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ARTICLE INFO ABSTRACT
Keywords: Pollution by potentially toxic elements (PTEs) such as Pb and Zn threatens seaweed populations, which sustain
Marine pollution marine coastal ecosystems. Understanding how seaweeds uptake and release these pollutants is crucial to
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assessing their impact. To address this, we analyzed the subcellular location of PTEs in transplanted thalli of the
brown seaweed Fucus vesiculosus using nanoscale secondary ion mass spectrometry (NanoSIMS). Lead accumu-
lated primarily in the cell wall, with minimal intracellular localization. Its concentrations increased slightly upon
exposure at a polluted site and decreased at an unpolluted site, reflecting an equilibrium between environmental
bioavailability and cell wall binding sites. In contrast, metabolically important PTEs such as Mn and Zn exhibited
higher intracellular concentrations that responded similarly when transplanted to a different site regardless of its
pollution levels, likely as a stress response to changes in environmental conditions. PTEs without metabolic
functions, such as Pb, are not internalized and remain in equilibrium with the environment, whereas intracellular
essential PTEs are metabolically regulated. This contrast explains why PTEs differ in toxicity to seaweeds,
advancing our understanding of their vulnerability to pollution and enabling more effective strategies to protect
the ecosystems they support.
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1. Introduction

Coastal ecosystems are essential for marine life and human com-
munities, as they sustain rich biodiversity, support key activities, and
supply vital resources [27,9]. Yet, these ecosystems are among the most
vulnerable to anthropogenic impact, hosting numerous industrial,
transportation and recreational activities, while also receiving dis-
charges from rivers, which are often used for waste disposal [21]. This
has led to the accumulation of pollutants in coastal areas, causing sig-
nificant environmental degradation and disrupting marine ecosystems.

Among the most harmful pollutants in coastal waters are potentially
toxic elements (PTEs). For instance, the use of Cu and Zn in antifouling
paints has resulted in severe contamination of harbor waters [16,4];
discharges from rivers affected by acid mine drainage containing Cu, As,
and other PTEs, have damaged ecosystems around river mouths [18,20,
3]; and concentrations of Pb and Hg in marine environments have
increased tenfold compared to preindustrial levels [11,23].

In these environments, seaweeds are foundational organisms,
providing food, physical structure, cycling nutrients, and sequestering
carbon, thereby supporting biodiversity and ecosystem resilience [24,
31]. Understanding their interactions with PTEs is therefore essential for
assessing and predicting the impact of pollution on the ecosystems they
sustain. Additionally, seaweeds are commonly used in biomonitoring
studies to assess pollution in coastal ecosystems [12,13], with the ac-
curacy of these assessments relying on our understanding of
seaweed-PTE interactions. Still, until recently, little was known about
the pathways and fate of the PTEs captured by seaweeds [36].

Over the last two decades, two techniques have emerged that enable
the imaging of elemental concentrations with the sensitivity required to
map natural distributions of PTEs at the nanoscale, driving significant
progress in this field [7]. These techniques are synchrotron-based X-Ray
diffraction (S-XRF) and nanoscale secondary ion mass spectrometry
(NanoSIMS), both of which allow mapping elemental concentrations at
resolutions as low as tens of nanometers [39]. These technologies
operate on different principles: S-XRF uses an X-ray beam to excite the
atoms in the sample and analyzes the resulting fluorescence emission
spectrum, while NanoSIMS employs an ion beam to scatter secondary
ions from the sample, which are then analyzed by mass spectrometry.
These different principles lead to distinct advantages and limitations.
S-XRF provides data on a wide range of elements within a single spec-
trum, but is primarily limited to heavy elements and overlap between
fluorescence peaks can cause interferences in the analysis of fixed
samples. With NanoSIMS, the number of elements analyzed simulta-
neously is lower, but it can also be used to detect light elements that are
beyond the reach of S-XRF [39] and is able to provide higher resolution
[19].

To date, very few studies have applied these techniques to seaweed.
NanoSIMS studies have focused exclusively on Laminaria digitata, a kelp
species, analyzing the distribution of As, Br, and I—all of which were
found to accumulate extracellularly [10,17,37]. Similarly, S-XRF anal-
ysis conducted on Laminaria digitata detected Sr outside the cells, while
Fe and Zn were colocalized intracellularly. Most of the information
available on PTEs distributions at nanoscale comes from a study on the
fucoid Fucus vesiculosus, which revealed two distinct accumulation pat-
terns for PTEs [35]. Elements without significant metabolic roles (e.g.,
As, Ba, and U) were found to accumulate extracellularly, whereas
metabolically essential PTEs (e.g., Co, Ni, Cu, and Zn) were internalized
and sequestered into physodes—specialized organelles containing
phenolic compounds known as phlorotannins. Although these studies
provide a strong foundation for understanding PTE uptake in seaweeds,
mainly two important questions remain unanswered. First, although the
metabolic role of elements has been suggested to influence their accu-
mulation patterns, key PTEs without metabolic functions (e.g. Pb, Cd,
and Hg) were undetectable in previous S-XRF studies. Second, while
some inferences about accumulation mechanisms and dynamics can be
drawn from existing data—for example, elements attached to the cell
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wall are likely bound by ionic interactions—the dynamics and mecha-
nisms controlling intracellular concentrations remain poorly under-
stood. Key uncertainties include the rate of the internalization process,
its reversibility, and the molecular mechanisms governing membrane
transport. Addressing these gaps would enhance our understanding of
PTE toxicity under varying environmental conditions and the potential
for its reduction by reducing environmental PTE concentrations.

In this study, we aim to address both limitations. We conducted a
transplantation experiment between two sites with differing pollution
levels to investigate the cellular structures responsible for capturing and
discharging PTEs in response to changes in environmental concentra-
tions. The samples were analyzed using NanoSIMS, which enabled us to
resolve the distribution of Pb, which was undetectable in previous S-XRF
studies, among other PTEs.

2. Material and methods
2.1. Transplant preparation and exposure

A transplantation experiment was conducted between two nearby
exposure sites (ES) in NW Spain characterized by different pollution
levels. The first site, located at 42°47°25.3"N, 8°55°04.1"W (WGS84) has
overall low PTE concentrations, whereas the second site, located at
42°20’46.7"N, 8°36’47.9"W, has high Pb concentrations owing to a
nearby inactive porcelain factory. Because Pb was the main focus of this
study, the polluted site was selected for its extreme Pb concentrations in
seaweeds and sediments [33]. However, the concentrations of other
elements are not particularly high at this site, as shown in a previous
transplantation study [34], in which transplants taken from the unpol-
luted to the polluted site experienced a decrease in Mn concentrations,
and Zn concentrations remained mostly stable. Still, contrasting con-
centrations for most elements between the two locations enable testing
our hypothesis.

Thalli of Fucus vesiculosus and two stones roughly 20 x 20 x 10 cm in
size were collected from each site. Transplants mimicking natural con-
ditions were prepared by attaching four medium-sized thalli to each
stone: two stones were prepared with thalli from the polluted site, and
two with thalli from the unpolluted site. The thalli were secured to the
upper surface of the stones using waterproof silicone sealant. To prevent
material loss while allowing water flow, the stones were covered with
2 cm mesh size polyethylene nets. The prepared transplants were left at
4°C overnight. The following day, one transplant from each site was
placed at each ES, ensuring that each site contained one transplant with
local seaweed (autotransplant) and one with seaweed from the opposite
site (cross-transplant). To avoid confusion, the following codes will be
used in the text and figures: autotransplants in the unpolluted site (U-U),
autotransplants in the polluted site (P-P), cross-transplants from un-
polluted to polluted (U-P), and cross-transplants from polluted to un-
polluted (P-U).

The transplants were collected after 12 days, a timeframe shown to
be sufficient for detecting changes in PTE concentrations in seaweeds
exposed to different conditions [36]. The dismantling process involved
mesh nets and scraping off the silicone sealant. The thalli were collected
and placed in polyethylene bags for transport to the laboratory. To
ensure homogeneity, the three apical dichotomies of healthy thalli
without reproductive structures were selected. Two apices from each of
the four samples were further selected for SEM and NanoSIMS analysis.
These apices were stored in polypropylene tubes containing a small
amount of water to prevent dehydration, and kept at 4°C. The remaining
material was oven-dried at 40°C until constant weight, homogenized
with a tangential mill with zirconium oxide grinding vessels (Retsch
ZM400), and stored in darkness until chemical analysis.

2.2. ICP-MS analysis

The samples were oven-dried at 40 °C to remove residual moisture
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before analysis. From each sample, 1 g (dry weight) was digested in
Teflon vessels using a microwave digestion system (Milestone Ethos-1)
following a temperature ramp: 100 °C for 10 min, 150 °C for 7 min,
and 190 °C for 25 min. The digestion was performed with 10 mL of HNO3
(65 %), 2mL of HyO5 (30 %), and 2 mL of Milli-Q water. Total concen-
trations of Na, Ca, Mn, Zn, and Pb were determined by inductively
coupled plasma mass spectrometry (ICP-MS, Agilent 7700x) at the
University Research Support Services Unit (RIAIDT, Universidade de
Santiago de Compostela). Quality control was ensured through replicate
analyses and the use of reference material (ERM-CD200, Fucus ves-
iculosus). The variation among replicates ranged from 9 % to 11 % and
the percentage recoveries for the two certified elements—Zn and
Pb—were 113 % and 96 % respectively.

2.3. Sample preparation for scanning electron microscope (SEM) and
NanoSIMS

Within 24 h of collection, the samples in polypropylene tubes were
transported under refrigeration to the Centro Nacional de Biotecnologia
(CNB-CSIC) in Madrid, Spain, for preparation for SEM and NanoSIMS
analysis. The samples were prepared by cryofixation to prevent the
mobilization of trace elements [37]. The fixation protocol is described in
Vazquez-Arias et al. [35]. Briefly, 150 um-thick transverse sections were
subjected to high-pressure freezing, vitrified in a 1 % osmium tetroxide
solution in acetone, and dehydrated with anhydrous acetone. Finally,
the samples were embedded in epoxy resin. All 4 samples had
well-preserved regions suitable for analyses.

From each resin block, 200 nm-thick sections were obtained and
transferred onto 5 x 5 mm silicon wafers. The sections were stained with
saturated aqueous uranyl acetate for 25 min at room temperature and
mounted on SEM aluminum holders using conductive carbon tape.

2.4. SEM imaging

The mounted samples were transported to the Research Support
Services Unit of the University of Santiago de Compostela (RIAIDT-USC)
for SEM analysis. Images were captured to visualize the samples and
identify the best-preserved regions for NanoSIMS analysis. Low-
resolution exploratory images were obtained using a Zeiss EVO 15,
while high-resolution close-up images were captured with a Zeiss
Gemini 500. The cellular ultrastructure was visualized using backscatter
detectors.

2.5. NanoSIMS analysis

The mounted sections were analyzed using a CAMECA NanoSIMS
50 L at the Kochi Institute for Core Sample Research (KOCHI-JAMSTEC)
in Japan. Samples were pre-sputtered at high beam currents (~100 pA),
and analyzed with a 16keV primary O" beam (Hyperion RF source
apparatus) at around 7 pA (D1-2, Do-2 conditions). Areas measuring
48 x 48 um were scanned with an approximate spatial resolution of
200 nm and an acquisition time of 10 ms per pixel, obtaining 256 x 256-
pixel images. Each area was analyzed 5 times, taking 3311 s. Positive
secondary ion images of 23Na, 40Ca, >>Mn, ®Zn, 2°8Pb, and 238U'°0 were
obtained simultaneously by multidetection with six electron multipliers
at a mass resolving power of approximately ~3000 (CAMECA NanoSIMS
definition), producing read counts (number of ions acquired) for each
pixel. Four samples were analyzed, and in three of them more than one
area was measured to compare inter- and intra-sample variability.

As uranyl acetate was used during the staining process, UO maps
were generated to assist in visualizing ultrastructural elements and
aligning them with SEM images; however, these maps do not reflect
natural U distributions. The other five elements where selected for
different reasons: Ca and Na are metals detectable with the O” beam with
high concentrations which also assist in structural identification; Zn and
Mn are were previously studied in F. vesiculosus [35], allowing the

Journal of Hazardous Materials 497 (2025) 139646

validation of the NanoSIMS results; and among key PTEs with unknown
distributions seaweeds (Pb, Cd, and Hg), Pb was selected for analysis due
to its extreme toxicity and comparatively high environmental
concentrations.

2.6. Data processing

Image processing was performed using ImageJ [28] and NASA JSC
imaging software [15]. The.im NanoSIMS data files were opened using
the OpenMIMS plugin [25], which was used to export them as PNG files
for visualization and as TIFFs for statistical analysis. To overlay SEM and
NanoSIMS images, an affine transformation was applied to the Nano-
SIMS images using the Landmark Correspondence tool. For regions
where SEM images with at least 2000x magnification and corresponding
NanoSIMS data available, intensity values of the different elements in
the ultrastructural components of the samples were extracted. This level
of magnification was necessary to accurately identify small organelles.
For each of the four samples, this analysis was conducted in two regions,
except for the worst preserved sample, where only one region could be
analyzed. Ultrastructural elements were selected as regions of interest
(ROIs) on the SEM images, which were then applied to the TIFF files to
retrieve element intensity values across pixels within the ROIs. Cellular
structures were identified following previous studies [35]. The main
structures identified were the cell wall, nuclei, plastids, vacuoles,
mitochondria, and physodes. Extracellular polysaccharides were also
identified but were grouped with the cell wall due to their similar
composition. Cytoplasmic regions were excluded from analysis as they
could not be consistently identified across all samples due to tightly
packed vacuoles and limited contrast. Most analyses focused on regions
close to the surface (meristoderm and cortex), as these cellular layers are
primarily responsible for PTE accumulation [35].

2.7. Data analysis

The extracted data were analyzed using R software version 4.4.1 (R
[26]), with data visualization performed using the ggplot2 [38] pack-
age. The median concentration for each subcellular structure was
calculated by aggregating data from all pixels within its ROI across all
five layers. The median was used instead of the mean to ensure
robustness against pixels from surrounding structures that may have
been incorrectly included due to minor errors in image alignment or ROI
selection.

The use of statistical tests to compare concentration values was
hindered by two factors: slight differences in intensity values introduced
by NanoSIMS analysis and the large number of pixel values. As previ-
ously reported [35], applying statistical tests to pixel values can inflate
statistical power, resulting in low p-values for every comparison. For this
reason, techniques such non-parametric statistical tests comparing me-
dians are unable to distinguish biologically meaningful differences from
slight biases caused by methodological artifacts such as matrix effects. A
possible alternative could be comparing the medians values of subcel-
lular structures, but this is complicated by the differences in abundance.
While the large number of physodes allowed for meaningful compari-
sons, the continuity of the cell wall and the limited number of nuclei
restricted such comparisons. Therefore, sample comparisons were per-
formed visually, as the combination of distribution maps and graphs
comparing median values enable the description of concentrations dis-
tribution patterns. For these comparisons, structures from different
cellular layers (meristoderm and cortex) were grouped, as prior studies
[35] reported only minor differences in elemental concentrations be-
tween these layers.

3. Results

The NanoSIMS concentration maps, SEM images, and their overlays
are shown in Figs. 1 and 2 for PTEs in selected samples, with the
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remainder presented in Figs. S1-54 of the supplementary material. Each
element exhibited distinct distribution patterns which were generally
consistent across different samples. Na showed some variability, with
high concentrations in the cell walls of most samples but higher intra-
cellular concentrations in the vacuoles of certain samples. For Ca, the
highest concentrations were found in the cell wall, followed by the
physodes and plastids. Mn was predominantly detected intracellularly,
particularly within the plastids. Zn was primarily concentrated in the
physodes, although significant concentrations were also observed in the
cell wall of some samples. Pb was mostly concentrated in the cell wall,
with minimal intracellular presence; intracellularly, it was restricted to
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the physodes.

Fig. 3 shows the median concentrations of each element by sample
and ultrastructural element, enabling the study of exposure site effects.
For all elements except Pb, the cross-transplants (U-P and P-U) experi-
enced similar trends regardless of the exposure site. Specifically, the
concentrations of Ca, Mn and Zn were lower in the cross-transplants
than in the autotransplants of the same origin, whereas Na concentra-
tions increased in the cross-transplants. These trends were consistent
across subcellular structures. Pb, however followed a distinct pattern
aligned with expected site-related effects. Samples collected from the
unpolluted site had higher Pb concentrations when exposed at the

Fig. 1. SEM and NanoSIMS images of the P-U sample. a: SEM image. b-d: Elemental distribution maps of Mn, Zn, and Pb overlayed over the SEM image. e: Optical
image of a section from a different F. vesiculosus sample stained with toluidine blue. f-h: Distribution maps with a color scale over for enhanced contrast. Color scale
units are NanoSIMS read counts. Bottom scale applies to SEM and NanoSIMS images.
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1 40 MM |

Fig. 2. SEM and NanoSIMS images of the P-P sample. a: SEM image. b-d: Elemental distribution maps of Mn, Zn, and Pb overlayed over the SEM image. e: Optical
image of a section from a different F. vesiculosus sample stained with toluidine blue. f-h: Distribution maps with a color scale over for enhanced contrast. Color scale
units are NanoSIMS read counts. Bottom scale applies to SEM and NanoSIMS images.

polluted site (U-P) than after being re-exposed at the unpolluted one (U-
U). Conversely, Pb concentrations decreased in samples collected from
the polluted site (P) and transported to the unpolluted site (P-U)
compared to those re-exposed at the polluted site (P-P).

To ensure that this effect was not caused by differences during
NanoSIMS analysis, we compared the variance between different anal-
ysis of the same sample and analyses of different samples (Fig. S5 of the
supplementary material). The variance across samples was considerably
higher, indicating that the observed differences were not caused by
analytical artifacts.

We also compared the total concentrations of each element

determined with ICP-MS across samples (Fig. 4), which displayed a
completely different pattern from those measured with NanoSIMS. In
this case, concentrations depended on the exposure site rather than
whether the samples were autotransplants or cross-transplants. Trans-
plants exposed at the polluted site had lower Mn and higher concen-
trations of other elements compared to those from the same origin
exposed at the unpolluted site.
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Fig. 3. Median intensity values obtained with NanoSIMS. Each column represents the collection site, and each line the intensity difference depending on the
exposure site for each structure. Subcellular structures: wal: cell wall and extracellular polysaccharides; vac: vacuoles; pla: plastids; phy: physodes; nuc: nuclei; mit:

mitochondria.
4. Discussion
4.1. Elemental distributions

Despite its relevance as an environmental pollutant, the localization
of Pb within seaweeds was previously unknown. This study reveals that
Pb is predominantly accumulated outside the cells, with only a minimal
fraction being internalized. These findings align with previous results
suggesting that seaweeds prevent the internalization of PTEs with
limited metabolic functions [35]. The binding of Pb to the cell wall
corroborates studies indicating that brown seaweeds use cell wall

polysaccharides as a defense mechanism against Pb and Cd pollution
[1]. The ability of seaweeds to prevent the internalization of these ele-
ments might explain why PTEs with lower toxicity to humans such as Cu
are more toxic to algae than Cd and Pb [2,6].

The distribution of other elements (Ca, Mn, and Zn) matched the
patterns observed through S-XRF analysis [35]. The highest concentra-
tions of Ca were found in the cell walls, where it plays an important
structural role [30]. However, as an essential nutrient, its concentrations
were also high in mitochondria, plastids, and physodes compared to
vacuoles. Mn, while an important nutrient for seaweeds due to its role in
photosystem II, can also exert toxic effects on brown seaweeds [5]. Its
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biological function explains its elevated concentrations inside plastids.
High Mn concentrations were also found in physodes, possibly due to the
affinity of these organelles for metallic cations. Since physodes act as
storage sites for elements that have both toxic effects and metabolic
functions, such as Co, Ni, Cu and Zn [35], this may also be the case for
Mn. Zn, another essential PTE regulated through confinement in phys-
odes, was strongly associated to these organelles, although some sam-
ples also displayed high Zn concentrations in the cell walls, a pattern
consistent with previous observations [35].

Aside from Pb, Na was the only element in our study whose distri-
bution in seaweeds had not yet been analyzed. Living in euhaline en-
vironments, seaweeds regulate Na primarily by preventing its
internalization to maintain normal metabolic activity [32]. This is
consistent with our results, which showed Na to be predominantly
associated with the cell wall and physodes, the cellular structures
involved in storing elements to mitigate toxicity. High Na concentra-
tions were also detected in mitochondria, but this may be an artifact of
the analysis. Structures with high concentrations of certain elements,
such as Na in the cell wall and Zn in physodes, exhibit a halo of high
concentrations around them. Because mitochondria are typically located
near the cell wall, their apparent Na concentrations might be inflated by
the halo effect. Larger and more widely distributed structures are less
affected by this bias, but mitochondria concentrations for elements with
high cell wall concentrations should be interpreted with caution.

4.2. Comparison across transplants

The transplantation experiment was designed to study the effect of
exposure to different PTE concentrations, aiming to provide insights into
the uptake mechanisms and dynamics. However, this analysis posed two
main challenges, the first being data comparability.

Despite using identical sample preparation and analysis protocols,

matrix effects—such as sample charge and surface topology—can in-
fluence ion yield and potentially introduce systematic differences [22].
To rule out such artifacts, we considered the element-specific patterns
observed: if conductivity or other matrix-related factors were respon-
sible, all elements in a sample would be similarly affected. Instead,
different samples had the highest concentrations for different elements,
which is inconsistent with a global matrix effect. Furthermore, while
variations in pre-sputtering among analyzed regions could also affect the
results, intra-sample variability was much lower than inter-sample
variability, suggesting that the observed patterns reflect true biolog-
ical differences rather than analytical artifacts. This was further sup-
ported by the consistency across the five consecutive analyses in each
region, which showed nearly no variability. We are therefore reasonably
confident in the comparability of the data.

Although autotransplants and cross-transplants were handled iden-
tically to account for the transportation and transplant preparation ef-
fects, autotransplants remained in their acclimated environmental
conditions, whereas cross-transplants were exposed to new conditions.
Changes in environmental physicochemical conditions can induce stress
in seaweeds [14], potentially influencing membrane permeability, as
observed in higher plants [8]. Therefore, we propose that the concen-
trations of most elements in both cross-transplants experienced similar
changes due to the stress caused by different environmental conditions,
although more direct metabolic studies would be needed to confirm this
hypothesis.

This pattern contrasts with those observed for absolute concentra-
tions in this (Fig. 3) and previous studies [36], where transplants moved
to more polluted sites showed increased PTE concentrations, while those
moved to less polluted sites exhibited decreases. The only element with
lower total concentrations in the polluted site was Mn, which aligns with
reports of high Mn at the unpolluted site [34]. The inconsistency be-
tween the effect of exposure at a different site on total and subcellular
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concentrations fits previous S-XRF results [35], which showed no cor-
relation with total concentrations. This discrepancy is likely caused by
the presence of mineral particles on the seaweeds’ surface, which often
contain elemental concentrations significantly higher than those within
seaweeds, and can represent a large fraction of the PTEs detected on
total concentration analyses [33].

However, NanoSIMS sample preparation, particularly sectioning,
may remove larger particles, especially those exceeding the section
thickness. Therefore, NanoSIMS analyses only reflect PTEs located
intracellularly or chemically bound to the cell wall, excluding one of the
major sources of PTEs detected by ICP-MS. These differences explain the
different patterns across samples, as changes in particle content would
only affect ICP-MS results, whereas changes in intracellular PTEs
detected by NanoSIMS may be overshadowed in total concentration
analyses. As PTEs in mineral particles have low bioavailability, total
concentrations do not reflect bioavailable concentrations, but NanoSIMS
results would also be a poor proxy for metabolically regulated elements.

The disconnection between total and ultrastructural PTE concen-
trations also explains another unexpected pattern in our data. The
polluted site was selected for its extreme Pb levels, previously detected
in the sediment and seaweeds [33]. ICP-MS analysis confirmed this
pollution, showing much higher Pb concentrations in samples from the
polluted site compared to those from the unpolluted site, and increased
Pb concentrations in response to exposure at the polluted site. However,
while the total Pb concentrations at the polluted site were orders of
magnitude higher than in U-U samples, differences detected with
NanoSIMS were far smaller. This supports the hypothesis that the in-
crease in total Pb concentrations is primarily due to surface-bound
mineral particles, where contamination stems from a porcelain factory
that ceased operation over 20 years ago. As a result, most Pb currently at
the site is likely associated with mineral particles.

Pb was the only element for which the direction of cross-
transplantation effects on the ultrastructural concentrations aligned
with the pattern observed for total concentrations. This may be due to its
lack of metabolic regulation: Pb is located almost exclusively extracel-
lularly, whereas the other elements serve metabolic functions that
require internalization and possible excretion. Stress caused by envi-
ronmental changes is unlikely to affect Pb capture, which is governed by
chemical binding, but may influence the intracellular concentrations of
metabolically regulated elements. In both groups, the accumulation is at
least partially reversible, as their concentrations decreased in the cross-
transplants. This reversibility was evident across different intracellular
organelles, suggesting a continuous flux of these elements. In physodes,
this discharge may involve exchange with the cytoplasm, but physodes
can also fuse with the cell membrane releasing their contents into the
apoplast [29], which could serve as an alternative pathway for PTE
expulsion.

5. Conclusions

Our results indicate that Pb, due to its toxicity and lack of biological
function, is excluded from cells and retained in the cell wall. In contrast,
PTEs with intracellular functions such as Mn and Zn are internalized and
sequestered into physodes. Consequently, Pb concentrations in seaweed
cells are governed by equilibrium between environmental bioavailable
concentrations and cell wall binding sites, whereas essential PTEs do not
respond directly to changes in environmental concentrations, likely
being controlled by metabolic regulation. This distinction has important
implications for seaweed conservation, as high environmental concen-
trations of extracellular PTE like Pb might have less of an impact on
seaweed populations, whereas metabolic PTEs may pose greater
toxicity. Still, high total concentrations of metabolic PTEs in seaweeds
might be safe if they are attached to mineral particles, as these do not
directly reflect intracellular levels. Thus, both the composition and
bioavailability of elemental pollution are essential for understanding its
impact on seaweeds.
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Environmental implication

This study provides insight into how seaweeds interact with poten-
tially toxic elements (PTEs), helping us understand the impacts of metal
pollution on seaweed health, population dynamics, and the ecosystems
they support. It demonstrates that the internalization of PTEs depends
on their metabolic function, with essential PTEs such as Zn and Mn being
actively taken up and regulated metabolically, whereas non-essential
PTEs like Pb are excluded and bound to the cell wall. This distinction
helps explain why seaweeds are more resistant to pollution by certain
PTEs.
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Figure S1. Elemental distribution maps of different regions of the samples U-U and P-P
obtained with NanoSIMS, overlayed over SEM images of the same region. Color scale

units are NanoSIMS read counts.
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Figure S2. Elemental distribution maps of different regions of the samples P-U and U-P
obtained with NanoSIMS, overlayed over SEM images of the same region. Color scale

units are NanoSIMS read counts.
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Figure S3. Elemental distribution maps of different regions of the samples U-U and P-P

obtained with NanoSIMS. Color scale units are NanoSIMS read counts.
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Figure S4. Elemental distribution maps of different regions of the samples P-U and U-P

obtained with NanoSIMS. Color scale units are NanoSIMS read counts.
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Figure S5. Median intensity values obtained with NanoSIMS for the different subcellular
structures in each sample and subregion. Each column represents a different sample,
and each color in each column corresponds to a different region within that sample.
Subcellular structures: nuc: nuclei; phy: physodes; pla: plastids; mit: mitochondria; vac:

vacuoles; wal: cell wall and extracellular polysaccharides.
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