang et al., 2024; Li
et al., 2024) prepared with natural seawater (salinity of 30 + 0.1)
filtered through a 0.22 pm membrane and sterilized under high pressure,
and cultivated under conditions of 20 + 1 °C, 75 pE m 2 s~ under a 12
h:12 h light: dark cycle of white fluorescent light (Guillard and Ryther,
1962). The axenic stock cultures were regularly transferred to fresh
f/2-Si culture medium to sustain it in the exponential growth phase.
Before the experiment, the strains were pre-cultured under P-deficient
f/2-Si medium for 48 h to exhaust intracellular phosphate reserves
through starvation cultivation.

2.2. Growth rate and cell morphological changes of A. pacificum

The strain of A. pacificum was cultured in f/2-Si medium with 36
pmol P L1 of NaH,PO,4 and ATP as the sole P source or P-deficient
conditions. The initial cell density in the experimental group was 200 +
10 cells mL~%, under identical conditions, the cultures were maintained
for 14 days in triplicates. Algal cell counts were performed every other
day using an inverted microscope (IX71, Olympus, Japan).

By collecting equal aliquots of algal culture medium from both P-
deficient condition (0 pmol P L and P-replete conditions (containing
36 pmol P L™} as NaH,PO4 and ATP), which were cultivated up to the
6th and 10th days respectively, the samples were then fixed overnight in
a solution of 2.5 % glutaraldehyde at a temperature of 4 °C. An upright
fluorescence microscope was used for capturing images, and the
captured images were analyzed using Image J software yielding the
equivalent spherical diameter (ESD) and MinFeret diameter of the
microalgae. Furthermore, cell volume (V) and surface area (S) were
calculated using the following formulas:

4 [dA
v-sn/a W
S=ndl 2)

where A represented the measurement of the area, d represented the
minimum Feret diameter, and | represented the Feret diameter (Ge et al.,
2022).

2.3. P concentration and alkaline phosphatase activity

Water samples intended for the analysis of inorganic and organic P
content are filtered through a Whatman GF/F filter (0.7 pm pore size, 25
mm in diameter, Whatman Inc.) using a vacuum pump (<0.02 MPa),
retaining the supernatant. Subsequently, the concentration of DIP is
determined through the molybdenum blue method, while total dis-
solved P (TDP) and DOP are measured following the method reported by
Jeffries et al. (1979). The simultaneous acquisition of an additional 20
mL aliquot of medium for gentle centrifugal enrichment (4°C, 2000x g,
10 min) led to the measurement of alkaline phosphatase activity (APA),
as described previously (Lin et al., 2012b).

2.4. Chl a content and photosynthesis activity

10 mL of the medium were filtered through a 25 mm GF/F glass
microfiber filter (Whatman, USA), the filter was submerged in a 90 %
acetone solution for an overnight extraction under dark conditions at
4 °C and quantified using the Trilogy Laboratory Fluorometer (Turner
Designs Inc.). The Chl a content was calculated using the method
described previously (Parsons et al., 1984).
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Photochemical efficiency was measured using a pulse-amplitude-
modulated fluorometer (PhytoPAM II Walz, Effeltrich, Germany).
Among these, F,/F,, represents the photochemical efficiency of the PS II
reaction center, indicating the quantum yield when the PS II is fully
open. F,/F, signifies the potential photosynthesis activity of PS II, and
F,’/Fp,’ denotes the effective quantum yield of the PS II reaction center,
which is calculated using the following formula:

FviFm_FO

Fn Fn ®
F, Fn—F,

Fo  F @
F, Fy —Fy

Foo R/ %)

where F, represented variable fluorescence, F;, represented maximum
fluorescence, Fy represented minimum fluorescence, F;,’ represented
actual maximum fluorescence, and Fj,’ represented actual minimum
fluorescence, respectively. The sample underwent a dark adaptation of
15 min before the measurement.

A rapid light-response curve (RLC) was generated with an illumi-
nation duration of 20 s, encompassing 12 light intensity points from 9 to
2293 pmol m~2s~!. The initial slope of the photosynthesis efficiency (a),
maximum photosynthesis rate at maximum electron transfer efficiency
(rETRmax), and half-saturation light intensity (Ix) indicating the capa-
bility to adapt to light intensity were all recorded (Ralph and Gademann,
2005; Houliez et al., 2017).

2.5. Proteins sequencing and bioinformatics analysis

Algal cells of A. pacificum were cultivated for 10 days, and the su-
pernatant of the medium collected after 6 and 10 days was used for
protein extraction. The medium was centrifuged at 4000xg for 10 min at
4 °C. The supernatant was filtered through a 0.22 pm membrane
(Yegorov et al., 2021), and secreted proteins were extracted using the
phenol method (Zhao et al., 2024). Briefly, 30 mL of supernatant was
collected, mixed with 10 mL of Tris-saturated phenol (TS-Phe; Solarbio,
Beijing, China), and centrifugated at 8000xg for 10 min. The superna-
tant was combined with an equal volume of phenol extraction buffer
(0.7 M sucrose; 0.1 M KCl; 0.5 M Tris-HCl, pH 7.5; 50 mM EDTA),
thoroughly mixed, and centrifuged at 10,000 xg for 10 min. The aqueous
phase was transferred, and proteins were precipitated by adding five
volumes of 0.1 M ammonium acetate (AAM), followed by overnight
incubation at —20 °C. Precipitated proteins were collected by centrifu-
gation at 10,000xg for 10 min, washed twice with methanol and
acetone, respectively, and dissolved in 300 pL of UT Buffer (8 M urea;
0.1 M Tris-HC], pH 8.5). Protein concentration was determined using the
BCA assay.

For intracellular protein extraction (Xu et al., 2023), algal cells were
washed with sterile seawater, snap-frozen in liquid nitrogen, and stored
at —80 °C. Frozen cells were resuspended in 1 mL of UT buffer supple-
mented with Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific,
Shanghai, China), disrupted using a TissueLyser II system (QIAGEN,
Hilden, Germany) at 150 Hz for 1 min, and sonicated for 24 s (6 son, 15 s
off). Cellular debris was removed by centrifugation at 12,000xg for 10
min at 4 °C, and protein concentration in the clarified supernatant was
quantified by BCA assay. Peptide digestion and bioinformatics analysis
for secretory and intracellular proteins are detailed in the Supplemen-
tary Materials.

3. Results
3.1. Physiological responses of A. pacificum various P compounds

P-deficient (NP) treatment exhibited complete growth arrest, with
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cell densities consistently below 0.36 + 0.01 x 103 cells mL~! (Fig. 1A).
In contrast, P-replete groups sustained active proliferation until the
experimental endpoint. No significant difference (p > 0.05) was
observed in final cell densities between the NaH;PO4 (IP) (32.71 + 0.15
% 10° cells mL~1) and ATP (32.41 + 1.53 x 10° cells mL~1) treatments.
Concomitant with the growth patterns, distinct phosphorus utilization
dynamics were observed (Fig. 1B and C). In the IP treatment, dissolved
inorganic phosphorus (DIP) decreased from 36 pmol L™} to 2.27 + 0.13
pmol L ™! by day 6, while the ATP group exhibited a similar depletion of
dissolved organic phosphorus (DOP) to 2.63 & 0.17 pmol L1, Notably,
DIP accumulation peaked at 26.74 + 0.15 pmol L™! on day 6 under ATP
treatment, followed by gradual depletion over the subsequent 6-day
period.

Significant expressions of APA were found in P-deficient group
(Fig. 1D and E), reaching maximum values of 29.97 + 1.61 fmol cell !
h! (intracellular) and 0.11 + 0.01 pmol L lhl (extracellular). In
contrast, P-replete groups exhibited a gradual increase, with a signifi-
cant difference (P < 0.05) between ATP (0.12 + 0.01 pmol L 'h™Hand
IP (0.08 + 0.01 pmol L™} h™1) group.

The survival of marine microalgae under abiotic/biotic stressors is
significantly influenced by the process of photosynthesis. While chlo-
rophyll a content gradually declined, and there were no significant
differences (P > 0.05) among the three groups after 6 days (Fig. 1F). The
F,/Fp values of P-replete groups fluctuated between 0.24 and 0.49
throughout the experiment (Fig. 1G), and P-deficient culture maintained
below 0.16. F,/F,, and F,/F, exhibited similar trends, revealing a sig-
nificant difference observed between P-deficient and P-replete groups
(P < 0.01). After 48 h of cultivation, Fig. 1H indicates a significant
reduction in RLC in P-deficient group (P < 0.01), while no significant
difference was observed between P-replete groups (P > 0.05). Addi-
tionally, at 6 days, both Iy and rETRmax reached peak values, with the IP
group being 1.25 times and 1.12 times greater than those in the ATP
culture, respectively.

P-deficiency resulted in a substantial augmentation of cell size, S and
V of P-deficient group exhibited an increase of 90.89-114.09 % and
255.23-283.09 %, respectively (Fig. S1A). In contrast, The ESD mea-
surements of the IP group predominantly fell within the intervals of
21-23 pm (6 days) and 24-26 pm (10 days), whereas the ATP group
consistently maintained ESD values within the range of 23-25 pm
(Fig. 1I).

3.2. Secretome profile of A. pacificum under various P compounds

A label-free quantitative proteomic approach was performed to
analyze the secretome of A. pacificum with different groups. A total of
447 proteins were identified in the secretome, only 7 proteins (1.6 %)
detected in all experimental cultures (Fig. 2A). Principal Coordinate
Analysis (PCoA) revealed that P is responsible for 44.89 % of PCoAl
level for the secretome of A. pacificum (Fig. 2B), and horizontal dispar-
ities were observed between P-deficient and P-replete groups. As shown
in Fig. 2C, the within-group correlation on the tenth day (TN, TD, TA)
surpasses that of the sixth day (XN, XD, XA).

Proteins with |log; (fold change)| > 0.585 and a false discovery rate
(FDR) < 0.05, or unique proteins reaching 70 % expression in one group
compared to other groups are identified as differentially expressed
proteins (DEPs). Comparing TD with TN exhibited the highest number of
DEPs among all comparison groups (totaling 268, with 92.5 % uniDEPs)
(Fig. S2A, Table S1). Through the integration of DEPs from comparative
analyses using Venn diagrams, 19 and 50 uniDEPs were identified
respectively (Fig. 2D-Table S2), with a heatmap depicting the expres-
sion of 69 uniDEPs at different stages (Figs. S2B and C), signifying a
significant alteration in the A. pacificum secretion spectrum as cultiva-
tion time progresses. The TD group exhibits the highest relative abun-
dance of secretory proteins (Fig. S1B), within the TD vs. TN comparison,
secretory proteins account for 19.81 % of upregulated DEPs. Conversely,
downregulated DEPs primarily consist of secretory proteins within the
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Fig. 1. Physiological and biochemical responses of A. pacificum to various P. (A) Cell density, (B) DOP concentration, (C) DIP concentration, (D) Intracellular APA,
(E) Extracellular APA, (F) Chl a content, (G) Photosynthetic efficiency, (H) Rapid light-response curve parameters, (I) Equivalent spherical diameter.

TA vs TD comparison. Moreover, TN and XN groups show a higher ratio
of secretory proteins, but the lower number in DEPs (Fig. 2E, Fig. S1C).
The MW of secretory proteins associated with upregulated DEPs
demonstrated distinct patterns across TD vs. TN and TA vs. TD com-
parisons, suggesting that both P-deficient and ATP groups demonstrate a
tendency to express secretory proteins with relatively smaller molecular
weights (Fig. 2E-Table S3).

Those secretory protein led to its division into eight categories
(Fig. S2D). High abundance of phosphatases was observed in the XN
group, and the XA group exhibited a notably higher concentration of
proteases, hydrolases, transferases, and lipases, alongside a reduction of
other functional proteins. The presence of restricted but noticeable
phosphatases was detected in the XA group, including a 4.92-fold
upregulation of PhoA compared with IP group and low-abundance
alkaline phosphatase D (PhoD) expression, suggesting that ATP utiliza-
tion by A. pacificum may involve both hydrolysis and direct uptake

processes (Luo et al., 2017; Chen et al., 2024). The TN group demon-
strated an increase in both the expression of phosphatase and lipase
enzymes. Previous research suggests that a lack of P leads to reduced
phospholipid synthesis while boosting lipid metabolic efficiency (Li
et al., 2024) (Fig. 2F, Fig. S2D, Table S3). The expression of peptidases
and hydrolases such as serine protease (TRINITY_DN5314_c0_g2_i3.p1),
PhoD (TRINITY_DN14438 c0_gl_i2.pl), Pectin acetylesterase (Pat)
(TRINITY_DN841 _c0_g1_i2.p1) and Dienelactone hydrolase (DIH) (TRI-
NITY_DN4738_c0_g2_i4.pl) was significantly upregulated in P-replete
groups (Fig. 2G and Table S3). Conversely, other type proteins were
upregulated in P-deficient group, and the expression of peptidase S8
(TRINITY_DN4374_c0_g2 il.p1) was upregulated on day 10. The S8
family represents a broadly classified group of peptidases, whose
members share a conserved catalytic triad (Asp, His, and Ser). This
upregulation might be associated with P-deficiency-induced cell growth
arrest (Levin et al., 2019).
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3.3. Proteome profile of A. pacificum under various P compounds

A total of 3942 quantifiable proteins were identified, with 1669
proteins (42.34 %) detected in all three groups (Fig. 3A and Table S4).
Principal Component Analysis (PCA) results revealed distinct clustering
of samples across different groups (Fig. 3B). Samples from the P-
depleted group are situated in the left quadrant, demonstrating a strong
alignment between protein expression patterns and analytical outcomes.
Between the IP and ATP groups, correlations above 0.97 were observed,
contrasting with a slightly lower correlation within the NP group below
0.95 (Fig. 3C). Furthermore, the NP group is characterized by a higher
proportion of secreted proteins (Figs. SID and S1E), showing lower
correlations with transmembrane and intracellular proteins, relative to
secreted proteins (Fig. 3C).

A total of 2,090, 2,022, and 130 DEPs were selected in all three

groups (Fig. 3D and Table S5). The proportion of downregulated pro-
teins in P-replete groups is higher for secreted and transmembrane
proteins (Fig. S3A). The subcellular localization of DEPs reveals pre-
dominant distribution across mitochondria, cytoplasm, extracellular
space, and nucleus (Fig. 3E). The molecular weights of distinct proteins
cluster primarily within the 9.61-101.87 kDa range. Isoelectric points
(pD) predominantly fall within 3.78-11.61. Moreover, the GRAVY values
for these proteins are confined to the interval from —0.97 to 0.44. The
median molecular weight of ATP vs. IP upregulated DEPs shows a larger
size (Fig. 3F). The PI of DEPs in the ATP vs. IP comparison is higher
(Fig. 3G). Additionally, the median GARVY for upregulated DEPs in the
ATP vs. IP comparison is notably lower, at —0.27 (Fig. 3H and Table S6).
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treatments. Analyze correlation using the method of PCA (B) and PCC (C) with cellular localization. (D) The distribution of upregulated and downregulated DEPs
across comparisons was analyzed. Subcellular localization (E), molecular weight (F), isoelectric point (G), and GRAVY (H) of up and downregulated DEPs among

comparisons were identified.

3.4. Proteomic responses of A. pacificum to various P

We conducted a GO and KEGG enrichment analysis on A. pacificum
proteins bound to various P compounds, to elucidate the functional roles
of the DEPs. The main GO categories included catalytic activity, binding,
and oxidoreductase activity under Molecular Functions; plastid, mem-
brane, and thylakoid within Cellular Components; metabolic processes,
responses to stimuli, and catabolic processes under Biological Processes
(Figs. S3C and S4A and Tables S7-9). We analyzed the top 10 upregu-
lated and downregulated pathways in comparison. P-replete groups

exhibited enrichment of upregulated DEPs in the ribosome (ko03010),
glycine, serine and threonine metabolism (ko00260), and other path-
ways, while downregulated DEPs in pathways involving protein secre-
tion (ko03060), glycolysis/gluconeogenesis (ko00010) and peroxisome
(ko04146) (Figs. S3D and S4B and Table S15).

Therefore, under various P treatments, A. pacificum exhibited dif-
ferential expression of proteins associated with many pathway such as
transmembrane transport, cellular growth, and toxin biosynthesis.
Notably, ACP showed a 10.59-fold upregulation under P-deficient con-
dition, indicative of enhanced phosphoester hydrolysis capacity (Fig. 4,
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Table S16). ACP is an induced enzyme, that participates in both intra-
cellular and extracellular non-specific hydrolase of organic phosphates,
facilitating the synthesis and circulation of inorganic P. The activity
formed intracellularly might relate to the phosphate source within
paramylum granules (Sommer and Blum, 1965; Zhang et al., 2019a).

Splicing factors DHX30 and DHX36 are significantly reduced under
P-deficient condition (Fig. 4, Table S16), and the spliceosome is
responsible for removing introns from pre-mRNA transcribed from the
genome in eukaryotic cells (Will and Luhrmann, 2011). Furthermore,
THOC4 is similarly reduced, a subunit of the THO complex that is
involved in the exon-joining process of pre-mRNA (Hir et al., 2016).
P-deficiency inhibits the expression process of the alkaline phosphatase
gene, and at the same time, protein kinases like mitogen-activated
protein kinase (ERK) and protein kinase A (PKA) were also suppressed
(Fig. 4). These proteins interact with downstream proteins through
phosphorylation activation, thereby controlling signal transduction be-
tween metabolic pathways (Sopory and Munshi, 1998). The protein
kinase activity of Alexandrium catenella would change under P-deficient
condition (Zhang et al., 2014), and post-translational protein phos-
phorylation regulates the circadian rhythm of protein expression in di-
noflagellates (Roy et al., 2014; Akbar et al., 2023).

Photosynthetic microalgae due to their efficient photosynthesis,
emerge as potential contributors to biomass (De Bhowmick et al., 2019).
In our study, the downregulated proteins involved in photosynthesis
included PsaC, PsaE from photosystem I, PsbO, PsbQ from photosystem
11, and apocytochrome protein PetA (Fig. 4, Table S16). Consequently,
the capacity of A. pacificum to acquire and transmit electrons is dimin-
ished in P-deficient group. In particular, proteins (ATPFOA, ATPFOB,
ATPF1A, ATPF1B, ATPF1D, ATPF1E, ATPF1G) related to ATPase were
downregulated in P-deficient group (Fig. 4), exacerbating a decline in
cellular energy production efficiency. This is likely because P-deficiency
restricts photophosphorylation, resulting in reduced ATP output and,

consequently, inefficient operation of photosynthesis (Chen et al.,
2024).

The synthesis of PSTs in related dinoflagellates is influenced by
factors such as temperature, light, salinity, and nutrient availability (Bui
et al., 2024). Among these, a lack of P can lead to an increase in the
cellular quotas of PSTs (Zhang et al., 2019a), and arginine is a crucial
precursor for the synthesis of PSTs (Anderson et al., 1990). The
expression of alanine transaminase (GPT) and acetylornithine amino-
transferase (ArgD) enhances the conversion efficiency of arginine in
P-deficient group. Moreover, the suppression of cell proliferation due to
P-deficiency generates more readily available arginine (Zhang et al.,
2019a). Amidinotransferase encoded by SxtG gene is one of the core
proteins in the synthesis of PSTs which significantly upregulated in
P-deficient group (Fig. 4, Table S16), catalyzing the binding of arginine
and imidazole group from the product of SxtA gene, and releasing
ornithine (Bui et al., 2024; Kim et al., 2024). In response to cold stress,
the accumulation of PSTs is associated with a significant rise in the
expression of SxtG gene in A. pacificum (Wang et al., 2022), indicates
that SxtG plays a pivotal role in boosting the synthesis of PSTs under
conditions of P-deficiency. Overall, these findings suggest that SxtG is
possibly primarily regulated by the arginine synthesis process involving
the TCA cycle product, 2-oxoglutarate (Chen et al., 2024).

The ABC (ATP-binding cassette) transporter family proteins facilitate
substrate transmembrane transport by harnessing the energy released
from ATP hydrolysis, exhibiting broad substrate selectivity (Davidson
et al.,, 2008). The Microcystis aeruginosa enables the secretion and
extrusion of toxic secondary metabolites or derivatives out of the cell
through ABC transporters (Pearson et al., 2004). Similarly, plants can
utilize ABCG proteins for the expulsion of toxic substances and external
pollutants (Kretzschmar et al., 2011). We detected a semi-structured
ABCG protein (TRINITY_DN109 c0_gl i2.pl) with significantly
elevated expression in P-deficient group (Fig. 4). ABC transporters have
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been established to serve as carriers for okadaic acid (OA) (Svensson
et al., 2003). In the study of Prorocentrum lima, an upregulation of ABCG
protein under nitrogen limitation conditions was observed and possibly
relevant to OA transportation (Hou et al., 2018). Coupled with the
increased content of A. pacificum PSTs in cells under P-deficient condi-
tion suggest that ABCG may play a role in the transmembrane transport
of PSTs (Chen et al., 2024).

3.5. WGCNA analysis for DEPs of proteome

WGCNA clustered proteins into 11 different modules, each distin-
guished and visually represented by a distinct color. DEPs distributions
are illustrated through heatmaps (Fig. 5A, Table S17), and correlations
between modules and groups were calculated. The MEblue module (P =
0.0048, Trait correction 0.837) was highly associated with ATP - NP
group, while the MEblack, magenta, pink, red, and green modules
showed significant correlations exceeding 0.77 with ATP - IP group.
Interactions were noted among the MEred, magenta, and green modules
(Fig. S5A). There are 775 and 31 DEPs within the MEblue and red
modules, respectively. Identifying hub DEPs within these modules in-
dicates their crucial roles, given their important network positions and
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high connectivity (Table S17).

The STRING database was used to annotate the functions of the
proteins in the MEblue and MEred modules. Within the MEred module,
the core DEP identified is glycine lyase (GcvP, TRINI-
TY_DN18192 _c0_g3_il.pl), interconnected with two DEPs respectively
are diphosphate reductase (IspH, TRINITY_DN44687_c0_gl_i1.p1) and
succinate-CoA ligase (SUCL, TRINITY_DN112950_c0_gl_il.p1l). DEPs
related to photosynthesis connected to the MEblue network, including
PsaA (TRINITY_DN4015_c0_g1_il.pl), PsaF (TRINI-
TY_DN364_c0_gl_i14.p1), PsbU (TRINITY_DN3216_c0_gl_i35.p1), and
PsbV (TRINITY_DN430_c0_gl_i16.pl), associated with core DEPs NAD
(P)-linked oxidoreductase (TRINITY_DN16039_c0_g2 i1.p1) (Fig. 5B).

PhoA has been grouped into the MEblue module. It was found that
PhoA interacts with 5"-nucleotidase (TRINITY_DN8685_c0_g1_i1.p1) and
various oxidoreductase-related proteins (TRINITY_DN177157_c0_g1 _il.
pl, TRINITY_DN149643_c0_gl_il.p1, TRINITY_DN207327_c0_g1_il.pl
and TRINITY_DN213641_c0_gl_il.pl) (Fig. S5B). There could be a
cooperative interaction among them, jointly participating in the process
of organic P metabolism. Protein interaction analysis reveals a stronger
correlation between SxtG and DEPs related to the TCA cycle, including
AcnB (TRINITY_DN1027_c0_g2_i6.p1), CS (TRINITY_DN2340_c0_gl _i4.
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pl), and SDHA (TRINITY_DN601_c0_g1_il1.p1) (Fig. S5B). Furthermore,
ABCG proteins were detected in the MEblue module and demonstrated a
high correlation with protein kinases (CPK (TRINI-
TY_DN18699_c0_g2_i1.p1), CDC2 (TRINITY_DN9464_c0_g2 i2.p1), and
PRKAG (TRINITY_DN43799_c0_g1_i2.p1)) (Fig. S5B). It’s worth noting
that all three proteins exhibit an expression pattern similar to that of
ABCG in P-deficient group (Table S4), suggesting a plausible direct
involvement in the regulation of phosphorylation for the ABCG protein.

4. Discussion

Over the past few decades, global concerns have risen due to the
increased occurrence of harmful algae, which pose threats to both
aquatic ecosystems and human health (Abassi et al., 2023). Moreover,
the capacity to assimilate organic P is recognized as a key driver in the
initiation of harmful algal blooms (Jauzein et al., 2010; Wang et al.,
2011; He et al., 2016). ATP serves as a crucial component among DOP
forms within marine ecosystems, frequently encountered at elevated
levels in aquatic environments (Nawrocki and Karl, 1989). In this study,
we investigated the protein profiles of A. pacificum that respond to
various P compounds. Notably, P-replete groups exhibited a higher
abundance of unique proteins in both proteome and secretome, indi-
cating that different P compounds affect the expression of specific pro-
teins (Figs. 2 and 3). Growth rate and photosynthetic performance
significantly decrease under P-deficiency, culminating in a cell density
capped at 0.36 + 0.01 x 10° cells mL™}, and cell diameter augmentation
nearly double to P-replete groups (Vaulot et al., 1996). Photosynthesis
and growth parameters remained largely unchanged across P-replete
groups, implying that A. pacificum can effectively utilize ATP under
P-deficiency (Chen et al., 2024). This insight offers a rationale for the
occurrence of toxic algal blooms in ecosystems heavily impacted by
human activity.

4.1. Various P affects the peroxisome

Peroxisomes (ko04146) exhibit a range of metabolic functions such
as fatty acid degradation, detoxification of reactive oxygen species
(ROS), and synthesis of ether phospholipids. These compartments inte-
grate parts of biochemical pathways, but usually, peroxisomes coexist
with other cellular components to form intricate networks (Fransen
et al., 2017; Mix et al., 2018). In this study, 30 DEPs in this pathway
were analyzed, which is mainly related to isocitrate dehydrogenase
(IDH1, 7 proteins), superoxide dismutase Cu-Zn family (SOD1, 12 pro-
teins), and acyl-CoA oxidase (ACOX1, 3 proteins) (Fig. 5C). NADPH is
indispensable for maintaining cellular redox equilibrium. IDH1 facili-
tates the oxidation-decarboxylation of isocitrate, yielding NADPH,
which is reduced in P-deficient group. Consequently, the diminished
number of cofactors essential for reactive nitrogen species (RNS) and
ROS metabolism leads to peroxisome modification, which might
compromise the cell’s defense against oxidative stress (Sandalio and
Romero-Puertas, 2015; Leterrier et al., 2016). ACOX1 is a crucial protein
in fatty acid f-oxidation, facilitating the conversion of acyl-CoA into
acetyl-CoA through esterification (Wu et al., 2023). Its undetectable
presence during P-deficient group could result in a diminished yield of
acetyl-CoA, with potential consequences for the TCA cycle and other
metabolic pathways (Fig. 5C). Long-chain acyl-CoA synthetase (LACS1)
was upregulated in ATP group, which facilitates the conversion of free
fatty acids into acyl-CoA via ATP-coupling, a critical step in lipid
metabolism encompassing fatty acid transport, synthesis, and f-oxida-
tion (Wu et al., 2020). Decreasing the expression of LACS1 reduces tri-
acylglycerol (TAG) synthesis, implying that TAG could potentially
accumulate intracellularly in the form of lipid droplets (Bai et al., 2022;
Li et al., 2024).
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4.2. Various P affects the protein export

Many hydrophilic and soluble proteins, membrane proteins, and
secreted proteins require passage through or incorporation into the
membranes of the eukaryotic endoplasmic reticulum (Nelson and Yea-
man, 2001; Mitra et al., 2004). These proteins utilize the translocon
within the endoplasmic reticulum known as PCC, which facilitates
crossing the phospholipid bilayer by overcoming the energy barrier.
Sec61apy forms a heterotrimeric core, there is a pronounced elevation of
Sec61a expression in ATP group. The absence or degradation of Sec61a
results in significant suppression of the signal recognition particle
(SRP)-mediated pathway (Raden et al., 2000). There are 11 DEPs
enriched in soluble chaperone BiP, which facilitates precursor protein
transport through translocases (Mitra et al., 2006). P-deficient group is
marked by notably diminished BiP levels, indicating that the
post-translational translocation of the A. pacificum is inhibited under
P-deficiency (Fig. 5D). Proteins with more hydrophobic signal peptides
have a higher propensity to associate with SRP. This binding facilitates
the interaction between the RNC and the a-subunit of the SRP receptor
(SRPR) located on the endoplasmic reticulum during the cotranslational
translation process, promoting their subsequent processing and modi-
fication (Eisner et al., 2003; Mitra et al., 2006). The upregulation of
SRPR in P-deficient group suggests an enhancement of the
co-translational translocation pathway. In the meantime, a higher me-
dian hydrophobicity values of the signal peptide were found in secretory
proteins (Fig. S5C), which may imply that secretory proteins to be
mainly processed by SRP components in A. pacificum. The expression of
SPC2 in the ATP group may contribute to protein processing within the
ER (Fig. 5D), as a non-essential subunit of the signal peptidase complex,
where it contributes to and supports the redundancy in signal peptide
cleavage and membrane protein degradation processes (Mullins et al.,
1996). SRP68 was upregulated under ATP group, owing to its central
role as a component of the SRP (Grotwinkel et al., 2014), it might
improve the efficiency of the co-translational translation pathway in
processing secretory proteins and membrane proteins, but the specific
functional proteins involved in this process require further investigation.

4.3. Energy metabolism

Photosynthetic products are mainly stored as starch in cells to reduce
P consumption under P-deficient condition (Poirier and Bucher, 2002).
Glycogen phosphorylase (PYG) catalyzes the direct conversion of starch
into a-D-glucose-1P, alongside alpha-amylase (AMY) and glucoamylase
(SGA1) upregulation in P-deficient group, enhances the efficiency of
starch conversion into D-glucose. The upregulated expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) suggests that
more NADH was produced by catalyzing the conversion of 3-phospho-
glyceraldehyde to glyceraldehyde-1,3-bisphosphate (Ghuffar et al.,
2018; Huang et al., 2018). However, the downregulation of pyruvate
kinase (PK) and phosphoglycerate kinase (PGK) which as key proteins in
glycolysis (Fig. 4, Table S16), indicates that the energy-producing pro-
cesses are still being inhibited (Zhang et al., 2019a). Phosphor-
ibulokinase (PRK) participates in the final step of the Calvin cycle,
through irreversible catalysis of ribulose-5-phosphate into ribulose-1,
5-bisphosphate, ensures the continuous operation of the cycle
(Rumpho et al., 2009). In P-deficient group, phosphoglycerate kinase
(PGK), phosphoribulokinase (PRK), and ribose 5-phosphate isomerase A
(RpiA) in the Calvin cycle were downregulated (Fig. 4), which led to a
decrease in carbon fixation and consumption of cellular ATP (Sharwood
et al., 2016; Zhang et al., 2019a). The fructose-bisphosphate aldolase
(ALDO) were upregulated when P was limited, and proteins related to
the upstream of 1,6-bisphosphate fructose in glycolysis also upregu-
lated, including diphosphate-dependent phosphofructokinase (Pfp),
6-phosphofructokinase A (PfkA) and phosphoglucomutase (Pgm), indi-
cating when the Calvin cycle’s functionality is compromised or ineffi-
cient by P-deficiency, alternative routes are potentially available for the
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replenishment of its intermediate metabolite. With glycolytic shunts,
Utilizing cellular carbohydrate reservoirs to supplement the cycle
(Gutekunst, 2018; Makowka et al., 2020).

TCA cycle-related protein, succinyl-CoA synthetase (LSC1) and ATP
citrate (pro-S)-lyase (ACLY) were non-comparable across the ATP and IP
groups (Fig. 4), suggesting A. pacificum did not escalate its energy syn-
thesis to fulfill metabolic requirements when treated with ATP (Chen
et al., 2024). The succinate dehydrogenase (ubiquinone) iron-sulfur
subunit (SDHB) belongs to mitochondrial inner membrane proteins,
serving as a critical component of the succinate dehydrogenase (SDH)
catalytic domain (Moosavi et al., 2019). Due to its role in the TCA cycle
and involvement in ROS production through the electron transport
chain (Jardim-Messeder et al., 2015), the higher expression in the ATP
group might potentially enhance the immunomodulatory function of
A. pacificum. Specifically, the upregulation of pyruvate carboxylase (PC)
and phosphoenolpyruvate carboxykinase (PckA) in P-deficient group,
indicates that P-deficient group might enhance the interaction between
glycolysis and the TCA cycle through a conversion between oxaloace-
tate, pyruvic acid, and phosphoenolpyruvate. In conclusion, ATP en-
hances the yield of FADH2 in the TCA cycle compared to the IP group
(Yang et al., 2020), and A. pacificum cells initiated the regulation of
phosphate consumption to achieve equilibrium with its energetic de-
mands like glycolysis (Wurch et al., 2011), underscoring the adaptive
pressure exerted by P fluctuation on the A. pacificum.

4.4. Secretory protein

Alkaline phosphatase (AP) acts as a broad-spectrum phosphomono-
esterase that facilitates the hydrolysis of diverse phosphate esters (Ren
et al.,, 2017), functioning as a crucial enzyme for phytoplankton to
harness DOP when the supply of DIP is restricted (Lin et al., 2012a). In
the present study, we observed a significant elevation in both cyto-
plasmic and extracellular APA levels in P-deficient group, associated
with a notable increase in the expression of PhoA in proteome and
secretome (Chen et al., 2024). PhoD exhibits significantly higher
expression in P-replete groups, as time progresses, this corresponds to
the trend of extracellular APA in the ATP group (Figs. 1E and 4). In
particular, we have found that PhoA contains a transmembrane domain
(32-51) that is close to the signal peptide sequence (1-25). In certain
instances, signal peptides may remain uncleaved and facilitate the
protein’s anchoring within the phospholipid bilayer (Cho et al., 2009).
This proximity of location might explain why there is a higher abun-
dance detectable intracellularly. There is a certain level of weak
attachment to the cell wall, its main function appears to be extracellular
(Fig. 4). Additional analyses of the secretome uncovered detached wall
proteins resulting from their weak association with the cell wall (Cho
et al., 2009; Choi et al., 2021).

This study investigates that various extracellular proteases capable
were detected in P-replete groups (Wang et al., 2020). Besides, serine
protease is uniquely expressed in the TD and TA cultures (Fig. 4), it has
been documented that they can activate the activity of secreted proteins
by cleaving them, thus enhancing the function of these secreted proteins
in yeast (Ladds and Davey, 2000). Furthermore, it has been found that
Pat, Dlh, and several glycosidases are notably absent in P-deficient
group (Fig. 4, Table S16). Some studies indicate that Pat modulates plant
tissue defense responses by regulating cell wall porosity and altering
levels of defense-related hormones and metabolites, with its expression
significantly upregulated under salt stress (Shahin et al., 2023). The DIH
family suppresses biofilm replication, DIH3 (a protein screened from
microalgae) exhibits 54.5 % inhibitory activity against Edwardsiella
anguillarum. Furthermore, DIH3 upregulates defense-associated func-
tions, including genes encoding efflux mechanisms and transport system
activities (Bergmann et al., 2024). These findings collectively demon-
strate that P-deficiency compromises cellular defense and stress resil-
ience in A. pacificum, but conversely enhances organic P utilization
capacity, consistent with prior studies (Luo et al., 2017; Chen et al.,
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5. Conclusions

The current study explores the molecular response mechanisms of
A. pacificum under various P conditions by comparative proteome and
secretome analysis. These findings indicate that P-deficiency has nega-
tive effects on the growth and photosynthesis of A. pacificum. PhoA is
upregulated significantly in both P-deficient and ATP groups, and PhoD
is specifically expressed in P-replete groups. Acid phosphatase (ACP)
could be the principal mechanism for the utilization of intracellular
organic P, suggesting that A. pacificum exhibits a strong capacity to
utilize DOP. Furthermore, A. pacificum may compensate for the con-
sumption of Calvin cycle intermediates via alternative carbon meta-
bolism processes, especially when the process of photosynthetic carbon
fixation was inhibited by P-deficiency. In summary, A. pacificum not
only enhances its ability to acquire various forms of DOP but also adapts
to low-P environments through different strategies including efficiently
regulating cellular metabolism and P distribution. Our data demonstrate
that A. pacificum thrives under these conditions by (1) maintaining
growth via ATP hydrolysis even when DIP is scarce, (2) compensating
for Calvin cycle intermediate depletion through alternative carbon
metabolism under P-deficiency-induced photosynthetic inhibition, (3)
minimizing extracellular carbon loss through reduced EPS metabolism,
and (4) enhancing PSTs synthesis as a potential allelopathic strategy.
These adaptive mechanisms likely contribute to the increasing fre-
quency and persistence of A. pacificum blooms in nutrient-imbalanced
coastal systems, where DOP serves as both a phosphorus reservoir and
a selective advantage over less versatile phytoplankton.
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Abbreviation:
a initial slope of the photosynthesis efficiency
ABCG  ABC transporter G family protein

ACP acid phosphatase

APA alkaline phosphatase activity
DEPs differentially expressed proteins
DIP dissolved inorganic P

DOP dissolved organic P

EPS extracellular polymeric substances
ESD equivalent spherical diameter
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HABs harmful algal blooms

I half-saturation light intensity
134 NaH5PO4 treatment

NP P-deficient treatment

OA okadaic acid

P Phosphorus

PhoA alkaline phosphatase A

PhoD alkaline phosphatase D

PST phosphate starvation transcript
PSTs paralytic shellfish toxins

rETRmax maximum photosynthesis rate at maximum electron transfer
efficiency

RLC light-response curve

RNC ribosome-nascent polypeptide complex
SRP signal recognition particle

SRPR SRP recepter

SxtG Amidinotransferase

TA ATP treatment on day 10

TD NaH,PO4 treatment on day 10

TDP total dissolved P

TN P-deficient treatment on day 10
WGCNA Weighted Gene Co-Expression Network Analysis
XA ATP treatment on day 6

XD NaH,PO, treatment on day 6

XN P-deficient treatment on day 6
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