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Abstract

The sinking of diatoms is critical to the formation of oceanic biological pumps and coastal hypoxic zones.
However, little is known about the effects of different nutrient restrictions on diatom sinking. In this study, we
measured the sinking velocity (SV) of Thalassiosira weissflogii using a new phytoplankton video observation
instrument and analyzed major biochemical components under varying nutrient conditions. Our results showed
that the SV of T. weissflogii under different nutrient limitation conditions varied substantially. The highest SV of
(1.77 £ 0.02) m/d was obtained under nitrate limitation, significantly surpassing that under phosphate limitation
at (0.98 £ 0.13) m/d. As the nutrient limitation was released, the SV steadily decreased to (0.32 + 0.03) m/d and
(0.15 £ 0.05) m/d, respectively. Notably, under conditions with limited nitrate and phosphate concentrations, the
SV values of T. weissflogii significantly positively correlated with the lipid content (P < 0.001), with R? values of 0.86
and 0.69, respectively. The change of the phytoplankton SV was primarily related to the intracellular composition,
which is controlled by nutrient conditions but did not significantly correlate with transparent extracellular
polymer and biosilica contents. The results of this study help to understand the regulation of the vertical sinking
process of diatoms by nutrient restriction and provide new insights into phytoplankton dynamics and their

relationship with the marine nutrient structure.
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1 Introduction

Nutrients are one of the key factors regulating marine phyto-
plankton dynamics. Recently, nutrient pollution in China’s off-
shore waters has become more serious. The excessive input of ni-
trate and phosphate nutrients has led to an imbalance in the ni-
trogen-phosphorus ratio, in turn triggering ecological disaster
phenomena such as large-scale harmful algal blooms, hypoxia,
and eutrophication (Li et al., 2002; Tang et al., 2006; Yu et al.,
2018; Wang et al., 2022). These phenomena seriously threaten
both phytoplankton growth and the overall health of aquatic eco-
systems. As the main phytoplankton group in the offshore waters
of China, diatoms play an important role in the global ocean car-
bon cycle and biogeochemistry and strongly correlate with the
formation of summer hypoxic conditions (Cloern, 2001; Turner
et al.,, 2006; Conle et al., 2009; Wang et al., 2017). Physiological
conditions and migratory changes of diatoms exert substantial ef-
fects on the stability of marine ecosystems (Jin et al., 2006;
Tréguer et al., 2018; Zhou et al., 2020).

Sinking is an important determinant that affects the spatial
distribution of phytoplankton communities and the access of in-
dividual phytoplankton cells to light and nutrient salts (Smayda,
1970; Margalef, 1978). The effects of the vertical transport of
phytoplankton vary significantly (Titman and Kilham, 1976;
Huisman and Sommeijer, 2002; Ptacnik et al., 2003; Durante
et al., 2019). Their physiological state undeniably affects phyto-
plankton’s sinking velocity (SV). Currently, the mechanisms that
have been proposed to regulate buoyancy are primarily based on
changes in the cell density, such as the selective uptake of ions
(Anderson and Sweeney, 1978), production of organic osmolytes
(Boyd and Gradmann, 2002), vesicle regulation (Raven and Dob-
lin, 2014), ballast effects of carbohydrates (Lavoie et al., 2016),
lipid accumulation (Anderson and Sweeney, 1977), and cyclic
cell expansion (Lavoie and Raven, 2020). In addition, changes in
environmental conditions, such as temperature, salinity (Bien-
fang and Szyper, 1982), and irradiance (Granata, 1991), as well as
the reproductive state of the cells and exposure history of nutri-
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ent concentrations (Waite and Harrison, 1992), can affect phyto-
plankton settling rates. Some studies have also reported that
porosity is important for particle settling (Alldredge and
Gotschalk, 1988; Bach et al., 2016). However, the biochemical
mechanisms responsible for buoyancy regulation remain un-
clear, necessitating further research to unveil the specific mech-
anisms governing the phytoplankton sinking behavior.

The Changjiang (Yangtze) River Estuary and its adjacent wa-
ters form a globally important high-productivity shelf-edge seas
and are a key area for marine phytoplankton research in China
(Zhou et al., 2008). Due to the terrestrial input of high nitrate and
low phosphate, the spatiotemporal changes of the nutrient struc-
ture are extremely complex, significantly influencing the ecolo-
gical effect of the phytoplankton community. Based on surveys,
phytoplankton growth in near-estuarine waters of the Changji-
ang River Estuary, is primarily limited by phosphate, whereas it
may be limited by nitrate in areas far from the estuary (Wang et
al., 2003; Chen et al., 2012; Liu et al., 2016). As a typical plankton-
ic diatom with high silicification and strong survival ability,
Thalassiosira weissflogii is a common dominant algal species in
the waters of the Changjiang River Estuary, which has an import-
ant ecological status and good research value (d'Ippolito et al.,
2015; Botte et al., 2018).

In this study, we focused on T. weissflogii, simulated the nutri-
ent-limited environment of the Changjiang River Estuary, and ex-
plored the effects of nutrient repletion, nutrient limitation, and
nutrient depletion on T. weissflogii using semi-continuous and
one-time culture models. Moreover, we observed the changes in
sinking behavior under nutrient depletion and spiking condi-
tions, examining the relationship between the SV and cell con-
tent (closely related to cell density, e.g., carbohydrates, proteins,
lipids), as well as between biosilica and transparent extracellular
polymeric particles (TEP) to analyze the buoyancy regulation
mechanism of T. weissflogii under different nutrient limitation
conditions. Our findings will provide further insights into the ef-
fect of the nutrient structure of China’s coastal waters on the set-
tlement of diatoms.

2 Materials and methods

2.1 Diatom cultures

The purified culture of T. weissflogii was used in the laborat-
ory, based on the /2 culture in sterile natural seawater (Guillard
and Ryther, 1962), with a temperature control of 19°C, light
intensity of 25 pmol photons per square meter per second and
light-dark ratio of 12 h:12 h.

2.2 Cultivation methods and experimental setup

We aimed to investigate the effects of nutrient limitation
(PO~ and NO; ) on the SV of T. weissflogii. Based on the actual
conditions of the Changjiang River Estuary and according to the
Redfield ratio (N:P = 16:1), we set the experimental N:P ratio at
4:1 and 64:1 to ensure that T. weissflogii is absolutely limited by
nutrients.

To adapt the cells to the experimental conditions, the semi-
continuous culture was carried out three days before the start of
each experiment using sterile natural seawater to maintain a con-
stant biomass of algal cells. Subsequently, T. weissflogii in the ex-
ponential growth phase was inoculated in the sterilized f/2 medi-
um prepared by natural seawater. The initial inoculation density
was 104 cells/mL, the culture volume was 15 L, and the culture
container was a 20 L glass bottle. Three replicates were per-
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formed for each experiment.

In the nitrate limitation experiments, the initial concentra-
tions of nitrate and phosphate were 96 umol/L and 24 pmol/L
(N:P = 4:1), respectively. In the phosphate limitation experi-
ments, the initial concentrations of nitrate and phosphate were
384 pmol/L and 6 pmol/L (N:P = 64:1), respectively. Silicate, trace
metal elements, and vitamins were added according to the f/2
medium. During the experiments, the concentrations of non-lim-
iting nutrients, trace metals, and vitamins were maintained to en-
sure that only one nutrient was limited. The strain was cultured
under a light intensity of 70 pmol photon per square meter per
second, with a 12 h:12 h light-dark cycle at 25°C. The culture had
a salinity of 28, pH of 8.0 and was continuously stirred at 180
r/min. In the experiment, we determined the nutrient status
based on the growth rate of the cells: (1) nutrient repletion (NR),
log-phase growth; (2) nutrient limitation (NL), the growth rate of 0.1-
0.3 d-%; (3) nutrient depletion (ND), where the growth rate ap-
proaches zero. When the cell growth rate was near zero, the miss-
ing nutrient was added to the culture according to the f/2 medi-
um concentration to induce repletion conditions in the media.
This process is referred to as a nutrient spike (NS). The SV values
were recorded at different nutrient stages and five-time points:
NR, NL, ND, NS, and 2 h, 6 h, 12 h, 24 h, and 48 h after adding the
limiting nutrient. PR, PL, PD, and PS represent phosphate reple-
tion, phosphate limitation, phosphate depletion, and phosphate
spike, respectively.

2.3 Analysis of cell physiological status

The cell abundance was monitored using an automated cell
counter (Shanghai RuiYu Biotech Co., Ltd., China). The growth
rate (u, d-1) was calculated daily as follows:

p = ), 1)
hh — 1y

where C, and C; are the cell concentrations at #, and #;, respect-
ively.

The optimal photochemical efficiency of photosystem I
(PS1I') was measured daily using water pulse amplitude-modu-
lated fluorometry (Heinz Walz GmbH, 91090 Effeltrich, Ger-
many). Samples were treated in the dark for 20 min before meas-
uring the maximum fluorescence (F,) and minimum fluores-
cence (F,). The maximum photosynthetic quenching capacity
(F,) was calculated as the difference between F, and F,,

For chlorophyll a (Chl-a) analysis, the samples were filtered
through 25 mm GF/F filters (pore size = 0.65 pm) under low vacu-
um pressure (<0.04 MPa) and stored at -20C in the dark. After
extraction with 90% acetone for 24 h at -20C in the dark, Chl-a
was measured with a Turner Designs Trilogy™ fluorometer
(Caspers, 1970).

The surface area of a single cell was calculated using the elec-
tron microscope’s photography and measurement function. The
average cell surface area was calculated from the average cell
height and average square radius under the assumption that all
cells were cylinders. The number of cells observed at each stage
was 30.

2.4 Nutrient analysis

Water samples were filtered through a polycarbonate mem-
brane (0.45 pm) for nutrient analyses. Nutrients, such as nitrate,
phosphate, and silicate, were analyzed with thymol spectropho-
tometry (Osibanjo and Ajayi, 1980), the molybdenum blue meth-
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od (Holman, 1943), and silicon molybdenum blue method (Luke,
1953), respectively.

2.5 Analysis of cellular biochemical fractions

Intracellular glucose-based carbohydrates were determined
using the anthrone colorimetric method (Laurentin and Ed-
wards, 2003). Protein quantification was carried out using the
Coomassie brilliant blue method (Bradford, 1976), and lipid ex-
traction and quantification followed the protocol by Johnson and
Wen (2009). Pretreatment of the algal solution was required be-
fore analyzing the glucose-based carbohydrate, protein, and lip-
id contents. Firstly, 1 L of culture solution was filtered through a
polycarbonate membrane with a pore size of 2 um at a vacuum
pump pressure <0.4 kPa and rinsed three times with distilled
water. The cells were vacuum freeze-dried at —-70°C for 24 h and
broken by repeated freeze-thawing cycles. The cells were frozen
at a temperature below —20°C and then thawn at ~4°C. This pro-
cess was repeated 3-4 times. The formation of intracellular ice
particles and increased cytoplasmic salt concentration caused
the cell structure’s cleavage and fragmentation.

2.6 Transparent extracellular polymer and biosilica analysis

The TEP concentrations (pg/L) (Xeq) were measured using a
previously reported method (Passow and Alldredge, 1995) with
minor modifications. Three 10 mL samples were filtered through
a polycarbonate filter with a pore size of 0.4 um under a low con-
stant vacuum (<0.02 MPa) and stained with 0.5 mL of 0.02% Al-
isin Blue solution for 2 s. The filters were subsequently rinsed
twice with 2 mL of distilled water to remove excess dye from the
filter surface. Extraction was performed with 6 mL of 80% sulfuric
acid for 2 h. The absorbance of TEP was determined at 787 nm
using a spectrophotometer with xanthan gum as the base. Bi-
osilica was quantitatively determined with chemical extraction
and silicomolybdic blue spectrophotometric methods (Luke,
1953).

2.7 SV analysis

The SV of the cells was determined with a high-definition mi-
croscopic video system developed in the laboratory. The system
was modified from that described by O’Brien et al. (2006) and
consisted of a feed pump, magnetic stirrer, observation vessel,
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light source, and high-speed camera system. Diatoms sink slowly
and are sensitive to the ambient water velocity. To minimize con-
vection in the observation vessel, a saline gradient seawater was
prepared using the method described by O’Brien et al. (2006),
with the salinities set at 28 and 32 to ensure that the value in the
vessel was gradually increased from the top to the bottom, thus
inhibiting convection. Thalassiosira weissflogii cells were pro-
cessed by filming in a 10 cm x 8 cm x 2 cm (width x height x
depth) glass observation cell using a Light Emitting Diode in-
frared illumination light source. The videos were recorded at 30
frames per second for 10-20 min, allowing many individual sink-
ing cells to be recorded and tracked. All focal cells in the video
were tracked, and data were analyzed using the Image J software
package TrackMate (Tinevez et al., 2017). The number of cells
processed exceeded 200 at a time to ensure that the data were
statistically significant.

2.8 Data analysis

Pearson’s coefficient correlation analyses of SV and each
tested parameter (F,/F,,, growth rate, carbohydrates, proteins,
lipids, biosilica, and TEP) were performed using SPSS 25.0 soft-
ware. Graphing was conducted using GraphPad Prism 9.0 and R
language software (4.3.0).

Before the nutrient limitation experiments, T. weissflogii was
acclimatized to the initial nutrients for 2 d. The initial cell abund-
ance for the two sets of experiments was 2.40 x 10 cells/mL and
2.10 x 10% cells/mL.

3 Results

Before the nutrient limitation experiments, T. weissflogii was
acclimatized to the initial nutrients for 2 d. The initial cell abund-
ance for the two sets of experiments was 2.40 x 104 cells/mL and
2.10 x 104 cells/mL. The cell abundance and growth rate data for
the two sets of experiments are shown in Fig. 1. The maximum
photochemical efficiencies (F,/F,,) for Chl-a and photosystem II
are shown in Fig. 2. Data on the limited nutrient concentration
and sinking rates are shown in Fig. 3. Cellular contents (proteins,
carbohydrates, and lipids) and TEP and BSi data are shown in
Figs 4, 5, and 6, respectively. Table 1 demonstrates the status of
the main parameters at different stages of the two nutrient salt
limitations. The physiological and biochemical responses of
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Fig. 1. Cell abundance and growth rate data for the phosphate depletion-spike experiment (a) and nitrate depletion-spike experi-
ment (b). PR, PL, PD, and PS represent phosphate repletion, phosphate limitation, phosphate depletion, and phosphate spike, re-
spectively. NR, NL, ND, and NS represent nitrate repletion, nitrate limitation, nitrate depletion, and nitrate spike, respectively. R rep-
resents the post-recovery time, and five-time points 2 h, 6 h, 12 h, 24 h, and 48 h were recorded after the addition of limiting nutrients.

These abbreviations apply to all figures.
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Fig. 3. Limited nutrient concentrations and sinking velocity data for the phosphate depletion-spike experiment (a) and nitrate deple-

tion-spike experiment (b).
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Fig. 4. Intracellular contents (protein, glucose-based carbohydrate, and lipid) data for the phosphate depletion-spike experiment (a)
and nitrate depletion-spike experiment (b). The pie chart shows the proportion of each component in four different stages.

T. weissflogii to the two nutrient limitations and spike are dis-
cussed below, respectively.

3.1 Phosphate depletion and spike experiments

During the first 3 d of the experiment, T. weissflogii grew in a
logarithmic phase because of PR, with an average growth rate
of (0.55 + 0.08) d-! (Fig. 1a). Thalassiosira weissflogii settled
at a lower rate during the PR phase, with a mean settling rate of
(0.17 +£0.08) m/d (Fig. 3a) and F,/F,, of (0.69 + 0.01) (Fig. 2a). The

Chl a, protein, carbohydrate, lipid, biosilica, and TEP concentra-
tions were (296.49 + 27.50) pg/L, (0.32 + 0.06) mg/mg, (2.42 +
0.65) pg/mg, (0.10 + 0.02) mg/mg, (18.90 + 1.13) umol/L, and
(184.45 + 62.54) pg/L (Xeq), respectively.

After 7 d of the experiment, extracellular phosphate was
gradually depleted and the growth rate decreased to less than
0.3 d-1, indicating the algae cells’ PL. The SV significantly in-
creased from (0.20 + 0.09) m/d to (0.98 + 0.13) m/d (P < 0.05).
Throughout the nutrient-limited period 7-15 d, the F,/F,_ values



Zhu Jie et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 6, P. 163-172 167

==N:P=4:1 emN:P=64:1
NR NL ND NS

800

200

, WA 0] jlll

o D (DD X a0 (o Vel D
VD EEAT LSS QIS

TEP concentration/(ug-L™") (Xeq)
B
(=2
(=]

Time/h
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Table 1. Changes in F,/F,, surface area of a single cell, sinking velocity (SV), and the macromolecular composition, transparent ex-
tracellular polymeric particle (TEP) concentrations in Thalassiosira weissflogii for the nitrate depletion-spike and phosphate deple-

tion-spike experiments

Nutrient Sv/ Growth EJF Surface area/  Protein/  Glucose-based carbohydrate/ Lipid/ TEP/
stage (m-d-Y) rate/d-! vom pm? (mg-mg) (ng'mg™) (mgmg?) (pgL!)(Xeq)
NR 0.21+0.05 0.55+0.03 0.69+0.01 61.45+14.46 0.34+0.06 2.03+0.52 0.12+0.04 229.38 £53.11
NL 1.09+0.13 0.10£0.02 0.59+0.03 73.43+21.17 0.15+0.03 3.58+0.31 0.53+0.07 261.96 +87.91
ND 0.35+0.04 0.02+0.05 0.34+0.03 68.17+23.01 0.37+£0.10 5.15+£0.61 0.28+£0.07 336.00 +46.30
NS 0.49+0.07 0.04+0.05 0.39+0.02 83.01+20.37 0.20+0.05 6.07+1.33 0.37+0.05 316.50 +63.68
PR 0.17+£0.08 0.48+0.06 0.69+0.01 81.34+19.04 0.32+0.06 2.41 £0.65 0.10+0.02 184.44 +62.55
PL 0.45+0.06 0.12+0.04 0.63+0.01 77.77+21.65 0.19+0.05 2.52+0.50 0.31+0.03 344.78+75.24
PD 0.35+0.07 0.06+0.08 0.42+0.02 74.34+24.13 0.38+0.07 4.44+1.25 0.33+0.05 349.88 +48.56
PS 0.41+0.07 0.10+0.07 0.40+0.02 95.59+21.54 0.43+0.09 5.55+0.67 0.31+0.03 313.59+110.49

decreased, indicating a decreasing photosynthetic capacity.
Compared with the PR phase, carbohydrates insignificantly
changed, the protein concentration significantly decreased, the
lipid content significantly increased from (0.10 + 0.02) mg/mg to
(0.31 £ 0.03) mg/mg, and the biogenic silica content increased
from (18.90 + 1.13) pmol/L to (32.97 + 2.88) umol/L in the
PL phase. In contrast, the TEP concentration increased from
(184.45 + 62.54) pg/L (Xeq) to (344.78 + 75.24) pg/L (Xeq). In the
PD phase, the growth rate increased from -0.01 d-! to 0.10 d-!
after 8 d of PL (Fig. 3a), which may be attributed to the limiting
nutrients being re-released via cell fragmentation. The photosyn-
thetic capacity, SV, and cellular inclusion concentration were sig-
nificantly decreased, and the lipid content was slightly decreased;
however, the carbohydrate content significantly increased from
(2.42 £ 0.65) pg/mg to (4.44 + 1.24) ug/mg, the protein content in-
creased from (0.19 £ 0.05) mg/mg to (0.38 + 0.07) mg/mg, and
TEP and biogenic silica concentrations remained relatively con-
stant.

Under PD conditions, the growth rate and F,/F, increased
significantly within 12 h after the spike from phosphate addition
(456-468 h). The sedimentation rate and lipid content increased
from (0.20 + 0.05) m/d and (0.26 + 0.02) mg/mg to (0.84 +
0.09) m/d and (0.38 + 0.03) mg/mg, respectively. In addition, the
protein and TEP concentrations slightly increased during this
period. Between 12 h and 48 h after PS treatment, 7. weissflogii
still maintained normal growth and a high photosynthetic capa-
city, with a gradual increase in the growth rate and F,/F, values
and a decrease in the SV and lipid content from (0.84 + 0.09) m/d
and (0.38 + 0.03) mg/mg to (0.47 + 0.11) m/d and (0.28 +

0.02) mg/mg, respectively. The protein, carbohydrate, and TEP
concentrations fluctuated during this period.

The surface area of single cells for each of the four nutrient
salt stages is shown in Fig. 7. In each stage, 30 cells were ob-
served. Because of PL and PD, the cell aggregation enhanced in
the late stage, the number of aggregates (diameter > 30 pm) in-
creased significantly, and the single-cell surface area gradually
decreased. Approximately 48 h after the PS, the single-cell sur-
face area gradually returned to that of the PR phase.

The correlation between phosphate limitation and spike ex-
perimental parameters is shown in Fig. 8a. The results revealed
significant negative correlations between F,/F  and carbo-
hydrate content (R? = -0.77, P < 0.05) and Chl a (R?=-0.52, P <
0.001). No significant correlation was observed between the SV
and protein content, whereas a positive correlation was obtained
for the lipid content (R? = 0.69, P < 0.001).

3.2 Nitrate depletion and spike experiments

During the NR phase, the growth rate of T. weissflogii de-
creased from 0.61 d~! to 0.34 d-! (Fig. 1b), and the F,/F,, value
also decreased from 0.71 to 0.58 (Fig. 2b), indicating nitrate limit-
ation (NL). During the NL phase, the SV increased from (0.21 +
0.05) m/d to (1.09 + 0.13) m/d, and the maximum SV reached (1.77 +
0.02) m/d, which is twice the maximum SV under PL conditions
(Fig. 3b). The protein concentration decreased from (0.34 +
0.06) mg/mg to (0.15 + 0.03) mg/mg (Fig. 4b), the TEP concentra-
tion slightly increased (Fig. 5), the lipid concentration slightly
decreased, and both carbohydrate and biosilica concentrations
increased significantly from (3.58 + 0.31) pg/mg and (23.29 +
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1.16) pmol/L to (5.15 + 0.61) pg/mg and (29.30 + 2.28) pmol/L, re-
spectively, under NL conditions. After 72 h, the total nitrate con-
centration and growth rate approached zero, indicating the on-
set of nitrate depletion (ND). Sinking rates and cellular inclusion
concentrations were within the range of measured values for NL.

During the first six hours after the NS, the growth rate of
T. weissflogii jumped to 0.62 d-!, and then decreased to below
0.3 d-!. The SV increased from (0.40 + 0.04) m/d to (0.93 +
0.09) m/d. Biosilica and TEP concentrations also increased.
Between 6 h and 24 h after the NS, the photosynthetic capacity of
T. weissflogii gradually increased, the F,/F,_ value gradually in-
creased from 0.30 to 0.44, and the SV decreased from (0.93 +
0.09) m/d to (0.29 £ 0.06) m/d. Cellular inclusions, biogenic
silica, and TEP concentrations fluctuated during NS.

Figure 8b shows the correlation between parameters in the
NL and NS experiments. The results indicate significant negative
correlations between F,/F, and the carbohydrate content (R? =
-0.79, P<0.001) and TEP (R% = -0.57, P < 0.001). The SV strongly
negatively correlated with the protein content (R? = -0.59, P <
0.001) and strongly positively correlated with the lipid content
(R?=0.86, P <0.001).

4 Discussion

4.1 Response of diatom SV to different nutrient limitations
The nutrient concentration affects the growth state of the
phytoplankton and significantly influences the SV (Smayda and
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Boleyn, 1965). In most planktonic diatoms, the sinking rate and
growth rates are negatively correlated (Eppley et al., 1967;
Smayda, 1970; Reynolds and Walsby, 1975). Under conditions
with repleted nutrients, the cell growth is vigorous and the algal
cells in both sets of experiments grow in a logarithmic phase,
with increasing photosynthetic capacity and gradual accumula-
tion of the Chl-a content. During this time, the SV of the cells is
insignificant. Subsequently, under conditions with limited nutri-
ents, the F,/F,_, growth rate, and Chl-a content produced by a
unit of cell decrease and the SV increases sharply. Here, after the
nutrient spike, the F,/F_, continued to increase in the nitrate lim-
itation experiment; however, the cell abundance did not increase
significantly, which may be due to the time inconsistency
between the photosynthetic response of phytoplankton and its
cell abundance growth. Under nitrate limitation, the growth
status deteriorates; therefore, it may allocate energy for survival
rather than reproduction in the early post-nutrient supplementa-
tion period. In addition, the photosystem II of phytoplankton is
very responsive to changes in the environment (Kolber et al.,
1988). When sinking cells encounter higher concentrations of nu-
trients, the sinking rate will decrease again (Bienfang et al., 1982).
Figure 9 simulates the theoretical relationship between the nutri-
ent limitation and the SV of T. weissflogii in the waters of the
Changjiang River Estuary as an example.

The SV values of diatoms correlate with the type of limiting
nutrient. Bienfang et al. (1982) reported that Skeletonema cost-
atum, Chaetoceros gracilis and Ditylum brightwelii have high SV
values under silica-limiting conditions and reduced SV under
both NL and PL conditions. Coscinodiscus wailesii has high SV
values in all three nutrient-limited states (Du Clos et al., 2021).
During the nutrient-limited phase of this study, the SV of T. weiss-
flogii is significantly higher than that during the nutrient-re-
pleted phase, with a three-fold higher rate in the PL state and an
approximately five-fold higher rate in the NL state. The SV was
still significantly higher than that during the NR phase, although
it decreased during the ND phase. The SV of T. weissflogii signi-
ficantly increased within 6 h of addition of the limited nutrient,
gradually returned to the level of the NR stage, and then signific-
antly increased after 24 h, suggesting that the cells may have
reentered the NL state. This phenomenon has been observed in
studies on Coscinodiscus wailesii and Phaeodactylum tricornu-

b
1.0
Sinking
velocity 0.8
—0.59 Protein 0.6
0.07  —0.24 Carbo- 0.4
hydrate K]
2
0.2 2
0.86 —0.61 028 Lipid “{o,
0 =
2
-0.28 0.07 0.08 -0.10 BSi =
-02 ¢
(=}
@)
-0.04 -029 054 009 031 Tep 04
-0.02 0.08 -0.79 -0.25 -0.08 -0.57 FJF, -06
-0.8
0.38  —040 -025 035 041 019 031 Chla
-1.0
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tracellular products.

tum (Du Clos et al., 2021; Zhang et al., 2023). In case of a sudden
increase in ambient nutrient concentration, T. weissflogii may
sink more rapidly, thereby increasing nutrient fluxes. After the in-
ternal nutrient reserves of the cell are sufficient, it may slow down
its SV, maximizing exposure to light and avoiding the additional
energy expenditure associated with sinking.

4.2 Correlation between cell products and SV

Under nutrient-limited conditions, T. weissflogii may have the
capacity to change its cell density by regulating changes in cellu-
lar inclusions, thereby controlling the SV. Based on the Stokes
equation, the SV of spherical cells will depend on their size and
density. Larger and heavier cells may sink at a faster rate. We per-
formed ¢-tests on cell surface area data for both sets of experi-
ments and did not observe significant differences. Therefore, we
focused on examining the correlation between cell contents,
which are closely related to the density, and their SV values (as
shown in Fig. 8). Notably, we observed that the SV values of T.
weissflogii exhibit significant positive correlations with the lipid
content (P < 0.001), with an R2 value of 0.69 in the phosphate lim-
itation experiment and an R? value of 0.86 in the nitrate limita-
tion experiment. This result contrasts the conclusions of experi-
mental studies by Smayda (1970) and Pantorno et al. (2013) who
suggested that lipid accumulation is not a pivotal mechanism for
suspension in phytoplankton and has a limited influence on cell
density. Based on other literature, the cell density of diatoms may
increase by increasing the intracellular lipid content or altering
its composition, thus promoting sedimentation (Alipanah et al.,
2018; Van Mooy et al., 2009). It has also been observed that PL
and PD increase the lipid content, primarily triglycerides, in the
triangular brown fingerling (Reitan et al., 1994). In this study, we
observed that the total lipid content, as a percentage of organic
compounds, is significantly higher in T. weissflogii when it is nu-
trient-limited (Fig. 4). The percentage of lipids increases from
23.61% to 61.41% under PL conditions and then decreases to
41.45% after the PS. Similarly, the percentage of lipids increases
from 25.98% to 78.02% under NL conditions, which dominates
the content of organic compounds. The SV reaches the highest
level at this stage. Thus, lipids are the key biochemical compon-
ents that regulate the settling mechanism of T. weissflogii.

In addition, protein and carbohydrate contents do not exhibit
a significant correlation relationship during the sedimentation of
T. weissflogii. Proteins are the main macromolecular reservoir of
intracellular nitrate; thus NL of the medium has an important ef-
fect on protein synthesis (Zhao et al., 2009). In this study, we only
observed a significant negative correlation between the SV and
protein content in T. weissflogii during the NL and ND phases
(R2=-0.67, P<0.001), whereas no significant correlation was re-
corded during PL. The protein content increases during the ND
phase, probably due to the re-release of limiting nutrients result-
ing from partial cell death and fragmentation. Furthermore, the
phosphate uptake capacity of algae increases during starvation
depletion, and protein is a major component of excess nitrate ac-
cumulation under PL conditions (Rhee, 1978). Similarly, carbo-
hydrates stored in cells under NL and PL conditions show a
gradual accumulation trend, which agrees with the results of pre-
vious studies (Beardall et al., 2001; Myklestad and Haug, 1972).
No significant correlation was observed between biogenic silica
and the SV of diatoms.

In addition to cellular inclusions, it has been shown that TEP
produced by phytoplankton can also significantly affect SV val-
ues (Alldredge et al., 1993; Passow, 2002; Mari et al., 2017; Guo
and Sun, 2020). TEP, an extracellular product produced by phyto-
plankton in the oceans, consists of acidic carbohydrates with col-
loidal particulate matter properties, which can dissolve by agglu-
tination of organic matter, bacteria, and phytoplankton to form
aggregates (Bar-Zeev et al., 2011; Passow, 2002; Simon et al.,
2002). Sinking of large aggregates contributes significantly to ver-
tical carbon fluxes, a key factor driving the downward transport of
particulate organic carbon. However, TEP are typically less dense
than seawater, and in the absence of other particulate ballast,
they prefer to remain in surface waters and can even float up-
wards (Mari et al., 2017). Therefore, the role of TEP in phyto-
plankton sedimentation is controversial, especially in the real
sea, there may be more complex sinking mechanisms. TEP accu-
mulation was observed in our experiments during PL, NL, PD,
and ND, with higher levels in the PL state. Staats et al. (2000) re-
ported similar findings based on a nitrate- and phosphate-defi-
ciency study of T. weissflogii. In addition, we observed a signific-
ant negative correlation between the TEP concentration and SV
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during the NL and ND phases (R? = -0.77, P < 0.01).

5 Conclusions

(1) Nutrient-limiting conditions significantly affected the SV
of diatoms. In the case of T. weissflogii, nitrate-limited (N:P = 4:1)
and phosphate-limited (N:P = 64:1) conditions could increase the
SV up to five- and three-fold, respectively. Short-term increases
in restorative nutrients could also increase the SV.

(2) Under both nitrate- and phosphate-limited conditions,
the SV variations were related to cellular contents, especially the
lipid content. However, the protein content negatively correlated
with the SV only under nitrate limitation, and no correlation was
observed under phosphate limitation. The glucose-based carbo-
hydrate and biogenic silica contents did not significantly correl-
ate with the SV.

(3) Both nitrate- and phosphate-limited environments in-
duced T. weissflogii to produce TEP, and the TEP concentration
was higher under phosphate-limited conditions. However,
changes in TEP contents under phosphate limitation did not af-
fect SV, whereas SV decreased with increasing TEP levels under
nitrate limitation.

This study revealed the sinking mechanism of a single diatom
species under nitrate- and phosphate-limited conditions, using
controlled indoor culture experiments. However, the aggrega-
tion effect of actual phytoplankton populations in the natural
marine environment was not considered. The problem of aggreg-
ation in the real ocean is widespread, which cannot be ignored.
However, in this experiment, the scientific problem we primarily
addressed was based on the change of sinking rate of individual
cells, and did not focus on the aggregation problem, which is also
the limitation of our experiment. In the future, further indoor cul-
ture experiments should be conducted to simulate and explore
the settling effect of phytoplankton aggregates to elucidate the
settling mechanism of phytoplankton under nutrient-limited
conditions.
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