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In this study, we investigated cell physiological and biochemical responses to copper (Cu)
accumulation in the marine diatom Phaeodactylum tricornutum under different nitrogen (N)
and phosphorus (P) conditions. Cells with sufficient N and P (+N+P) showed the highest
total Cu concentrations and displayed a higher metal-tolerance ability. In the +N+P
treatments, 36.5% of dissolved Cu was adsorbed on the frustules (cell walls), 54.9% was
occluded in organelles, and 8.6% was in the soluble fraction. In comparison, cells with N
and/or P shortages (+N-P, -N+P, and —-N-P) adsorbed 10.8-13.1% of the total Cu onto
their cell walls, 74.5-80% was occluded in organelles, and 9.2-12.4% was in the soluble
fraction. The Cu?* influx on the +N+P cell wall was faster due to sufficient metal ligands on
the cell walls and up-regulated metal-related transporters. A significant increase in protein
content occurred under N and/or P shortages, which was accompanied by the inhibition
of the antioxidative enzymatic system and cell membrane damage. Our findings indicate
that N and P play an important role in both Cu adsorption (cell surface) and uptake
(intracellular), and they provide multifaceted evidence of the Cu acquisition mechanism in
P. tricornutum under different macronutrient conditions.

Keywords: marine diatom, macronutrients, copper, metal accumulation, frustule

INTRODUCTION

Diatoms are unicellular photosynthetic eukaryotes that are responsible for 20% of global net
primary productivity and up to 40% of all photosynthetic carbon fixation in the sea, and thus, they
are crucial for the global carbon cycle (Nelson et al., 1995; Falkowski et al., 2005). Diatoms utilize
nutrients such as nitrogen (N), phosphorus (P), silicon (Si), and iron (Fe) to maintain their cell cycle
(Maldonado and Price, 1996; Litchman et al., 2006). Limitations to one of these elements can
significantly influence nutrient uptake, cell growth, metabolism, and the composition of the cell
constituents (Xin et al., 2010; Bromke et al., 2015).

It is well known that algae are resistant to heavy metals and can accumulate large, especially in
the case of diatoms such as Cylindrotheca fusiformis, Phaeodactylum tricornutum, Skeletonema
costatum, and Thalassiosira pseudonana (Breek et al., 1980; Morelli and Pratesi, 1997; Pistocchi
et al., 2000). This may be attributable to the peculiarity of their siliceous cell wall, known as the
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frustule. The diatom frustule is a mixture of silica, proteins, and
carbohydrates, and it is commonly used as a material to adsorb
heavy metals (Zhao et al, 2019). In living cells, however,
accumulation is a consequence of both passive adsorption onto
the cell walls and active uptake into the cell (Ting et al., 1989). A
complex network of metal transport, chelation, trafficking, and
storage processes allows plants and algae to maintain
micronutrient metal homeostasis and cope with the deleterious
effects of excessive metals (Hanikenne et al., 2005).

Estuarine and coastal marine ecosystems can display
phosphorus-limitation, nitrogen-limitation, and co-limitation,
depending on inputs from agriculture, sewage, or rivers
(Conley et al., 2009). Phosphorus is often the limiting nutrient
in many regions of the ocean due to its fast recycling and effects
on diatom growth and productivity (Alipanah et al., 2018), while
N limitation can reduce the cellular pool sizes of glutathione
(GSH) and phytochelatins (PCs), strongly inhibiting metal
accumulation and enhancing metal toxicity (Miao and Wang,
2006; Rosenwasser et al., 2014). Nevertheless, the biochemical
composition of algae varies under different nutrient conditions
(Harrison et al.,, 1990). For instance, the major metal binding
sites in the cell wall include carboxyl, ether, alcoholic, hydroxyl,
and amino functional groups (Gélabert et al., 2006; Lim et al.,
2008). Therefore, different nutrient-conditioned phytoplankton
may have different metal sensitivities. A few studies have
suggested that metal toxicity to phytoplankton may be
dependent on the ambient nutrient concentrations, but
consistent results have not been obtained. Wang and Dei
(2001) demonstrated that N limitation can strongly suppress
metal accumulation, while P had little effect. In contrast,
Rijstenbil et al. (1998) found that the diatom T. pseudonana
was more sensitive to Cu under P deficiency, as the Cu exclusion/
elimination systems may be impaired. Therefore, metal toxicity
to phytoplankton may be a metal-species-specific phenomenon.
However, more microscale and subcellular analyses are needed
to better elucidate metal toxicity to diatoms.

Phaeodactylum tricornutum is a model diatom for large-scale
molecular analyses due to its published genome sequence and a
well-developed molecular toolkit (Bowler et al., 2008; De Riso
et al., 2009). In recent years, a number of membrane transport-
protein families have been implicated in metal homeostasis in
plants (Brembu et al., 2011; Takahashi et al., 2011; Milner et al,,
2013). In this study, we investigated the expression of the metal-
related genes responsible for Cu chelation, uptake, sequestration,
and pumping with a combination of physiological and
biochemical analyses to compare P. tricornutum under
different macro-nutrient growth conditions.

MATERIALS AND METHODS

Culture Conditions

The P. tricornutum stock cultures were obtained from the Center
for Collections of Marine Algae at Xiamen University (CCMA,
Xiamen, China) and maintained under axenic conditions in {/2
medium at 23 + 0.5°C with a light: dark cycle of 14: 10 h (light
illumination of 100 umol photons-m™>s™").

All seawater used in the metal toxicity experiments was
passed through a Chelex ion exchanger (Bio-Rad) to remove
trace metals, filtered through a 0.22-um acetic fiber membrane
(GP Express PLUS Membrane, Sericup, Millipore Corporation),
and sterilized. The experiment was designed to investigate the
effects of the phosphate and nitrate status (N- and P-enriched
cells, N-starved cells, P-starved cells, and N- and P-starved cells)
on copper accumulation. For the NP-enriched treatment, algae
were acclimatized with the standard nitrate and phosphate
concentrations in f/2 medium (Control; 883 and 36 uM,
respectively). For N- and/or P-starvation, the nutrient
concentrations maintained during the acclimation period were
at /20 levels of N (88.3 uM) and/or P (3.6 pM), respectively.
Altered nutrient (N, P) ratios and limiting nutrient supplies can
simulate the nitrogen limitation (-N+P), the phosphorus
limitation (+N-P), and both the nitrogen and phosphorus
limitation (-N-P) conditions in the natural water. Other major
nutrients (e.g., Si, trace metals, and vitamins) were kept at the
same f/2 levels used for the NP-enriched acclimation. All the
flasks of microalgae were shaken twice a day by hand and
acclimated for one month prior to the experiments.

Cell Growth and Toxicity Measurements

To investigate the effects of N and P on the cell growth
conditions, the cell density was monitored daily for 7 days
using a Biirker-Tirk counting chamber (Karl Hecht KG,
Sondheim, Germany). The cell-specific growth rate () was
calculated according to p = In (C,,/Cy;)/(t, - t;), where C;; and
C,; are the cell densities at times ¢1 and 2, respectively (Miao and
Wang, 2006).

To determine the influences of the macronutrients N and P
on metal adsorption, acclimated diatom cells were exposed to
different Cu concentrations (0, 0.1, 1.0, 10.0, 20, 40, and 80 uM).
The total dissolved-metal concentrations were determined using
inductively coupled plasma-mass spectrometry (ICP-MS).
Diatom cells in the mid-exponential growth phase were filtered
(<50 mmHg vacuum) and then resuspended in nutrient-
enriched or -starved resin-treated filtered seawater containing
the different Cu concentrations. The initial cell densities were
1x10° cellsmL™, and all treatments were replicated three times.

After 96 h of exposure, the cell viabilities were examined with
a plant cell viability assay kit (Sigma-Aldrich, USA) that
simultaneously stains the cells with fluorescein diacetate (FDA)
and propidium iodide (PI) dyes, which indicate viability and
nonviability, respectively. The dyed diatom cells (per the
manufacturer instructions) yield green (viable) and red
(nonviable) fluorescence which can be detected under a
fluorescent microscope (Axio Imager M2, ZEISS, Germany).
The median lethal concentrations (LC50) were calculated using
a linear interpolation method in an ICPIN software package
(v2.0, U.S. Environmental Protection Agency, Duluth, MN).

Cellular Accumulation and the Partitioning
of Dissolved Cu in P. tricornutum

At the end of the 96 h exposure to sub-lethal doses of total
dissolved Cu (11.9 uM), an aliquot of 1 x 107 cells was removed
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from each treatment, separated from the medium by
centrifugation (2630 x g at 4°C), and washed 3 times with 0.22
pum-filtered seawater. A part of the algae was used to analyze the
total accumulation of heavy metals, and the other part was used
to analyze the subcellular distribution of the Cu. For the
subcellular analysis, the cells were then washed 3 times with
100 mL of 1 mmol-L™" EDTA (pH = 7.0) to remove any Cu*"
loosely bound to the cells’ exteriors (Campbell and Smith, 1986).
To further separate the Cu into the different subcellular
partitions, the pellets were transferred to 1.5 mL tubes and
homogenized in Tris-HCI buffer (10 mmol-L™}, pH = 7.4) with
an ultrasonic homogenizer (Wiggen Hauser, GM3100, Berlin,
Germany) for 5 min (3 s pause after each 3 s pulse) in an ice bath.
The homogenate was centrifuged at 1000 x g for 30 min to obtain
pellets containing the cell-adsorbed fraction. The supernatant
was then centrifuged at 65,000 x g for 30 min to separate the
insoluble organelles (pellet) from the soluble substances
(supernatant) (Weigel and Jger, 1980; He et al, 2008; Wang
and Wang, 2008). The pellets were then freeze-dried and
digested with 0.5 mL concentrated nitric acid (70%; Sigma-
Aldrich) at 100°C for 24 h. Metal contents in the insoluble
organelles and soluble fractions were measured using inductively
coupled plasma mass spectrometry (ICP-MS; Agilent 7900).

Measuring Net Cu?* Flux With Non-
Invasive Micro-Test Technology

The net fluxes of Cu** around the diatom cells were measured using
non-invasive micro-test technology (NMT; BIO-IM, YoungerUSA,
LLC, Ambherst, MA 01002, USA) as described in our previous study
(Zhou et al., 2020). Briefly, when Cu®* is adsorbed by cells, the Cu®*
concentration increases gradually from near the cell membrane to
the periphery, with the direction of Cu** inflow defined as negative.
Conversely, when Cu®" is released from cells, the direction of Cu®*
efflux is defined as positive. Before testing, ion selective
microelectrodes were calibrated using 10 uM Cu** ion solutions
to ensure the electrode test values were within the normal range, and
only electrodes with Nernstian slopes >25 mV/decade were used (Li
etal.,2017). The electrode was mounted on a 3-dimensional micro-
manipulation device on a microscope, with the diatom (mid-
exponential growth phase) placed at the center of the stage. The
electrode tip was connected to the bath solution and positioned 2-3
pm above the diatom surface before measuring the electrochemical
gradients at two points near and away from the cell (excursion
distance 10 um; frequency 0.2-0.3 Hz). The raw data were processed
to obtain the ion mobility rates and units (pmol-cm *s™") using
FicK’s first law of diffusion equation: J = —Dy(dc/dx), where ] is the
ion flux (pmol~cm_2~s_l), D, is the ionic diffusion constant (7.14 x
107 cm*s ™" for Cu), dc is the ion concentration gradient, and dx is
the excursion distance (i.e., the microelectrode movement). Testing
was conducted at 20-23°C, and six replicate measurements were
obtained for each treatment.

X-Ray Photoelectron Spectroscopy (XPS)
Analysis of the Cell Wall

For the XPS analysis, samples cultured with and without Cu
under different N and P conditions were frozen at —20°C and

freeze-dried; XPS was then used to characterize the binding states
of carbon (C 1s), oxygen (O 1s), silicon (Si 2p), nitrogen (N 1s),
phosphorus (P 2p), sulfur (S 2p), and calcium (Ca 2p) on the cell
surfaces. The lyophilized diatoms were placed on an aluminum
platform for the XPS (VG MultiLab, 2000, Thermo VG Scientific;
East Grinstead, West Sussex, UK) measurements using an Al Ka
X-ray source (1486.6 eV) at 300 W. Photoelectrons were
collected at a take-off angle of 53° for a sampling depth of ~10
nm. All experiments were conducted in triplicate. The binding
energy of the spectra was standardized with the neutral C (1s)
peak at 284.7 eV, and the background was linearly subtracted
(Cicco et al., 2016). Thermal Advantage software was used to fit
the XPS spectra peaks, which were fitted with a number of
known components with similar full width at half maximum
measurements. Peak positions within 0.5 eV were identified as
the same.

RNA Isolation and Real-Time PCR

To identify the different rates of Cu internalization in P.
tricornutum under nutrient-enriched and nutrient-starved
conditions, we examined the expression of several cell
membrane transporters related to Cu uptake, efflux, and
storage and one metal-chelation protein on the cell wall. The
ZIP-T1 (Zrt-, Irt-like Protein) transporter is responsible for
moving multiple divalent metal cations such as Fe, Zn, Mn,
Co, Cu, or Cd into the cytoplasm (Blaby-Haas and Merchant,
2012). Frustulin (Fru5-1) is a protein on the outermost cell wall
of diatoms that has an affinity for Cd and other metal bindings,
thereby decreasing metal bioavailability and uptake (Kroger
et al., 1994; Kroger et al, 1996; Kroger et al., 1997; Santos
et al., 2013). The P;p-type ATPase (ATPase5-1B) was
recognized as a copper transporter and is responsible for
providing Cu to organelles and mediating copper excess when
present (La Fontaine and Mercer, 2007). Another transporter,
VIT1 (Vacuolar Iron Transporter 1), mediates vacuolar metal
storage (Kim et al., 2006).

After exposure to the same metal concentrations used in the
subcellular Cu-accumulation experiments, P. tricornutum cells
were harvested by centrifugation at 2630 x g for 10 min at 15°C.
The cell pellets were resuspended in 1 mL filtered seawater,
transferred to 2 mL tubes, and centrifuged again at 18,000 x g for
1 min at 4°C. The resulting supernatants were discarded, and the
cell pellets were flash frozen in liquid nitrogen and stored at —80°
C until use.

Total RNA was extracted using the RNeasy Plant Mini Kit
(Qiagen, Valencia, CA, USA) according to the manufacturer
instructions. Reverse transcription reactions were performed
with 0.5 pg RNA using PrimeScript " RT Master Mix (Takara,
Kyoto, Japan). A quantitative real-time PCR (qQRT-PCR) analysis
was performed using SYBR Premix Ex Taq'™ II (Takara, Kyoto,
Japan) on a LightCycler® 96 instrument (Roche Diagnostics,
Mannheim, Germany). The qRT-PCR primers used for the genes
ZIP-T1, Fru5-1, ATPase5-1B, VIT1, and PB-actin (internal
control) are shown in Table S1. The relative mRNA expression
was determined using the 2T method (Livak and Schmittgen,
2001). Three independent biological replicates were used in
all experiments.
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Intracellular Proteins and Antioxidant
Responses

After the 96 h incubations, the total protein contents and the
antioxidant enzyme activities were determined. A total of 4 x
107 P. tricornutum cells were collected and disrupted for 6 min in
an ice-cold buffer solution (50 mM K,HPO,, 0.1 mM EDTA; pH
7.8) using an ultrasonic homogenizer (Wiggen Hauser, GM3100,
Berlin, Germany). Each 3 s homogenization was followed by a 3 s
pause to prevent the possible inactivation of proteins due to a
temperature increase during the extraction. After centrifuging
the homogenate (2013 x g at 4°C for 10 min), the supernatant
was used to determine the protein concentrations and
antioxidant enzyme activities. The protein concentrations
were quantified at 595 nm using bovine serum albumin
(BSA) as the standard (Bradford, 1976), and the results are
expressed in milligrams protein per million cells (mg protein/
M cells).

Superoxide dismutase (SOD) activity was measured based
on the inhibition of nitro blue tetrazolium reduction by
superoxide radicals generated with xanthine/xanthine oxidase
(Giannopolitis and Ries, 1977; Misra and Gupta, 2006). The SOD
activity values are expressed as U-mg ' protein. To assess
membrane damage in the diatom cells, the lipid peroxidation/
malondialdehyde (MDA) concentration was measured using an
absorption coefficient of 155 mM ".cm™" and is expressed as
nmol-mg_1 protein. Glutathione (GSH) is a substrate for PC
synthesis and is crucial for the detoxification of heavy metals
(Hasanuzzaman et al, 2017). The cellular SOD activity and
MDA and GSH content in each sample were determined using
corresponding kits purchased from Jiancheng Biotech (Nanjing,
China) following the manufacturer instructions.

Statistical Analysis

Data were analyzed using a one-way analysis of variance
(ANOVA) followed by Duncan post hoc multiple-comparison
tests (SPSS 16.0 software). Significant differences were accepted
for p < 0.05.

RESULTS
Cell Growth and Cu Toxicity Analysis

The growth curves for P. tricornutum under different N/P
concentrations are shown in Figure 1. Clear significant growth
inhibition was observed for the +N—P, -N+P, and -N-P treatments
relative to the control (+N+P). The growth rates did not
significantly differ between the +N-P and -N+P treatments,
which had cell-specific growth rates of 1.5 and 1.4, respectively.
For the cells grown under the —-N-P conditions, growth was
severely inhibited, by 91% relative to the +N+P cells (Figure 1A).

The cell viability of the P. tricornutum cells exposed to different
levels of Cu is shown in Figure 1B. As the metal concentration
increased, the inhibitory effects of Cu on P. tricornutum’s growth
increased. The concentration which gives a 50% effect (EC50) in the
+N+P, +N-P, —-N+P, and —-N-P cells after 96 hours were 16.73,
15.70, 13.02, and 10.33 pM, respectively.

N/P-Dependent Accumulation and
Subcellular Distribution of Cu in P.
tricornutum

After being treated with 11.9 uM Cu for 96 h, the accumulated Cu
in the +N+P cells was 1.88 pg/10° cells, which was significantly
higher than that in the cells grown with an N and/or P deficiency.
The amounts of accumulated Cu in the +N-P and —-N+P cells were
1.32 and 1.26 ug/10° cells, respectively, while the amount in the -N
—P cells was only about half (0.90 pug/10° cells) that in the +N+P
treated cells (Figure 2A).

The results of the copper subcellular fractionation for the four
treatments after the 96 h toxicity test are shown in Figure 2B. For
cells under N- or P-depleted conditions, most of the accumulated
Cu was distributed in the insoluble organelle fraction, while in the
+N+P cells, the subcellular distribution changed, with increased Cu
in the cell-wall fraction. Compared with the N- or P-limited cells,
the —N-P cells exhibited a higher concentration of accumulated Cu
in the soluble fraction. For the —N/-P treatments, 74.5-78.5% of the
accumulated Cu was localized in the cell organelles, 9.2-12.4% was
in the soluble fraction, and <13.1% was associated with the cell
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viability after a 96 h exposure to varying concentrations of Cu (0, 0.1, 1.0, 10.0, 20.0, 40.0, and 80.0 uM). +N, 883 pM; -N, 88.3 uM; +P, 36 uM; —P, 3.6 uM. Data
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membrane and/or cell wall. In comparison, in the +N+P cells, 37%
of the accumulated Cu was distributed to the cell membrane and/or
cell wall, 45% was located in the organelle fraction, and 18% was in
the soluble fraction. The XPS results showed that a considerable
fraction of Cu was adsorbed on the cell surface under sufficient N
and P conditions relative to when N and/or P were deficient.

Net Cu®* Flux in P. tricornutum

To further explore the differences in the uptake abilities of the
cell walls under different N conditions, we used NMT to
investigate the Cu®' flux around individual diatom cell

N
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o
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16
Time (min)
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w
N

surfaces. Negative and positive flux values suggest ion influx
onto cell surfaces and efflux from the cell, respectively. The metal
flux values varied between —0.42 and 3.46 (average 1.56 + 0.95)
pmol-cm 257! for the ~N-P cells, between —11.65 and —3.96
(average —7.33 + 2.24) for the +N+P cells, between —5.98 and
2.02 (average —2.27 + 1.94) pmol~cm_2‘s_1 for the —N+P cells,
and between -7.33 and -2.76 (average —4.73 * 1.00)
pmol-cm™s™" for +N-P cells (Figures 3A, B).

Cell Surface Chemical Composition

X-ray photoelectron spectroscopy was performed to further
analyze the chemical composition changes on the cell surface
before and after Cu adsorption and interactions between the
functional groups and heavy metal ions. The wide scan XPS
spectra of the cell surface showed that the atomic percentages for
O, C, Mg, Si, and N contributed more than 98% of the detected
elements (Table 1). Before the Cu addition, the C/O ratios in
the +N+P and +N-P cells were 2.03 and 2.14, respectively, lower
than those in the -N+P (3.95) and —N-P (3.73) cells.

After Cu exposure, magnesium decreased in the P-limited
cells, calcium decreased in the N-limited cells, and both
magnesium and calcium decreased in the -N-P cells, whereas
in the +N+P cells, there was no change in calcium and an
increase in magnesium (Table 1). The decrease in magnesium
and/or calcium was due to the competition of Cu for ion
exchange sites under N and/or P shortage. High resolution
spectra of the Ols and Cls regions are shown in Figure 4. The
peaks with a binding energy of 531.3/531.4 eV can be assigned to
oxygen atoms in the form O=C (carboxyl and/or quinone
groups), while those at 532.6/532.7 eV can be assigned to
oxygen atoms in the form O-C (ether and/or alcohol
hydroxyl). These two assignments reflect the functional groups
in the cell wall. Figures 4E-H, M-P) shows that the binding
energies of the peaks on the cell walls have a certain degree of
shift before and after Cu adsorption. After Cu exposure,
the quantity of C=O groups increased from 58.0% to 73.2% in
the +N+P cells, from 38.1% to 50.9% in the —~N+P cells, and from
27.6% to 29.5% in the —N-P cells, which were obviously
accompanied by decreases in the C-O groups (Figures 4M, O, P).
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FIGURE 3 | Cu®" fluxes around the cell surface of individual Phaeodactylum tricornutum diatoms under different nitrogen (N) and phosphorus (P) nutrient conditions.
(A) Instantaneous net metal flux as measured by a non-invasive microelectrode probe; (B) the calculated mean net metal flux for the +N+P, +N-P, -N+P, and —-N-P

treatments. +N, 883 pM; —N, 88.3 uM; +P, 36 uM; —P, 3.6 pM.
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TABLE 1 | X-ray photoelectron spectroscopy (XPS) spectral parameters of the cell surfaces of diatoms (Phaeodactylum tricornutum) cultured under four different
nitrogen (N) and phosphorus (P) nutrient conditions: +N+P, —N+P, +N-P, and —-N-P.

Valence state Metal Assignment?® +N+PP +N-P -N+P -N-P
treatment
AP (%) BE (eV) CD (%) AP (%) BE(eV) CD (%) AP (%) BE(eV) CD (%) AP (%) BE (eV) CD (%)
Cls —Cu C-(C, H)"? 57.87 2847 627 5946 2847 622 7577 2847 644 7409 2848  69.1
C-(O, Nj*# 286.1 22.9 286.1 25.3 286.0  30.4 286.1 20.6
0-C-0, C=0%* 288.0  14.4 288.0 124 287.9 3.0 288.0 10.3
288.9 3.1
+Cu C-(C, H)"? 53.46 2847 67.8 71.02 2847 650  67.09 2847  62.1 7196 2847 594
C-(O, N)®#4 286.1  20.0 2862 242 286.1 24.3 286.1 285
0-C-0, C=0** 288.0 12.1 288.0 10.8 288.0 13.6 288.0 12.1
O1s —-Cu 0=C/° 28.49  531.3 580 27.83 5313 550 1919 5314  38.1 19.84 5314 276
o-c*"8 532.6 42,0 532.6 45.0 532.6 61.9 532.6 72.4
+Cu 0=C*® 31.06 531.3 732 2186 531.3 415 2491 5313 509 2167 5314 295
o-c*7e 532.7 26.8 532.6 58.5 532.6 49.1 532.6 70.5
Si2p -Cu Si-OH?* 124 1022 885 255 1022 755 1.03 1022 839 114 1022  80.1
SiO, 24 103.2 1.5 103.1 245 103.1 16.1 103.1 19.9
+Cu Si-OH?* 1.71 102 98.4 123 10241 90.1 156 1022 888 0.81 102.1 72.1
SiO, 24 103.3 16 103.2 9.9 103.1 11.2 103.1 27.9
Nis -Cu Noonpr 489  399.8 100 427  399.9 100 1.21 399.9 933 244  399.9 100
N,° 402.1 6.7
+Cu Noonpr 379 3999  97.2 384 3999 988 3.2 399.9 99 3.67 3999 942
N, 402.1. 28 402.1 1.2 402.1 1 4021 5.8
P2p —-Cu 0.48 0.12 0.4 0.26
+Cu 0.59 0.26 0.65 0.31
S2p —-Cu S0,% 2 0.44 0.45 0.36 0.5
+Cu s0,%? 0.52 0.59 0.48 0.54
Mg2p -Cu 6.6 5.32 1.5 1.49
+Cu 8.87 1.05 1.98 0.9
Ca2s -Cu - - 0.53 0.24
+Cu - 0.15 0.12 0.14

AThe references for the assignment of binding energies are shown in the supporting information.

PN, 883 uM; =N, 88.3 uM; +P, 36 uM; —P, 3.6 uM; +Cu, 11.9 uM; —Cu, no Cu addition.

"Raveendran et al., 2015; 2Cicco et al., 2016; *Dufrene et al., 1997; “Tesson et al., 2009; °Nohira et al., 2002; °He et al., 2013; "Jedlicka et al., 2007; 8Condorelli et al., 2004; *Boukherroub
et al., 2000.

AP, atomic percentage; BE, binding energy; CD, component distribution, that is, the proportion of each component peak.

However, there was an opposite trend in the +N-P treated cells,
with the quantity of C=O groups decreasing and C-O groups
increasing (Figures 4G, O).

The Cls spectra produced three peaks with three binding
energies (Figures 4A-D, I-L). These peaks can be assigned to
C atoms in the forms of C-(C, H), C-(O, N), and O-C-O (ether
or C=0) groups. Overall, the peaks of the single-bonded
carbon C-(O, N) after Cu sorption were less than that before
sorption in treatments +N+P (22.9 vs 20.0%), +N-P (25.3
vs 24.2%), and -N+P (30.4 vs 24.3%), and these were
consistent with the findings from the Ols spectra. The -N
—P-treated cells showed the lowest concentration of C-(O, N)
groups before Cu addition (Figure 4D), and both the C-(O, N)
and O-C-O (ether or C=0) forms increased after Cu
exposure (Figure 4L).

The Si2p spectra produced two peaks, which can be assigned
to amorphous silicate (Si-OH) and silica (SiO,) groups. Initially,
the cells grown with limited N and/or P had a lower proportion
of Si-OH groups and higher proportion of SiO, (Table 1). After
Cu adsorption, the Si-OH/SiO, ratios sharply increased from 7.7
to 61.5 in the +N+P cells, from 3.8 to 9.1 in the +N-P cells, and
from 5.2 to 7.9 in the —N+P cells, whereas in the -N—P-treated
cells, the ratio fell from 4.02 to 2.58.

Expression of Cu-Related Transporters
and Genes

Metal-related transporter analyses can help us to understand the
molecular events associated with the uptake, transport, and
sequestration of metal ions. Therefore the relative gene
expression levels of ZIP-T1, Fru5-1, ATPase5-1B, and VIT1
were examined in cells after chronic Cu exposure under
different N/P ratios (Figure 5). Overall, N and/or P shortages
had a strong negative effect on the detected gene expressions,
with the genes consistently expressed at a higher level in the +N+P
cells. The expression levels were the lowest when both N and P were
limited. Comparing the N-limited cells with the P-limited cells
showed that N-limited cells had higher ZIP-T1 expression (1.28-
fold) and lower ATPase5-1B (0.91-fold) and Fru5-1 expression
(0.77-fold) than P-limited cells.

Changes to Total Proteins and

Intracellular Enzyme Activity

The total protein and antioxidant enzyme responses to further
investigate how the cells detoxified intracellular Cu when under
nutrient depletion were examined. In the +N+P cells, there were
no significant changes in the total proteins under chronic Cu
exposure. However, total proteins were significantly elevated in the
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FIGURE 4 | High-resolution C,1s and O,1s X-ray photoelectron spectroscopy spectra of the diatom (Phaeodactylum tricornutum) cell wall of cells incubated for 96 h
under different nitrogen (N) and phosphorus (P) nutrient conditions with (+Cu) and without (—~Cu). C1s (A-D) and O1s (E-H) of the +N+P, +N-P, -N+P, and -N-P
treatments without Cu exposure. C1s (I-L) and O1s (M-P) of the four treatments after Cu exposure. +N, 883 uM; -N, 88.3 uM; +P, 36 uM; —P, 3.6 uM.

cells with N and/or P shortages, with 2.6-, 3.8-, and 5.6-fold increases
in the +N-P, -N+P, and —-N-P cells, respectively (Figure 6A).

Under Cu treatment, the SOD activity slightly increased in
the NP-enriched cells, but was significantly reduced in the
cells with N and/or P shortages, with reductions of 47.4%,
67.4%, and 73.6% in the +N-P, -N+P, and -N-P cells,
respectively (Figure 6B). In contrast, the MDA content
increased in response to Cu stress in the +N-P, -N+P, and
—N-P cells (1.3-, 1.6-, and 1.3-fold, respectively; Figure 6C).
Upon exposure to Cu, the GSH content was reduced to
between 16.2% and 36.9% of the total levels in the four
treatments (Figure 6D).

DISCUSSION

N and/or P Shortages Reduced Cell
Growth and Increased Metal Sensitivity in
P. tricornutum

Our results showed that there was a strong relationship between
the cell growth and N/P status, with both N and P limitations
significantly reducing the cell growth and metal tolerance of P.
tricornutum. Similar decreases in cell growth and cell density in
response to N and/or P deficiency have been observed in the
diatoms Thalassiosira weissflogii and P. tricornutum (Liu et al.,
2011; Alipanah et al., 2018). Rijstenbil et al. (1998) reported that
the diatom T. pseudonana was more Cu sensitive under nutrient

deficiency. In agreement with the previous authors, other studies
have identified several specific metal toxicity to algae in more
serious conditions namely induced by N and/or P shortages
(Wang and Dei, 2006; Serra et al., 2010).
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FIGURE 5 | Relative expression of genes in Phaeodactylum tricornutum
cultured under different nitrogen (N) and/or phosphorus (P) nutrient conditions
after a 96 h Cu exposure. The relative gene expression levels were calculated
against B-actin. Asterisks indicate significant differences versus the control (+N+P)
cells. *p < 0.05; *p < 0.01. +N, 883 uM; —N, 88.3 uM; +P, 36 uM; —P, 3.6 uM.
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Explanations for these observations have been provided by both
physiological and biochemical studies. One possible explanation is
that because N is involved in protein synthesis, it can determine the
concentration of protein ligands such as GSH and PCs, which are
involved in intracellular metal binding and toxicity (Rosenwasser
etal, 2014; Wu et al,, 2019), whereas P participates in the secretion
of extracellular polymeric substances from diatom cells that may be
responsible for extracellular metal binding to reduce metal toxicity
(Brembu et al, 2017). It has been shown that the uptake and
metabolism of both N and P are suppressed during P deprivation
(Alipanah et al., 2018). In addition, N and P availabilities change
the properties and chemical components of the diatom frustule,
which provides different metal-binding sites (Gelabert et al., 2007;
Yap et al,, 2016). In summary, N and P affect the metal toxicity to
cells through extracellular, cell wall, and intracellular changes, but
there is a lack of evidence to better understanding the interaction of
these changes. In this paper, we tried to explain the observation of
decreased cell growth and metal tolerance in diatoms under N and/
or P shortage by revealing that sufficient N and P guaranteed the
number and diversity of metal-binding sites, support the normal
expression of genes to transport and chelation metal on the cell
walls, and thus the cell walls could bind more metal. Then the
relatively high proportion of the total metal on the cell walls
alleviated the stress of intracellular heavy metals on cells, which
results in an improved effect of intracellular antioxidant enzyme
systems on metal detoxification. Our study provided the first
evidence in a chain reaction of how N and P regulate the
adsorption, accumulation, and distribution of metals to affect the
tolerance of cells to metals.
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N/P Availability Increased Cu
Accumulation by Distributing More Cu on
the Cell Wall to Decrease Metal Toxicity
Nutrients such as N and P can significantly affect metal
accumulation. Rijstenbil et al. (1998) found that the diatom T.
pseudonana can accumulate more Cu in N-enriched media than
in N-limited media. Similarly, Sivakumar et al. (2010) found that
Cu accumulations were decreased with lower N concentrations.
Miao and Wang (2006) found that Cd accumulation was
inhibited under N-limited conditions. Furthermore, a study by
Wang and Dei (2001) found that N addition significantly
increased the accumulation of Cd due to higher rates of Cd
uptake in the cells. Our results are consistent with these
observations, with the accumulated Cu concentration in the
diatom P. tricornutum being 2.1 times higher under NP-
enriched conditions than under N and/or P shortages.

Further, the metal subcellular distribution assay showed that +N
+P cells tend to distribute a larger proportion of Cu on the cell wall
than the N- and/or P-deficient cells. A heavy metal subcellular
distribution analysis helped to understand the mechanisms of metal
accumulation, transport, and detoxification in plants (Lu et al,
2017). Our metal distribution analysis provided clues to explain why
the +N+P cells accumulated more Cu content while having a lower
Cu sensitivity. The intracellular distribution of Cu in the diatom P.
tricornutum has an important effect on the metal sensitivity of the
cells. Previous studies have found that the subcellular metal
distribution (e.g., Cd and Cu distributions in the cell-surface-
adsorbed, soluble, and insoluble fractions) is time-metal-species
specific (Miao and Wang, 2006; Miao and Wang, 2007), but little
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FIGURE 6 | The effect of different nitrogen (N) and phosphorus (P) supplies on (A) total protein, (B) superoxide dismutase (SOD), (C) malondialdehyde (MDA), and
(D) glutathione (GSH) in the diatom Phaeodactylum tricornutum after a 96 h exposure to 11.9 uM Cu (mean + SE). Asterisks indicate significant differences. *p <
0.05, *p < 0.01, **p < 0.001. +N, 883 uM; —N, 88.3 uM; +P, 36 pM; —P, 3.6 pM.
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attention has been paid to the role of the relative amount of heavy
metals adsorbed to the cell wall in the diatom’s defense against heavy
metal toxicity. Our results suggest that the siliceous cell wall is a good
defender against heavy metal toxicity and that the increased Cu
distribution in the cell wall may alleviate Cu stress.

Influence of N/P-Dependent Cell Wall
Chemical and Molecular Characteristics
on Cu Adsorption

The different proportions of metals in the subcellular fractions caused
a discrepancy in the cells’ sensitivities to metals and led us to analyze
the cell wall and intracellular changes under different N/P conditions.
We examined the cell wall biochemical composition and
characteristics through NMT, XPS, and molecular analyses. The
NMT results indicated that the NP-available cells had a greater Cu
uptake capacity than the N- and/or P-starved cells. The positive
average values for the -N—P cells suggest that the elimination of Cu**
outcompeted its uptake under N and P restriction. Although the
values for the +N+P, +N—P and —N+P cells were all negative, the +N
+P cells exhibited 3.23 and 1.55-fold higher Cu®" influx than the -N
+P and +N-P cells, respectively, suggesting faster Cu** uptake than
elimination during initial contact with the metal when both N and P
are sufficient. A weaker influx rate of Cu into the cell wall of nutrient-
deprived diatoms should be due to the lower C-O content in the
carboxyl group and to Si-OH attached to Cu>* on the cell wall, which
was accompanied by the downregulation of a metal-binding protein
and the suppression of metal transporters in the cell wall. The silanol
(Si-OH) groups on the diatom cell walls control the surface charge
properties and metal binding affinities (Gelabert et al., 2004). The
smaller ratios for the cells under N- and/or P-deprivation indicated
they had fewer Si-OH groups. The changes in the contents of C-O and
C=0 indicated that they were involved in the adsorption of Cu onto
the cell surface (Lim et al., 2008). Metal toxicity to aquatic organisms
depends on the speciation of the metal and its binding to biotic
ligands (Levy et al., 2007; Adams et al., 2016). Research has examined
the metal-binding ability of different ligands in the diatom cell wall
and shown that multiple hydroxyl (-OH), carboxyl (-COOH),
amino (-NH,), and silanol (Si-OH) functional groups can enhance
adsorption capabilities (Badruddoza et al., 2011; Marella et al., 2020).
Before adding Cu, the cells had lower C and higher O concentrations
on the +N cell walls than on +P cell walls. Avery and Tobin (1993)
have shown that greater relative effects on the adsorption of the
cations Cu®" and Cd*" are correlated with complexation by anions
from oxygen-containing ligands. The low C/O ratio indicated that
more oxygen-containing functional groups were present on the +N
cells’ surface for metal binding (Compton et al., 2011). Combined
with the higher metal and O concentrations in the +N cells, it is clear
that N plays a role in providing oxygen-linked binding sites for metal
ions on the cell wall. The shift in the binding energies of C and O after
Cu®" adsorption is likely caused by the binding of copper ions onto
their corresponding functional groups (mainly C-O), thus reducing
the electron density. Similar observations that the relative C-O
content is reduced and that C=O is increased after copper
adsorption has been reported by Lim et al. (2008) and Zheng et al.
(2009). Interestingly, we found that the increased C=0 and decreased
single bonded C-O only occurred in one of the C and O elements in
cells under N and/or P limitation. This indicates that the cell wall

adsorption mechanism for Cu is more complicated under N- and/or
P-deficient conditions than when N and P are sufficient. Judging from
the decrease in calcium and magnesium on the diatom cell wall under
N and/or P deficiency, we inferred that except for the chelate
complexes, ion exchange might be another binding mechanism in
those cells. For the +N+P treatment, the main Cu*" binding
mechanism by the diatom cell wall was forming chelate complexes
with adequate carboxyl and Si-OH groups, and thus there was no
need to perform ion exchange, which is in good agreement with our
NMT results. In addition, Ma et al. (2018) found that after the Cu**
adsorption, a lower density of silanol (Si-OH) groups was found in
the cells with N and/or P shortages, demonstrating a weaker metal
adsorption ability on the cell surfaces. A new binding energy at 402.1
was also observed by Badruddoza et al. (2011), which was assigned to
protonated N and assumed to balance the electrical charges of the
adsorbed copper ions.

The sequenced diatom P. tricornutum is a valuable model for
marine phytoplankton studies (Armbrust et al., 2004), allowing us
to better analyze the expression of annotated putative genes related
to Cu transport and assimilation. In this study, the N and P
availability affected the P. tricornutum involved in Cu
assimilation and intracellular distribution gene expressions, with
all the genes down-regulated in the N- and/or P-deficient cells
relative to the +N+P cells. Besides, in P-limited cells, more Cu was
sequestered in the frustule by Fru5-1 and less Cu was transported
intracellularly in comparison with the N-limited cells. Frustulins, a
major group of glycoproteins contain multiple acidic cysteine-rich
domains (ACR domains), constitute and are located in the outer
coat of the cell wall (Kroger etal., 1996). Santos etal. (2013) reported
that diatom Nitzschia palea increased 6 times frustulins production
due to the presence of Cd, and 85.4% of Cd was bound to the
frustulin fraction. Moreover, C-O is the function group of ACR
domains (Benesch and Benesch, 1955), thus the high number of
acidic cysteine residues in frusulins make them excellent substrates
for metal binding. In our study, the limitation of N and/or P were
responsible for the down-regulation of Fru5-1 gene expression and
thus decreased the number of metal-binding sites, explaining why
the nutrient-deficiency cells attracted fewer Cu®" ions on their
surfaces and the decrease of single-bonded form C-O in
XPS analysis.

Effects of N and P on the Intracellular
Response of P. tricornutum to Excess Cu
Enhanced metal sensitivity was not simply due to the
accumulation of metal ions in the cells, especially in the
organelles, but also resulted from the accumulation of cellular
damage during the metal exposure period (Wang and Wang,
2011). In our study, Cu induced an increase in total protein and
MDA content while causing a decrease in SOD activity in the N-
and/or P-deficient cells relative to the control. It is thought that
decreases in total soluble protein content under heavy metal stress
may be due to an increase in protease activity (Palma et al., 2002),
and that an increase in total soluble protein content under heavy
metal stress may be related to the induced biosynthesis of stress
proteins such as GSH and PCs (Verma and Dubey, 2003). Protein
content significantly increases with increases in metal
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concentration (Rastgoo and Alemzadeh, 2011). The decreased
SOD activity in the cells with N and/or P shortages may
indicate that the microalgae’s antioxidative enzymatic system
has been inhibited or destroyed due to more severe stress
(Papadimitriou and Loumbourdis, 2002; Xia et al., 2015). Li
et al. (2006) stated that the enhanced MDA content indicates
that prolonged Cu exposure causes cell membrane damage under
N- and/or P-limited conditions. Glutathione is the precursor for
PCs, which are the first line of defense to combat against Cu-
induced reactive oxygen species formation (Morelli and Scarano,
2004). A large number of experimental results have shown that
after plants or cells are treated with heavy metals, the increase in
PC content was associated with a corresponding decrease in GSH
levels (Grill et al., 1985; Smith et al., 2014). Similarly, our study
revealed that both the cells under N- and/or P-shortage conditions
and those with sufficient N and P had a lower concentration of
GSH after the Cu treatments, indicating that more PCs were
synthesized to alleviate Cu stress in the diatoms, as previously
found by Rijstenbil and Gerringa (2002). This result indicates that
GSH can be used as a promising indicator of heavy-metal stress in
plants and cells. However, the GSH content was not significantly
different among the four treatments after Cu exposure. Therefore,
more heavy metal chelators such as PCs and glutathione disulfide
should be examined together, which could accurately reflect the
oxidative stress status of the cells or the subcellular organelles.

CONCLUSION

In this study, we investigated the cellular defense mechanisms of
the marine diatom P. tricornutum to cope with copper toxicity
under different macronutrient (N and P) conditions. We found
that cells under sufficient N and P conditions had more binding
ligand on the cell walls and thus a larger proportion of metal was
adsorbed to reduce metal toxicity. Correspondingly, when a N
and/or P shortage was present, a weaker metal-ion exchange
mechanism occurred to make up for the fewer number of cell
surface metal ligands. The relatively higher levels of intracellular
Cu in P. tricornutum cells under a N and/or P shortage induced
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