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• P. donghaiensis exploited diverse utiliza-
tion strategies of organic P to adapt to
low P environments.

• Endocytosis might be a key strategy for
P. donghaiense to capture extracellular
DOP under DIP-deficient condition.

• Transcriptomic responses of
P. donghaiense to DIP and DOP-
resupplementswere significantly differ-
ent.

• DOP provided both P and carbon
sources for P. donghaiense and played
central roles in bloom formation.
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Dinoflagellates represent major contributors to the harmful algal blooms in the oceans. Phosphorus (P) is an es-
sential macronutrient that limits the growth and proliferation of dinoflagellates. However, the specific molecular
mechanisms involved in the P acclimation of dinoflagellates remain poorly understood. Here, the transcriptomes
of a dinoflagellate Prorocentrumdonghaiense grown under inorganic P-replete, P-deficient, and inorganic- and or-
ganic P-resupplied conditions were compared. Genes encoding low- and high-affinity P transporters were signif-
icantly down-regulated in the P-deficient cells, while organic P utilization genes were significantly up-regulated,
indicating strong ability of P. donghaiense to utilize organic P. Up-regulation of membrane phospholipid catabo-
lism and endocytosis provided intracellular and extracellular organic P for the P-deficient cells. Physiological re-
sponses of P. donghaiense to dissolved inorganic P (DIP) or dissolved organic P (DOP) resupply exhibited
insignificant differences. However, the corresponding transcriptomic responses significantly differed. Although
the expression of multiple genes was significantly altered after DIP resupplementation, few biological processes
varied. In contrast, variousmetabolic processes associatedwith cell growth, such as translation, transport, nucle-
otide, carbohydrate and lipid metabolisms, were significantly altered in the DOP-resupplied cells. Our results in-
dicated that P. donghaiense evolved diverse DOP utilization strategies to adapt to low P environments, and that
DOPs might play critical roles in the P. donghaiense bloom formation.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
Dinoflagellates are the major causative agents of harmful algal
blooms (HABs), and are estimated to be responsible for N80% of the
HABs in oceans worldwide (Wang, 2008; Wang et al., 2014; Lin et al.,
2015; Gong et al., 2017; Morse et al., 2018). In the past few decades,
the geographic distribution, frequency and scale of dinoflagellate-
induced HABs have increased rapidly due to anthropogenic activities
and global environmental changes, exerting severe impacts on marine
ecosystem, mariculture and human health (Anderson et al., 2002;
Edwards et al., 2006; Gobler et al., 2017; Gong et al., 2017; Xiao et al.,
2017; Morse et al., 2018). For example, on the coastal Atlantic regions
between 40°N and 60°N, potential mean annual growth rates and dura-
tion of the toxic dinoflagellates Alexandrium fundyense and Dinophysis
acuminata blooms seasons significantly increased from 1982 to 2016
(Gobler et al., 2017). Consequently, the formation mechanisms of dino-
flagellate blooms have become a hotspot in the field of HABs.

Multiple studies have indicated that the capabilities of dinoflagel-
lates to respond to changing environments determine their success
and proliferation, as well as blooms formation (Dyhrman, 2016;
Gobler et al., 2017; Xiao et al., 2017). Phosphorus (P), an essential nutri-
ent involved in various biochemical reactions and metabolic processes,
such as cell membrane synthesis, signal transduction, photosynthesis,
nucleic acid metabolism and energy metabolism (Takeda et al., 2006;
Paytan and Mclaughlin, 2007; Wang et al., 2014; Dyhrman, 2016; Lin
et al., 2016), greatly influences the growth and proliferation of dinofla-
gellates (White andDyhrman, 2013; Zhang et al., 2014; Dyhrman, 2016;
Lin et al., 2016; Zhang et al., 2018). However, the low concentrations of
dissolved inorganic phosphorus (DIP) in many waters fail to meet the
demand of dinoflagellates (Ou, 2008; Lin et al., 2011, 2012a, 2012b;
Dyhrman, 2016; Lin et al., 2016). Phytoplankton have evolved diverse
strategies to adapt to P-deficient environments (Dyhrman, 2016; Van
Mooy et al., 2009; Zhang et al., 2016; Luo et al., 2017; Shi et al., 2017).
Under P-replete conditions, some species such as Thalassiosira
pseudonana, Skeletonema costatum andAlexandrium catenella can absorb
and store large amounts of P as polyphosphate in their vacuoles,
which is used when ambient P is deficient (Hothorn et al., 2009;
Van Mooy et al., 2009; Jauzein et al., 2010; Orchard et al., 2010;
Martin et al., 2011; Dyhrman et al., 2012; Fu et al., 2013; Zhang
et al., 2016). Whereas, most species can increase the rates of P up-
take/transportation, enhance the affinity of phosphate transporters,
or utilize dissolved organic P (DOP), or membrane phospholipids or
non-phospholipids (sulfolipid and betaine lipid) (Dyhrman et al.,
2012; Dyhrman, 2016; Lin et al., 2016; Shi et al., 2017; Zhang et al.,
2016; Zhang et al., 2019). Although DOP utilization by alkaline phos-
phatase (AP) has been reported (Dyhrman and Palenik, 2008; Lin
et al., 2011, 2012a, 2012b; Dyhrman, 2016), the adaptive and re-
sponse mechanisms of dinoflagellates to ambient P deficiency and
resupplementation remain poorly understood.

P. donghaiensis is a representative dinoflagellate species responsible
for the extensive HABs in the coastal East China Sea (Li et al., 2014; Lu
et al., 2005; Huang et al., 2016; Yu et al., 2018), which severely impact
the marine ecosystem and fisheries by reducing phytoplankton biodi-
versity and zooplankton abundance (Lin et al., 2014; Li et al., 2014;
Huang et al., 2016; Zhou et al., 2017). The understanding of formation
mechanisms of P. donghaiense bloom has been significantly improved
(Li et al., 2014; Zhou et al., 2017), and P availability has been recognized
as an essential factor regulating bloom formation (Zhang, 2012; Zhou
et al., 2017). Notably, P. donghaiense is capable of forming large-scale
and long-duration blooms even at very low ambient inorganic P con-
centrations (Zhou et al., 2017), implying that P. donghaiense may pos-
sess specialized P utilization strategies. Studies show that
P. donghaiense can use DOPs, such as glucose 6-phosphate (G-6-P),
ATP and RNA, to sustain growth under DIP-deficient conditions by
employing AP (Huang et al., 2005; Ou, 2008; Ou et al., 2015; Zhang
et al., 2018). However, comprehensive understanding of the molecular
mechanisms involved in P acclimation is lacking (Zhang et al., 2018).
In this study, the transcriptomes of P. donghaiense under P-replete, P-
deficient, DIP-resupplied and DOP-resupplied conditions were com-
pared and the differentially expressed genes were characterized. The
goal of this study was to reveal the adaption strategy of P. donghaiense
to ambient P deficiency and the response mechanisms to
resupplementation of DIP or DOP.

2. Materials and methods

2.1. Culture conditions and experimental design

The Prorocentrum donghaiense was isolated from the East China Sea
in May 2014 and was routinely maintained in K-medium at 20 °C
under a 14 h:10 h light: dark cycle at a light intensity of approximately
100 μmol m−2 s−1 provided by fluorescent lamps (Ou et al., 2015;
Zhang et al., 2015). Cells in the logarithmic growth phase were har-
vested using centrifugation (2500g for 15 min at 20 °C), washed twice
with sterile seawater and inoculated in a fresh K-medium without P
for two days to exhaust intracellular P, as described by Zhang et al.
(2016).

The experiment included four treatments with an initial cell density
of 8.0 × 103 cells mL−1 and triplicate biological replicates for each treat-
ment. At the beginning of the experiment, medium with 10.0 μM and
0.2 μMNa2HPO4were used for the P-replete and P-deficient cultures, re-
spectively. At day 6, three P-deficient cultures were resupplied with
Na2HPO4 to the final concentration of 10.0 μM and were assigned as
the DIP-resupplied group, while another three P-deficient cultures
were resupplied with G-6-P to the final concentration of 10.0 μM
and were designated as the DOP-resupplied group. The cultures
were regularly monitored for cell density, P concentration, particu-
late P (PP) content, bulk alkaline phosphatase activity (APA) and
the photochemical efficiency of photosystem II (Fv/Fm), including
samples collected at 4 h and 28 h after the resupply of DIP and DOP
(Zhang et al., 2016).

2.2. Physiological analysis

Samples of each culture were collected at 11:00 am every day. The
number of cells was manually counted under a light microscope. Fv/
Fm was measured using PHYTO-PAM (Pulse Amplitude Modulation,
ED, Walz, Effeltrich, Germany). The cultures (25 mL) were filtered
with a GF/F membrane, and P. donghaiense cells retained on the mem-
brane were used to determine PP content while the filtrates were
used to determine DIP or DOP concentration. The membranes were
first employed with 0.017 Mmagnesium sulfate (MgSO4) and digested
for 2 h (Jeffries et al., 1979). Then the PP content andDIP or DOP concen-
tration were measured according to the phosphomolybdenum blue
spectrophotometric method (Murphy and Riley, 1962; Jeffries
et al., 1979). APA was fluorometrically measured based on the
release of 3-O-methylfluorescein from 3-O-methylfluorescein phos-
phate (Sigma, USA) as reported by Ou et al. (2015). A Student's t-
test was used to compare the difference of each parameter among
the four treatments. A difference with p value b0.05 was considered
statistically significant.

2.3. RNA extraction and sequencing

The P-replete cells in the exponential growth phase (day 4), the P-
deficient cells at day 6, and the P-resupplied-4 h and the P-resupplied-
28 h cells were harvested for transcriptomic analyses. Three biological
replicates were collected for each treatment. Total RNA was extracted
using the TRI Reagent (MRC, Cincinnati, OH, USA). The integrity of
RNA was examined using a RNA Nano 6000 Assay Kit with the 2100
Bioanalyzer RNA Nanochip (Agilent Technologies, Santa Clara, CA,
USA). Paired-end cDNA libraries were constructed using random
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oligonucleotides, SuperScript II reverse transcriptase (Life Technolo-
gies, Carlsbad, CA, USA), DNA polymerase I (DNAP I; New England
BioLabs) and RNase H (Invitrogen). Libraries were sequenced using
the Illumina HiSeq™ 2000 platform (Expression Analysis Inc., San
Diego, CA, USA).

2.4. De novo assembly, functional annotation and differential unigene ex-
pression analysis

High quality clean reads were obtained by quality control of the raw
sequencing reads. Q20 of the clean reads in all samples were over 95%.
De novo assembly was performed using the Trinity de novo assembler
(Release-201302251, https://github.com/trinityrnaseq/trinityrnaseq/
wiki) based on the high quality clean reads. The unigenes were anno-
tated against the NCBI-NR (Release-20130408, Pruitt et al., 2005),
NCBI-NT (Release-20130408, Pruitt et al., 2005), COG (Release-
20090331, Tatusov et al., 2003), SwissProt (Release-63.0, UniProt,
2012) and KEGG (Release-63.0, Kanehisa and Goto, 2000) databases
using BLAST (v2.2.26 + x64-linux). Unigene expression profiles were
calculated based on the length of unigene and the number of reads
mapped to the unigene (Mortazavi et al., 2008; Zhang et al., 2016). Dif-
ferentially expressed genes (DEGs) were obtained by pairwise compar-
ison with a false discovery rate ≦ 1% and a fold change ≧ 4 as the
thresholds.

2.5. Validation of the DEGs using qRT-PCR

To validate the transcriptome results and DEGs, qRT-PCR analysis
was performed using the ABI 7500 System (Applied Biosystems) with
the SuperReal PreMix Plus (SYBR Green) Kit (Tiangen, China). Ten
unigenes were selected for validation, and the specific primers for
the selected unigenes were designed using the Primer Premier 5
software and listed in Table S1. The thermal cycle conditions were
as follows: 50 °C for 2 min, 95 °C for 10 min, followed by 40 cycles
of 95 °C for 30 s and 60 °C for 60 s. Calmodulin (calm) was used as
an internal control because of its stable expression under different
environmental conditions (Shi et al., 2015; Zhang et al., 2014;
Zhang et al., 2016). The relative unigene expression levels were cal-
culated based on the 2−ΔΔCt relative response method (Zhang et al.,
2014; Zhang et al., 2016).

2.6. Statistical analyses

All data in this study were analyzed using SPSS 17.0 (SPSS Inc., Chi-
cago, IL, USA). Prior to analysis, data were tested for the equality of var-
iances; p values b0.05 were considered statistically significant.

3. Results

3.1. Physiological responses of P. donghaiense to P variations

P. donghaiense cells of all treatments grew slowly in the first 2 days.
From day 3 to 5, the P-replete cells proliferated rapidly and the cell den-
sity increased from 4.0 × 104 cells mL−1 to 1.2 × 105 cells mL−1,
followed by entry into the stationary phase at day 6 till day 10
(Fig. 1A). For the P-deficient cultures, cell proliferation ceased at an av-
erage cell density of 4.0 × 104 cellsmL−1 from day 3 to 10. However, cell
growth recovered immediately after resupplementation of Na2HPO4 or
G-6-P at day 6, and the cell density of both groups exceeded 1.5 × 10-
5 cells mL−1 at day 10 (Fig. 1A).

PP contents increased in both P-replete and -deficient cells as the P
in the solution was rapidly absorbed at day 1 (Fig. 1B and C). From
day 2 to day 5, the P concentration and PP content in the P-replete
cells decreased with increasing cell density, and P was undetectable at
day 5. However, bulk APA was very low from day 1 to 5, and increased
slightly from day 6 to 10 (Fig. 1D). In the P-deficient cells, P was
undetectable at day 2, PP content declined to a low level (Fig. 1B and
C), and bulk APA was enhanced from day 3 (Fig. 1D). After 4 h of P re-
supply, P was exhausted in the Na2HPO4-resupplied cells and the con-
centration of P in the G-6-P-resupplied cells decreased rapidly from
10.0 μM to 2.5 μM. The PP content markedly increased after 4 h of P re-
supply, and then decreased (Fig. 1C). The bulk APA also declined rapidly
after 4 h of P resupply, and remained stable from day 7 to day 9. How-
ever, the bulk APA was elevated again in both DIP and DOP-resupplied
cells at day 10 (Fig. 1D).

Fv/Fm increased from day 0 to day 3 in both P-replete and -deficient
cells (Fig. 1E). In the P-replete cells, Fv/Fm reached a peak value (around
0.6) at day 4 and then decreased gradually until around 0.2 at day 10
(Fig. 1E). Whereas, it decreased from day 4 to the end of the experi-
ment in the P-deficient cells. After P resupplementation at day 6, Fv/
Fm increased from day 7 to day 8, followed by decline at day 9
(Fig. 1E).

3.2. Sequencing, de novo assembly and functional annotation

Qualified cDNA libraries were sequenced using the Illumina HiSeq™
2000 platform. After trimming and quality filtering, each data set of
clean reads exhibited Q20 ≧ 95% with an average GC content of 63.11%
(Table 1). All clean reads were submitted to the Sequence Read Archive
database (BioProject ID: PRJNA522720). After de novo assembly with
the Trinity software (https://github.com/trinityrnaseq/trinityrnaseq/
wiki), 236,500 unigenes were generated with an average length of
936 bp and N50 of 1469 bp (Table 1), and 89,857 unigenes were longer
than 1000 bp.

Overall, 138,691 (58.6%) unigenes were successfully annotated in at
least one database (Table S1). Further functional analysis of the anno-
tated unigenes by the KEGG and GO databases, respectively, revealed
a high proportion of unigenes involved in transcription (63.51% to
RNA transport and 60.14% to mRNA surveillance pathway, Fig. S1A),
translation and expression (67.7% to translation, ribosomal structure
and biogenesis, Fig. S1B).

3.3. Transcriptomic responses to P deficiency and DIP/DOP
resupplementation

Of the 236,500 unigenes, 27,434 (11.6%) unigenes exhibited signifi-
cant differences by pair-wise comparisons of the six treatments
(Table S3). In the P-deficient cells, 1.8% of the unigenes were up-
regulated and 0.3% were down-regulated compared with the P-
replete cells (Fig. 2A). After P resupplement, the number of DEGs in
the DOP-resupplied cells was higher than that in the DIP-resupplied
cells, especially for the unigenes with up-regulated expression (Fig. 2A
and B). Remarkably, only 2.1% and 5.3% of the DEGs were shared be-
tween the DIP- and DOP-resupplied cells after 4 h and 28 h of P supply
(Fig. 2B).

P. donghaiense showed different responses to DIP- and DOP-
resupplementation, 4 and 14 significantly enrichedmetabolic pathways
were identified in the DIP- and DOP-resupplied cells, respectively
(Table 2). DOP utilization (acid phosphatase, phospholipase D (PLD),
protein phosphatase) and splicing (splicing factor) related unigenes
were rapidly down-regulated after 4 h of DIP resupply, while unigenes
encoding fatty acid synthesis (acetyl-CoA carboxylase) were first
down-regulated after 4 h of DOP resupply (Table S4). Although the ex-
pression of many unigenes did not recover after 28 h of DIP and DOP re-
supply compared to the P-deficient cells, more unigenes including ATP
synthesis related unigenes were down-regulated after 28 h of DIP and
DOP resupply (Table S4).

No significantly enriched metabolic pathway was identified after
4 h of DIP-resupply, whereas 6 metabolic pathways associated with
transcription, translation, carbohydrate metabolism and energy me-
tabolism were significantly enriched after 28 h of DIP resupply
(Table 2). However, 4 and 12 significantly enriched metabolic

https://github.com/trinityrnaseq/trinityrnaseq/wiki
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Fig. 1. Physiological responses of P. donghaiense to changing ambient P. (A) Cell density; (B) P concentration; (C) PP concentration; (D) APA; (E) Fv/Fm. PP, particulate organic phosphorus;
APA, alkaline phosphatase activity; Fv/Fm, PSII maximum photochemical yield. The red arrow indicates the time of DIP (Na2HPO4) or DOP (G-6-P) resupplied. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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pathways were identified after 4 h and 28 h of DOP resupply, and
these pathways were involved in carbohydrate metabolism, nucleo-
tide metabolism, transcription, translation, lipid metabolism and en-
ergy metabolism (Table 2).
Table 1
Overview of P. donghaiense transcriptome data.

Items P-replete P-deficient DIP-resupplied-4

Total raw reads 110,250,648 118,252,786 111,728,760
Total clean reads 102,871,212 110,160,396 103,162,608
Total clean nucleotides 9,258,409,080 9,914,435,640 9,284,634,720
Q20 percentage (%) 95.28 95.28 95.00
N percentage (%) 0.00 0.00 0.00
GC percentage (%) 63.64 63.96 63.45
Number of contigs 338,897 337,948 345,198
Number of unigenes 220,440 222,259 226,544

Total clean nucleotides= total clean Reads1 × Read1 size+ total clean Reads2 × Read2 size. Q2
proportion of unknown nucleotides in clean reads; GC percentage is proportion of guanidine a
3.4. qRT-PCR validation of DEGs

To validate the RNA-Seq data, 10 DEGs were selected for RT-qPCR
analysis. The expression levels of inorganic phosphate transporter (PiT),
h DOP-resupplied-4 h DIP-resupplied-28 h DOP-resupplied-28 h

114,152,306 117,631,080 115,001,508
105,550,656 108,828,594 106,655,688
9,499,559,040 9,794,573,460 9,599,011,920

95.26 95.44 95.14
0.00 0.00 0.00
61.94 62.65 63.05

434,933 351,263 357,446
248,212 229,711 225,876

0 percentage is proportion of nucleotideswith quality value larger than 20; N percentage is
nd cytosine nucleotides among total nucleotides.



Fig. 2. Statistics of DEGs in P. donghaiense in response to P-depletion and P-resupplement. (A) Statistical analysis of DEGs in each comparison. “A vs B” is A normalized to B. (B) Comparison
of DEGs in response of P. donghaiense to DIP- and DOP-resupplied. A: P-deplete vs DIP-4 h; B: P-deplete vs DOP-4 h; C: P-deplete vs DIP-28 h; D: P-deplete vs DOP-28 h; E: DIP-4 h vs DIP-
28 h; F: DOP-4 h vs DOP-28 h. The size of the circle represents the number of DEGs.
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high affinity phosphate transporter (PHT), alkaline phosphatase (AP),
PLD, serine/arginine repetitive matrix protein 1 (SRRM1), RNA-binding
protein with serine-rich domain 1 (RNPS1), 6-phosphofructokinase
(PFK1), acetyl-CoA carboxylase (ACC), AP-2 complex subunit alpha
(AP2A2) and dynamin GTPase (Dyn GTPase) were normalized with the
reference gene calmodulin (calm). The expression patterns of PiT, PHT,
AP, PLD, SRRM1, AP2A2 and Dyn GTPase with P-replete, P-deficient, DIP-
and DOP-resupplied treatments as determined by qRT-PCR were



Table 2
Metabolic processes with significant changes after DIP- and DOP-resupplement.

Pathway DIP-resupplied-4 h
vs
P-deficient

DOP-resupplied-4 h
vs
P-deficient

DIP-resupplied-4 h
vs
DIP-resupplied-28 h

DOP-resupplied-4 h
vs
DOP-resupplied-28 h

Level 2

Propanoate metabolism – √ – – Carbohydrate metabolism
Pentose and glucuronate
interconversions

– √ – √

Starch and sucrose metabolism – √ – √
Pyrimidine metabolism – √ – √ Nucleotide metabolism
Purine metabolism – √ – √
Spliceosome – √ √ √ Transcription
RNA polymerase – √ – √
Ribosome biogenesis in eukaryotes – √ – √ Translation
RNA transport – – √ –
mRNA surveillance pathway – – √ –
Fatty acid biosynthesis – √ – – Lipid metabolism
Ether lipid metabolism – √ – √
Glycerophospholipid metabolism – √ – √
Synthesis and degradation of ketone
bodies

– √ – –

Oxidative phosphorylation – – √ – Energy metabolism
Endocytosis – √ – √ Transport and catabolism
Base excision repair – – – √ Replication and repair
Zeatin biosynthesis – √ – √ Metabolism of terpenoids and

polyketides

“√” indicates that significantly enriched metabolic pathways; “–” indicates that no significantly enriched metabolic pathways.
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consistent with those determined by RNA-seq, while only 4 of the 50
comparisons related to RNPS1, PFK1 and ACC were inconsistent (Fig. 3).
Moreover, the expression of most unigenes showed no statistically
Fig. 3. qRT-PCR validations of DEGs. The housekeeping g
significant difference between the two data sets (t-test p N 0.05). These
results suggested that on the whole, the RNA-Seq method provided a
positive reference for the expression profiling study.
ene calm was chosen as the internal reference gene.
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4. Discussion

4.1. Response mechanisms of P. donghaiense to ambient P deficiency

4.1.1. Phosphate transport
In contrast with many other phytoplankton species, phosphate

transport in P. donghaiense was not enhanced but inhibited under the
P-deficient condition. The transcriptional signal associated with P defi-
ciency is not observed in the P-deficient Karenia brevis, despite rapid re-
sponse of cell proliferation to P resupplementation (Morey et al., 2011).
In addition, the expression level of phosphate transporters varies insig-
nificantly in the proteome of the P-deficient K. mikimotoi (Lei and Lu,
2011). Phosphate is the preferred dissolved P source for phytoplankton
(Dyhrman, 2016; Van Mooy et al., 2009). Under P-deficient conditions,
many phytoplankton species increase phosphate uptake by up-
regulating the expression of phosphate transporters at the transcription
and/or protein level, such as the green algae Chlamydomonas reinhardtii
(Moseley et al., 2006), the pelagophyte Aureococcus anophagefferens
(Frischkorn et al., 2014), and the diatoms Thalassiosira pseudonana
(Dyhrman et al., 2012), Skeletonema spp. (Alexander et al., 2015) and
S. costatum (Zhang et al., 2016). However, expression of the proteins as-
sociated with phosphate uptake is down-regulated in the diatom
Phaeodactylum tricornutum under P-deficient condition (Feng et al.,
2014). In our study, the transcripts of 28phosphate transporters, includ-
ing 4 high-affinity phosphate transporters, 22mitochondrial phosphate
transporters and 47 sodium-dependent inorganic phosphate
cotransporters, were identified in P. donghaiense (Table S5), indicating
that P. donghaiense possesses high-affinity phosphate uptake systems.
However, the expression of only 2 PiT and 4 PHT were significantly
down-regulated in the P-deficient cells (Fig. 4), and no significant vari-
ation was detected after P resupplementation (Fig. 5), although P was
quickly absorbed (Fig. 1B and Table S5). Therefore, dinoflagellates may
possess other unknown phosphate transport mechanisms to achieve
adaption to ambient P deficiency.

4.1.2. Phosphate homeostasis
Cellular inorganic phosphate levels can be sensed through the associ-

ation of the Suppressor of Yeast gpa1/the yeast Phosphatase 81/the
human Xenotropic and Polytropic Retrovirus receptor 1 (SPX) proteins
with transcription factor domains triggered by inositol polyphosphate
(Wild et al., 2016). SPX domain-containing proteins play critical roles
in controlling eukaryotic cellular phosphate homeostasis, including inor-
ganic phosphate uptake, transport, storage, membrane lipid remodeling
and signaling systems (Secco et al., 2012; Wild et al., 2016). In the pres-
ent study, the transcript level of SPX domain-containingmembrane pro-
teins was up-regulated by 2.5-fold under P-deficient condition, and no
significant difference was observed 28 h after P resupplementation
(Table S5). The expression of a unigene encoding SPX domain-
containing proteins involved in vacuolar polyphosphate accumulation
was down-regulated by 8.8-fold in the P-deficient cells and no significant
variation occurred after P resupplementation (Table S5). P. donghaiense
can store phosphate as intracellular polyphosphate in vacuoles when
ambient P is well-supplied, similar to the diatoms S. costatum and
T. pseudonana (Ou et al., 2008; Dyhrman et al., 2012; Zhang et al.,
2016). Polyphosphate synthesis was suppressed in the P-deficient
P. donghaiense (Fig. 4), and the excess P uptaken into the cells was not
used for polyphosphate synthesis but for cell proliferation after P
resupplementation (Fig. 5). Although the crucial role of polyphosphate
is relatively clear, the mechanisms controlling its variability and metab-
olism are poorly understood (Secco et al., 2012). Our results suggested
that intracellular P homeostasis was disrupted in the P-deficient
P. donghaiense cells, and the intracellularly stored P was utilized.

4.1.3. Organic P utilization
Under DIP deficient conditions, DOP can serve as the major alterna-

tive P source for phytoplankton (Dyhrman et al., 2012; Ou et al., 2015;
Zhang et al., 2016). APA is an indicator of DIP limitation, which is en-
hanced as the increase of limitation and is declined with the alleviation
of limitation (Lin et al., 2012b). Under P deficiency, APA was markedly
elevated accompanied by a significant up-regulation of AP transcript ex-
pression (Fig. 4). After P resupplementation, both the activity and tran-
script level of AP were significantly down-regulated in the P-
resupplied-28 h cells (Fig. 5), while variations in the P-resupplied-4 h
cells were not significant (Figs. 1D, 5 and Table S5). P. donghaiense can
utilize exogenous phosphomonoester (G-6-P) (Fig. 4), similar to
K. brevis (Morey et al., 2011), S. costatum and T. pseudonana (Dyhrman
et al., 2012; Zhang et al., 2016). However, no significant difference was
found in the utilization of the two P forms by these phytoplankton spe-
cies. G-6-P is a low molecular weight phosphomonoester that can be
readily hydrolyzed by AP (Ou et al., 2015; Zhang et al., 2016). Phospho-
lipase A1 (PLA1) can hydrolyze membrane phospholipids and plays
central roles in the maintenance and remodeling of cell membrane
(Richmond and Smith, 2011). The transcript level of PLA1 showed a
5.9-fold increase in the P-deficient cells (Fig. 4), however, no significant
change was found after P resupplementation (Fig. 5 and Table S5). The
expression levels of the 75unigenes of phosphodiesterase PLDwere sig-
nificantly up-regulated in the P-deficient cells (Fig. 4), while down-
regulated in the P-resupplied-28 h cells (Fig. 5 and Table S5). PLD can
hydrolyze assorted structural phospholipids, producing phosphatidic
acid and various head groups (Zhao, 2015). Furthermore, PLD plays di-
verse roles in membrane transport, cell migration, hormone signaling
and environmental stress response (Pleskot et al., 2013; Frohman,
2015; Zhao, 2015). PLD can also be recruited to the cell membrane in re-
sponse to environmental and hormonal changes (Bargmann and
Munnik, 2006). In addition, genes related to phospholipid metabolism,
such as phospholipase A1, UDP-sugar pyrophosphorylase and acetyl-
cholinesterase, were also identified with elevated expression levels in
the P-deficient cells (Table S5). The expression levels of phospholipid-
transporting ATPase genes were also significantly up-regulated under
P deficiency and down-regulated after P resupplementation
(Table S5). Phospholipid-transporting ATPase has been reported to pro-
duce phosphate via hydrolysis of phospholipids (Suzuki et al., 1997).
Accordingly, under P deficiency, the utilization of intracellular phospho-
lipids was enhanced in P. donghaiense (Fig. 4), and organic P became the
major P source.

4.1.4. Endocytosis
Endocytosis plays essential roles in signal transduction, plasma

membrane homeostasis, transport of extracellular materials into cells
(such as nutrients,membrane proteins and lipids) and cellular response
to environmental stimuli (Collinet et al., 2014; Fan et al., 2015). In eu-
karyotic cells, clathrin-mediated endocytosis is the major transport
mechanism, and starts with the invagination of clathrin-coated mem-
brane, through which extracellular molecules are packaged into
clathrin-coated vesicles and taken up into the cells (Fan et al., 2015).
The transcript expression levels of AP2 adaptor subunit alpha, Dyn
GTPase and PLD were significantly up-regulated in the P-deficient
cells and remarkably down-regulated in the DIP- or DOP-resupplied-
28 h cells (Fig. 4, Tables S6 and S7). AP2 plays pivotal roles in the initia-
tion of clathrin-coated pit nucleation (Fan et al., 2015). Dyn GTPase has
been reported to regulate the formation of clathrin-coated vesicle and
endocytic membrane fission (Warnock and Schmid, 1996; Ferguson
and De Camilli, 2012). PLD activates Dyn GTPase and accelerates the en-
docytosis of epidermal growth factor receptor through its phox homol-
ogy domain (Lee et al., 2006). The protein transport protein SEC24 is
involved in vesicle trafficking as a component of the coat protein com-
plex II (COPII), which promotes the emergence of transport vesicles
from the endoplasmic reticulum (Pagano et al., 1999; Sucic et al.,
2011). SEC24 is also needed for the first step of autophagosome forma-
tion, and its phosphorylation is known to regulate the abundance of
autophagosomes during nutrient deprivation (Davis et al., 2017). In
our study, the expression of protein transport protein SEC24 was also
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significantly up-regulated under P deficiency and down-regulated after
28 h of P resupplementation (Figs. 4 and 5). Thus, endocytosis might be
a key strategy for P. donghaiense to capture extracellular nutrients, in-
cluding DIP and DOP, and to maintain intracellular homeostasis under
DIP-deficient conditions (Fig. 4).

Although the expression profiles of many genes altered significantly
in the P-deficient cells, these geneswere only significantly enriched (p ≦
0.05) in a few metabolic processes, such as ether lipid metabolism,
glycerophospholipidmetabolismand endocytosis (Fig. 4). The enhance-
ment of phospholipid catabolismmight provide an intracellular organic
P source for P. donghaiense under P deficiency, while endocytosis not
only provided a source of P, but also transported extracellular nitrogen
and carbon sources into cells (Fig. 4). Therefore, although cell prolifera-
tion was suppressed due to P deficiency, the cells could survive. Com-
pared with other phytoplankton species, P. donghaiense might have
evolved particularly strong capabilities of organic P utilization.

4.2. Differential responses of P. donghaiense to resupplementation of DIP or
DOP

In order to study the immediate response of P. donghaiense to differ-
ent forms of P sources, the physiological and transcriptomic responses
after 4 h and 28 h of DIP- and DOP-resupplementation were compared.
Although the physiological responses of P. donghaiense to DIP- or DOP-
resupplementation did not differ significantly, these were significantly
different at the transcriptional level. After 4 h of P resupply, the key
genes of the P directly requiring processes such as organic P utilization
and RNA splicing in the DIP-resupplied-4 h cells were firstly down-
regulated, but no change was found in the DOP-resupplied-4 h cells,
this might be because DIP was more easily used than DOP (Table S4).
Genes related to energy metabolism and RNA splicing began to recover
after 28 h of P resupplementation (Table S4). Further analysis of meta-
bolic pathways indicated that various biological processes, such as
Fig. 4. P utilization strategies of P. donghaiense under P deficiency condition. C-G represents the c
up-regulated in the P-deficient cells, and green lines indicate that the process is down-regulat
affinity phosphate transporter; PiT: inorganic phosphate transporter; SPXM: SPX domain-co
polyphosphate accumulation. (For interpretation of the references to color in this figure legend
carbohydrate metabolism, lipid metabolism, nucleotide metabolism
and transcription, were altered significantly after 4 h and/or 28 h of
DOP resupplementation compared with the P deficient cells, while
only the processes of spliceosome, RNA transport, mRNA surveillance
pathway, glycolysis, photosynthesis and oxidative phosphorylation var-
ied significantly in the DIP-resupplied-28 h cells (Table 2).

4.2.1. RNA transport and mRNA surveillance pathway
After transcription termination, the alternative splicing of mRNA

precursors serves as a crucial mechanism for controlling gene expres-
sion, generating protein diversity, and ultimately affecting the shape
and function of the Arabidopsis and rice (Syed et al., 2012). In
P. donghaiense, the expression of splicing factors and serine/arginine re-
petitive matrix protein 1 was down-regulated under P-deficient condi-
tion (Fig. 4) and up-regulated 28 h after resupplementation of DIP
(Fig. 5 and Table S7). Splicing factors are involved in the removal of in-
trons from strings of messenger RNA, while the serine/arginine-rich
proteins, which shuttle between the nucleus and cytoplasm, not only af-
fect RNA splicing, but also play key roles in regulating mRNA transloca-
tion, mRNA stability and protein translation (Ali et al., 2007). The
phosphorylation of serine/arginine-rich proteins strongly influences
their mobility, which affects their recognition of precursor RNA, assem-
bly of splicing complexes and splicing catalysis (Misteli et al., 2000).
However, the expression levels of these genes did not change signifi-
cantly in the DOP-resupplied group (Table 2). These results suggested
that the RNAmetabolism process that directly requires Pwasmore sen-
sitive to DIP than DOP, which could be due to the fact that DIPwasmore
readily available than DOP.

4.2.2. Carbohydrate metabolism
Almost all plants can convert glucose or other polysaccharides to

pyruvic acid via glycolysis, releasing ATP and reducing power
(Plaxton, 1996). Moreover, the metabolic intermediates are also
arbon containing group after degradation of organic P. Red lines indicate that the process is
ed. AP: alkaline phosphatase; PLA1: phospholipase A1; PLD: phospholipase D; PHT: high
ntaining membrane protein; SPXP: SPX domain-containing protein involved in vacuolar
, the reader is referred to the web version of this article.)



Fig. 5. Responses of P. donghaiense to DIP andDOP resupplementation. C-G represents the carbon containing group after degradation of organic P. ACC: acetyl-CoA carboxylase; AP: alkaline
phosphatase; FBP: 1,6-fructose diphosphate; Glu: glucose; LHC: light-harvesting complex; PA: pyruvate; PD: pyruvate dehydrogenase; PFK: 6-phosphofructokinase; PHT: high affinity
phosphate transporter; PiT: inorganic phosphate transporter; PLA1: phospholipase A1; PLD: phospholipase D; RNAH: RNA helicase; RNAP: RNA polymerase; RNPS1: RNA-binding
protein with serine-rich domain 1; SPXM: SPX domain-containing membrane protein; SRRM1: serine/arginine repetitive matrix protein 1; SPXP: SPX domain-containing protein
involved in vacuolar polyphosphate accumulation; THOC4: THO complex subunit 4.

1045S.-F. Zhang et al. / Science of the Total Environment 692 (2019) 1037–1047
precursors for the synthesis of cellular components such as amino acids
and lipids (Kamp, 2013; Igamberdiev and Kleczkowski, 2018). In our
study, the expression levels of PFK1 and pyruvate dehydrogenase (PD)
were significantly down-regulated 28 h after resupplementation of
DIP (Fig. 5 and Table S7). PFK1 is involved in the rate-limiting step of
glycolysis, and directly controls the flow of carbon into the glycerol syn-
thesis pathway via glycolysis (Teslaa and Teitell, 2014). PD, a key en-
zyme involved in cellular glucose metabolism, contributes to linking
the glycolysis metabolic pathway to the citric acid cycle and releasing
energy via NADH (Teslaa and Teitell, 2014). The down-regulation of
PFK1 and PD expression 28 h after DIP resupplementation indicated
that the cells required additional energy to activate the diverse defense
mechanisms in responses to P deficiency, and that intracellular energy
supply started to recover after resupply of DIP (Fig. 5 and Table S7).
Fv/Fm is a potential valuable indicator of photoinhibition and nutrient
limitation of phytoplankton (From et al., 2014). Fv/Fm decreased
under P deficiency and increased after P resupplementation (Fig. 1E),
however, the expression of light-harvesting complex (LHC) gene
showed an opposite trend (Table S7). Gene encoding LHC was signifi-
cantly down-regulated in the DIP-resupplied-28 h cells (Fig. 5 and
Table S7). The LHC functions as a light-harvesting antenna that captures
and transmits light energy to the reaction center, converting the light
energy into chemical energy available to the plants (Okunlola and
Adelusi, 2014). Nutrient stress can damage LHC and reduce its energy
transfer rate, resulting in insufficient excitation energy in the reaction
center and ultimately leading to the decrease of LHC energy conversion
efficiency (Okunlola and Adelusi, 2014; Vidhyavathi et al., 2008). After
DIP resupply, the cellular P stress was relieved and the transmission
rate of LHC was restored (Fig. 5). Therefore, additional LHC transcripts
were not required by the cells. However, no significant change was ob-
served in the expression of these genes after DOP resupply, further
supporting the point that DIP was preferentially used by
P. donghaiense over DOP (Fig. 5). Our results indicated that DIP was
more conducive to the recovery of intracellular energy production
than DOP, as DIP provided P source more directly.
4.2.3. Transcription
Gene expression consists of three main stages regulated by RNA po-

lymerase, spliceosome and ribosome, respectively. RNA polymerase is
an enzyme responsible for copying the genetic information encoded in
DNA to RNA during the transcription process (Onodera et al., 2005). In
our study, the transcript level of the DNA-directed RNA polymerase II
subunit RPB1, which controls the synthesis of mRNA from protein-
coding genes, was significantly down-regulated in the P-deficient cells
and up-regulated after DOP resupply (Figs. 4 and 5). However, no signif-
icant variation of RPB1 expression was observed in the DIP-resupplied
cells (Fig. 5 and Table S7). In eukaryotic cells, spliceosomes are respon-
sible for the removal of introns from transcribed pre-mRNAs, a class of
primary transcripts (Will and Luhrmann, 2011). The transcript amounts
of pre-mRNA-splicing factor ATP-dependent RNA helicase PRP16, ATP-
dependent RNAhelicaseDHX8/PRP22 andATP-dependent RNAhelicase
DDX46/PRP5 significantly decreased under P-deficient condition and
significantly increased after DOP resupply (Table S7). It is reported
that the transcription of Trichoderma spp. is regulated by certain
carbon-metabolizing factors, such as carbon catabolite repression 1,
and this process is also regulated by the ambient nutrient level,
which greatly impact the adaptation and competition of Trichoderma
spp. (Portnoy et al., 2011). Our results showed that transcriptionwas
inhibited in the P-deficient P. donghaiense cells (Fig. 4) but recovered
after resupplementation of DOP (Fig. 5), indicating that unlike DIP,
DOP might also serve as an alternative carbon source for the cells.
Further investigation is required to confirm this suspected role of
DOP.
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4.2.4. Lipid metabolism
ACC catalyzes the formation of malonyl-CoA, an essential substrate

involved in the rate-limiting step of fatty acid synthesis. Moreover,
ACC also strongly influences lipid storage and overall energy metabo-
lism (Abu-Elheiga et al., 2001, 2003). After 4 h of DOP resupply, the ex-
pression of AAC gene significantly declined (Fig. 5 and Table S7). The
expression levels of phospholipid metabolism-related genes were ele-
vated after 4 h and 28 h of DOP resupply (Fig. 5 and Table S7), indicating
that intracellular P could not fulfill the nutritional requirement of cells.
Compared with the DOP-resupplied-4 h cells, the number of DEGs in
the DOP-resupplied-28 h cells was significantly lower, indicating allevi-
ation of P deficiency in the cells to a certain extent. However, no signif-
icant change was found in the DIP-resupplied cells, although DIP was
rapidly consumed after 4 h of DIP resupply, indicating that DOP pro-
vided the cellswith not only P source but also carbon source. In addition,
the findings indicated that G-6-P could be absorbed into cells directly.
Taken together, these results demonstrated that phospholipids pro-
vided an important P source for cells under ambient P-deficient condi-
tion (Fig. 4).

5. Conclusions

This study investigated the molecular responses of P. donghaiense to
ambient P deficiency and resupply at the transcriptional level. The ex-
pression of genes encoding low- and high-affinity P transporters in
P. donghaiense was significantly down-regulated under P-deficient con-
dition, while the expression of genes involved in organic P utilization
was significantly up-regulated, indicating the strong ability of
P. donghaiense to utilize organic P. Cell membrane phospholipids could
serve as a major P source for the P-deficient cells, while the enhance-
ment of endocytosis allowed the cells to capture more extracellular or-
ganic P. Although the physiological responses of P. donghaiense to DIP
andDOP resupplementation exhibited insignificantdifferences, a greater
number of metabolic processes showing significant changes were ob-
served in the DOP-resupplied cells than in the DIP-resupplied cells. DIP
could more rapidly restore RNA splicing and replenish energy source in
the P-deficient cells than DOP, whereas DOP provided cells with both P
and carbon sources rapidly restoremetabolic processes, such as carbohy-
drate metabolism, transcription and lipid metabolism. Moreover, P defi-
ciency might inhibit carbon utilization in P. donghaiensis. Overall, our
results indicated that P. donghaiensis exploited diverse utilization strate-
gies of organic P to adapt to low P environments, and that DOPs might
play central roles in the bloom formation of P. donghaiensis.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.07.291.
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