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1.  INTRODUCTION 

Phosphorus is a critical element for microorgan-
isms and plays a crucial role in biogeochemical 
cycles in aquatic environments (Björkman 2014, Karl 

2014). However, in many oceanic (Mills et al. 2004, 
Lomas et al. 2010, Reinhard et al. 2016) and coastal 
(Harrison et al. 1990, Liu et al. 2016, Malone & New-
ton 2020) environments, phosphorus is a limiting 
nutrient, and thus affects primary production and 
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ecosystem structure. When phosphate is scarce, the 
availability of dissolved organic phosphorus (DOP) 
becomes important (Karl & Yanagi 1997, Dyhrman 
2016). In coastal waters, DOP accounts for 0 to 50% 
of the total dissolved phosphorus (TDP) pool (Ben-
itez-Nelson 2000), whereas in the open ocean, the 
contribution of DOP to TDP may be as high as 75% 
(Karl & Yanagi 1997). In some marine environments, 
DOP is multiple times greater than dissolved inor-
ganic phosphorus (DIP) (Benitez-Nelson 2000, Suzu-
mura & Ingall 2004). Phosphate esters (including 
phosphomonoester, PME, and phosphodiester, PDE) 
and phosphonates are the main components of DOP 
(Kolowith et al. 2001, Karl 2014). While phosphonates 
are refractory and only available to some prokary-
otes (Dyhrman 2016, Lin et al. 2016), phosphate 
esters, which account for 75% of the DOP pool, are 
much more labile and available to most microorgan-
isms (Kolowith et al. 2001, Karl 2014). 

PME is the most abundant phosphate ester in mar-
ine environments (Karl & Yanagi 1997, Kolowith et 
al. 2001), and on average, 66% of DOP in surface 
waters is biodegradable PME (Benitez-Nelson 2000). 
Although PME is studied more than PDE, the few 
available studies on PDE suggest that its concentra-
tion, such as in nucleotides and phospholipids, might 
be similar to or in some cases even higher than that of 
PME in seawater; thus, PDE is also an important 
phosphorus source for microorganisms (Suzumura et 
al. 1998, Yamaguchi et al. 2019). In marine environ-
ments, the mineralization of PME and PDE involves a 
series  
of extracellular enzymes, such as phosphomono -
esterase (PMEase), phosphodiesterase (PDEase), and 
5’-nucleotidases (Benitez-Nelson 2000, Dyhrman 
2016). Most investigations of phosphatase hydrolysis 
of marine DOP have focused on PMEase, especially 
alkaline phosphatase (Karl 2014, Dyhrman 2016), 
and there are many studies on the dynamics of 
PMEase activity (PMEA) (Davis & Mahaffey 2017, 
Martin et al. 2018, Mo et al. 2020), PMEase classifica-
tion and characteristics (Ou et al. 2010, 2020, Ghyoot 
et al. 2015, Lidbury et al. 2022), PMEase biogeogra-
phy (Srivastava et al. 2021, Lidbury et al. 2022), and 
PMEase regulation (Sebastián et al. 2004, Duhamel 
et al. 2010, Qin et al. 2021). PMEase has been sug-
gested to be crucial in regulating recycling of organic 
phosphorus, and thus might determine primary pro-
duction or even interspecific competition between 
phytoplankton when phosphate is limited (Cembella 
et al. 1982, Davis & Mahaffey 2017). Available field 
studies have shown that PMEase and PDEase 
hydrolyze different components of DOP and that 

both phosphatases play important roles in recycling 
DOP (Sato et al. 2013, Accoroni et al. 2017, Yam-
aguchi et al. 2021). The regulation of PDEase activity 
(PDEA) seems more complicated than that of PMEA 
(Yamaguchi et al. 2021). Monocultures of some algal 
species can utilize PDE as the sole phosphorus sub-
strate through hydrolysis of PDEase (Yamaguchi et 
al. 2014, Ellwood et al. 2020, Yamaguchi et al. 2020, 
Huang et al. 2021). Thus, considering the amount of 
PDE in seawater and differences in hydrolysis of 
PME and PDE, a better understanding of PDEA and 
its regulation is needed. 

Phosphorus is a potential limiting factor and is cru-
cial to the regulation of dinoflagellate blooms in the 
East China Sea (Li et al. 2011, Zhou et al. 2017, Lu et 
al. 2022). Several studies have investigated PMEA 
during dinoflagellate blooms to analyze the phospho-
rus status of bloom-causing species (Huang et al. 
2007, Ou et al. 2020) and the importance of DOP 
through PMEase hydrolysis (Huang et al. 2007, Qin et 
al. 2021). However, to date, the relative importance of 
PME and PDE and their hydrolysis through PMEase 
and PDEase during blooms remain largely unknown. 
In the spring of 2019, 2 dinoflagellate blooms caused 
by Prorocentrum donghaiense (also identified as P. 
obtusidens) occurred in the coastal waters of Sansha 
and Lianjiang, Fujian Province, China. We determined 
concentrations of PME and PDE using enzymatic hy-
drolysis analyses, and studied spatio temporal varia-
tions in PMEA and PDEA and their regulation by en-
vironmental variables. The most interesting finding 
was that one of the dinoflagellate blooms occurred at 
a relatively high phosphate concentration (>0.30 μmol 
l−1 at most stations), whereas the other bloom oc-
curred at a low phosphate concentration (<0.10 μmol 
l−1 at most stations). Hence, it was possible to 
compare the dynamics of the 2 phosphatase activities 
and their regulation under contrasting external phos-
phate conditions with the same experimental condi-
tions for enzymatic assays. The objective of the study 
was to improve understanding of the bioavailability 
of different forms of DOP (PME and PDE), phos-
phatase (PMEase and PDEase) activity dynamics, and 
phosphatase activity regulation during dinoflagellate 
blooms in coastal waters. 

2.  MATERIALS AND METHODS 

2.1.  Study area and sampling 

The Sansha and Lianjiang areas are located in 
the coastal waters of Fujian Province in the East 
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China Sea (Fig. 1). Under the influence of human 
activities, especially mariculture, eutrophication 
has become a notable problem, and dinoflagellate 
blooms have occurred frequently in these waters 
during late spring and early summer in recent 
years (Li 2021, Niu et al. 2021). Three cruises were 
carried out on May 11−12, May 18−19, and May 24 
2019 in the coastal waters of the Sansha area. Dur-
ing the first 2 cruises, a total of 12 stations were 
sampled (Fig. 1a). During the third cruise, only 7 
stations (N1−3 and M1−4) were sampled. Another 3 
cruises were carried out on May 20, May 25, and 
May 29 2019 in the coastal waters of the Lianjiang 
area. A total of 8 stations were sampled during 
each cruise (Fig. 1b). 

Water samples were taken from the surface (0.5 m 
depth) using 2.5 l Niskin bottles. Hydrological data, 
cell densities of the dominant species, chl a, phos-
phorus nutrients, PMEA, and PDEA were measured 
at each station. 

2.2.  Determination of hydrological variables, chl a 
and cell density 

A YSI 6600 V2 sonde was used to measure water 
temperature and salinity. The instrument was cali-
brated before cruises according to calibration proce-
dures provided by the manufacturer. 

Seawater samples of 150 ml were first filtered 
through a 200 μm filter to remove large zooplankton 
and then placed onto Whatman GF/F filters and 

stored at −20°C until analysis. The concentration of 
chl a was determined using a Trilogy Laboratory Flu-
orometer (Turner Designs) following extraction using 
90% acetone in the dark for 24 h according to Par-
sons et al. (1984). Seawater samples of 1 l were mixed 
with 2% acid Lugol’s solution and concentrated 
gradually to 20 ml prior to quantification. A 100 μl 
concentrated sample was transferred to a 0.1 ml 
counting chamber. Cells of the dominant species 
were quantified under a light microscope (Olympus 
CX31). 

2.3.  Phosphorus nutrient analyses 

Seawater was filtered through precombusted 
(450°C, 2 h) GF/F filters and stored at −20°C until 
analysis. DIP concentration was determined using 
the molybdenum blue method described by Valder-
rama (1995), TDP concentration was analyzed ac -
cording to the method of Jeffries et al. (1979), and 
DOP concentration was calculated by subtracting 
DIP from TDP. 

The PMEase hydrolysable DOP (DOPPME) and the 
PMEase and PDEase hydrolysable DOP (DOPPME+PDE) 
were measured according to the method of Hashi -
hama et al. (2013). Ten ml of filtered seawater was 
incubated with 100 μl of commercial PMEase (Sigma 
P7640) or a mixture of PMEase and PDEase (Wor-
thington LS003926) and 100 μl of 0.5 mol l−1 sodium 
azide in the dark for 4 h at 37°C. The final concen -
trations of PMEase and PDEase added were 1 and 
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Fig. 1. Locations of sampling stations in the (a) Sansha and (b) Lianjian areas in the coastal waters of Fujian Province in the  
East China Sea (ECS)
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0.04 unit ml−1, respectively. DOPPME 
and DOPPME+PDE concentrations were 
calculated as the difference between 
DIP concentrations before and after the 
addition of the corresponding phos-
phatase/phospha tases. PDEase hydro -
lysable DOP (DOPPDE) was calculated 
by subtracting the DOPPME from the 
DOPPME+PDE. All phosphorus nutrient 
analyses were measured by a spectro -
photometer (Hitachi U-4600) at 882 nm. 

2.4.  Phosphatase activity assays 

Seawater was filtered through a 
200 μm filter to remove large zooplank-
ton. PMEA and PDEA were measured 
by monitoring the release of paranitro-
phenol from 1 mmol l−1 paranitro-
phenylphosphate (Sigma P4744) and 
1 mmol l−1 bis-paranitrophenyl phos -
phate (Sigma N3002), respectively, at 
405 nm using a spectrophotometer (Ya-
maguchi et al. 2005). The seawater was 
filtered through 0.22 and 2 μm polycarbonate filters 
under <100 mm Hg of pressure, and thus the total 
PMEA and PDEA were divided into 3 size fractions: 
free-size (<0.22 μm), picosize (0.22−2 μm), and nano + 
microsize (2−200 μm). The subsamples were incu-
bated in the dark at 30°C for 24 h. Sterilized sea -
water with substrates was used as the control, and 
calibration was performed with standard solutions 
of 4-nitrophenol spectrophotometric grade (Sigma 
1048) in the range of 0.01−100 μmol l−1. 

2.5.  Data analysis 

All statistical analyses were performed with SPSS 
21.0 software. A 1-way ANOVA was performed to 
compare parameters among the different cruises 
using Tukey’s studentized range test (t-test), where a 
p-value of ≤0.05 was used to indicate the significance 
of the results. Prior to the analysis, data were tested 
for normality and homogeneity of variance. A log10 or 
square root transformation of the data was per-
formed prior to any statistical test when necessary. 
Spearman correlation and multiple stepwise linear 
regression tests were applied to analyze the relation-
ships between phosphatase activity and environ-
mental variables (temperature, salinity, phosphorus 
nutrients, and phytoplankton biomass). 

3.  RESULTS 

3.1.  Hydrological variables, chl a, and  
cell densities 

3.1.1. Sansha area 

During the study period of May 11 to 24 in 2019, 
seawater temperature varied from 19.0 to 25.2°C, 
and average temperature during the first cruise was 
significantly lower than during the second and third 
cruises (p < 0.01) (Table 1). Salinity ranged from 
26.92 to 30.99, and average salinity did not differ 
among the 3 cruises (p > 0.05). 

A dinoflagellate bloom caused by P. donghaiense 
occurred during the study period. During the first 
cruise, the density of P. donghaiense at most 
stations was lower than 5.0 × 104 cells l−1 (Table 1). 
The highest P. donghaiense density, 1.35 × 105 cells 
l−1, was observed at Stn S2. During the second 
cruise, patches of bloom were observed at Stns N3, 
M1, M2, M3, R3, and S6, with P. donghaiense densi-
ties varying from 1.44 × 106 to 5.60 × 107 cells l−1. 
The average chl a increased significantly during the 
second cruise (p < 0.05), and during the third cruise, 
the bloom was sustained. The bloom center was 
observed at Stn M1, with a P. donghaiense density 
of 4.07 × 107 cells l−1. 
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   Variable                                Cruise 1            Cruise 2             Cruise 3 
 
Sansha 
   Temperature (°C)               19.8 ± 0.6a         22.7 ± 0.6b          23.3 ± 1.0b 
   Salinity (‰)                       28.57 ± 0.96a     27.98 ± 0.58a      28.86 ± 0.79a 
   Chl a (μg l−1)                       1.48 ± 0.48a     13.51 ± 13.49b     8.62 ± 12.12a,b 
   P. donghaiense density     0.04 ± 0.03a     11.74 ± 17.99b     6.45 ± 11.14a,b 

     (106 cells l−1) 

Lianjiang 
   Temperature (°C)             20.78 ± 0.31a     21.90 ± 0.63a      21.84 ± 0.15a 
   Salinity (‰)                       30.87 ± 0.13a     31.00 ± 0.08a      29.88 ± 2.03a 
   Chl a (μg l−1)                       7.19 ± 6.23a     14.00 ± 8.14a,b    20.78 ± 7.56b 
   P. donghaiense density     0.29 ± 0.21a       4.88 ± 5.26b        6.42 ± 4.25c 

     (106 cells l−1) 
   K. digitatum density          3.39 ± 3.24a       7.87 ± 9.55a       6.68 ± 4.69a 

     (105 cells l−1)

Table 1. Variation in temperature, salinity, chl a, and density of Prorocentrum 
donghaiense and Karlodinium digitatum (note the different unit multipliers) 
during the study periods. Data are mean ± SD. Cruises 1–3 were carried out 
May 11−12, May 18−19, and May 24 in 2019 in the Sansha area and May 20, 
May 25, and May 29 in 2019 in the Lianjiang area, respectively. A P. donghaiense 
bloom occurred in the Sansha area whereas a mixed bloom of P. donghaiense 
and K. digitatum occurred in the Lianjian area during the study periods. 
Superscript a, b and c indicate significant differences in variables among stations
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3.1.2.  Lianjiang area 

During the study period of May 20 to 29 in 2019, 
seawater temperature and salinity ranged between 
20.5 and 23.1°C and 26.17 and 31.75 respectively. 
Both average seawater temperature and salinity 
showed no difference among the three cruises (p > 
0.05) (Table 1). 

A mixed dinoflagellate bloom caused by P. dong-
haiense and Karlodinium digitatum was observed 
during the study period. During the first cruise, densi-
ties of both P. donghaiense and K. digitatum were 
~105 cells l−1. During the second cruise, P. dong-
haiense density at all stations except Stn TX1 was 
higher than 106 cells l−1. At the same time, K. digita-
tum density also increased at most stations. The high-
est densities of both P. donghaiense and K. digitatum 
were observed at Stn LJ4, at 1.71 × 107 and 2.94 × 

106 cells l−1 respectively. In addition, mass death of 
cultured fish was observed in the mariculture area 
close to Stn LJ4. During the third cruise, both P. dong-
haiense and K. digitatum remained at high densities. 
The average chl a during the third cruise was approx-
imately 3 times that during the first cruise (p < 0.01). 

3.2.  Phosphorus nutrients 

3.2.1.  Sansha area 

Mean (±SD) DIP was 0.46 ± 0.12 μmol l−1 during 
the first cruise; it decreased significantly to 0.11 ± 
0.09 and 0.11 ± 0.05 μmol l−1 during the second and 
third cruises respectively (p < 0.01) (Fig. 2a−c). DOP 
increased gradually from 0.60 ± 0.11 μmol l−1 during 
the first cruise to 0.90 ± 0.31 μmol l−1 during the third 
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Fig. 2. Variation in the phosphorus concentrations in the (a−c) Sansha area and (d−f) Lianjang area during the (a,d) first,  
(b,e) second, and (c,f) third cruises (note the differences in y-axis scales). Boxes show concentrations of dissolved inorganic 
phosphorus (DIP), dissolved organic phosphorus (DOP), DOP hydrolysable by phosphomonoesterase (PMEase) and phospho-
diesterase (PDEase) (DOPPME+PDE), DOP hydrolysable by PMEase (DOPPME), and DOP hydrolysable by PDEase (DOPPDE). Hor-
izontal line in box: median; top and bottom of box: Q3 and Q1 values; whiskers: upper and lower limits; dots: outliers. Pie 
charts show the contribution of DIP, DOPPME, DOPPDE, and nonhydrolysable DOP (DOPnon) to total dissolved phosphorus  

(TDP). DOP = DOPPME + DOPPDE + DOP-non; TDP = DIP + DOP
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cruise and showed a significant difference between 
the first and third cruises (p < 0.05). Average DOP 
was 1.4 times average DIP during the first cruise but 
increased greatly to 8.4−9.0 times average DIP dur-
ing the second and third cruises. On average, DOP 
accounted for 57.4 ± 7.2, 83.6 ± 17.3, and 89.4 ± 2.0% 
of TDP during the first, second and third cruises, 
respectively. 

Average DOPPME+PDE was 0.40 ± 0.03, 0.39 ± 0.22, 
and 0.49 ± 0.36 μmol l−1 during the first, second, and 
third cruises, respectively, and accounted for more 
than 50% of DOP (Fig. 2a−c). Of this, DOPPME and 
DOPPDE contributed 77.3−93.9% and 6.1−22.7%, 
respectively, during the 3 cruises. 

3.2.2.  Lianjiang area 

During the entire study period, DIP was relatively 
high, with means (±SD) of 0.51 ± 0.26, 0.84 ± 0.33, 

and 0.33 ± 0.13 μmol l−1 during the first, second, and 
third cruises, respectively (Fig. 2d−f). On average, 
DOP was 1.8 ± 0.8, 1.6 ± 0.9, and 3.8 ± 2.5 times DIP 
and accounted for 61.2 ± 12.8, 58.4 ± 13.1, and 73.4 ± 
13.9% of TDP during the 3 cruises, respectively. 

Average DOPPME+PDE varied from 0.31 to 1.70 μmol 
l−1, and showed no difference among the 3 cruises 
(p > 0.05) (Fig. 2d−f). On average, DOPPME+PDE ac -
counted for 54−69% of DOP during the 3 cruises. The 
average contribution of DOPPME to DOP PME+PDE was 
75.0−90.7% during the 3 cruises. 

3.3.  Phosphatase activities 

3.3.1.  Sansha area 

PMEA was 0.07−0.51, 0.22−2.44, and 0.32−1.71 
μmol l−1 h−1 during the first, second, and third cruises 
respectively (Fig. 3a−c). Average PMEA during the 
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Fig. 3. Spatial distribution of (a−c) phosphomonoesterase (PMEase) activity (PMEA) and (d−f) phosphodiesterase (PDEase) 
activity (PDEA) in the Sansha area during the first (May 11−12), second (May 18−19), and third cruises (May 24) in 2019. The 
size of the circle shows the amount of total phosphatase activity. Total phosphatase is divided into nano + microsize (2−
200 μm), picosize (0.22−2 μm), and free-size (<0.22 μm). During the first and third cruses, phosphatase activity was measured 
by size fraction at only some stations. Black circles: stations only measured with total phosphatase activities. × indicates  

stations where phosphatase activity was not measured during the third cruise
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second cruise was approximately 5.4 times that dur-
ing the first cruise (p < 0.01) and approximately 1.7 
times that during the third cruise (p > 0.05) (Table 2). 
Average PDEA was significantly higher during the 
second and third cruises than during the first cruise 
(p < 0.05) (Fig. 3d−f, Table 2). 

The average contribution of free-sized PMEA to 
total PMEA was approximately 10% during the 3 
cruises. However, the average contribution of pico-
sized PMEA to total PMEA decreased gradually, 
whereas the contribution of nano + microsized PMEA 
to total PMEA increased gradually (Table 2). The 
contribution of free-sized PDEA decreased from the 
first cruise to the third cruise, whereas that of nano + 
microsized PDEA increased (Table 2). 

3.3.2.  Lianjiang area 

Variations in PMEA and PDEA in the Lianjiang 
area were similar to those in the Sansha area during 
the 3 cruises (Fig. 4). Average PMEA and PDEA were 
higher during the second cruise but not significantly 
different from the first and third cruises (p > 0.05) 
(Table 2). 

Throughout the entire study period, nano + micro-
sized PMEA and PDEA accounted for 76.2−88.7% 
and 59.2−73.8% of total PMEA and 
PDEA, respectively, and free-sized 
PMEA and PDEA accounted for the 
next greatest proportion of PMEA and 
PDEA (Table 2). 

3.4.  Relationships between 
 phosphatase activities and 
 environmental variables 

PMEA and PDEA were highly corre-
lated in both study areas (p < 0.01), 
with the PMEA:PMEA ratio fixed at 
2.5 (Fig. 5). 

PMEA in both study areas showed 
positive correlations with chl a, cell 
density of the dominant species, and 
DOP (p < 0.05) (Fig. 6). In addition, in 
the Sansha area, PMEA was positively 
correlated with temperature (p < 0.01) 
and negatively correlated with DIP 
(p < 0.05), while in the Lianjiang area 
PMEA showed positive correlations 
with enzyme hydrolysable DOPs (p < 
0.05). 

PDEA in both study areas showed positive correla-
tions with cell density of the dominant species, DOP, 
and enzyme hydrolysable DOP (p < 0.05) (Fig. 7). In 
the Sansha area, PDEA was positively correlated with 
DIP (p < 0.05), whereas in the Lianjiang area, PDEA 
was negatively correlated with DIP (p < 0.05). In addi-
tion, PDEA in the Lianjiang area showed positive cor-
relations with temperature and chl a (p < 0.05). 

In the Sansha area, chl a and temperature were the 
most important factors regulating PMEA and PEDA 
and explained 75.5 and 74.7% of their variation, 
respectively (Table 3). In the Lianjiang area, DOPPME 
and DOP were the most important factors regulating 
PMEA and PDEA and explained 50.3 and 62.3% of 
their variation, respectively. 

4.  DISCUSSION 

4.1.  Dinoflagellate blooms in the Sansha and 
Lianjiang areas 

Due to anthropogenic activity, the coastal waters 
of Sansha and Lianjiang experience dinoflagellate 
blooms the most frequently of all areas in the East 
China Sea. Blooms of Noctiluca scintillans, P. dong-
haiense, Karenia mikimotoi, and K. digitatum have 
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   Variable                                    Cruise 1             Cruise 2           Cruise 3 
 
Sansha                                                 
   Total PMEA (μmol l−1 h−1)     0.24 ± 0.14a        1.27 ± 0.75b      0.75 ± 0.50a,b 
   Free (%)                                 11.6 ± 7.1            10.0 ± 13.6         9.4 ± 4.6 
   Pico (%)                                  14.1 ± 17.0           6.8 ± 6.3           3.3 ± 2.8 
   Nano + micro (%)                  74.3 ± 17.0         83.3 ± 16.9       87.4 ± 2.5    
   Total PDEA (μmol l−1 h−1)     0.21 ± 0.09a        0.58 ± 0.32b      0.56 ± 0.48b 
   Free (%)                                 50.6 ± 17.4         23.5 ± 14.6       27.6 ± 13.7 
   Pico (%)                                    5.0 ± 5.2           14.5 ± 16.0         5.9 ± 7.9 
   Nano + micro (%)                  44.5 ± 20.0         62.1 ± 23.2       66.5 ± 16.5 
Lianjiang 
   Total PMEA (μmol l−1 h−1)     0.54 ± 0.23a        1.08 ± 0.88a      0.87 ± 0.61a 
   Free (%)                                 14.2 ± 10.6         12.6 ± 5.4           9.1 ± 6.7 
   Pico (%)                                    7.8 ± 3.4           11.3 ± 8.0           2.2 ± 4.3 
   Nano + micro (%)                  78.1 ± 10.8         76.2 ± 4.0         88.7 ± 7.4    
   Total PDEA (μmol l−1 h−1)     0.59 ± 0.20a        0.74 ± 0.46a      0.52 ± 0.23a 
   Free (%)                                 22.3 ± 6.6            25.9 ± 7.1         24.0 ± 12.6 
   Pico (%)                                    9.8 ± 16.4         14.9 ± 13.1         2.3 ± 3.1 
   Nano + micro (%)                  67.9 ± 18.2         59.2 ± 11.9       73.8 ± 12.6 

Table 2. Variation in phosphomonoesterase (PMEase) activity (PMEA) and 
phosphodiesterase (PDEase) activity (PDEA) during the study periods. Cruises 
1–3 were carried out on May 11−12, May 18−19, and May 24 in 2019 in the 
Sansha area and on May 20, May 25, and May 29 in 2019 in the Lianjiang 
area, respectively. Total phosphatase is divided into nano + microsize (2−
200 μm), picosize (0.22−2 μm), and free-size (<0.22 μm). Superscripts letters  

indicate significant differences in variables among different stations
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been reported in these areas, with P. donghaiense 
the most frequently occurring bloom species (Cen et 
al. 2020, Li 2021, Lu et al. 2022). 

A density higher than 106 cells l−1 is considered the 
threshold of a P. donghaiense bloom (Lu & Goebel 
2001). During the study period, the algal bloom in the 

Sansha area was caused by monospecies of P. dong-
haiense; the relatively low chl a and low P. dong-
haiense density during the first cruise suggested the 
incubation period of the bloom was occurring 
(Table 1). The bloom was observed during the sec-
ond cruise and was maintained during the third 
cruise, although the biomass decreased to some 
degree (Table 1). Two possible reasons for the de -
crease in P. donghaiense density during the third 
cruise are limited phosphate in the seawater (Fig. 2c) 
and an increase in seawater temperature (Table 1). 
The optimum temperature for P. donghaiense blooms 
is 18 to 20°C; during the third cruise temperatures 
exceeded 23°C, which is not advantageous for the 
competitive growth of P. donghaiense in phytoplank-
ton communities (Xu et al. 2010). 

The P. donghaiense bloom in the Lianjiang area 
was accompanied by a K. digitatum bloom. In con-
trast to nontoxic P. donghaiense blooms (Lu et al. 
2022), K. digitatum blooms have often been corre-
lated with fish kills (Cen et al. 2020, Sakamoto et al. 
2021). The pre-bloom period occurred during the 
first cruise in this area, and both P. donghaiense and 
K. digitatum cell densities reached 105 cells l−1 
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Fig. 5. Relationships between phosphomonoesterase (PME -
ase) activity (PMEA) and phosphodiesterase (PDEase) activ-
ity (PDEA) in the Sansha area (regression model in blue)  

and the Lianjiang area (regression model in red)

Fig. 4. Spatial distribution of (a−c) phosphomonoesterase (PMEase) activity (PMEA) and (d−f) phosphodiesterase (PDEase) 
activity (PDEA) in the Lianjiang area during the first (May 20), second (May 25), and third cruises (May 29) in 2019. The size 
of the circle shows the amount of total phosphatase activity. Total phosphatase is divided into nano + microsize (2−200 μm),  

picosize (0.22−2 μm), and free-size (<0.22 μm)
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(Table 1). During the second cruise, P. donghaiense 
maintained this bloom density (Table 1), while K. 
digitatum doubled in density. In addition, a large fish 
kill was observed in the study area (Table 1); thus, it 
was concluded that a bloom of K. digitatum also 
occurred. As environmental conditions remained 
suitable between the second and third cruises, the 
blooms reached an even higher biomass during the 
third cruise (Table 1). 

4.2.  Different external phosphorus conditions in 
the two dinoflagellate bloom areas 

Due to the unbalanced input of nitrogen and phos-
phorus into seawater, the coastal waters of the East 
China Sea have higher N:P ratios than the Redfield 

ratio of 16:1 (Redfield 1958) and are potentially phos-
phorus limited (Liu et al. 2016). The importance of 
DOP as the major phosphorus source during P. dong-
haiense blooms has been suggested in several studies 
(Huang et al. 2007, Ou et al. 2008, 2020, Zhou et al. 
2019). In the Sansha area, DIP decreased rapidly with 
the rapid growth of P. donghaiense to the phosphate 
limitation threshold of 0.1 μmol l−1 (Justíc et al. 1995) 
(Fig. 2a−c). In contrast, DOP increased (Fig. 2b−c), 
which might have been due to the abundant organic 
metabolic products released into the seawater by 
bloom-causing species (Lin et al. 2016, Zhou et al. 
2019). In addition, DOP, which accounted for more 
than 80% of TDP, became the most important phos-
phorus source for maintenance of the P. donghaiense 
bloom (Fig. 2b−c). The DOP pool can be divided into 
labile DOP and stable DOP, depending on whether 
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Fig. 6. Variation in phosphomonoesterase (PMEase) activity (PMEA) with (a) temperature (T), (b) salinity (Sal), (c) chl a, (d) 
cell density, (e) dissolved inorganic phosphorus (DIP), (f) dissolved organic phosphorus (DOP), (g) DOP hydrolysable by 
PMEase (DOPPME), (h) DOP hydrolysable by phosphodiesterase (PDEase) (DOPPDE), and (i) DOP hydrolysable by PMEase and 
PDEase (DOPPME+PDE) in the Sansha and Lianjiang areas during the study period. Cell density in the Sansha area indicates the 
density of Prorocentrum donghaiense, whereas cell density in the Lianjiang area includes the densities of both P. donghaiense 
and Karlodinium digitatum. Blue and red lines show regressions for each area and asterisks indicate significant relationships  

between PMEA and the independent variable. *p < 0.05; **p < 0.01
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the phosphorus is easily hydrolyzed by 
microorganisms (Karl & Yanagi 1997, 
Kolowith et al. 2001). Labile organic 
phosphorus accounts for 68% of DOP 
in estuaries, and high values normally 
occur in summer and autumn with high 
amounts of biomass (Monbet et al. 
2009). The present results showed that 
labile DOP (DOPPME+PDE) ac counted for 
more than 50% of DOP and was 3−4 
times the amount of DIP (Fig. 2b−c), 
which further emphasized the impor-
tance of DOP regeneration during the 
bloom when phosphate was depleted. 

Coastal environments with DIP 
higher than 0.3 μmol l−1 are considered 
phosphate-rich (Labry et al. 2016). 
Thus, in contrast to the phosphate 
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      Dependent     Model                                                            r2             p 
      variable 
 
Sansha                    
      PMEA             PMEA = −2.399 + 0.042chl a + 0.130T    0.755    < 0.001 
      PDEA              PDEA = −0.971 + 0.022chl a + 0.057T     0.747    < 0.001 
Lianjiang               
      PMEA             PMEA = −0.097 + 1.563DOPPME              0.503    < 0.001 
      PDEA              PDEA = 0.095 + 0.086DOP                       0.623    < 0.001 

Table 3. Stepwise linear regression analysis of phosphomonoesterase 
(PMEase) activity (PMEA) and phosphodiesterase (PDEase) activity (PDEA) 
with environmental variables in the coastal waters of the Sansha and Lian-
jiang areas. The dependent variable was PMEA or PDEA; independent vari-
ables were temperature (T), salinity, dissolved inorganic phosphorus (DIP), 
dissolved organic phosphorus (DOP), DOP hydrolysable by PMEase 
(DOPPME), DOP hydrolysable by PDEase (DOPPDE), density of bloom-causing 
species (Prorocentrum donghaiense in Sansha, or P. donghaiense and Karlo-
dinium digitatum in Lianjiang), and chl a. The regression was set to reject any 
variable that failed to produce an F statistic significant at the p = 0.05 level 

Fig. 7. Variations in phosphodiesterase (PDEase) activity (PDEA) with (a) temperature (T), (b) salinity (Sal), (c) chl a, (d) cell 
density, (e) dissolved inorganic phosphorus (DIP), (f) dissolved organic phosphorus (DOP), (g) DOP hydrolysable by phospho-
monoesterase (PMEase) (DOPPME), (h) DOP hydrolysable by PDEase (DOPPDE), and (i) DOP hydrolysable by PMEase and 
PDEase (DOPPME+PDE) in the Sansha and Lianjiang areas during the study period. Cell density in the Sansha area indicates the 
density of Prorocentrum donghaiense, whereas cell density in the Lianjiang area includes the densities of both P. donghaiense 
and Karlodinium digitatum. Blue and red lines show regressions for each area and asterisks indicate significant relationships  

between PDEA and the independent variable. *p < 0.05; **p < 0.01
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deficiency in the Sansha area, blooms in the Lian-
jiang area occurred under phosphate-replete condi-
tions during the surveys (Fig. 2d−f). DOP concentra-
tions also in creased, and the contribution of DOP to 
TDP increased from ~60 to ~70% during the bloom 
(Fig. 2d−f). In contrast to the DOPPME+PDE/DOP ratio 
in the Sansha area, which decreased from 68 to 
~50%, suggesting labile DOP was hydrolyzed during 
the bloom when phosphate was scarce, the DOPPME+

PDE/DOP ratio in the Lianjiang area increased from 54 
to 69%, suggesting labile DOP accumulated during 
the bloom when phosphate was abundant (Fig. 2a−f). 
Hence, DOP might also have become important to 
the development of the bloom when phosphate was 
exhausted in the Lianjiang area. 

Concentrations of PDE are normally considered to 
be much lower than those of PME in seawater, and 
are less studied (Benitez-Nelson 2000, Sato et al. 
2013). However, the limited studies available show 
concentrations of PDE are comparable with those of 
PME in some coastal waters, and emphasize the im -
portance of PDE as an available phosphorus source 
(Suzumura et al. 1998, Monbet et al. 2009). The con-
centration of PDE is normally lower than 40 nmol l−1 in 
open oceans, but may be as high as 230 nmol l−1 in 
some coastal areas (Yamaguchi et al. 2021). In the pres-
ent study, during both blooms, DOPPDE concentrations 
ranged from undetectable to 0.47 μmol l−1. DOPPME 
accounted for 75 to 94% of labile DOP, whereas 
DOPPDE accounted for 6 to 25% of labile DOP (Fig. 2), 
suggesting that PME was the most abundant phos-
phate ester available during the blooms. The several-
fold increase in DOPPME within the Lianjiang bloom 
area during the bloom period (Fig. 2d−f) also sug-
gested that PME was the main metabolic organic 
phosphorus product released by phytoplankton. 

4.3.  PMEA, PDEA, and their regulation 

Many studies have been done on PMEA and its 
regulation (Sebastián et al. 2004, Huang et al. 2007, 
Labry et al. 2016, Davis & Mahaffey 2017, Mo et al. 
2020, Srivastava et al. 2021, Lidbury et al. 2022). 
These studies have shown that PMEA might be 
affected by environmental variables, such as exter-
nal phosphate and DOP availability, temperature, 
salinity, pH, and UV radiation (Hoppe 2003). The 
physiological status of microorganisms and their dif-
ferent responses to PMEase might also influence 
PMEA (Hoppe 2003, Dyhrman 2016, Ou et al. 2020). 
In addition to the canonical PMEases (PhoA, PhoD, 
and PhoX), which are sensitive to external phosphate 

and are inducible by microorganisms under phos-
phorus stress conditions, Lidbury et al. (2021, 2022) 
reported a phosphate-insensitive and constitutive 
PMEase, termed PafA. Different PMEase families 
have different regulatory mechanisms (Lidbury et al. 
2022).  

To date, the regulation of PDEA is largely un -
known (Thomson et al. 2020). Sato et al. (2013) sug-
gested that PDEA is regulated more by phosphate 
availability than by DOP in the Pacific Ocean, while 
Yamaguchi et al. (2021) observed that the distri -
bution of PDEA is independent of phosphate, PME, 
or DOP concentrations in a subtropical oligotrophic 
ocean, indicating more complex regulation of PDEA 
than of PMEA. The present study demonstrated that 
regulation of PMEA and PDEA showed some similar-
ities, both increasing with temperature and phyto-
plankton biomass (chl a and cell density) (Figs. 6 & 
7). Both PMEA and PDEA were upregulated when 
phosphate was depleted, and both increased with 
external DOP concentrations under both phosphate-
depleted and phosphate-replete conditions (Figs. 6 & 
7). PDEA hydrolyzes PDE to PME, which can be fur-
ther hydrolyzed by PMEA (Sato et al. 2013, Yam-
aguchi et al. 2020), suggesting the regulation of 
PMEA might be more sensitive to external phosphate 
availability, whereas the regulation of PDEA might 
be more sensitive to external DOP availability. 

In this study, only phytoplankton biomass and the 
dominant algal species were considered; information 
about bacterial biomass and community structure was 
lacking. Bacteria are major producers of phosphatases 
(Hoppe 2003, Dyhrman 2016). During blooms, the 
nano + microsized PMEA and PDEA accounted for 
most of the total phosphatase activity (Table 2), which 
suggested that bloom-causing species and/or bacteria 
attached to the cells were the major phosphatase pro-
ducers. This finding is consistent with those of previ-
ous studies conducted during blooms (Huang et al. 
2007, Ou et al. 2018), and in some non-axenic mono-
culture laboratory studies (Ellwood et al. 2020). Some 
major bacterial phosphatase producers, such as Bac-
teroidetes, frequently associate with phytoplankton 
and sinking particles (Lidbury et al. 2021, 2022). 
Given that different bacterial taxa produce different 
families of phosphatases (PhoA, PhoD, PhoX, and 
PafA) (Lidbury et al. 2022), a study of coexisting bac-
terial taxonomy or a direct analysis of phosphatase 
families and their dynamic patterns might help clarify 
the regulation of phosphatases during blooms.  

The present results showed that PMEA and PDEA 
were highly correlated. Regardless of the external 
phosphate conditions, PDEA was always approxi-
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mately 40% of PMEA (Fig. 5). These results sug-
gested potential expression differences between the 
2 phosphatases, as PMEase and PDEase play differ-
ent roles in the hydrolysis of different DOP groups 
(Cembella et al. 1982). Higher PMEase relative to 
PDEase in seawater normally indicates a higher 
 content of PME to be hydrolyzed (Sato et al. 2013). In 
epiphytic mats produced by the dinoflagellate  
Ostreopsis ovata on the Mediterranean coast, a 
PMEA:PDEA ratio of 1.3 was observed (Accoroni et 
al. 2017). However, in some ocean waters, PMEA has 
been observed to be several times greater than 
PDEA (Sato et al. 2013, Thomson et al. 2020). A lower 
ratio of PMEA:PDEA in coastal waters might reflect 
more abundant PDE in coastal waters than in oceanic 
waters. However, it is worth noting that compared 
with PMEase, which is generally promiscuous, PDEase 
is more substrate-specific and might not react with 
the PDE substrate of bis-paranitrophenyl phosphate 
used in this study (Srivastava et al. 2021); thus, PDEA 
might be underestimated. 

In the Sansha area, both PMEA and PDEA in -
creased significantly from the first to the second 
cruise and maintained high values during the third 
cruise (Fig. 3, Table 2). In the Lianjiang area, phos-
phatase activity increased slightly during the second 
cruise but did not differ significantly from the other 
cruises (Fig. 4, Table 2). PMEase and PDEase are in -
ducible enzymes under phosphate deficiency (Cem-
bella et al. 1982, Dyhrman 2016, Huang et al. 2021), 
and the contrasting external phosphate conditions 
during the 2 blooms were important in determining 
variation in temporal trends in phosphatase activity 
in the Sansha and Lianjiang areas.  

Furthermore, different bloom stages during the 
surveys in the Sansha and Lianjiang areas could ex-
plain why the sites differed in phosphatase activity 
levels. The investigation in the Sansha area started 
during the bloom incubation period and continued 
into the bloom period, whereas the investigation in 
the Lianjiang area started during the pre-bloom pe-
riod. Thus, algal bloom biomasses were significantly 
different between the 2 areas. During the bloom pe-
riod of the second cruise in both areas, when the bio-
mass of chl a was similar, the predicted higher phos-
phatase activity in the phosphate-depleted Sansha 
area relative to the phosphate-replete Lianjiang area 
was not observed. Rather, phosphatase activities in 
the 2 areas were comparable (Table 1). Qin et al. 
(2021) also observed high PMEA during a P. dong-
haiense bloom in a phosphate-replete environment 
and suggested that PMEA was regulated by cellular 
growth demand for phosphorus rather than the exter-

nal phosphorus availability. Rapid growth might have 
induced bloom-causing species to express abundant 
phosphatases in the Lianjiang area even when phos-
phate was abundant. Lidbury et al. (2022) reported a 
previously overlooked but abundant constitutive 
PMEase of PafA that is prevalent in Bacteroidetes. 
Bacteroidetes normally bloom alongside phytoplank-
ton, and typically associate with phytoplankton and 
sinking particles. The high proportion of PMEA and 
PDEA attached to particles during blooms, whether 
in phosphate-replete or phosphate-depleted condi-
tions, might be partially attributed to Bacteriodietes. 
Microorganisms have shown differences in phos-
phatase characteristics, including amount of phos-
phatase production (Ou et al. 2010, 2020, Dyhrman 
2016) and phosphatase families (Lidbury et al. 2022). 
Thus, different microbial community structures in the 
2 study areas might also affect phosphatase activities. 

5.  CONCLUSIONS 

The present study showed P. donghaiense blooms 
may occur under both phosphate-depleted and phos-
phate-replete conditions. Regardless of the external 
phosphate conditions, DOP was an important phos-
phorus source during the blooms. More than 50% of 
DOP was labile, and the availability of DOP sus-
tained the blooms, especially when phosphate was 
depleted. PMEase and PDEase were abundantly 
expressed during the blooms to utilize the different 
groups of DOP, with PMEA and PDEA being highly 
correlated and their regulation showing some simi-
larity. Both PMEA and PDEA increased with the de -
crease in DIP when phosphate was depleted but 
increased with DOP regardless of the external phos-
phate conditions. Temperature and biomass were  
the crucial variables regulating both PMEase and 
PDEase during bloom under phosphate-depleted 
conditions, whereas the availability of DOP was the 
crucial variable regulating both PMEase and PDEase 
during bloom under phosphate-replete conditions. 
The present study showed the important role of DOP 
recycling during dinoflagellate blooms, and sug-
gested the regulation of PMEase and PDEase by 
environmental variables was similar during both 
blooms, although the most crucial variables might 
change depending on external phosphate conditions. 
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